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Summary

Cytokines with anti-inflammatory properties have been implicated in the
prevention of inappropriate immune activation by commensal bacteria in
the intestinal tract. Here, we analysed receptor expression, cellular signal-
ling, and the inhibitory activity of interleukin (IL)-4, -10, -11, and -13 as
well as of transforming growth factor-B on lipopolysaccharide-mediated
small intestinal epithelial cell activation. Only IL-4 and IL-13 had a signi-
ficant inhibitory effect on chemokine secretion and nitric oxide (NO)
production in differentiated and polarized cells. Reverse transcription—
polymerase chain reaction of primary intestinal epithelial cells obtained
by laser-microdissection confirmed expression of the type II IL-4 receptor
consisting of the IL-4 receptor o and the IL-13 receptor al. Also, IL-4 or
IL-13 led to rapid signal transducer and activator of transcription 6 phos-
phorylation, diminished inducible NO synthase expression, and enhanced
the antagonistic arginase 1 activity. In conclusion, cytokines such as IL-4
and IL-13 affect intestinal epithelial cells and exhibit a modulating activity
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Introduction

Intestinal epithelial cells are able to recognize microbial
pattern molecules such as lipopolysaccharide (LPS), a
potent immunostimulatory cell wall component of Gram-
negative bacteria.'™ Recognition is mediated through
Toll-like receptor (TLR)4 and leads to cellular activation
and the release of proinflammatory mediators. However,
the intestinal mucosal surface is constantly exposed to sig-
nificant concentrations of microbial ligands derived from
the intestinal microflora as well as ingested nutrients.
Therefore, inhibitory mechanisms must exist to prevent
inappropriate immune activation and to maintain the
integrity of the mucosal epithelial layer.

An important role of endogenous negative regulatory
mediators such as cytokines for the control of inappropri-
ate innate immune recognition and maintenance of gut
homeostasis is supported by in vivo studies. Likewise,
mice deficient in interleukin (IL)-10 or IL-10R show
spontaneous development of chronic intestinal inflamma-
tion.* IL-10 has been shown to diminish inflammatory
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cytokine production in macrophages and to direct the
differentiation of T cells towards T helper 2 (Th2) cells.®>”
Similarly, IL-11 exhibits a marked inhibitory effect on
LPS-induced nuclear factor (NF)-kB activation and
revealed cytoprotection and improved mucosal barrier
formation in clinical studies.* Additionally, mice carry-
ing a dominant negative mutant form of the transforming
growth factor-f (TGF-f) type II receptor develop sponta-
neous colitis (unless they are maintained under specific
pathogen-free (SPF) conditions) and reduced local TGF-f3
production was associated with tissue injury in inflamma-
tory bowel disease.'”'! Likewise, TGF-B1-deficient mice
succumb to a systemic inflammatory disease within
3 weeks of life, which also involves the gastrointestinal
tract.'>"* Finally, a polymorphism (—590T) within the
IL-4 gene leading to reduced cytokine expression has been
linked to Crohn’s disease.'”” However, cell type-specific
cytokine activity has recently been described and the
effect of negative regulatory cytokines on epithelial
innate immune recognition has not been systematically
evaluated.'®
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Here, we investigated the influence of IL-4, IL-10, IL-11,
IL-13, and TGF-B on lipopolysaccharide (LPS)-mediated
cellular stimulation of differentiated intestinal epithelial
m-ICy, cells. Our study included the analysis of the cyto-
kine receptor expression in laser microdissected primary
intestinal epithelial cells and of cytokine-mediated epithe-
lial cell signalling. The data obtained provide clear evi-
dence that IL-4 and IL-13 significantly diminish epithelial
LPS-mediated chemokine production and nitric oxide
(NO) production through activation of the IL-4Ro/IL-
13Ral heterodimeric type II IL-4 receptor.

Materials and methods

Antibodies and reagents

Escherichia coli K12 D31m4 (Re) LPS was purchased
from List Biological Laboratories (Campbell, CA). LPS
purity was verified by complete inhibition of the stimu-
latory effect by polymyxin B, absent stimulation of
TLR4-deficient macrophages, and no reduction of LPS
activity after repeated phenol extraction (data not
shown). Carbachol, and bovine liver arginase were
ordered from Sigma (Deisenkirchen, Germany). The
anti-TLR4/MD2 antibody was kindly provided by Ken-
suke Miyake (Department Immunology, Saga Medical
School, Nabeshima, Saga, Japan). The NF-xB reporter
construct (pBIIX-luciferase) encoding two copies of the
kB sequences from the immunoglobulin k (Igk) enhan-
cer 3’ of the luciferase gene was generously provided by
S. Ghosh (Yale University Medical School, New Haven,
CT). Recombinant murine or human cytokines were
obtained from BD PharMingen (San Diego, CA) (rmlIL-
12) and from R & D Systems (Minneapolis, MN)
(rmIL-4, rmIL-10, rmIL-11, rmIL-13, rmIL-12, rmIL-18,
rhTGF-B1, recombinant murine tumour necrosis factor
(rmTNF), recombinant murine interferon-y (rmIFN-vy)).
Quantification of membrane inhibitory protein-2 (MIP-
2) in cell culture supernatant was performed using an
enzyme-linked immunosorbent assay from Nordic Bio-
Site (Tédby, Sweden). The unstable NO is rapidly oxid-
ized and accumulates as nitrite (NO;) in culture
supernatant. NO; was measured using the Griess assay
as described.'” Arginase activity in cell lysates is given
as pmol urea/mg protein/min and was determined as
described."”

Cell culture and cell stimulation assays

Intestinal epithelial m-IC, cells originally derived from
mice transgenic for the simian virus large T antigen were
grown in a modified hormonally defined fetal calf serum
(FCS)-supplemented (2%) medium and incubated at 37°
in a 5% C0O,~95% air atmosphere.'® Culture on collagen-
coated cell culture plates or on 0-4 pm pore size collagen
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coated Costar Transwell supports (Corning Inc. Corning,
NY) for 6 days with medium changes every second day
was previously shown to induce a differentiated and api-
cal-basolateral polarized small intestinal epithelial pheno-
type.z’18 rmlIL-4, rmIL-10, rmIL-11, rmIL-13 (each at
10 ng/ml) or rthTGF-B1 (5 ng/ml) was added prior to or
simultaneously with LPS, LPS plus rmIFN-y, or rmTNF
as indicated. Cells were stimulated for 6 hr (MIP-2) or
24 hr (NO3) and supernatants were stored at —19° until
further analysis. m-ICg, cells stably transfected with a
NF-kB reporter construct were examined after 2.5 hr sti-
mulation with 10 ng/ml LPS and luciferase activity was
determined (Promega, Mannheim, Germany). Intestinal
epithelial cell (IEC) isolation from C57BL/6 mice (Charles
River Breeding Laboratories, Sulzfeld, Germany) was per-
formed as previously described showing less than 1%
contaminating CDA45-positive cells.” Peritoneal macro-
phages were obtained following intraperitoneal injection
with 3 ml Brewer thioglycollate broth (Sigma) and seeded
at 2 x 10° cells/well in 48-well plates 2 hr prior to stimu-
lation to ensure adherance. RAW 264.7 cells were
obtained from the American Type Culture Collection
(ATCC, Manassas, VA) and propagated in RPMI-1640
medium (Gibco BRL, Grand Island, NY) supplemented
with 20 mm HEPES, 2 mum L-glutamine, and 10% fetal calf
serum (FCS).

For Ussing chamber experiments, distal small intestinal
fragments from six mice were opened along the mesen-
teric border, layered on a Millipore® filter (8-um pores),
and mounted as flat sheets in Ussing chambers with an
exposed surface area of 0-2 cm®. Tissue surfaces were
bathed on both sides with 1 ml of Ringer solution,
which was continuously thermostated, circulated, oxygen-
ated, and maintained at pH 7-4 with 5% CO,/95% O,.
The mucosal and serosal bathing solutions were connec-
ted via agar bridges to calomel electrodes for measure-
ment of the transepithelial potential difference (PD)
and to Ag—AgCl electrodes for current (I) application.
The tissues were kept under open-circuit conditions for
4 hr, and electrical measurements were performed using
a DVC 1000 voltage/current clamp (World Precision
Instruments, Aston, UK). The tissue was regularly
clamped (every 30 min) at 5 mV to measure I and to
calculate the electrical resistance (R) according to Ohm’s
law (PD = R X I). Preservation of the epithelial barrier
during the observed time period is indicated by lack of
significant reduction in the transepithelial resistance in
control tissue.

Laser microdissection (LMD) and reverse transcription—
polymerase chain reaction (RT-PCR) analysis

Isolation of primary epithelial cells by LMD was per-
formed as recently described using the AS LMD Microdis-
section System (Leica Mikrosystems, Wetzlar, Germany).’
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Total RNA from m-ICy, cells or primary IECs was
isolated using TRIzol® reagent (Gibco BRL) following the
manufacturer’s protocol. ¢cDNA was synthesized from
total mRNA using oligo(dT),s primer from the first
strand cDNA synthesis AMV kit (Roche, Mannheim, Ger-
many). The following primers were used for DNA ampli-
fication: Il-4ro0 (forward: 5- GGCTTTGCACCAAGTTC
CTG-3/, reverse: 5-TCGGGATGCATGTGAGGTTT-3"),
Common 7y chain (forward: 5'-ATGGAGCCAGCCTGTCC
AC-3/, reverse: 5'-GCCCTTTAGACACACCACTCCA-3'),
II-13 ral (forward: 5'-CGAGCTGTTGGTGCTGCTAC-3/,
5'-CCAGGGGTAATTCCTCTTTACGA-3'), 1II-
11ral  (forward: 5'-CAGCACGTGCCTACTGGATG-3/,
reverse:  5'-CCCAGCCACAGCATCTGTTA-3'), gpl30
(forward: 5-CTTTGGGCAGATCGAGCAGA-3/, reverse:
5-GCCATGCTTTGACTGGCAAT-3'), II-10r2 (forward:
5'-CAGAGTGGTCGGAGGAGCAG-3/, reverse: 5-GAGA
GGGTTGGCTGGGAAGA-3'), Tgf-Brl (forward: 5'-GTC
CGCAGCTCCTCATCGT-3/, reverse: 5-GCCCCTGTTT
TTGAAGATGG-3'), Tgf-prlI (forward: 5-GCTGCATA
TCGTCCTGTGGA-3', reverse: 5 -TTCTGGTTGTCGCA
AGTGGA-3'), PB,-microglobulin (forward: 5-GCTCGG
TGACCCTGGTCTTT-3/, reverse: 5'-AATGTGAGGCGG
GTGGAACT-3'), Hprtl (forward: 5-TGATCAGTCAAC
GGGGGACA-3, reverse: 5-TTCGAGAGGTCCTTTT
CACCA-3'). All primers used in this study were intron
spanning as illustrated by the absence of an amplification
product from mouse genomic DNA. The specificity of the

reverse:

listed primers was confirmed by sequencing of the PCR
products. The quantitative RT-PCR was performed using
an ABI Prism 7900 sequence detector (Applied Biosystems,
Warrington, UK) in combination with following gene
expression assays developed by Applied Biosystems: indu-
cible NO synthase (iNOS, Mm00440485_m1), arginase-1
(MmO00475988_m1), arginase-2 (Mm00477592_m1l), and
hypoxanthine guanine phosphoribosyl transferase-1 (HPRT1,
Mm00446968_m1).

Immunohistochemistry, immunoblotting, and
fluorescence-activated cell sorting (FACS) analysis

Immunoblotting was performed using the following
primary antibodies: a rabbit antiphospho-NF-xB p65
(Ser536) polyclonal antibody, a rabbit-antiphospho-stress-
activated protein kinase (SAPK)/Janus kinase (JNK;
Thr183/Tyr185) monoclonal antibody, a rabbit-antiphos-
pho-p38 mitogen-activated protein kinase (Thr180/
Tyr182) monoclonal antibody, a rabbit-antiphospho-
signal transducer and activator of transcription 6 (STAT6;
Tyr641) polyclonal antibody, a rabbit-antiphospho-STAT3
(Tyr705) monoclonal antibody (all from Cell Signaling
Technology, Beverly, MA, and used at the recommended
concentrations), a rabbit-anti-iNOS polyclonal antibody
(1 : 5000)," as well as rabbit polyclonal antibodies against
STAT3 (C20), STAT6 (S20), and heat-shock protein-90
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(all from Santa Cruz Biotechnology Inc., and used at the
recommended concentrations). Detection was performed
using peroxidase-labelled goat anti-rabbit secondary anti-
bodies (Jackson ImmunoResearch, West Grove, PA) in
combination with the ECL kit (Amersham Bioscience,
Amersham, UK). FACS analysis of TLR4/MD-2 expres-
sion was performed using a rat anti-TLR4/MD2 antibody
and goat anti-rat fluoroscein isothiocyanate (FITC)-con-
jugated secondary antibody (Jackson ImmunoResearch
Laboratories) following fixation (Cytofix, BD Pharmin-
gen) with permeabilization in Ca®" and Mg”*-free phos-
phate-buffered saline (PBS) containing 0-5% saponin and
2% ECS.

The human IL-8 (NT_006216) and the murine MIP-2
(NT_109320) genomic nucleotide sequence was analysed
for binding sites for transcription factors using the
MatlInspector plroglram.21

Statistical analysis

Results are given as the mean £ SD of one represen-
tative experiment out of at least three performed in
triplicate or quadruplicate. Statistical analyses were
performed using the one-way aNova test with Tukey’s
multiple comparison or the Student’s #-test as appro-
priate. A P-value < 0-05 was considered significant.
Quantitative RT-PCR analyses (TagMan) were per-
formed in triplicate and are depicted as relative expres-
sion levels (average) including 95% confidential interval
normalized to expression of the housekeeping gene
HPRT. One representative experiment out of at least
three is shown.

Results

IL-4 and IL-13 diminish LPS-mediated cell activation

m-IC,, cells were exposed to IL-4, IL-10, IL-11, IL-13
(all 10 ng/ml), or TGF-B1 (5 ng/ml), and simultaneously
stimulated with LPS (10 ng/ml). A significant reduction
(P < 0-05) of LPS-induced cellular activation was only
detected for IL-4 and IL-13 (Fig. la). A similar inhibi-
tory effect was observed in m-ICy, cells grown on tran-
swell supports following basolateral exposure to IL-4
or IL-13 (data not shown). Similar to macrophages,
TGF-B1 diminished TNF- but not LPS-induced MIP-2
secretion (Fig. 1b)."* The IL-4- or IL-13-mediated sup-
pressive effect was dose dependent (Fig. 1c) and not
enhanced by simultaneous addition of IL-10, IL-11, or
TGF-B. No synergistic effect of IL-4 and IL-13 was noted
(data not shown). Also, preincubation with IL-4 or IL-13
for 24-48 hr prior to LPS stimulation did not further
enhance the inhibitory activity (Fig. 1d). The biological
activity of the recombinant cytokine preparations used
was verified using primary peritoneal macrophages. Both
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Figure 1. Inhibitory cytokine effect on LPS-stimulated IECs. Epithelial cells were simultaneously exposed to (a) LPS (10 ng/ml) or (b) TNF
(50 ng/ml) and bovine serum albumin (BSA), IL-4, IL-10, IL-11, or IL-13 or TGF-B1 and MIP-2 was quantified in cell culture supernatant. (c)
Dose-response of the inhibitory effect of IL-4 and IL-13. (d) LPS stimulation following preincubation with the indicated cytokines for 48 hr.
One representative experiment out of three is shown. *P < 0-05; **P < 0-01.
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Figure 2. Inhibitory cytokine effect on LPS-stimulated peritoneal macrophages. (a) Peritoneal macrophages were simultaneously exposed to LPS
(10 ng/ml) and BSA, IL-4, IL-10, IL-11, or IL-13 (each at 10 ng/ml) or TGF-B1 (5 ng/ml) and MIP-2 was quantified in cell culture supernatant
after 6 hr incubation at 37°. (b) Peritoneal macrophages were stimulated with interferon-(IFN)y (10 ng/ml) preincubated in the absence or pres-
ence of TGF-B1 (5 ng/ml) and the concentration of NO; in cell culture supernatant was determined. (c) Peritoneal macrophages were simulta-
neously stimulated with IL-12 (0-1 ng/ml) and IL-18 (10 ng/ml) in the presence of the indicated cytokines and MIP-2 was quantified after 6 hr
incubation at 37°. *P < 0-05; **P < 0-01.

IL-10 and TGF-B significantly inhibited LPS-mediated
cytokine production and addition of TGF-B1 abolished
IFN-y-induced NO production (Fig. 2a and b).'*** Also,
IL-10 and IL-11 significantly diminished MIP-2 secretion
in response to combined IL-12 and IL-18 stimulation
(Fig. 2¢). Thus, IL-4 and IL-13 exhibit an inhibitory

to IEC, showed a markedly different pattern of respon-
siveness.

Cytokine receptor expression by intestinal
epithelial cells

activity on LPS-induced MIP-2 secretion by epithelial
cells. Interestingly, peritoneal macrophages, as compared

© 2007 Blackwell Publishing Ltd, Immunology, 122, 306-315

To investigate possible mechanisms, cytokine receptor
expression was studied. Primary epithelial cells from the
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Figure 3. RT-PCR analysis of cytokine receptor expression. (a) Primary crypt and villus IECs were obtained from tissue sections by LMD. Illus-
tration of the tissue sections before (left) and after (right) the laser-directed dissection procedure. Magnification x200. (b) RT-PCR of total
RNA-derived ¢cDNA from laser-microdissected IECs, peritoneal macrophages, or m-IC, cells. Genomic DNA and water was added as control for

the intron-spanning primer pairs. One representative out of three experiments is shown.

villus region as well as the crypt region were separately
collected by LMD and analysed together with m-IC,
cells and peritoneal macrophages by RT-PCR (Fig. 3a).
Whereas peritoneal macrophages displayed a wide range
of cytokine receptors, the pattern expressed by epithelial
cells was more limited. Expression of the IL-4Ra chain as
well as the IL-13Ro chain were readily detected in all
intestinal epithelial cell preparations examined (Fig. 3b).
This confirms an earlier report indicating expression of
the IL-4Ra by IECs®. The expression of the IL-11Ra
chain, gp130, TGF-BRI, and TGF-BRII was also found in
primary epithelial cells, although at somewhat lower lev-
els.""" No significant difference in the cytokine receptor
expression was found between crypt epithelial and villus
epithelial cells. In contrast, primary IECs and m-IC, cells
completely lacked detectable expression levels of the
IL10Ra as well as the common 7y-chain (y.). The com-
mon 7. represents an essential constituent of several
cytokine receptors such as the IL-2, type I IL-4, IL-7, and
IL-15 receptor and lack of y. expression therefore indi-
cates the absence of relevant numbers of contaminating
intraepithelial lymphocytes in the cell preparation. How-
ever, the presence of non-epithelial cells in the laser-
microdissected preparations cannot be excluded. Of note,
the receptor chain expression pattern detected in polar-
ized m-IC, cells completely matched the pattern found
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in primary IECs supporting their well-preserved intestinal
epithelial phenotype.

Cytokine effects on transepithelial resistance,
TLR4 expression and intracellular signalling

IL-4 and IL-13 were shown to increase paracellular ion
flux and fluid transport and to reduce the transepithelial
resistance in human colon epithelial T84 cells.***> In
order to verify responsiveness of intestinal epithelial cells
to IL-4 and IL-13 in situ, the transepithelial ion current
was measured in primary intestinal tissue using an estab-
lished model of enteric tissue analysis in Ussing chambers.
Indeed, a marked reduction of the transepithelial resist-
ance suggesting an increase of the paracellular permeabil-
ity was observed after 1-5 hr in the presence of high
concentrations (30 ng/ml) of IL-4 and IL-13 (Fig. 4). A
similar decrease of the transepithelial resistance was also
noted in the presence (100 pm) of the parasympaticomi-
metic agent carbachol (data not shown). These results
confirm the functional responsiveness of epithelial cells to
IL-4 and IL-13 and support the results obtained by the
cytokine receptor expression analysis.

To investigate a possible effect of IL-4 and IL-13
on epithelial TLR signalling, phosphorylation of p38 and
the c-Jun NH2 terminal kinase (JNK) as well as the

© 2007 Blackwell Publishing Ltd, Immunology, 122, 306-315
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NF-«B subunit p65 was examined. However, no detect-
able difference was noted between cells stimulated in the
absence or presence of IL-4 or IL-13 (Fig. 5a). IL-4 and
IL-13 induced down-regulation of TLR4 expression was
recently reported in human colon epithelial cells but no
significant alteration of the LPS receptor expression was
noted in mouse intestinal epithelial m-ICy, cells even
after prolonged incubation (Fig. 5b).*

In line with the differential cytokine receptor expres-
sion, m-ICy, cells and macrophage-like RAW 264.7
cells rapidly phosphorylated STAT6 in response to IL-4
and IL-13 (Fig. 5¢) whereas STAT3 phosphorylation in
response to IL-10 stimulation was restricted to macroph-
ages (Fig. 5d). Importantly, rapid STAT6 phosphorylation
was also observed in freshly isolated primary IECs demo-
nstrating the presence of functional IL-4 type II receptors
on primary gut epithelium (Fig. 5¢). Finally, also tran-
scriptional activity of m-IC., cells expressing a NF-«xB
reporter construct was significantly diminished in the
presence of IL-4 or IL-13 (Fig. 5e), indicating a direct
cytokine effect on the LPS-induced gene regulation.

Cytokine effects on epithelial NO production

In addition to chemokine secretion, IFN-y and/or LPS-
induced production of NO as measured by NO,™ deter-
mination was examined. m-IC,, cells readily released
significant concentrations of NO upon simultaneous
stimulation with LPS or TNF and IFN-y (Fig. 6a) and
epithelial NO secretion was significantly (P < 0-01)
diminished after preincubation with IL-4 and IL-13 for
12 h (Fig. 6b). Inducible NO synthase (iNOS or NOS2)
metabolizes the amino acid 1r-arginine in the presence
of oxygen to citrulline and NO. iNOS is expressed by
multiple cell types and NO exerts a wide range of anti-
microbial and regulatory functions.”” In macrophages,
iINOS expression is regulated both at the transcriptional

© 2007 Blackwell Publishing Ltd, Immunology, 122, 306-315

and the post-transcriptional level."” Therefore, the expres-

sion of iNOS mRNA, protein and activity in intestinal
epithelial cells was quantitatively analysed. Whereas iNOS
mRNA was only marginally diminished after 12 h IL-4 or
IL-13 incubation (Fig. 6¢) the marked induction of iNOS
protein by LPS/IFN-y was severely reduced in the pres-
ence of IL-4 or IL-13 but not IL-11 (Fig. 6d). In addition,
the production of NO is regulated by metabolism of the
iNOS substrate arginine by arginase. Arginase which exists
in two isoforms (arginase 1 and arginase 2) degrades
L-arginine to urea and ornithine and thereby limits the
availability of free arginine.”” Because efficient production
of NO was shown to depend on extracellular arginine,
arginine depletion may limit NO production. In addition,
arginine seems to directly affect translational control of
iNOS synthesis."**® IL-13 but not IL-11 caused enhanced
arginase-1 expression (Fig. 6e). Also, the LPS/IFN-y
induced arginase-1 levels were further increased by pre-
incubation with IL-4 or IL-13 but not IL-11 for 12 hr
(Fig. 6f). In contrast, no elevation of arginase 2 mRNA
was noted (data not shown). Enhanced arginase metabolic
activity was additionally noticed after prolonged IL-4 or
IL-13 incubation (data not shown). Also, addition of exo-
genous arginase (4 U/ml) to the cell culture medium
prior to LPS/IFN-vy stimulation caused a potent reduction
of NO; production (Fig. 6g).

Discussion

Dysfunction of inhibitory endogenous regulators has been
suggested to contribute to intestinal inflammation in
patients with inflammatory bowel disease (IBD) or var-
ious animal models of enteric inflammation.*® The pre-
sented data support a role of IL-4 and IL-13 in intestinal
homeostasis demonstrating type II IL-4 receptor expres-
sion, IL-4 and IL-13-induced STAT6 phosphorylation and
decrease of gene transcription and proinflammatory
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Figure 5. Cytokine mediated effects on cellular signalling and NF-«B activation. (a) m-IC, cells were exposed to LPS (10 ng/ml) in the absence

or presence of IL-4 or IL-13 for the indicated time periods and the cell lysate was analysed for phospho-p65, phospho-p38 (left), and phospho-
JNK (right). (b) FACS analysis of m-IC,, cells stained with isotype control or anti-TLR4/MD-2 antibodies (left). m-IC, cells were left untreated
or exposed to IL-4 or IL-13 (10 ng/ml) for 16 hr. m-IC,, cells, primary isolated IECs, and macrophage-like RAW 264.7 cells were exposed to IL-4
or IL-13 (10 ng/ml) or IL-10 (10 ng/ml) for 20 min and the cell lysate was examined for total STAT6 as well as a phospho-STAT6 (c) or total
STATS3 as well as a phospho-STAT3 (d), respectively. (e) m-ICy, cells carrying a stable NF-kB luciferase reporter construct were stimulated with

LPS in the absence or presence of the indicated cytokines and the luciferase production was quantified using a luminometric assay. One representa-

tive experiment out of three is shown. **P < 0-01.

chemokine secretion by intestinal epithelial cells. Of note,
this work does not exclude an indirect effect of, e.g. IL-10
or TGF-B on epithelial cells exerted by their possible
activity on other resident enteric cell types.

Both IL-4 and IL-13 were first described for their sup-
pressive effect on cytokine secretion but were subse-
quently shown to exert unique features. Whereas IL-4 is
mainly associated with the regulation of Th2 responses in
the gastrointestinal tract, IL-13 shows an unique import-
ance for airway hyperresponsiveness, allergic inflamma-
tion, and protection from helminthic infections, as well as
unexpected activities on tumour growth, tissue remodel-
ling, and fibrosis.”>**~> IL-4 and IL-13 have also been
shown to up-regulate mucus production and secretion of
the specific goblet cell product trefoil factor-3 (TFF3), an
important mediator of mucosal homeostasis.*®*’

IL-4 is recognized by two different receptors. In mye-
loid cells, the IL-4Ra chain associates with the common
gamma chain (y.) to form the type I IL-4 receptor. In
haematopoietic and non-haematopoietic cells, the type II
receptor is constituted by the IL-4Ra chain and the IL-
13Ral chain.’®*® Importantly, the IL-4 receptor type II
(IL-4Ro/IL-13Ratl) is also utilized by IL-13. The absence
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of v. expression in epithelial cells indicates usage of the
type II IL-4 receptor and therefore explains the compar-
able activity seen using IL-4 and IL-13 as well as the lack
of synergy of both cytokines. Importantly, our data are
supported by the recent description of a polymorphism
(=590T) within the IL-4 gene which led to a reduced
cytokine expression and was linked to Crohn’s disease.'®
However, the role of IL-4 seems to be more complex,
since IL-4 was also shown to exacerbate colitis in a
CD4* CD45RB"€" T-cell transfer model of colitis and ele-
vated IL-4 and IL-13 levels were found during the chronic
phase of the IL-10-deficient mouse colitis model.”>*
Cytokine binding to the type II IL-4R induces recruit-
ment and activation of the Janus family of receptor asso-
ciated kinases (JAK1-3, and Tyl<2).30’39 JAK1 binding
to IL-4Ra induces recruitment and phosphorylation of
STAT6. STAT6 then disengages, homodimerizes, and
migrates to the nucleus to bind to consensus sequences
found within the promotor region of regulated genes.
Rapid phosphorylation of the transcription factor STAT6
upon exposure to IL-4 or IL-13 suggested a direct inhib-
itory effect of STAT6 on Mip-2 transcription. Indeed,
similar to the human IL-8 gene (position —1850 bp), a
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Figure 6. Cytokine mediated effects on LPS-induced epithelial NO; production. (a) NO production in response to stimulation with LPS
(100 ng/ml) or TNF (5 ng/ml) and IEN-y (20 ng/ml) for 24 hr. (b) Reduction of the LPS/IFN-vy induced NO synthesis by preincubation with IL-4
and IL-13 but not IL-11 or TGE-B for 12 hr. The lower total NO production as compared to Fig. 2(e) is explained by the extended culture time."
(c) Quantitative iNOS mRNA analysis of m-ICg, cells preincubated in the absence or presence of IL13 or IL-4 for 12 hr and subsequently stimula-
ted with LPS (100 ng/ml) and IFN-y (20 ng/ml) for 24 hr. Values are presented as RQ + RQ maximum and minimum, respectively, and indicate
epithelial iNOS mRNA expression normalized to HPRT1. (d) Immunoblot of m-IC, cells pretreated for 12 hr (left) or 24 hr (right) with medium
alone, IL-4, IL-13, or IL-11 as indicated and subsequently stimulated with LPS/IFN-y for 24 hr; 120 pg total cell lysate were loaded in each lane.
The results are representative for three independent experiments. The numbers indicate NO concentrations in the cell supernatant from the
experiment. Note that because of a different medium volume to cell ratio, reduced NO quantities are found as compared to (b) and (g). (e) Quan-
titative arginase 1 mRNA analysis of m-IC,, cells pretreated for 12 hr with medium, IL-13, IL-11. (f) Quantitative arginase 1 mRNA analysis of
m-ICy, cells after incubation with medium, IL-13, IL-4, or IL-11 for 24 hr and subsequent stimulation with LPS/IFN-y for 24 hr. (g) Both addi-
tion of 4 U/ml purified arginase or pretreatment with IL-4 or IL-13 for 24 hr to the culture of m-IC, cells stimulated with IFN-y/LPS for 24 hr

led to a reduction of NO production. The results from stimulation assays and Western blot are representative for three independent experiments.
*P < 0:05, **P < 0-01.

STAT6 binding site was also identified within the pro-
moter region of the Mip-2 gene (position —1720).
Because of overlapping binding sites between the NF-kB
binding region and a sequence closely related to the
STAT6 consensus binding site within the promotor
region, STAT6 might additionally exert a competitive
inhibitory effect as recently suggested.*’ IL-4 and IL-13
also inhibited the IFN-y/LPS-induced NO production by

© 2007 Blackwell Publishing Ltd, Immunology, 122, 306-315

intestinal epithelial cells. The reduced NO levels were
associated with a diminished iNOS expression and
enhanced arginase 1 mRNA levels. Thus, the strongly
reduced NO production might result from three different
levels of action, i.e. from the suppression of iNOS
mRNA, the depletion of the iNOS substrate arginine by
arginase, and — in analogy to the findings with macro-
phages'® and astrocytes®® — from the reduction of iNOS
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protein synthesis as a consequence of an arginase-
induced lack of arginine.

In conclusion, we present a detailed analysis of cytokine
receptor expression and functional responsiveness of LPS-
induced intestinal epithelial cells to IL-4, IL-10, IL-11,
IL-13 and TGF-Bl. We demonstrate that IL-4 and IL-13
via the IL-4 receptor type II (IL-4Ro/IL-13Ral) exert a
modulatory effect on TLR4-induced epithelial cell activa-
tion. IL-4 and IL-13 induce rapid cellular signalling,
alter expression of proinflammatory genes, and reduce
NO production and might thereby contribute to prevent
inappropriate host responses of intestinal epithelial cells
to luminal microbial substances. However, additional
mechanisms such as the recently proposed acquisition of
epithelial endotoxin tolerance or negative regulatory cir-
cuits must exist to limit cell activation and maintain the

. . 3,42
enteric mucosal homeostasis.
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