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Abstract
Clinical studies have demonstrated a link between the eosinophil-selective chemokines, eotaxins
(eotaxin-1/CCL11 and eotaxin-2/CCL24), eosinophils, and the inflammatory bowel diseases,
Crohn’s disease and ulcerative colitis (UC). However, the cellular source and individual contribution
of the eotaxins to colonic eosinophilic accumulation in inflammatory bowel diseases remain unclear.
In this study we demonstrate, by gene array and quantitative PCR, elevated levels of eotaxin-1 mRNA
in the rectosigmoid colon of pediatric UC patients. We show that elevated levels of eotaxin-1 mRNA
positively correlated with rectosigmoid eosinophil numbers. Further, colonic eosinophils appeared
to be degranulating, and the levels positively correlated with disease severity. Using the dextran
sodium sulfate (DSS)-induced intestinal epithelial injury model, we show that DSS treatment of mice
strongly induced colonic eotaxin-1 and eotaxin-2 expression and eosinophil levels. Analysis of
eosinophil-deficient mice defined an effector role for eosinophils in disease pathology. DSS treatment
of eotaxin-2−/− and eotaxin-1/2−/− mice demonstrated that eosinophil recruitment was dependent on
eotaxin-1. In situ and immunofluorescence analysis-identified eotaxin-1 expression was restricted
to intestinal F4/80+CD11b+ macrophages in DSS-induced epithelial injury and to CD68+ intestinal
macrophages and the basolateral compartment of intestinal epithelial cells in pediatric UC. These
data demonstrate that intestinal macrophage and epithelial cell-derived eotaxin-1 plays a critical role
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in the regulation of eosinophil recruitment in colonic eosinophilic disease such as pediatric UC and
provides a basis for targeting the eosinophil/eotaxin-1 axis in UC.

The inflammatory bowel diseases (IBD)3 Crohn’s disease (CD) and ulcerative colitis (UC) are
chronic, relapsing, and remitting gastrointestinal (GI) diseases that affect >5 million people in
North America and Europe. It is currently believed that chronic inflammation of the GI tract
predisposes to the clinical manifestations of disease, leading to the long-term and sometimes
irreversible impairment of GI structure and function (1). A feature of the inflammation in GI
tissue biopsy specimens from patients with IBD, particularly UC, is elevated levels of
eosinophils (2). Although eosinophils usually represent only a small percentage of the
infiltrating leukocytes (2,3), their level has been proposed to be a negative prognostic indicator
(3,4).

Eosinophils are multifunctional leukocytes involved in the initiation and propagation of
inflammatory reactions and the modulation of innate and adaptive immunity and can serve as
a major effector cell, inducing tissue damage and dysfunction (5). Eosinophils may induce GI
dysfunction through the release of lipid mediators and eosinophilic granular proteins (major
basic protein (MBP), eosinophil peroxidase (EPO) and eosinophil-associated ribonucleases,
i.e., eosinophil cationic protein (ECP) and eosinophil-derived neurotoxin (EDN)). The level
of the eosinophil constituents MBP, EPO, ECP, and EDN have been shown to be elevated in
adult IBD patients, and the level of these proteins correlated with disease severity (6,7).
Eosinophil levels and involvement in the pathogenesis of pediatric UC has not yet been
determined.

The trafficking of eosinophils into inflammatory sites has been shown to involve a number of
cytokines (most notably the Th2 cell products (IL-4, IL-5, and IL-13) (8–10), adhesion
molecules (e.g., β1, β2, and β7 integrins) (11), chemokines (e.g., RANTES and the eotaxins)
(12), and other recently identified molecules (e.g., acidic mammalian chitinase) (13). Of the
cytokines implicated in modulating leukocyte recruitment, only IL-5 and the eotaxins
selectively regulate eosinophil trafficking (14). IL-5 regulates growth, differentiation,
activation, and survival of eosinophils (15); however, Ag-induced tissue eosinophilia can occur
independently of IL-5 as demonstrated by residual tissue eosinophils in trials using anti-IL-5
in patients with asthma (16) and IL-5-deficient mice (17,18). Experimental investigations
demonstrate that members of the eotaxin subfamily of CC chemokines, CCL11 (eotaxin-1),
CCL24 (eotaxin-2), and CCL26 (eotaxin-3), selectively regulate eosinophil trafficking under
both inflammatory and homeostatic conditions (5). Indeed, transgenic overexpression of
eotaxin-1 in the GI tract promotes an intestinal eosinophilia (19). Furthermore, allergen-
induced pulmonary eosinophilia and nematode-induced intestinal eosinophilia was dependent
on eotaxin-1/eotaxin receptor CCR3 pathways (5,20). Using eotaxin-1 and eotaxin-2 single
and double gene-deficient mice or neutralizing Abs, both chemokines have been shown to have
nonoverlapping roles in regulating the temporal and regional distribution of eosinophils in
pulmonary eosinophilic inflammation (21–23).

Clinical investigations have provided circumstantial data to suggest eotaxin-1 and eotaxin-2
involvement in IBD. Eotaxin-1 protein in serum of adult IBD patients has been shown to be
elevated as compared with normal individuals (24,25). Furthermore, eotaxin-1 protein has been
preliminarily identified in full thickness bowel wall biopsy samples of adult IBD patients
(26). In addition, single nucleotide polymorphism analysis in a Korean population with UC
revealed a significant difference in genotype and allele frequency of the eotaxin-2, but not

3Abbreviations used in this paper: IBD, Inflammatory bowel disease; CD, Crohn’s disease; DSS, dextran sodium sulphate; EPO,
eosinophil peroxidase; GI, gastrointestinal; hpf, high-powered field; UC, ulcerative colitis; UCHIS, UC histologic index of severity; WT,
wild type.
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eotaxin-3, gene in UC, suggesting an association between eotaxin-2 and susceptibility to UC
(27). Eotaxin subfamily expression and the individual role of eotaxins in eosinophil recruitment
in pediatric UC remains unclear.

In the present study we define the expression of eotaxin-1, eotaxin-2, and eotaxin-3 in pediatric
UC. We show that eotaxin-1, and not eotaxin-2 or eotaxin-3, is elevated in rectosigmoid biopsy
samples from pediatric UC patients. Further, we show that elevated levels of eotaxin-1
positively correlated with eosinophils and histopathological disease severity. Using the model
of colonic eosinophilic inflammation and eotaxin-2−/− and eotaxin-1/-2−/− mice, we
demonstrate a critical role for eotaxin-1 in eosinophil recruitment in the colon and a link
between disease pathology and eosinophil infiltration. In situ hybridization and
immunofluorescence analysis illuminated that eotaxin-1 was predominantly derived from
intestinal macrophages in dextran sodium sulfate (DSS)-induced colitis; however analysis in
pediatric UC revealed that eotaxin-1 expression was restricted to intestinal macrophages and
the basolateral component on intestinal epithelial cells. These studies demonstrate an important
link between activated intestinal macrophages, eotaxin-1, and eosinophil recruitment in
pediatric UC.

Materials and Methods
Patient-based studies

Pediatric patients aged (5–18 years) were drawn from a consecutive sample of 124 individuals
who were referred to the Cincinnati Children’s Hospital Medical Center between April 2004
and November 2007. The study population was not part of a formal screening program, but it
is representative of all clinical referrals to the IBD center. No patient had a history of IBD
before colonic biopsy, and no patients were included who were referred for tertiary
management. Of the 124 patients scheduled for diagnostic colonoscopy, 101 (81.5%)
consented to participate in the study and underwent diagnostic evaluation. Colonic biopsy
samples were collected and the diagnosis of UC was made using established clinical,
radiological, and histological criteria. Patients with indeterminate colitis were excluded. No
patient was receiving medications for the treatment of IBD at the time of biopsy. Of the 101
patients, 28 (27.7%) were diagnosed with CD and 13 (12.9%) with UC, and 60 (59.4%) were
healthy controls. The first eight UC and 11 healthy controls were used in the gene chip array
analysis. For UC patients, biopsies were taken from the ascending, descending, and
rectosigmoid colon if affected and from the most proximal affected area otherwise. The
pediatric ulcerative colitis clinical activity index was used as a measure of clinical severity of
UC (28). The Montreal classification system was used to classify patients by age at diagnosis
and by disease location and behavior (29). The study was approved by the Cincinnati Children’s
Hospital Medical Center (CCHMC) Institutional Review Board and the CCHMC General
Clinical Research Center Scientific Advisory Committee.

Human colon biopsy histologic severity analysis
Paraffin-embedded, hematoxylin-stained colon biopsies were scored in a blinded manner by
an experienced pediatric pathologist (E.B.) using the UC histologic index of severity (UCHIS).
The UCHIS is a validated histologic score of inflammation for UC that accounts for the severity
of acute and chronic inflammation (30).

Gene array analysis
Two colon biopsies from healthy controls and the most proximal affected areas for UC were
obtained at the time of colonoscopy and immediately placed in RNAlater (Qiagen) at 4°C.
Total RNA was isolated using the RNeasy Plus Mini Kit (Qiagen) and stored at −80°C. RNA
samples were measured by the Agilent Bioanalyzer 2100 (Hewlett Packard) using the RNA
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6000 Nano assay to confirm a 28S/18S ratio of 1.6 –2.0. RNA (100 ng) was amplified using
TargetAmp 1-Round Aminoallyl-aRNA Amplification Kit 101 (Epicentre). The biotinylated
cRNA was hybridized to Affymetrix GeneChip Human Genome HG-U133 Plus 2.0 arrays
containing probes for ~22,634 transcripts. The images were captured using Affymetrix
GeneChip Scanner 3000. GeneSpring software was used to analyze fold changes in gene
expression between UC and healthy controls. Data were normalized to allow for array to array
comparisons and differences between groups with a significance at the 0.05 level and mean
fold change of 2 relative to healthy control samples. Principal component analysis was
performed using the UC and healthy control results in GeneSpring. Ingenuity software
(Ingenuity Systems) was used to group the differentially expressed genes into biologically
relevant networks. The complete data set is available at the National Center for Biotechnology
Information Gene Expression Omnibus site (www.ncbi.nlm.nih.gov/projects/geo) under
accession number GSE10191.

Mice
Eotaxin-1/2 (sv129/C57BL/6), eotaxin-2-deficient (sv129/C57BL/6) (31), and eosinophil-
deficient (PHIL) (C57BL/6) mice (32) and strain-matched wild-type (WT) (sv129/C57BL/6
and C57BL/6) mice (age 6 – 8 wk) were maintained under specific pathogen-free conditions
and examined at age 6-to 8-wk. All mice were maintained in a specific pathogen-free vivarium,
and animals were handled under Institutional Animal Care and Use Committee (Cincinnati
Children’s Hospital Medical Center)-approved protocols.

DSS induction of colonic injury
DSS used for the induction of experimental colitis (ICN Biomedical) was supplied with an
average molecular mass of 41 kDa. It was used as a supplement in the drinking water of the
mice for 7 days as a 2.5% (w/v) solution as we have previously described (33).

Eosinophil quantification
Segments of the GI tract including the colon were fixed with 4% paraformaldehyde/PBS,
processed using standard histological techniques, and immunostained with antiserum against
mouse major basic protein, as we have previously described (19).

Northern blot analysis
RNA was extracted from the colonic tissue using TRIzol reagent (Invitrogen) following the
manufacturer’s protocol. Twenty micrograms of total RNA was used for Northern blot analysis,
as previously described (31).

Real-time PCR analysis
Human eotaxin-1, eotaxin-2 and eotaxin-3 mRNA were quantified by real-time PCR as
previously described (34). In brief, the RNA samples (500 ng) were subjected to reverse
transcription analysis using SuperScript II reverse transcriptase (Invitrogen) according to the
manufacturer’s instructions. Human eotaxin-1, eotaxin-2, and eotaxin-3 were quantified by
real-time PCR using the iQ5 multicolor real-time PCR detection system (Bio-Rad
Laboratories) with iQ5 software V2.0 and LightCycler FastStart DNA Master SYBR Green I.
Primer sets were as follows: human eotaxin-3 (151 bp), 5′-
AACTCCGAAACAATTGTACTCAGCTG-3′ and 5′-GTAACT
CTGGGAGGAAACACCCTCTCC-3′; human eotaxin-2 (251 bp), 5′-
CCATAGTAACCAGCCTTC-3′ and 5′-CAGGTTCTTCATGTACCTC-3′; human eotaxin-1
(425 bp), 5′-TGAAGCTTGGGCCAGCTTCTGTCCCAACC-3′ and 5′-
GGTCGACTGGAGTTGGAGATTTTTGGTC-3′; and GAPDH (400 bp), 5′-
TGGAAATCCCATCACCATCT-3′ and 5′-GTCTTC TGGGTGGCAGTGAT-3′. Results

Ahrens et al. Page 4

J Immunol. Author manuscript; available in PMC 2009 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were then normalized to GAPDH amplified from the same cDNA mix and expressed as fold
induction compared with the controls.

In situ hybridization of mouse intestine
In situ hybridization was performed as we have previously described (35). In brief, the full-
length murine eotaxin cDNA in plasmid Blue-script (36) was linearized by BamHI or ApaI
digestion, and antisense and sense RNA probes, respectively, were generated by T7 and T3
RNA polymerase (Riboprobe Gemini Core System II transcription kit; Promega). The
radiolabeled ([α-35S]thio-UTP) probes were reduced to an average length of 200 bases by
controlled alkaline hydrolysis. The hybridized slides were washed under either high- or low-
stringency conditions. For low stringency, the slides were washed for 60 min at 50°C in 50%
formamide/5× SSC/20 mM DTT. This was followed by a 3-min RNase A digestion (20 μg/
ml) at 37°C and 15-min washes in 2× SSC and 0.1× SSC (1× SSC = 0.15 M NaCl/0.015 M
sodium citrate (pH 7.0)). For high stringency, the slides were washed at 65°C for 30 min in
50% formamide/2× SSC/10 mM DTT, rinsed three times in 500 mM NaCl/10 mM Tris · HCl
(pH 7.5)/5 mM EDTA, digested with RNase A for 30 min at 37°C, and rinsed in fresh buffer.
The high-stringency wash was repeated and then followed by two 15-min washes at room
temperature, one in 2× SSC and one in 0.1× SSC/1 mM DTT. Autoradiography was performed
for 14 –28 days at 4°C. The specificity of the hybridization was established by using a sense
probe, which did not hybridize above background levels observed with the antisense probe.
Sections from both wild-type controls and DSS-treated mice were hybridized and
autoradiographed in triplicate under identical conditions.

Histological examination of mouse intestine
Colons were stained with H&E and examined and histologically scored by light microscopy
as previous described (37). Colonic inflammation was evaluated in a blind manner by
estimating the following: 1) percentage of involved area; 2) amount of follicles; 3) edema; 4)
erosion/ulceration; 5) crypt loss; 6) infiltration of polymorphonuclear cells; and 7) infiltration
of mononuclear cells. The percentage of area involved, erosion/ulceration, and the crypt loss
were scored on a scale ranging from 0 to 4 as follows: 0, normal; 1, <10%; 2, 10 –25%; 3, 25–
50%; and 4, >50%. Follicle aggregates were counted and scored as follows: 0, zero to one
follicle; 1, two to three follicles; 2, four to five follicles; and 3, six follicles or more. The severity
of the other parameters was scored on a scale from 0 to 3 as follows: 0, absent; 1, weak; 2,
moderate; and 3, severe. All scores on the individual parameters together could result in a total
score ranging from 0 to 24.

FACS analysis
Single cell suspensions from indicated organs were washed with FACS buffer (PBS/1% FCS)
and incubated with combinations of the following Abs: PE anti-mouse F4/80 (clone CI:A3-1;
Serotec) and PE-Cy7 anti-mouse CD11b (clone M1/70; BD Pharmingen). The following Abs
were used as appropriate isotype controls; PE rat IgG2a (clone 53-6.7; BD Pharmingen) and
PE-Cy7 rat IgG2a (clone R35-95; BD Pharmingen). Cells were analyzed on FACSCalibur (BD
Immunocytometry Systems) and analysis was performed using Flow Jo software (Tree Star).

Intestinal macrophage purification
Macrophage/monocyte populations from colon were isolated by adherence as previously
described (38). In brief, the colon segment of the GI tract was removed and flushed with 20
ml of Ca2+- and Mg2+-free HBSS (CMF-HBSS). The colon was cut longitudinally, placed in
CMF-HBSS containing 5 mM EDTA and 25 mM HEPES, and shaken vigorously at 4°C for
30 min. The tissue was cut into 1-cm segments and incubated in digestion buffer containing
40 mg/ml collagenase A (Roche Diagnostics) in RPMI 1640 for 60 min on a shaker at 37°C.
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The tissue was vigorously vortexed every 10 min for 15 s. Following the 60-min incubation,
the cell aggregates were dissociated by filtering thorough a 19.5-gauge needle and 70-μm filter
and centrifuged at 1200 rpm for 10 min at 4°C. The supernatant was decanted and the cell
pellet resuspended in RPMI 1640 and filtered through a 40-μm filter. The single cell suspension
was prepared by Ficoll density gradient centrifugation and quantitated by trypan blue exclusion
analysis. Colonic cells (1× 106) were plated in a 24-well, round-bottom plate and incubated at
37°C for 2 h in 5% CO2. The adherent cells were washed three times and maintained in RPMI
1640 plus 10% FCS at 37°C for 2 h in 5% CO2. The supernatant was removed and analyzed
for eotaxin-1 levels by ELISA as described by the manufacturer (R&D Systems). The adherent
cells were analyzed for purity by immunofluorescence analysis using the rat anti-mouse Mac-3
Ab and >95% cells were Mac-3+. Contaminating cells were identified as intestinal epithelial
cells and fibroblasts by cell morphology.

Immunofluorescence microscopy
In brief, fixed frozen sections were fixed in 10% acetone for 10 min, rinsed in PBS and washed
in 0.025% Triton X-100/PBS three times for 5 min. The slides were blocked with 3% goat
serum/PBS for 1 h at room temperature and incubated with primary Abs as follows: mouse
anti-human CD68 (clone PG-M1) (2 μg/ml) (DakoCytomation); affinity-purified rabbit anti-
human eotaxin-1 anti-serum (1/50); rat anti-mouse F4/80 (clone BM8) (5 μg/ml); rat anti-
mouse Mac-3 (clone M3/84; BD Pharmingen) (4 μg/ml); and goat anti-mouse eotaxin-1
polyclonal (15 μg/ml; R & D Systems) in 3% normal goat serum/PBS. Sections were incubated
with isotype control alone in place of primary Ab as a negative control. After a 2-h incubation
at room temperature, sections were washed with PBS and incubated with goat anti-rabbit Alexa
Fluor 488, donkey anti-goat Alexa Fluor 594, or donkey anti-rat Alexa Fluor 488 (Invitrogen)
for 60 min at room temperature. Slides were washed in PBS and counterstained with 4′,6-
diamidino-2-phenylindole (DAPI) di-hydrochloride/Supermount G solution (Fluoromount-
G). Images were captured using a Zeiss microscope fitted with Zeiss UPlanApo lenses (×10,
×20, and ×40 magnification) and an AxioCam MRc camera and analyzed with Axioviewer
version 3.1 image analysis software (Carl Zeiss). Postacquisition processing (brightness,
opacity, contrast, and color balance) was applied to the entire image and accurately reflects
that of the original.

Anti-eosinophil peroxidase (EPO) immunohistochemistry analysis
Anti-EPO immunohistochemistry analysis was performed using an affinity-purified anti-
human EPO mAb. In brief, Ag retrieval was performed on colonic sections using the
DakoCytomation Target Retrieval Solution as described by the manufacturer. The slides were
digested in proteinase K and blocked in DakoCytomation Dual endogenous blocking solution.
Slides were washed and incubated with either Ab control (mouse IgG2a; 10 μg/ml) or affinity-
purified anti-human EPO mAb (mouse anti-human EPO, isotype IgG; 10 μg/ml; generated by
Dr. J. Lee; Mayo Clinic, Scottsdale, AZ). The EPO-positive signal was detected with the
DakoCytomation LSAB-2 alkaline phosphatase system and developed with the alkaline
phosphatase substrate Permanent Red chromogen and counterstained with Methyl Green.

Statistical analysis
Unless otherwise indicated, data are expressed as mean ± SE (SEM). Statistical significance
comparing two groups was determined by the nonparametric Mann-Whitney U test. In
experiments comparing multiple experimental groups, nonparametric one-way ANOVA
analysis (Kruskal-Wallis test) was performed across all groups, with a post hoc comparison
analysis (Dunnett Post test) to determine significance as compared with the control group. p <
0.05 was considered significant. Correlative analysis was performed using a Spearman rank
order correlation coefficient analysis. All analyses were performed using Prism 4.0 software.
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Results
Patient demographics

Patients were drawn from a consecutive sample of 124 individuals who were referred to the
Cincinnati Children’s Hospital Medical Center between April 2004 and November 2007. Of
the 124 patients scheduled for diagnostic colonoscopy, 101 (81.5%) consented to participate
in the study and underwent diagnostic evaluation. The patient demographics for the UC and
control groups are described in Table I.

Eosinophil accumulation and degranulation in pediatric UC
Histological analysis of lesional rectosigmoid colonic mucosa from pediatric UC patients
revealed a pronounced cellular infiltrate consisting of mononuclear cells, neutrophils, and
eosinophils. In lesional regions of the lamina propria, an intense eosinophilic infiltrate was
observed (Fig. 1b, inset). Eosinophils were predominantly localized in intense pockets within
the lamina propria; however, eosinophils within the mucosal epithelium and also the
intercryptic regions were identified (Fig. 1b, inset). Quantification of eosinophils revealed a
significant increase in rectosigmoid eosinophil levels in pediatric UC patients as compared
with normal patients (Fig. 1c) (eosinophils/high powered field (hpf) expressed as mean with
lower 95% confidence interval and upper 95% confidence interval in parentheses: 10.9 (6.2
and 15.6) vs 31.5 (19.8 and 43.2), normal vs pediatric UC patients; p < 0.005). We did not
observe any significant increase in ascending or descending eosinophil levels in pediatric UC
patients as compared with normal patients (data not shown). Immunohistochemical analysis
with an eosinophil-specific anti-EPO Ab revealed EPO-positive staining of extracellular
granules demonstrating extensive eosinophil degranulation (Fig. 1e, inset). Evaluation of the
UC disease histological score index demonstrated a positive correlation between eosinophil
levels and disease severity (Fig. 1f). These studies demonstrate elevated levels of activated
eosinophils in pediatric UC and that the level of this cell positively correlates with disease
severity.

Eotaxin-1, eotaxin-2, and eotaxin-3 expression in pediatric UC
To begin to delineate the molecular basis of eosinophil recruitment in pediatric UC, we
subjected colonic biopsy samples from individual pediatric UC (n = 8) and normal patients
(n = 11) to whole genome-wide transcript expression profile analysis using oligonucleotide-
based DNA microarray chips. Of the 22,634 transcripts represented on these microarrays, 1,345
transcripts were differentially expressed in pediatric UC vs controls (online supplemental Fig.
1a and Table I).4 Normal and UC groups were clustered into two distinct groups. We next
performed principal component analysis based on genes that discriminate between the two
distinct conditions (control and UC) and generated a three-dimensional plot (from an 888-
dimensional plot) of the data (online supplemental Fig. 1b). Principal component analysis-
based multidimensional scaling visualization separated samples in the controls and UC groups
into a linearly separable gene expression data space. Principal component 1 accounted for
81.3% variance. These analyses confirmed that the UC transcriptome defined a unique genomic
signature distinct from that observed in the healthy controls (online supplemental Fig. 1b). To
delineate the molecular fingerprint of UC, the differentially regulated genes were assigned to
functional groups based on classification by Gene Ontology (www.geneontology.org/) and
references in the literature. The majority of genes fell into the following groups: lipid
metabolism, molecular transport, host defense, innate immune responses, response to biotic
and inflammatory stimulus, chemotaxis, cell proliferation, and tumor growth (online
supplemental Table S1). Using the Ingenuity software application, we identified a highly

4The online version of this article contains supplemental material.
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expressed biological network whose primary function is in host defense, innate immune
activation, and regulation of leukocyte recruitment (online supplemental Fig. 1c). This network
included Toll receptors (TLR2, TLR7, and TLR8), innate signaling molecules (NOD2 and
TWIST2; where NOD2 is nucleotide-binding oligomerization domain containing 2),
proinflammatory cytokines and cytokine receptors (IL-1b, IL-18BP, IL-8RB, IL-10RA) and
chemokines (CXCL2, CXCL3, CXCL9, CXCL10, CCL4, eotaxin-1, CCL19, CCL21, and
IL-8) (online supplemental Fig. 1c).

Comparison of the transcript expression profile of pediatric UC patients to normal individuals
revealed differential expression of eosinophil-specific chemokines including eotaxin-1 and
eotaxin-2, but not eotaxin-3, in the colonic biopsy samples (Fig. 2a). Eotaxin-1 expression
positively correlated with eosinophil levels within rectosigmoid biopsy samples of these
patients (Fig. 2b). To confirm our whole genome-wide approach, we performed quantitative
real-time PCR analysis and demonstrate a ~50-fold increase in eotaxin-1, a modest but not
statistically significant increase in eotaxin-2 expression, and no change in eotaxin-3 mRNA
expression in colonic biopsies from pediatric UC patients as compared with normal patients
(Fig. 2, c–e).

Eosinophils in experimental DSS-induced colonic injury
To delineate the role of the eotaxins in colonic eosinophilic inflammation, we used a dextran
sodium sulfate (DSS)-induced colonic injury model. Quantification of the colon eosinophil
levels and histological score index from WT mice following DSS administration revealed a
positive correlation between eosinophil levels and disease severity (day 8) (Fig. 3a). To
definitively test the role of eosinophils in the histopathology of DSS-induced colonic injury,
we used transgenic mice devoid of eosinophils (PHIL mice) (32). DSS treatment of littermate
WT mice induced histopathologic damage to the colon, including a pronounced inflammatory
infiltrate, crypt loss, and epithelial erosion (Fig. 3, b and d). Administration of DSS to PHIL
mice revealed that the DSS-induced damage was significantly reduced in PHIL mice compared
with WT mice (Fig. 3, b and e; p < 0.01). Consistent with this observation, the reduction in
colon length, a classical feature of both DSS-induced colonic injury and IBD, was also reduced
compared with WT mice (Fig. 3c). Collectively, these studies confirm eosinophil involvement
in the histopathologic response in DSS-induced colonic injury.

Eosinophil-selective chemokines eotaxin-1 and eotaxin-2 in DSS-induced colonic injury
To assess the involvement of the eotaxins in eosinophil recruitment into the colon in DSS-
induced colonic injury, we performed Northern blot analysis probing for eotaxin-1 and
eotaxin-2 mRNA expression. We demonstrate that eotaxin-1 and eotaxin-2 are constitutively
expressed at baseline (Fig. 4a). Furthermore, we show that administration of DSS significantly
up-regulated eotaxin-1 and eotaxin-2 mRNA expression (Fig. 4a; bottom panel). The DSS-
induced increase in eotaxin-1 and eotaxin-2 mRNA expression correlated with eosinophil
recruitment into the colon (Fig. 4a, upper panel). Administration of DSS to strain- and aged-
matched WT, eotaxin-2−/−, and eotaxin-1/-2 deficient (eotaxin-1/-2−/−) mice demonstrated that
eotaxin-1 is central in the recruitment of eosinophils into the colon during DSS-induced colonic
injury (Fig. 4b).

Cellular source of eotaxin-1 in DSS-induced colitis
To localize the cellular source of eotaxin-1 in DSS-induced colonic injury, we performed in
situ hybridization analysis using eotaxin-1 anti-sense probe (Fig. 5). Darkfield analysis
demonstrates that the eotaxin-1 anti-sense probe yielded a strong signal in DSS-treated mice
(day 6) as compared with controls (Fig. 5, b and d). Darkfield microscopy revealed that the
signal was concentrated within the lamina propria and mucosa of the colon of DSS-treated
mice as compared with the control mice (Fig. 5, b and d). Specificity of the hybridization was
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established by using a sense probe, which did not hybridize above background levels observed
with the anti-sense probe (results not shown). High magnification demonstrates that the signal
is predominantly localized to mononuclear cells beneath the crypt and also within the
submucosa (Fig. 5e; arrowheads). To identify the eotaxin-1 mRNA-positive cells we performed
flow cytometry analysis on partially purified colonic lamina propria cells from WT mice
administered DSS for 6 days (maximal eotaxin-1 mRNA expression; Fig. 4a). Initially, we
examined macrophages (CD11b+ and F4/80+ cells) because previous clinical and experimental
studies have demonstrated that macrophages play an important role in the augmentation of the
inflammatory response in chemical-induced colitis and IBD (39). Colonic lamina propria
macrophages were identified by FSChigh, SSChigh, CD11b+, and F4/80+ cells (Fig. 6, a and
b; where FSC is forward scatter and SSC is side scatter). Four or five days of DSS treatment
induced no increase in the percentage of CD11b+/F4/80+ cells in the lamina propria of the
colon of DSS-treated mice as compared with vehicle-treated mice (Fig. 6c). In contrast, on day
6 we observed a significant increase (~4-fold) in double positive CD11b/F4/80+ cells (Fig.
6c). To examine whether intestinal macrophages were positive for eotaxin-1, intestinal
macrophages were purified by adherence and eotaxin-1 levels were quantitated. Levels of
eotaxin-1 within the intestinal macrophage lysates were significantly increased in DSS-treated
mice as compared with vehicle-treated animals (Fig. 6d). To confirm eotaxin-1 expression by
adherent macrophages, we performed two-color immunofluorescence analysis using Abs
against eotaxin-1 and the macrophage marker (Mac-3). Notably, we demonstrate the
colocalization of a Mac-3/eotaxin-1-positive signal (Fig. 6e). To confirm macrophage-derived
eotaxin-1 in vivo, we performed two-color immunofluorescence analysis on colonic tissue
from DSS-treated mice. We demonstrate colocalization of F4/80 and eotaxin-1 (Fig. 7, upper
panels, yellow arrows) in the colons of mice treated with DSS (day 6), confirming macrophage
derived eotaxin-1 expression in vivo. Notably, in our ex vivo or colonic tissue analysis, we
show that not all macrophage (Mac-3+ or F4/80+) cells within the colon were eotaxin-1-positive
(Fig. 6e and Fig. 7, upper panels, white arrows), suggesting that a subset of intestinal
macrophages express eotaxin-1.

Following our experimental analysis demonstrating eotaxin-1 expression in intestinal
macrophages in DSS-induced colonic injury, we next wanted to assess whether eotaxin-1 was
expressed by macrophages in pediatric UC. We performed two-color immunofluorescence
analysis (eotaxin-1, CD68, and DAPI) on lesional colonic biopsy samples from pediatric UC
patients. We demonstrate colocalization of eotaxin-1+CD68+ cells in the colon of pediatric UC
patients. Eotaxin-1+CD68+ cells were observed throughout the lamina propria (Fig. 7, lower
panels). Notably, eotaxin-1 was also localized to the basolateral compartment of the intestinal
epithelium within the colons of pediatric UC patients (Fig. 7, lower panel, white arrows).
Collectively, these studies demonstrate that intestinal macrophages and epithelial cells express
eotaxin-1 in pediatric UC.

Discussion
Previous investigations have demonstrated a link between elevated levels of eosinophils,
eosinophil activation, and adult IBD. However, there have been conflicting data regarding the
individual contribution of the eosinophil-selective chemokines eotaxin-1 and eotaxin-2 in
eosinophil recruitment in IBD. In the present study we demonstrate the following: 1) that
eosinophil numbers are elevated in pediatric UC and that their level correlates with disease
severity; 2) eotaxin-1 and not eotaxin-2 or eotaxin-3 is up-regulated in lesional colonic biopsy
samples of pediatric UC patients; and 3) eotaxin-1 mRNA expression correlates with colonic
eosinophil levels in pediatric UC. Using a chemical-induced colonic injury model, we define
that eotaxin-1, and not eotaxin-2, is critical for eosinophil recruitment and that eotaxin-1 is
predominantly derived from intestinal macrophages. Consistent with our experimental
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analysis, we show that eotaxin-1 is predominantly expressed by intestinal macrophages;
however, we also identify intestinal epithelial cells as a source of eotaxin-1 in pediatric UC.

Previous clinical studies have demonstrated elevated levels of eosinophils in adult CD and UC
and that the level of this leukocyte correlated with disease severity and GI dysfunction (2,6,
7,40,41). However, relatively few clinicopathologic studies have examined eosinophil
involvement in pediatric UC. We now provide data demonstrating increased rectosigmoid
eosinophil levels in the absence of significant increases in either the ascending or descending
colon in pediatric UC. Increased eosinophils in adult UC have been shown to be localized to
cecal and lesional large bowel biopsy samples (4,26,40) and are considered to be a negative
prognostic indicator for UC. Notably, while eosinophils are not a component of the established
UCHIS (30), we demonstrate a correlation between rectosigmoid eosinophil levels and disease
severity. Interestingly, clinical severity of pediatric-onset UC is often greater in comparison to
adult-onset disease (42,43). Approximately 60% of pediatric patients have moderate-to-severe
disease at diagnosis and almost 80 –90% have pancolitis whereas 24% have pancolitis or 33%
extensive colitis in adult onset (42–44). Furthermore, a higher rate of corticosteroid dependence
(45%) in children as compared with adults as been observed (45). The increased clinical
severity and steroid dependency may be attributable to a number of factors, including
differences in disease immunopathogenesis and intestinal location between children and adults
(46). However it is interesting to speculate that rectosigmoid eosinophils may contribute to
corticosteroid dependency in pediatric UC. Notably, Lampinen and colleagues have previously
demonstrated no reduction in eosinophil chemotactic activity in perfusion fluids from adult
UC patients following corticosteroid therapy (47).

The role of eosinophils in IBD, particularly UC, is not yet fully elucidated (48). We demonstrate
extensive eosinophil degranulation in pediatric UC, suggesting a link between eosinophil
degranulation and the development of intestinal pathology. This is consistent with previous
clinical investigations providing ultrastructural evidence of eosinophil degranulation in adult
IBD (49). Notably, we demonstrate the presence of extracellular EPO in colonic biopsies from
UC patients. EPO catalyzes the oxidation of halides, pseudohalides, and nitrite to generate
cytotoxic oxidants (3-bromotyrosine, 3-chlorotyrosine, and hypothiocyanite) and reactive
nitrogen species (3-nitrotyrosine and peroxynitrite) that induce tissue damage and cell death
(50). Using a DSS-induced model of experimental colitis, we have previously demonstrated
that ablation of EPO enzymatic activity by gene targeting or drug antagonism attenuated DSS-
induced pathology (51). We are currently assessing the contribution of EPO to the
histopathology of pediatric UC.

Previous investigations have demonstrated elevated levels of serum eotaxin-1 in adult UC
patients as compared with controls; however, an association between eotaxin-1 and colonic
eosinophil levels has not yet been established (24,25). In the present study, we demonstrate
increased expression of eotaxin-1 in colonic biopsy samples from pediatric UC patients. In
addition, we show that expression of this chemokine positively correlated with eosinophil
recruitment, demonstrating a direct link between eotaxin-1 and eosinophils in IBD. Previous
genetic analyses have also demonstrated a link between adult UC and eotaxin-2. Allelic
frequency of +179T→C and +275C→T of eotaxin-2 and genotype differences correlated with
UC susceptibility (27). However, our analysis did not identify any difference in eotaxin-2
mRNA expression in pediatric UC, suggesting no role for eotaxin-2 in the recruitment of
eosinophils in pediatric UC. Consistent with this observation, genetic deletion of eotaxin-2 had
no effect on experimental DSS-induced colonic eosinophil inflammation. Collectively, these
data and experimental analysis demonstrate an important role for eotaxin-1 in eosinophil
recruitment into the colon.
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We performed gene profiling analysis on pediatric UC patients at diagnosis and on normal
patients and revealed a pediatric UC gene signature. The up-regulated genes possessed a broad
range of functions primarily associated with cellular growth and proliferation, innate immune
defense mechanisms, lipid and carbohydrate metabolism, and molecular transport. Innate
immune genes up-regulated in UC consisted of an abundance of genes involved in leukocyte
recruitment and activation (CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL9, CXCL10,
CXCL11, eotaxin-1, and CXCL8/IL-8). Elevated levels of CXCL8/IL-8, CXCL9/MIG, and
CXL10/IP-10 mRNA and protein have previously been demonstrated in UC (52–54).
Furthermore, experimental analyses have demonstrated a key role for these chemokines in
DSS-induced colonic intestinal inflammation and disease pathology (55–57). IL-8, CXCL9,
and CXCL10 are primarily involved in the regulation of macrophage, neutrophil, and T cell
trafficking. Collectively, these network analyses reveal a link between macrophages,
neutrophils, and T cells that is thought to play a pivotal role in the augmentation of the intestinal
inflammatory response in IBD and the eotaxin-1/eosinophil pathway. Consistent with this
notion, we demonstrate that eotaxin-1 is primarily secreted by macrophages.

Previous genome-wide array analysis in adult UC has demonstrated a significant increase in
CXCL1, CXCL2, CXCL3, eotaxin-1, and IL-8, suggesting that there is up-regulation of
common immune pathways between pediatric- and adult-onset UC gene signature (58).
However, the majority of up-regulated networks in adult UC were associated with biosynthesis,
metabolism, and electrolyte transport (58). In contrast, in our pediatric UC population a
significant proportion of genes up-regulated were associated with immune response, immune
and lymphatic system development, and function and immunological disease networks. One
possible explanation for the predominance of immune networks in our studies is that our
analysis was performed at diagnosis in the absence of therapy, whereas the previous study
analyzed adult UC patients receiving therapy including aminosalicylates, antibiotics, steroids
and immunomodulators (azathioprine, 6-mercaptopurine (6MP), or infliximab). Analysis of
the UC gene signature in the absence of therapy will illuminate important gene networks
involved in early stages of the immunopathophysiology of UC. Notably, we also observed
altered expression of gene networks associated with cancer, cellular growth, and proliferation
at diagnosis in our pediatric UC population (results not shown). UC is associated with an
elevated risk for colorectal cancer (59). This would suggest activation of proliferative pathways
associated with tumorigenesis and proliferation early in disease onset.

Immunofluorescence analysis of colonic biopsy samples from UC patients demonstrated
eotaxin-1 expression by intestinal epithelial cells and CD68+ macrophages. Notably, the
eotaxin-1 signal from intestinal epithelial cells was restricted to the basolateral compartment.
Consistent with this, we observed the accumulation of eosinophils between and beneath the
intestinal epithelium. Previous studies with human intestinal epithelial cells have demonstrated
Cryptosporidium parvum- and Bacteroides fragilis-induced basolateral expression of the CXC
chemokines IL-8, and GROα(60,61). In both human and mouse studies we also demonstrated
that macrophages are a primary source of eotaxin-1. Intestinal macrophage levels have been
shown to be elevated in IBD and activation correlated with disease severity (62). Furthermore,
previous immunohistochemistry analysis examining eotaxin-1 production in mucosal tissues
derived from CD and UC identified a minor population of eotaxin-1-positive mononuclear
inflammatory cells; however the cell type was not identified (26). Experimental studies using
macrophage-deficient op/op mice have demonstrated a role for macrophages in Nocardia
brasiliensis infection-induced eosinophil recruitment (63).

NF-κB-dependent signaling pathways are thought to be important in the orchestration of the
intestinal inflammatory response associated with IBD. Furthermore, activated NF-κB has been
localized to intestinal macrophages and epithelial cells from IBD patients (62). Eotaxin-1
promoter possesses STAT-6 and NF-κB regulatory elements in the promoter region (64).
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Furthermore, eotaxin-1 expression in airway smooth muscle cells and epithelial cells has been
shown to be regulated by NF-κB- and STAT-6-dependent pathways (64). It is tempting to
speculate that NF-κB activation of intestinal epithelial cells and macrophages drives eotaxin-1
expression and subsequent eosinophil recruitment in experimental colitis and pediatric UC.
Consistent with this hypothesis, blockade of NF-κB signaling by decoy oligonucleotides
attenuates murine Th1- and Th2-mediated IBD (65).

In conclusion, we demonstrate a direct link between eotaxin-1 and intestinal macrophages in
eosinophilic inflammation of the colon in experimental models and pediatric UC. Further, we
demonstrate an important role for eotaxin-1 in the recruitment of eosinophils into the colon
during IBD and show that eosinophils may have a role in the disease pathogenesis. Because
pediatric onset UC is often more extensive and severe as compared with adult UC and possesses
a higher rate of steroid dependency, delineation of the inflammatory pathways involved in
disease pathogenesis is critical as emerging therapeutic approaches are introduced into
treatment. Our studies provide strong rationale for the usage of therapeutic approaches
targeting eosinophils or the eotaxin-1 pathway (eotaxin-1/CCR3) for pediatric UC.
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FIGURE 1.
Eosinophil levels and degranulation in pediatric UC. a and b, Representative H&E-stained
rectosigmoid colonic biopsy samples from normal patients (normals) (a) and pediatric UC
(b) patients. c, Eosinophil numbers/hpf in rectosigmoid colonic biopsy samples from normal
and pediatric UC patients. d and e, Representative anti-EPO-immunostained rectosigmoid
colonic biopsy samples from normal (d) and pediatric UC (e) patients. f, Correlation analysis
of rectosigmoid eosinophil levels per hpf and disease histological score of rectosigmoid colonic
biopsy samples from normal and pediatric patients. c is presented as the median ± 25% and
75% percentile (the lower and upper quartiles, respectively), and minimum and maximum
limit (whiskers) (magnification: a–d, ×50; insets, ×200).
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FIGURE 2.
Eotaxin subfamily expression in pediatric UC; eotaxin-1, -, and -3 expression in normal and
UC patients. a, Eotaxin-1, -2, and -3 normalized expression in normal patients (normals) and
UC patients by microarray analysis. b, Correlation between eosinophils/hpf of rectosigmoid
colon and eotaxin-1 mRNA expression by microarray analysis (Spearman R = 0.70; p < 0.05).
c and d, Quantitative analysis of eotaxin-1, -2, and -3 mRNA levels in normal and UC patients
using real-time PCR analysis. The levels of eotaxin-1 (c), and eotaxin-2 (d), and eotaxin-3
(e) mRNA are shown. Each mRNA value is normalized to HPRT mRNA and is expressed as
fold change. a, RNA from each patient was subjected to chip analysis using Affymetrix Human
Genome U133 Plus 2.0 GeneChips. Data were normalized to allow for array to array
comparisons, and differences between groups were detected in GeneSpring with a significance
at the 0.05 level and mean fold change of 2 relative to healthy control samples. c–e, The graphs
are standard box and whisker plots, providing median, 25th and 75th percentiles, and minimum
and maximum limit (whiskers). The number of subjects was seven and five for normal and UC
patients, respectively.
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FIGURE 3.
Role of eosinophils in DSS-induced colitis. a, Correlation analysis between eosinophils/
mm2 in the colon vs the histological score of colons of WT mice treated with 2.5% DSS for 8
days. Histological score of colon (b) and colon length (c) of WT and eosinophil deficient
(PHIL) mice treated with 2.5% DSS for 8 days. Representative photomicrographs of H&E-
stained colonic sections from DSS-challenged WT (d) and PHIL (e) mice. a, Correlation
analysis was performed by Spearman’s correlation analysis. b, Each symbol represents one
mouse and the line indicates the mean; c, Data represent mean ± SD. d and e, Magnification
of photomicrographs is ×50.
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FIGURE 4.
Eosinophils and eotaxin-1 and -2 expression in DSS-induced colitis. a, Eosinophil/mm2 in the
mucosal and submucosal compartment (upper panel) and eotaxin-1 and eotaxin-2 mRNA
expression (lower panel) in the colons of WT mice treated for 0 – 8 days with 2.5% DSS.
Ethidium bromide (ETBr)-stained gel is shown to demonstrate RNA quality. Eotaxin-1 and -2
mRNA expression is shown as two mice per time point. b, Eosinophils/hpf in the submucosal
of the colon of WT (SV129/Svev/C57BL/6) and eotaxin-2−/− and eotaxin-1/-2−/− mice treated
with 2.5% DSS for 8 days. Data represent the mean ± SEM of 4 –5 random sections per mouse
for 3– 6 mice per group; n = 2 experiments.
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FIGURE 5.
DSS exposure induced mononuclear cell-derived eotaxin-1 mRNA expression. Colonic
sections were subjected to in situ hybridization using an eotaxin-1 antisense probe. The
hybridization signal of the eotaxin-1 probe is shown in a representative colon from control-
treated (a and b) and DSS-treated (c and e) mice. Brightfield (a, c, and e) and darkfield (b and
d) images original magnifications of ×100 (a–d) and ×1000; scale bar = 50 μm (e). Arrows
indicate eotaxin-1 expression in mononuclear cells (signal grains appear bright in darkfield
images and dark in brightfield images).
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FIGURE 6.
F4/80+ CD11b+ myeloid cells express eotaxin-1 in DSS-induced colitis. a and b, Flow
cytometric identification of intestinal F4/80+ CD11b+ myeloid cells. Representative dot and
contour plots of Intestinal F4/80+ CD11b+ myeloid cells identified by FSChighSSChigh,
F4/80+CD11b+ cells (where FSC is forward scatter and SSC is side scatter). c, Levels of
intestinal F4/80+CD11b+ myeloid cells in the colon of control (Veh) and 2.5% DSS-treated
WT mice. d, Eotaxin-1 levels in purified intestinal macrophage homogenates from control
(Vehicle) and DSS-treated WT mice. e, Immunofluorescence labeling for eotaxin-1 and Mac-3
in adherent purified intestinal macrophages from DSS-treated WT mice. Overlay image of anti-
eotaxin-1-Alexa Fluor 594, (green) and anti-Mac-3-Alexa Fluor 488 (red). Original
magnification, ×200. a and b, Representative dot and contour plot from triplicate experiments.
c and d, Individual symbol represents one mouse and the dash represents median value.
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FIGURE 7.
Cellular expression of eotaxin-1 in DSS-induced colitis and UC. Upper panels,
Immunofluorescence labeling for eotaxin-1 and F4/80 in the colon of DSS-treated WT mice.
A, Anti-eotaxin-1-Alexa Fluor 594, (green). B, Anti-F4/80-Alexa Fluor 488 (red). C, Nuclei
were stained with DAPI (blue). D, Overlay of all A–C. Original magnification, ×200. White
arrows depict F4/80+ and eotaxin-1− cells; yellow arrows depict F4/80+ and eotaxin-1+ cells.
Lower panels, Immunofluorescence labeling for CD68 and eotaxin-1 in colonic biopsy samples
from UC patients. Anti-eotaxin-1-Alexa Fluor 488 is green; anti-CD68-TRITC (red) nuclei
were stained with DAPI (blue). Results shown are representative of three cases. Original
magnification for top panels was ×50 and that for bottom panels was ×50 and ×200.
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Table I
Patient demographics.

Controls UC

No. of patients 11 8

Average age (range) 13.5 (6.6 –18.3) 12.3 (6.6 –18.3)

Sex 50% Male 50% Male

UC disease severity

PUCAI mean (range) n.a. 40 (10 –75)

Montreal classification n.a. 9E3, 1E2 and 1E1

a
PUCAI, pediatric ulcerative colitis clinical activity index; n.a., not applicable; E1, ulcerative proctitis; E2, left-sided UC; E3, extensive UC (extends

proximal to splenic flexure).

J Immunol. Author manuscript; available in PMC 2009 November 15.


