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Introduction

The inflammatory bowel diseases (IBD), namely ulcerative
colitis (UC) and Crohn’s disease (CD), are chronic inflam-
matory diseases of the gastrointestinal tract that are believed
to arise out of a fundamental dysregulation of the immune
system in response to environmental triggers in genetically
susceptible individuals [1]. Defects in the ability to properly
regulate the immune system in response to enteric micro-
biota may include alterations in pattern recognition recep-
tors expressed by epithelial cells, diminished barrier integrity
and an increased influx of inflammatory cells [2-5].
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Summary

Human colonic epithelial cells express T helper type 1 (Thl)-associated
chemoattractants, yet little is known about the production of Th2-associated
chemoattractants. CCL11/eotaxin-1, CCL24/eotaxin-2 and CCL26/eotaxin-3
are known to attract CCR3-expressing, Th2-polarized lymphocytes. We
studied constitutive and inflammation-induced expression and production
of CCR3 together with its ligands in the colon and peripheral blood of
patients with inflammatory bowel disease (IBD) by flow cytometry, reverse
transcription—polymerase chain reaction (RT-PCR) and enzyme-linked
immunosorbent assay (ELISA). We further defined the regulated expression
of these chemokines by RT-PCR and ELISA using cultured human epithelial
cell lines. A higher fraction of peripheral T lymphocytes were found to be
positive for CCR3 in patients with ulcerative colitis (UC) compared to
Crohn’s disease (CD), while almost no CCR3" T cells were found in normal
controls (NC). Similarly, higher and more frequent expression of CCR3
was observed in colonic biopsies from patients with UC, regardless of the
disease activity, when compared to CD or NCs. Serum CCL11/eotaxin-1
was increased significantly in UC (306 * 87 pg/ml) and less so in CD
(257 % 43 pg/ml), whereas CCL24/eotaxin-2, and CCL26/eotaxin-3 were
increased only in UC. Colonic expression of the three chemokines was
minimal in NCs but high in inflammatory bowel diseases (especially UC) and
was independent of disease activity. Th2, and to a lesser extent Th1, cytokines
were able to induce expression and production of all three eotaxins from
colonic epithelial cells in culture. CCR3 and ligands over-expression would
appear to be a characteristic of UC. The production of CCR3 ligands by
human colonic epithelial cells suggests further that epithelium can play a role
in modulating pathological T cell-mediated mucosal inflammation.
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The enhanced recruitment of leucocytes in mucosal sites
requires an intense intercellular communication between
infiltrating leucocytes and resident intestinal cells. Intestinal
epithelial cells (IEC) seem to play a principle role in the
regulation of intestinal inflammation via the constitutive
and induced expression of various chemokines, resulting in
an interplay between colonic epithelial cells and circulating
leucocytes, orchestrated by chemokine—chemokine receptor
expression [6,7]. For example, IEC-derived CXCLS8/
interleukin (IL)-8, CXCL5/epithelial neutrophil-activating
peptide 78 (ENA)-78 and CCL2/monocyte chemoattractant
protein (MCP)-1 have been found to be up-regulated in the
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intestinal mucosa of IBD patients resulting in enhanced
recruitment of neutrophils, monocytes and immature den-
dritic cells [8-10].

Activated/effector T cells express a set of chemokine
receptors, depending on the stage of their activation and
differentiation. Although CXCR3, CCR5, CXCR6 have been
suggested as markers of Th1 polarization, and CCR3, CCR4
and CCR8 as markers of Th2 polarization [11,12], there is
evidence that CXCR3 and CCRS5 receptors are also found in
regulatory T CD4'CD25" cells and in CD8* cytotoxic T
lymphocytes. Their ligands attract regulatory T cells. Cur-
rently, inflamed intestinal mucosa has been shown to
produce chemokines associated with the recruitment of
activated/effector Thl-differentiated T cells. Specifically,
CXCR3" activated T cells have been found in normal and
inflamed intestinal mucosa [13] and all CXCR3 ligands such
as CXCL10/interferon (IFN)-y-induced protein 10 (IP)-10,
CXCL9/monokine induced by IFN-y (Mig) and CXCL11/
IFN-inducible T cell alpha chemoattractant (I-TAC) have
been found to be expressed by IFNy-stimulated IECs [14].
Furthermore, CCL3/MIP-1c,, CCL4/MIP-1 and CCL5/
regulated upon activation normal T cell expressed and
secreted (RANTES), all of which attract activated T cells
through CCRS5, are also expressed in inflamed tissue in
patients with IBD [15]. However, there is little information
concerning the role of other chemokine receptors and their
ligands in lymphocyte recruitment in IBD.

The C-C chemokine receptor CCR3 plays a critical role in
allergic and other immune-mediated inflammation. It is
highly expressed on eosinophils [16], basophils [17],
monocyte-derived dendritic cells [18] and a subset of Th2
lymphocytes [19]. CCR3 mediates the potent chemotactic
and activating effects of CCL11/eotaxin-1, CCL24/
eotaxin-2, CCL26/eotaxin-3, CCL5/RANTES, CCL7/MCP-3
and CCL13/MCP-4. CCR3 plays a critical role in the accu-
mulation of eosinophils as well as T cells during allergic
inflammation including asthma and atopic dermatitis [20].
Its potential role in other immune-mediated chronic inflam-
matory diseases, such as ulcerative colitis has not been
explored.

The aim of this study was to compare the expression
profile of CCR3 and its ligands in both Th1 (CD) and Th2
(UC)-predominant inflammatory bowel disease and investi-
gate a possible role of cytokine-stimulated intestinal epithe-
lial cells in CCR3-ligand production.

Methods

Materials

Recombinant human (rHu) IL-1a (specificity 5 x 10’ U/mg)
and TNF-o (specificity 6x 10’ U/mg) were purchased
from R&D Systems (Abingdon, UK). rHulFN-y
(specificity > 2 x 10" U/mg) was purchased from Roche
Diagnostics (Lewes, UK). rHulL-4 (specificity > 5 x 10° U/
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mg), rHulL-10 (specificity > 5 X 10° U/mg) and rHulL-13
(specificity > 1 x 10° U/mg) were purchased from Chemicon
International (Temecula, CA, USA). All cell culture reagents
and plastics were from GiBco-Invitrogen (Paisley, UK) and
Nunc Maxisorp (Hereford, UK), respectively. Oligo(dT)
12-18 primer, Superscript II, RT buffers and deoxyribo-
nucleotide triphosphates (dNTPs) were purchased from
GiBco. RNAsin was from Promega (Southampton, UK).
PCR buffers, dNTPs and expanded polymerase were pur-
chased from Roche Molecular Biochemicals (Lewes, UK).
The magnetic-activated cell sorting (MACS) system and
columns were purchased from Miltenyi Biotec (Gladbach,
Germany).

Patients

Multiple colonic biopsy specimens were obtained from
affected mucosal sites of 22 patients with UC and 20 patients
with CD who underwent colonoscopy for clinical purposes
at the Gastroenterology Department, University Hospital of
Heraklion, Greece. Biopsies were also obtained from 20
control patients (NC) who underwent diagnostic colonos-
copy for reasons unrelated to IBD, e.g. abdominal pain, and
had a normal examination and histology. Serum and periph-
eral blood mononuclear cells (PBMCs) were collected from
the same patients. Only patients with a confirmed diagnosis
of UC or CD according to established criteria [21] were
recruited into the study. Disease activity in CD patients was
evaluated with the CD activity index score [22]. UC patients
were evaluated with the simple clinical colitis activity index
[23]. The disease activity was evaluated at the time of the
serum and/or biopsy collection. Patients were age-matched
with the control group (20 healthy volunteers with a mean
age of 38-5 years). The clinical characteristics of the patients
are shown in Table 1. Informed consent was obtained from
all patients, after the local research ethics committee granted
approval for these studies.

Isolation of peripheral T lymphocytes

Peripheral blood was diluted immediately 1:1 in Iscove’s
modified Dulbecco’s medium (Gisco), supplemented
with 10 IU/ml of heparin (Sigma, St Louis, MO, USA).
Diluted peripheral blood was centrifuged on Lymphoprep
(Nycomed Pharma, Oslo, Norway) at 400 g for 30 min at
room temperature in order to obtain the PBMCs. PBMCs
were used to further enrich T lymphocytes based on the
expression of CD3 by magnetic separation (MACS-Miltenyi,
Gladbach, Germany), according to the manufacturer’s
protocol. In all experiments, the purity of the isolated cell
population was greater than 95% when estimated by flow
cytometry.

Flow cytometry

Two-colour flow cytometry was applied for the analysis of
lymphocyte subpopulations as described previously [24].

© 2010 The Authors
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Table 1. Patients’ characteristics.

Ulcerative colitis Crohn’s disease

Number (1) 22 20
Gender (male) 15 7
First diagnosis 6 6
Active (mean disease activity) 16 (7-8) 16 (243)
Mean disease duration (years) 7 7-1
Disease localization

Left-sided colitis 16

Pancolitis 6

Colon 14

Colon + ileum 6
Treatment

None 6 6

Topical steroids 10 6

Oral steroids 4 8

5-ASA 6 8

Azathioprine 6 3

Infliximab 2 7

5-ASA: 5-aminosalicylic acid.

Briefly, 10° isolated cells were incubated with staining
reagents  [carboxyfluorescein  isothiocyanate  (FITC)-
conjugated monoclonal mouse anti-human CCR3 (clone
61828:111; R&D Systems Inc.) and phycoerythrin (PE)-
conjugated mouse anti-human CD3 antibody (Beckman
Coulter, Marseille, France)] for 30 min on ice. FITC and
PE-conjugated mouse IgG antibodies served as appropriate
isotype controls. Analysis was performed using an Epics Elite
model flow cytometer (Coulter, Miami, FL, USA).

Cell cultures

The human colonic epithelial carcinoma cell lines HT-29
and Caco-2 were purchased from the European Collection of
Animal Cell Cultures. Cells were cultured at 37°C and 5%
CO, as described previously [25]. Growth-arrested cells were
treated with the appropriate concentrations of stimuli in
medium without serum and incubated as described above.
The following stimuli were used in cell cultures: IL-1o
(10 ng/ml), TNF-o (50 ng/ml) and IFN-y (300 U/ml) for
Thi-derived cytokines and IL-4 (10 ng/ml), IL-10 (10 ng/
ml) and IL-13 (10 ng/ ml) for Th2-derived cytokines. Cells
and cell culture supernatants were collected at different
time-points. Cell counting and viability were accessed by
trypan blue exclusion test at the beginning and the end of
each experiment using representative wells and cell viabili-
ties were always greater than 95%.

RT-PCR

Total RNA was extracted from cells and homogenized
colonic tissue on ice with a glass homogenizer using 1 ml of
RNAzol solution. RNA extraction and multiplex RT-PCR
were performed as described previously [26]. Briefly,

© 2010 The Authors

CCR3 and its ligands in UC

100 ng mRNA was denatured in the presence of 5-mM
oligo(dT) 12-18 primer. It was then reverse-transcribed in
a 10 ul volume with Superscript II (Gisco), 1 ul RT buffer,
ImM dNTPs, 5mM DDT and 2:5U/ml RNAsin
(Promega) at 42°C for 60 min. One-ml aliquots of cDNA
were PCR-amplified in a 25-ul reaction, containing
1 X PCR buffer and 2 mM MgCl2, 0-2 mM dNTPs, 0-5 mM
sense and anti-sense primers for CCR3, CCRS8, CCLI,
CCL11, CCL24, CCL26, GAPDH and 0-4 U high fidelity
expanded polymerase (Roche). PCR products were resolved
by electrophoresis on 2% agarose gels and visualized with
ethidium bromide staining. An identical parallel PCR reac-
tion was performed on starting material, which had not
been reverse-transcribed.

The ratio of the PCR product, measured by densitometry
between tested genes and GAPDH internal control at a con-
stant volume of RT product, was used for cross-sample
comparison. The oligonucleotide sequence and product size
for specific primer pairs used are shown in Table 2.

Enzyme-linked immunosorbent assay (ELISA) for
chemokines

Extracellular chemokine activity of culture supernatants and
serum, obtained from 22 UC, 20 CD patients and 20 NC, was
measured using sandwich ELISA, according to the manufac-
turer’s protocol (Duoset ELISA Development System; R&D
Systems). Briefly, mouse anti-human CCL11, CCL24 and
CCL26 antibodies (2 mg/ml) were used for overnight
coating at room temperature. Biotinylated goat anti-human
CCL11, CCL24 and CCL26 antibodies were then used for
detection. The ELISA was developed by incubation with
streptavidin-conjugated horseradish peroxidase followed by
the employment of tetramethylbenzidine and H,O, as the
substrate.

Statistical analysis

Reported values represent the mean * standard error of the
mean (s.e.m.) of measurements from at least six independent
experiments using cultured epithelial cells. Statistical analysis
was performed using spss (version 11; SPSS, Chicago, IL,
USA). The Kolmogorov—Smirnov test was used to check the
Gaussian distribution of data. Statistical comparisons were
performed using the Kruskal-Wallis test with Tukey’s post
hoc comparisons, as Burtlett’s test indicated a significant
difference between standard deviations. A resultant P-value
of less than 0-05 was considered to be significant.

Results

Expression of CCR3 in peripheral T lymphocytes and
colonic tissue

Isolated peripheral T lymphocytes from patients with UC
(n=22) and CD (n = 20) were assessed for expression of the
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Table 2. Primer sequences used for the reverse transcription—polymerase chain reaction studies.

Gene Primers Product size

CCL1 Sense: 5'-GGAAGATGTGGACAGCAAGAGC-3" 309
Anti-sense: 5-TGTAGGGCTGGTAGTTTCGG-3"

CCR8 Sense: 5'-AGCTCTCCCTAGGCATTTGT-3" 293
Anti-sense: 5-ATCAGGTTGGTGCTCATTGT-3"

CCL11 Sense: 5'-CCCAACCACCTGCCTGCTTTAACCTG-3" 208
Anti-sense: 5-TGGCTTTGGAGTTGGAGATTTTTGG-3"

CCL24 Sense: 5'-GGAGTGGGTCCAGAGGTACA-3’ 124
Anti-sense: 5-TTAGCAGGTGGTTTGGTTGC-3"

CCL26 Sense: 5-GCCTGATTTGCAGCATCATGATGG-3" 320
Anti-sense: 5'-CGGATGACAATTCAGCTGAGTCAC-3’

CCR3 Sense: 5-TGGCGGTGTTTTTCATTTTC-3" 315
Anti-sense: 5'-CCGGCTCTGCTGTGGAT-3’

GAPDH Sense: 5'-CAACGGATTTGGTCGTATTG-3" 184

Anti-sense: 5-GATGACAAGCTTCCCGTTCT-3"

GAPDH: glyceraldehyde-3-phosphate-dehydrogenase.

CCR3 chemokine receptor using flow cytometry. Results
were compared to 20 NCs. Flow cytometry revealed a small
fraction of CD3* peripheral T lymphocytes to be consistently
expressing the CCR3 chemokine receptor in patients with
IBD (Fig. 1a,b). Conversely, CD3"CCR3" cells were hardly
detected in the case of NCs (Fig. 1¢). Interestingly, peripheral
T lymphocytes from UC patients were found to be enriched
preferentially in CCR3* cells (1-10 * 0-4%) compared to
either CD (02 * 0-19%) or NC (0-09 * 0-07%) (Fig. 1d, UC
compared to CD, P = 0:009, NC compared to UC, P = 0-008).
We did not detect any differences between patients with

active or inactive disease (1-18% for active versus 1-01%
CD3*"CCR3" for inactive UC).

Expression of CCR3 mRNA was also assessed by RT-PCR
in fresh colonic tissue biopsies obtained endoscopically from
22 patients with UC, 20 patients with CD and 20 NCs. CCR3
mRNA expression was minimal in normal tissue, and we
were able to detect some expression of the gene in only 20%
(four of 20) of NC (Fig. 2a). However, we found colonic
expression of CCR3 mRNA in 86% (19 of 22) of the patients
with UC and in a significant proportion 65% (13 of 20) of
the patients with CD (Fig. 2a).

(@) Ulcerative colitis () Crohn’s disease
CCR3 (007 0-77 CCR3 t0-03 0-13
10% ¢ . 107 |
1 Y 1L e

Fig. 1. Peripheral T cells from ulcerative colitis 10 f S 10 2 :
(UC) patients are enriched preferentially in . e o o
CCR3" cells. The presence of CCR3 was 10°
assessed by flow cytometry in peripheral T
lymphocytes from ulcerative colitis (UC, s e 0-10
n = 20), Crohn’s disease (CD, n=22) and 0 10° 10! 10 cp3
normal controls (NCs, n = 20), isolated from (c) Normal control (d)
peripheral blood mononuclear cells (PBMCs) CCR3 {013 0-03 16} x
via magnetic separation based on CD3 14l
expression. (a—c) Representative fluorescence 102 3 2 1ol
activated cell sorter (FACS) images &
(CD3*CCR3") from patients with UC, CD and 8 101
NCs. (d) Each column represents the mean 20‘8 i
value * standard error of the mean of CD3* R06|
CCR3" cells of different groups derived from Oo.4+ T
flow cytometry (*P < 0-05 between UC and CD 0-2 i *
patients and **P < 0-05 between patients with ﬁ_,

UC and NCs).
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Fig. 2. CCR3 is highly expressed in the colon of ulcerative colitis
(UC) patients. Total RNA was extracted from colonic biopsies taken
from inflammatory bowel disease patients (UC and Crohn’s disease
(CD)] and normal controls (NCs) and multiplex reverse
transcription—polymerase chain reaction (RT-PCR) for CCR3 and
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) was performed.
(a) Representative PCR blots of mRNA expression from tissue
obtained from Crohn’s disease (CD), active (a) and inactive (i) and
ulcerative colitis (UC) patients, with active (a) and inactive (i) disease
and NCs, probed for CCR3, and GAPDH as internal control. In order
to control for genomic contamination each sample has a reverse
transcriptase negative control (RT"). The gel shows fluorescence of
ethidium bromide-stained PCR products resolved by electrophoresis.
(b) Mean densitometry readings for PCR production of receptors are
expressed as a percentage of receptor mRNA expression observed in
UC patients’ samples. Each column represents mean = standard error
of the mean of the different groups. * P < 0-05 between UC and CD,
between CD and NCs and between UC and NCs.

Densitometry analysis revealed a statistical significant
increase of CCR3 mRNA expression in UC patients compared
to CD and NC patients (Fig. 2b, P <0-003 and P < 0-001,
respectively). Interestingly, CCR3 mRNA expression was
increased preferentially in UC patients, regardless of the
disease activity, the degree of inflammation in colonic mucosa
or the medication used by these patients (data not shown).
This implies that the differences in colonic expression of
CCR3* observed between UC and CD patients are not gener-
ated by differences in the degree of mucosal inflammation.

Collectively, the above findings show that in patients with
ulcerative colitis there is a preferential increase of CD3*CCR3*
lymphocytes that might represent circulating activated Th2-
differentiated T cells, which is accompanied by a parallel
increase of CCR3 chemokine receptor expression in colonic
tissue irrespective of the degree of colonic inflammation.

Serum levels and colonic tissue expression of
CCR3 ligands

The CCR3 ligands CCL11/eotaxin-1, CCL24/eotaxin-2 and
CCL26/eotaxin-3 were assessed in serum from the same

© 2010 The Authors
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patients by ELISA. Increased serum CCL11/eotaxin-1 levels
were found in both UC (306 % 87 pg/ml) and CD
(257 = 43 pg/ml) patients compared to NCs (161 * 23 pg/
ml) (P <0-05 Fig. 3a). CCL24/eotaxin-2 serum levels were
found to be increased significantly only in UC (144 = 98 pg/
ml), whereas in the case of CD (926 * 25pg/ml) no
significant increase was observed from control values
(597 £ 23 pg/ml) (P<0:05 and P>0-05, respectively)
(Fig. 3b). CCL26/eotaxin-3 levels were also significantly

= 400
350
300
250
200
150
100

Eotaxin 1 serum levels (pg/ml

Eotaxin 2 serum levels (pg/ml)

Eotaxin 3 serum levels (pg/ml)

NC CD uc

Fig. 3. Serum levels of CCL11/eotaxin-1, CCL24/eotaxin-2 and
CCL26/eotaxin-3 are increased preferentially in ulcerative colitis (UC)
patients. CCR3-binding chemokines were measured by enzyme-linked
immunosorbent assay in serum from ulcerative colitis (UC, n = 22),
Crohn’s disease (CD, n = 20) and normal controls (NCs, n = 20)
patients. Each column represents mean * standard error of the mean
(*P < 0-05).
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Fig. 4. CCR3 binding chemokines are expressed highly in colonic mucosa of ulcerative colitis (UC) patients. Total RNA was extracted from colonic
biopsies of ulcerative colitis (UC, n = 20), Crohn’s disease (CD, n =22) and normal control (NC, n = 20) patients and multiplex reverse
transcription—polymerase chain reaction (RT-PCR) for chemokines and glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) was performed. (a)
Representative PCR blots of mRNA expression from tissue obtained from CD, UC and NC patients, probed for CCL11/eotaxin-1 (upper panel),
CCL24/eotaxin-2 (middle panel), CCL26/eotaxin-3 (lower panel) and GAPDH. In order to control for genomic contamination each sample has a
reverse transcriptase negative control (RT"). The gel shows fluorescence of ethidium bromide-stained PCR products resolved by electrophoresis. (b)
Mean densitometry readings for PCR product of CCL11/eotaxin-1 (upper panel), CCL24/eotaxin-2 (middle panel) and CCL26/eotaxin-3 (lower
panel) are expressed as a percentage of chemokine mRNA expression observed in UC patients’ samples. Each column represents mean * standard

error of the mean of the different groups. *P < 0-05.

higher in UC (33-9 = 12 pg/ml) compared to controls
(13-4 = 3-6 pg/ml) (P =0-002, Fig. 3¢). In a similar manner
to CCL24/eotaxin-2, serum levels of CCL26/eotaxin-3 in
patients with CD (149 £ 7 pg/ml) were not significantly
different from control values (P > 0-05, Fig. 3¢). Collectively,
all CCR3 ligands assessed were found to be increased signifi-
cantly in the serum of patients suffering from UC when
compared to NCs. An increase of circulating CCR3 ligands
was observed even for CD patients; however, this increase
was not significantly different from the control values.
Additionally, samples of colonic tissue obtained from the
same patients were used to assess mRNA expression of the
selected CCR3 ligands by RT-PCR. A marked mRNA expres-
sion of all three CCR3 ligands was detected in inflamed
colonic tissue of UC patients showing a parallel increase of
the expression of the ligands for the specimens shown pre-
viously to over-express the CCR3 receptor. CCL11/eotaxin-1
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mRNA expression was present in 82% (18 of 22) of patients
with UC, 40% (eight of 20) of patients with CD and only 5%
(one of 20) of NC (Fig. 4a, upper panel). CCL24/eotaxin-2
was found to be expressed in 77% (17 of 22) of UC, 60% (1
of 20) of CD and 5% (one of 20) of control patients (Fig. 4a,
middle panel). CCL26/eotaxin-3 mRNA expression was
detected in 73% (16 of 22) of UC (60%) 12 of 20 of CD and
10% (two of 20) of control patients (Fig. 4a, lower panel).
Densitometry analysis revealed a significant increase in the
three chemokine mRNA expressions only in UC patients
(Fig. 4b).

Production of CCR3 ligands by colonic epithelial cells

In order to explore the potential contribution of epithelial
cells in the production of CCR3-binding chemokines, we
studied the in vitro mRNA expression and production of

© 2010 The Authors
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Fig. 5. Both T helper type 1 (Thl) and Th2 cytokines are able to induce mRNA expression of CCR3 ligands by colonic epithelial cells. Total RNA
was extracted from cultured HT-29 cells incubated for 2-24 h with media or Th1 and Th2 cytokines. Multiplex reverse transcription—polymerase
chain reaction (RT-PCR) for CCL11/eotaxin-1 (upper panel), CCL24/eotaxin-2 (middle panel), CCL26/eotaxin-3 (lower panel) and
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) was performed. (a) CCR3 ligand mRNA expression induced by interleukin (IL)-13

(10 ng/ml). (b) CCR3 ligand mRNA expression induced by interferon (IFN)-y, tumour necrosis factor (TNF)-o. and IL-10.. In order to control for
genomic contamination each sample has a reverse transcriptase negative control (RT"). The gel shows fluorescence of ethidium bromide-stained

PCR products resolved by electrophoresis.

CCL11/eotaxin-1, CCL24/eotaxin-2 and CCL26/eotaxin-3
by two human colonic cell lines (HT-29 and Caco-2). These
cell lines were either left untreated or cultured in the pres-
ence of Thl or Th2-associated cytokines to reproduce in
vitro the cytokine microenvironment of CD and UC,
respectively.

Initially, in order to identify the incubation time needed
for mRNA expression following stimulus, we assessed the
induction of expression of CCL11/eotaxin-1, CCL24/
eotaxin-2 and CCL26/eotaxin-3 following incubation of
HT-29 and Caco-2 cells with individual cytokines for various
time-points. Thl cytokines (IL-lo,, TNF-o, IFN-y) were
weak inducers of mRNA expression for eotaxins with a peak
expression at 6 h following stimulation (Fig. 5a). Conversely,
Th2 cytokines (IL-4, IL-10 and IL-13) were strong inducers
of mRNA expression for eotaxins, again with a peak expres-
sion at 6 h following stimulation (Fig. 5b). Based upon these
results, the 6-h time-point was used to compare the effect of
the combination of Thl or Th2 cytokines on the mRNA
expression of Eotaxins.

Untreated cells did not express any of the chemokines
tested, with the exception of CCL24/eotaxin-2 (Fig. 6a—c).
Stimulation with a combination of Thl cytokines, as
explained in the Materials and methods section, revealed a
modest induction of mRNA expression of CCL26/eotaxin-3

© 2010 The Authors

in both cell lines and a very weak expression of CCL11/
eotaxin-1 and CCL24/eotaxin-2 (Fig. 6a—c). Conversely,
treatment with a combination of Th2 cytokines induced
CCL11/eotaxin-1, CCL24/eotaxin-2 and CCL26/eotaxin-3
mRNA expression considerably in both cell lines (Fig. 6a—c).

Furthermore, CCL11/eotaxin-1, CCL24/eotaxin-2 and
CCL26/eotaxin-3 protein production was assessed in cell
culture supernatants following stimulation for 24 h with
media alone or a combination of either Th1 or Th2 cytokines
added to the culture media. The 24 h appeared to be the best
time-point for chemokine production, as the 6-h time-point
when the peak mRNA expression for chemokines appeared
is generally considered too early for protein production; this
was confirmed in our study as well, as we observed only
minimal chemokine production 6h after stimulation.
No production of CCL11/eotaxin-1 was observed by
non-stimulated, growth-arrested HT-29 and Caco-2 cells
(Fig. 7a).

A minimal increase in CCL11/eotaxin-1 production was
observed when both cell lines were stimulated with Thl
(P < 0-05), while Th2 cytokines were very effective in induc-
ing CCL11/eotaxin-1 production (P < 0-001, Fig. 7a). Incu-
bation with Th1 cytokines induced a significant increase in
CCL24/eotaxin-2 production (P < 0-01, Fig. 7b). Incubation
with Th2 cytokines further increased CCL24/eotaxin-2 pro-
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Fig. 6. Chemokine expression by HT-29 and Caco-2 cells in response
to T helper type 1 (Th1) and Th2-derived cytokines. Chemokine
expression was measured in cells from two cell lines after 24 h
stimulation with Th1 cytomix of interleukin (IL)-1ct (10 ng/ml),
tumour necrosis factor (TNF)-o. (50 ng/ml) and interferon (IFN)-y
(300 U/ml) or the Th2-derived cytokines IL-4 (10 ng/ml), IL-10
(10 ng/ml) and IL-13 (10 ng/ml). Each column represents
mean = standard error of the mean of six separate experiments.
*Significance between all three groups, i.e. NCs with CD, CD with
ulcerative colitis (UC) and NCs with UC. **In CCL24, there is a
significance difference between NCs and UC as well as CD and UC,
but not between CD and UC.

duction compared to either control or Th1 values (P < 0-001,
respectively, Fig. 7b). For the CCL26/eotaxin-3 in media-
stimulated HT-29 and Caco-2 cells, most of the observed
values were below the ELISA detection limit. A non-
significant induction followed Th1 stimulation, but only Th2
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cytokines were able to induce substantial CL26/eotaxin-3
production (P < 0-001, Fig. 7c). When stimulated with Th1
(TNF-o, IL-1o0 or IFN-y) or Th2 (IL-4, IL-10 or IL-13)
cytokines alone, there was no production of any eotaxin. The
combination of IL-4 with IFN-y induced CCL24/eotaxin-2
(130 pg/ml in HT-29 cells and 145 pg/ml in CACO2 cells)
and CCL26/eotaxin-3 (72 pg/ml in HT-29 cells and 50 pg/ml
in CACO-2 cells), but to a lesser extent than the combination
of Th2 cytokines (data not shown). Thus, stimulation of
HT-29 and CACO-2 cells by single cytokines, IL-4 (10 ng/
ml), IL-13 (10 ng/ml), IL-10 (10 ng/ml), IL-1ot (10 ng/ml),
TNF-o (50 ng/ml), IFN-y (300 U/ml) or even a combination
of IL-10/TNF-0/IFN-y, IL-4/IL-13, IL-4/IL-10/IL-13 and
IL-4/IFN-y at the above-mentioned doses, revealed that the
Th2 (IL-4/IL-13/IL-10) combination showed the highest
eotaxin responses. In the same way, the Thl combination
was more effective than any single Th1 cytokine.

Discussion

Cytokines are key signals in the colonic immune system,
contributing to the disruption of the so-called normal state
of controlled inflammation [27]. They are produced mainly
by immune cells and they play a key role in communication
between cells mediating local and systemic inflammation
[5]. Cytokines which are considered to be either pro- or
anti-inflammatory [28] play a complex role in IBD both by
orchestrating cellular interactions and by determining the
nature of the immune response in different types of IBD: CD
is considered to be a Th1-mediated disease while UC is char-
acterized by Th2 cytokine production [29-32]. This concept
has been disputed recently [33,34]. Chemokines and their
receptors are involved in Th1l and Th2 immune responses.

In the present study we examined the expression of CCR3
and its ligands in the mucosa and circulating T lymphocytes
of IBD patients. We also studied the expression and produc-
tion of eotaxins in cultured bowel epithelial cells under the
influence of either Th1 or Th2 cytokines.

We demonstrated a significant increase of circulating
CCR3* lymphocytes in UC patients compared to NCs. It was
notable that CCR3 mRNA expression in colonic tissue fol-
lowed the same pattern as CCR3 circulating levels. There was
amarked CCR3 mRNA expression in 86% of UC and 65% of
CD patients compared to 20% of NCs examined.

In accordance with our results, other groups showed
massive infiltration of CD3*CCR3" cells and high levels of
eotaxin in colonic mucosa obtained from UC patients [35]
[36]. Berrebi et al. also described CCR3*-expressing cells that
resembled lymphocytes morphologically in the rectal
mucosa of 16 children with UC [37]. Our results are also
consistent with another study that reported CCR3expression
in 15% of CD3" lymphocytes in UC patients [35], but our
values are much lower. However, Yo et al., when comparing
UC, CD patients and NCs by flow cytometry screening,
found that CCR3" cells comprised fewer than 1% of CD4*

© 2010 The Authors
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cells in each group [38], very much in line with our
results.

We also demonstrated clearly an increased production of
CCR3-binding chemokines, eotaxin-1, eotaxin-2 and
eotaxin-3 in serum obtained from UC patients, as well as an
increase of eotaxin-1 in CD patients, while the other two
CCR3 ligands were also increased without achieving
significance. Notably, an increase in eotaxin mRNA expres-
sion was found in colonic biopsies of UC and to a lesser
degree of CD patients, indicating a potential source of the
increased circulating eotaxins in the serum of these patients.
Increased serum eotaxin levels have also been demonstrated
by other groups. Garcia-Zepeda et al. reported increased
eotaxin mRNA expression in intestinal lesions of IBD
patients [39]. Chen etal. demonstrated increased serum
eotaxin levels by ELISA in both CD and UC patients.
However, in contrast to our results they found no significant
difference in eotaxin-2 levels and they reported a difference
between active and inactive UC [40]. Mir et al., on the other
hand, reported increased serum eotaxin levels in IBD
patients, but no correlation with disease activity or treatment
[41], a finding similar to ours. We also agree with their
hypothesis that these results probably indicate an immuno-
logical abnormality present even in quiescent disease.

© 2010 The Authors
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Because inflammation during active UC is confined
mainly to intestinal/colonic mucosa layers, and T cell subset
recruitment appears to be based in part upon the selective
expression of chemokines at specific tissue locations, we
tried to characterize further the cell type that could be partly
responsible for the production of these chemokines.

HT-29 and Caco-2 cells were studied in cultures because
colonic epithelial cells have been found to be a major source
of chemokine production [42,43]. In our study, we stimu-
lated HT-29 and Caco-2 cells with Th2-derived cytokines
IL-4,1L-10 and IL-13 as well as with Th1, TNF-a, IL-1o and
IFN-yin combination. Notably, we demonstrated that cytok-
ines regulate the expression of CCR-3 binding chemokines
differentially in vitro in colonic epithelial cell lines. Th2-type
cytokines IL-4, IL-10 or IL-13 stimulated preferentially the
expression and production of CCR3-specific ligands such as
eotaxin-1, eotaxin-2 and eotaxin-3. As far as we are aware,
this is the first report of eotaxin expression in colonic epi-
thelial cell lines. These results, in combination with our ex
vivo experiments, support the hypothesis of a Th2 polariza-
tion in UC.

However, Th1 type cytokines also showed an increase of
eotaxin protein and mRNA levels. This modest increase con-
trasts with the significant increase of CXCR3-binding
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chemokines that we have reported previously [44], following
the same stimulation as employed in this series of
experiments. This indicates that UC is not a pure Th2
disease. This increase of CCR3-binding chemokines is also
consistent with the findings of Ruth et al. [45], who reported
that eotaxin depletion abrogated not only type 2 but also
type 1 inflammation.

Our findings suggest that the epithelial overproduction of
CCR3 ligands may result in a migration of CD3*CCR3" cir-
culating cells to lamina propria in analogy with our previous
suggestion on CXCR3 ligand production by epithelial cells
[44]. We have reported previously that Thl cytokines, which
are overproduced in CD, stimulate CXCR3-binding chemok-
ine expression in colonic epithelial cells, that this induction
causes migration of CXCR3" lymphocytes and that it is
inhibited by Th2-derived cytokines [44]. We believe strongly,
therefore, that in addition to cytokine-based therapies the
inhibition of lymphocyte trafficking and lymphocyte—
epithelial cell interaction should receive a great deal of atten-
tion in the future as a potential novel approach for IBD
treatment.
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