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ntibody Blockade of CCL25/CCR9 Ameliorates Early but not Late
hronic Murine Ileitis
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ackground & Aims: CCL25 mediates the homeostatic re-
ruitment of CCR9-expressing lymphocytes to the small intes-
ine, but the function of this chemokine/receptor pair during
hronic small intestinal inflammation has yet to be determined.
urthermore, although clinical trials to evaluate the efficacy of
argeting the CCL25/CCR9 axis for the treatment of Crohn’s
isease are being conducted, preclinical data in animal models
f IBD are lacking. Methods: In the current studies, we

nvestigated the expression of CCL25 and CCR9 as a function
f disease progression in a spontaneous murine model of
hronic ileitis (SAMP1/YitFc) using flow cytometry, real-time
everse-transcription polymerase chain reaction, enzyme-linked
mmunosorbent assay, and immunohistochemistry. In addi-
ion, we assessed the functional role of the axis in the overall
isease process through therapeutic studies that target the
hemokine or the receptor during early and late disease.
esults: The percentage of CCR9-expressing lymphocytes

ncreased during early disease, accompanied by the appearance
f a population of CCR9high lymphocytes, predominantly
ithin CD8� T cells. Yet different from patients with primary

clerosing cholangitis, the expression of CCL25 remained re-
tricted to the small intestine, even in mice with inflammation
f the biliary tree. Neutralization of the receptor or the chemo-
ine attenuated early disease but showed no therapeutic efficacy
uring the later stages, when overall CCR9 expression decreased
nd the CCR9high population was absent. Conclusions: Our
tudies show that the role of this chemokine axis is not limited
o homeostatic recruitment, as previously believed. However,
hese molecules appear to play their most crucial role during
he early stages of chronic murine ileitis.

he inflammatory bowel diseases (ie, Crohn’s disease [CD]
and ulcerative colitis) affect distinct intestinal segments.

lcerative colitis is strictly a colonic disease, whereas CD in-
olves predominantly the small intestine.1,2 Therefore, the re-
irculating effector/memory cell pool, which is responsible for
erpetuating the chronic inflammatory process, must express a
articular repertoire of adhesion molecules and chemokine
eceptors (“address code”) that allows distinction between the
mall and large bowels.3 Recirculation to the intestine in gen-
ral is mediated by the gut-homing integrin �4�7, which inter-
cts with its ligand MAdCAM-1, expressed on the intestinal
icrovascular endothelium and associated lymphoid tissues.4

owever, the molecules that enable recirculation specifically to
he small intestine and may explain the preferential small in-

estinal localization of CD have just begun to be identified.
The expression of the chemokine CCL25/TECK is restricted
o the thymus and small intestine.5 This expression pattern
rovides molecular evidence for the potential dichotomization
f intestinal trafficking into distinct small and large intestinal
ompartments.3,6 CCL25 is produced by small intestinal epithe-
ial cells and serves as a homing beacon for the homeostatic
ecruitment of lymphocyte subpopulations (eg, immunoglobu-
in [Ig] A antibody-secreting cells, CD8�� and T cells) to the
mall intestine.7–12 However, it is not known whether CCL25 or
ts receptor CCR9 participate in effector T-cell recruitment to
he chronically inflamed small intestine. To that effect, recent
eports have shown that patients with small intestinal CD have
n increased number of CCR9� T cells in the peripheral
lood.13 It has also been shown that CCL25 is induced aber-
antly in the chronically inflamed hepatic microvasculature of
atients with primary sclerosing cholangitis, a chronic im-
une-mediated disease of the biliary tree frequently associated
ith inflammatory bowel disease.14 These findings imply that

he role of CCL25/CCR9 may not be limited to homeostatic
ecruitment, but rather that this chemokine/receptor pair also
articipates in chronic inflammatory trafficking.

In the current studies, we used the SAMP1/YitFc mouse model,
hich develops spontaneous chronic inflammation in the termi-
al ileum (ie, chronic murine ileitis), to investigate the roles of
CL25/CCR9 during lymphocyte trafficking to the chronically

nflamed small intestine. First, we determined whether the expres-
ion of CCR9 or of its ligand CCL25 is influenced by the devel-
pment of chronic inflammation. We found that the number of
CR9-expressing cells increased with disease progression, and a
CR9high population was present only in inflamed mice at the
eak of the disease (8–10 weeks). Total tissue expression of CCL25
as similarly increased compared with control mice and also as the
isease progressed. However, the specific localization of CCL25 to
he small intestine was preserved even in mice with inflammatory
nvolvement of the biliary tree. Therapeutic studies probed the
unctional role of the chemokine/receptor pair in ileitis by target-
ng the chemokine or its receptor. These studies demonstrate
herapeutic efficacy during early but not late disease, suggesting
hat in the late stages the recruitment process becomes less depen-
ent on this predominantly homeostatic chemokine axis.

Abbreviations used in this paper: FSC, forward scatter; IL, interleu-
in; mAb, monoclonal antibody; MFI, mean fluorescence index; MLN,
esenteric lymph node; SSC, side scatter.

© 2006 by the AGA Institute
0016-5085/06/$32.00
doi:10.1053/j.gastro.2006.08.031
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Materials and Methods
Mice
The SAMP1/YitFc substrain was generated after more

han 30 generations of continuous inbreeding from 2 breeding
airs of SAMP1/Yit mice provided by Dr S. Matsumoto (Yakult
nstitute for Microbiological Research, Tokyo, Japan). Mice
ere kept under specific pathogen-free conditions at the Uni-

ersity of Virginia.15 Because most identifiable genes were AKR
erived, age-matched AKR/J mice were used as controls.16 Fecal
amples from SAMP1/YitFc mice were consistently negative for
elicobacter hepaticus, Helicobacter bilis, and other murine Helico-

acter species, as well as for protozoa and helminthes. All ani-
als were handled according to procedures approved by the

nstitutional committee for animal use. CCR9�/� mice were
btained from Dr Paul Love (National Institute of Child Health
nd Human Development, National Institutes of Health), inte-
rin �E

�/� mice from Dr Lynn Bry (Brigham & Women’s Hos-
ital), and integrin �7

�/� mice from Jackson Laboratories (Bar
arbor, ME).17–20

Tissue Collection and Histologic Analyses
Mice were anesthetized and killed at the times required

y the experimental design. The distal ilea (10 cm) were re-
ected, opened, rinsed of debris, and oriented from distal to
roximal over a glass slide using HistoGel (Richard-Allan Sci-
ntific, Kalamazoo, MI) to prevent recoiling of intestinal tissue.
issues were fixed in 10% buffered formalin or Bouin’s fixative,
mbedded in paraffin, cut into 3- to 5-�m sections, and stained
ith H&E. Histologic assessment of ileal inflammation was
erformed by a single pathologist in a blinded fashion, using a
tandardized semi-quantitative scoring system, as described
reviously.21

Generation and Characterization of Rat Anti-
CCR9 Monoclonal Antibody (9B-1)
A synthetic peptide comprising the 25 N-terminal

mino acids (Met1-Phe25) of murine CCR9 was coupled to
eyhole limpet hemocyanin using N-succinimidyl-4-(maleim-

domethyl)-cyclohexanecarboxylate. Lewis rats were then immu-
ized with the mCCR9-KLH conjugate, and hybridomas were
enerated using splenocytes and the mouse myeloma X63-
G8.653 cell line. Antibodies were screened for their ability to

electively bind to synthetic mCCR9 peptide and to L1.2-CCR9
ells, which overexpress CCR9 (kindly provided by Dr Michael
. Bevan, Seattle, WA). To determine whether monoclonal anti-
ody (mAb) 9B-1 neutralizes mCCR9 function, 1 � 106 Fluo3-
M–loaded L1.2-CCR9 cells or RBL-C5aR cells22 were incu-
ated with 25 �g 9B-1 or an isotypic control mAb in 0.5 mL
uffer and agonist-induced (50 nmol/L CCL25 or 20 nmol/L
5a, respectively) intracellular calcium mobilization was mea-

ured as described.22,23

Immunohistochemistry
Terminal ilea and colon from SAMP1/YitFc mice were

arvested, snap frozen, and sectioned (5 �m) on a cryostat
Microm HM505N, Walldorf, Germany) and then incubated
ith goat polyclonal antibody against CCL25 (AF-481) or goat

gG in the presence or absence of recombinant mouse CCL25
R&D Systems, Minneapolis, MN). Secondary staining was con-

ucted with rabbit anti-goat horseradish peroxidase–labeled i
ntibody (Vector Laboratories, Burlingame, CA). Normal rabbit
erum was used to reduce nonspecific binding (Sigma Chemical
o, St Louis, MO).

Lymphocyte Isolation
Mesenteric lymph node (MLN) and spleens were asep-

ically removed at the time of necropsy. Single-cell suspensions
ere obtained by gently pressing the MLN or spleen against a
00-�m cell strainer. Spleen red blood cells were lysed by
5-minute incubation in 1� ammonium chloride lysing re-
gent (BD PharM Lyse; BD Biosciences/PharMingen, San
ose, CA).

Flow Cytometry
Cells from indicated compartments were incubated

ith phycoerythrin-conjugated rat anti-mouse CCR9 (clone
42503) (R&D Systems) including anti-CD4 (clone GK1.5),
D8a (clone 53-6.7), CD19 (clone 1D3) for gating of lympho-

yte populations, anti–L-selectin (clone MEL-14), and anti-inte-
rin �7 (clone M293; BD Biosciences/PharMingen). Cells were
xed with 2% paraformaldehyde, and 3– 4 color analyses were
erformed using the FACS Calibur System (Becton-Dickinson
mmunocytometry Systems, San Jose, CA). Further analyses
ere performed using FLOWJo software (Tree Star Inc, Ash-

and, OR).

Real-Time Reverse-Transcription Polymerase
Chain Reaction
Total RNA was isolated from homogenized tissue or

ell pellets using the RNeasy Mini Kit (Qiagen, Valencia, CA)
nd converted to complementary DNA with the GeneAmp
NA PCR Kit (Applied Biosystems, Foster City, CA), along
ith random hexamers (0.75 �g of total RNA; final reaction

olume, 20 �L). The levels of complementary DNA were
uantified by real-time reverse-transcription polymerase
hain reaction using an iCycler detection system (Bio-Rad,
ercules, CA). Primers for CCL25 were designed with Beacon
esigner software (Premier Biosoft International; Palo Alto,
A) as follows: CCL25 forward 5=-CGTGCTGTGAGATTC-
ACTTCC-3=, reverse 5=- CTCCTCACGCTTGTACTGTTG-
=. For real-time polymerase chain reaction, 400 nmol/L of
ach primer and 5% of the volume of the first-strand com-
lementary DNA synthesis were used in a total volume of 25
L that included iQ SYBR Green Supermix (Bio-Rad), ac-

ording to the manufacturer’s directions. Each amplification
eaction was performed in triplicate. Thermocycling condi-
ions for the targets were as follows: 95°C for 3 minutes
iTaq DNA polymerase activation) and 40 cycles of 95°C for
5 seconds, 60°C for 15 seconds, and 72°C for 15 seconds.
he expression of 18S RNA was measured in each sample as
n endogenous control. The ratio of messenger RNA expres-
ion was calculated for each group of mice by the ��Ct

ethod (user bulletin no. 2, Applied Biosystems).

CCL25 Protein Extraction and Enzyme-
Linked Immunosorbent Assay
Terminal ilea from SAMP/YitFc and AKR mice were

ollected, snap frozen in liquid nitrogen, and homogenized
n T-PER Tissue Protein Extraction Buffer (Pierce Biotech-
ology, Inc, Rockford, IL) supplemented with a protease
nhibitor cocktail (Complete Roche Diagnostics, Penzberg,
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1520 RIVERA–NIEVES ET AL GASTROENTEROLOGY Vol. 131, No. 5
ermany) to prevent degradation of proteins during and
fter homogenization. Homogenates were centrifuged at
2,000 rpm, supernatants were collected, and total protein
ontent was assayed using the Quick Start Bradford kit
Bio-Rad). Tissue homogenates were examined for CCL25
rotein levels by a 3-step sandwich enzyme-linked immu-
osorbent assay as per the manufacturer’s instructions (R&D
ystems).

T-cell Culture and Cytokine Assay
Lymphocytes were cultured in 96-well round-bottom

lates at 106 cells/mL in complete medium (RPMI 1640 with
0% fetal bovine serum, 2 mmol/L L-glutamine, and 1%
enicillin/streptomycin) with or without anti-CD3� stimu-

ation (clone 145-2C11, 5 �g/mL; PharMingen, San Diego,
A). Supernatants were collected after 48 hours and stored at
70°C. A bead-based multiplex immunoassay (Upstate,
harlottesville, VA) was used to determine cytokine concen-

rations from cell culture supernatants. Bound cytokines
ere detected using a Luminex 100 array reader (Bio-Rad),
nd results were analyzed using the BioPlex Manager bead
rray software (Bio-Rad).

Therapeutic Interventions
SAMP1/YitFc mice at 7 and 39 weeks of age were

njected intraperitoneally every other day for 3 days with
Abs (200 �g each) against CCR9 (clone 9B-1, rat IgG1) and
CL25 (clone 89818, rat IgG2b; R&D Systems) or with irrel-

vant corresponding isotype control mAb. Mice were killed 1
eek later, 16 –18 hours after the last injection.

Statistics
Statistical analyses were performed using the 2-tailed

tudent t test or 2-way analysis of variance. Data are expressed
s mean and SEM. Statistical significance was set at P � .05.

Results
CCR9 Expression Is Increased in SAMP1/
YitFc Mice During Disease Induction
We examined the surface expression of CCR9 on

D4� and CD8� cells isolated from the spleen and MLN of
AMP1/YitFc mice and compared it with that of nonin-
amed AKR control mice at 4 – 6 weeks of age. Phycoerythrin-

abeled isotype antibody (mean fluorescence index [MFI] �
01, not shown) and lymphocytes isolated from the respec-
ive organs of CCR9-deficient mice were used as controls
Figure 1, dashed lines). CCR9� T cells were identified in

LN and spleen of both control AKR and SAMP1YitFc mice
Figure 1). An increase in the percentage of CCR9� lympho-
ytes was observed in SAMP1/YitFc lymphocyte subsets (70%
nd 68% increase within the CD8� population for MLN and
pleen, respectively) compared with age-matched AKR mice
Figure 1A and B). The percentage of CCR9-expressing cells
ithin the CD4� population increased only within the MLN

ompartment, whereas within the spleen the differences were
ot significant. The predominant CCR9-expressing popula-
ion was identified within CD8� T cells of the MLN, as
hown in Figure 1A. Furthermore, a CCR9high subpopulation
MFI � 102) was present in both CD4� and CD8� T cells

solated from the MLN of SAMP1/YitFc mice, but not in t
imilarly gated cells from control AKR mice without inflam-
ation (Figure 1A).

CCL25 Levels Are Increased Within the
Terminal Ileum of SAMP1/YitFc Mice
Compared With Age-Matched Noninflamed
AKR Mice
To determine whether the presence of inflammation

nfluenced the expression of CCL25 within the terminal ileum,
e assayed the tissue protein concentration of CCL25 using an

nzyme-linked immunosorbent assay as described in Materials
nd Methods. CCL25 levels significantly increased in the in-
amed ilea of SAMP1/YitFc mice compared with those of non-

nflamed AKR mice at 4 and 20 weeks of age (Figure 1C).

An Inflammation-Dependent CCR9high

Population With MFI Similar to That of
Thymocytes Was Present Only in Inflamed
Mice and Coexpressed Integrin �E�7 and Low
Levels of L-selectin
We then compared the fluorescence intensity for

CR9 within the CD8� subpopulations of cells isolated from
he MLN and spleen with that of thymocytes (MFI �102) and
hat of similarly gated CCR9-deficient cells (Figure 2A). A
ubpopulation of cells with an MFI similar to that of thy-

ocytes (CCR9high) was identified only within the MLN of
AMP1/YitFc mice (Figure 2A, SAMP MLN) but not in MLN
ells from AKR mice (Figure 1A). Further analyses showed
hat these CCR9high cells expressed low levels of L-selectin
Figure 2A) and integrin �7 and �E (Figure 2B). Because �7

ntegrin pairs only with �E or �4 integrins, we may conclude
hat most CD8/CCR9� T cells coexpress the �E�7 integrin
eterodimer.

To begin to understand the role of the CD8� T-cell sub-
opulation in the disease process, we magnetically enriched
or this population (96% purity) and determined their con-
ribution to the overall cytokine profile after anti-CD3 stim-
lation compared with that of unfractionated lymphocytes.
D8� T cells produced comparable levels of interferon
amma and significantly higher levels of tumor necrosis
actor � (Figure 2C), in support of their important role in the
athogenesis of ileitis.

Restricted Expression of CCL25 to the Small
Intestine Is Preserved in Early and Late
Chronic Murine Ileitis
It was previously believed that CCL25 expression was

estricted to the small intestine and thymus3,6,8,13,24,25; how-
ver, a recent report has confirmed that in the setting of
hronic inflammation, CCL25 may be aberrantly induced
ithin the hepatic microvasculature of patients with primary

clerosing cholangitis.14 These data suggest that specific in-
ammatory mediators may induce aberrant CCL25 expres-
ion at sites where it is not physiologically expressed.
AMP1/YitFc mice develop inflammatory infiltrates within
heir intrahepatic and extrahepatic biliary tree (Figure 3A
nd B), sharing some features with human primary sclerosing
holangitis (unpublished results). Late in the course of the
isease, mice also develop colonic infiltrates (caecitis,15 not
epicted) as well as hypertrophy of the MLN,26 where most of

he CCR9� T cells are found. We thus inquired whether
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November 2006 CCL25/CCR9 IN SPONTANEOUS CHRONIC MURINE ILEITIS 1521
CL25 might be aberrantly expressed at these sites, enabling
ecruitment of CCR9-expressing lymphocytes. Tissues from
AMP1/YitFc mice with established ileitis (20 weeks of age)
nd from age-matched AKR mice were assayed for CCL25

igure 1. CCR9 expression and CCL25 levels increased in SAMP
AKR). (A and B) Lymphocytes isolated from the indicated lymphoid c
nti-CCR9 mAb and analyzed by flow cytometry using CCR9-deficient

MFI � 101, not shown) as controls. Cells were gated on forward scatte
btained from 3–4 mice at 4–6 weeks of age from each mouse strain r
etermined by enzyme-linked immunosorbent assay as per methods (n
essenger RNA using real-time reverse-transcription poly- c
erase chain reaction. CCL25 expression was detected in the
uodenum and ileum but not in the MLN, liver, or colon in
ice with or without inflammation (Figure 3C and D).
The anti-CCR9 mAb 9B1 inhibited CCL25-induced cal-

c (SAMP) mice compared with noninflamed age-matched AKR mice
artments were incubated with CD4, CD8, and phycoerythrin-labeled
hocytes (dashed line) from the respective organs and isotype antibody
C), side scatter (SSC), and indicated populations. Representative data
duplicate. (C) CCL25 protein concentration within the terminal ilea was
per strain and time point, *P � .05).
1/YitF
omp
lymp
r (FS

un in
ium mobilization in L1.2-CCR9 cells. To determine whether
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Ab 9B-1 specifically neutralized CCR9 function, L1.2-CCR9
ells, which overexpress CCR9, were incubated with 25 �g
B-1 or an isotypic control mAb (rat IgG2a/�) and agonist
50 nmol/L CCL25) and the CCL25-induced intracellular
alcium mobilization was determined by spectrofluorometry
s described.22,23 RBL-C5aR cells22 similarly stimulated with
0 nmol/L C5a served as controls (Figure 4A and B). Only the
nti-mCCR9 mAb 9B-1 inhibited CCL25-induced calcium
obilization in L1.2-CCR9 cells but failed to inhibit C5a-

nduced (20 nmol/L) calcium mobilization in RBL-C5aR cells
Figure 4A and B).

Immunoblockade of CCL25 and CCR9
Attenuated Induction but Not Maintenance of
Chronic Murine Ileitis in SAMP1/YitFc Mice
To evaluate whether CCL25/CCR9 played a role in

ymphocyte recruitment during the early or late stages of
hronic murine ileitis, we administered 3 doses of function-

igure 2. A CD8�/CCR9high population from SAMP1/YitFc MLN coexp
AMP thymus (ST), SAMP MLN (S MLN), SAMP spleen (S sp) were inc
plenocytes (C�/� sp), integrins �7

�/�, or �E-deficient lymphocytes from th
ated on FSC, SSC, and CD8. L-selectin expression was determined withi
xpression of CCR9 (neg, low, high). Representative data obtained from 3
0-week-old SAMP1/YitFc lymphocyte mice was determined as described
nder anti-CD3 stimulation before [unfractionated, unf] or after magnetic e
locking antibodies against CCR9, CCL25, or their respective (
sotype control mAbs to 7-week-old and 39-week-old
AMP1/YitFc mice. This treatment regimen effectively atten-
ated ileitis during prior studies, when the adhesion mole-
ules PSGL-1 (mAb 4RA10) or the �4 integrins (mAb PS-2)
ere targeted.27,28 Terminal ilea were harvested 1 week later,
6 hours after the final injection. The severity of ileitis was
etermined by a pathologist in a blinded fashion, as previ-
usly described.21 Compared with the isotype-treated con-
rols, 8-week-old SAMP1/YitFc mice treated with anti-CCR9
howed significantly attenuated villous distortion (4.2 � 0.6
s 6) and active (4.8 � 0.5 vs 6), chronic (2.6 � 0.8 vs 5.1 �
.9), and total (11.6 � 1.5 vs 17 � 0.9) inflammatory indices
Figure 5A). Likewise, anti-CCL25 mAb attenuated villous
istortion (2.8 � 0.4 vs 4.8 � 0.6) and active (2.8 � 0.4 vs 4.9

0.6), chronic (2.8 � 0.5 vs 4.9 � 0.6), and total (8.4 � 1.3
s 13.5 � 1.8) inflammatory indices compared with control
ice that were administered isotype antibodies (Figure 5B).

oth treatments partially restored intestinal architecture

d integrins �E, �7, and low L-selectin. (A and B) Lymphocytes isolated from
d with indicated mAb and analyzed by flow cytometry using CCR9�/�

pective organs and isotype antibodies (MFI � 101) as controls. Cells were
ated subpopulations (left) of MLN CD8� T cells based on their intensity of
ice run in duplicate. (C) Cytokine production by indicated populations of
terials and Methods (cells harvested from 4 mice were cultured individually
ent for CD8� and assayed independently; *P � .001).
resse
ubate
e res
n indic
–4 m
in Ma
Figure 5C). By contrast, inflammation was unaffected by the
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November 2006 CCL25/CCR9 IN SPONTANEOUS CHRONIC MURINE ILEITIS 1523
nti-CCR9 or anti-CCL25 mAb during late chronic murine
leitis (40-week-old mice; Figure 5D), suggesting that the
isease becomes less dependent on this chemokine axis dur-

ng its maintenance stages.

Expression of CCL25 Increased With
Progression of Ileitis
The overall cytokine milieu in SAMP1/Yit mice is dif-

erent during the early and late stages of the disease. Th1
olarization predominates early, followed by combined Th1/
h2 responses subsequently.29 We therefore compared the ex-
ression of CCL25 in 4-week-old mice with that of 40-week-old
ice, using immunohistochemistry and enzyme-linked immu-

osorbent assay, to determine whether differences in overall
ytokine expression may alter the expression of CCL25 and
esult in the decreased therapeutic efficacy observed during late

igure 3. Lymphocytic infiltration of the biliary tree was not mediated
issues were stained with H&E. Representative (A) intrahepatic and (B) e

200 �m). (C and D) Total RNA was extracted from indicated tissues o
CL25 messenger RNA levels were determined using real-time revers
NA internal control within each sample. Data are expressed as mean
isease (Figure 6A–E). However, this was not the case, and even d
further increase in CCL25 protein levels was observed in the
leum but not in the colon during late disease.

Decreased Levels of Lymphocytes Expressing
CCR9 in SAMP1/YitFc Mice During Late
Disease
We then compared the expression of CCR9 in lympho-

ytes isolated from the MLN and spleen during early disease
when immunoblockade was efficacious) with that seen in lym-
hocytes during late disease, when no therapeutic benefit was
ppreciated (Figure 5). CCR9 expression, which was increased in
AMP1/YitFc CD4� and CD8� populations during early dis-
ase compared with control mice (Figure 1A and B), decreased
y 40 weeks of age (Figure 7A and B). In addition, the CD4� and
D8� CCR9high subpopulations, present at the peak of the

errant hepatic CCL25 expression in SAMP1/YitFc mice. (A and B) Liver
patic inflammatory infiltrates surrounding the bile ducts are shown (bar
to 30-week-old AKR or SAMP1/YitFc (SAMP) mice (n � 7/strain), and
scription polymerase chain reaction, normalized to the 18s ribosomal
M.
by ab
xtrahe
f 20-

e-tran
isease, were virtually absent (Figure 7A).
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Decreased CCR9 Expression Occurs Despite
Increased Production of Endogenous
Interleukin-4 During Late Ileitis
The specific signals that trigger the expression of CCR9

nd CCL25 above physiologic levels are not known. Interleukin
IL)-4 has been shown to increase the total percentage of cells
xpressing CCR9 and the surface density of receptor expression
hen added to cells in vitro.30 To determine whether CCR9

xpression may be regulated by autocrine mechanisms, we har-
ested lymphocytes from 8- and 40-week-old SAMP1/YitFc
ice, cultured them under anti-CD3 stimulation for 48 hours,

nd assayed their IL-4 production from the culture superna-
ants. IL-4 production by cells isolated from mice during late

igure 4. The mAb 9B-1 inhibits CCL25-induced calcium mobiliza-
ion in L1.2-CCR9 cells. (A) Fluo3-AM–loaded L1.2-CCR9 cells were
retreated with 9B-1 (50 �g/mL) or an isotype control mAb (rat IgG2a/
). Intracellular calcium mobilization within the first 2 minutes after stim-
lation of cells with 50 nmol/L CCL25 was determined by spectroflu-
rometry. (B) The anti-mCCR9 mAb 9B-1 did not inhibit C5a-induced

20 nmol/L) calcium mobilization from RBL-C5aR cells.
isease was significantly higher compared with that of cells b
solated from mice during early disease (Figure 7C). This pat-
ern is different from that of CCR9 expression, which was
igher during early disease. These data suggest that the regu-

ation of CCR9 expression in vivo is more complex than that
reviously observed in vitro.

Discussion
We investigated whether CCL25/CCR9 play a role in

hronic inflammatory trafficking to the small intestine using
he SAMP1/YitFc model of chronic ileitis.15,26 This strain dif-
ers from other animal models of inflammatory bowel disease,
ecause the site of inflammation coincides with the restricted

ocation of CCL25 expression.31 We showed that the levels of
CL25 increased in inflamed small intestine compared with
oninflamed mice and that further increases occur as the in-
ammation progresses. However, in this mouse model, differ-
nt from prior reports in patients with primary sclerosing
holangitis,14 we did not observe aberrant extraintestinal ex-
ression of CCL25. Lymphocytes expressing the receptor CCR9
nderwent early inflammation-driven expansion, predomi-
antly of the CD8� population, and a population of lympho-
ytes with an MFI for CCR9 similar to that of thymocytes was
etected only in inflamed mice. Conversely, during late disease,
he percentage of CCR9� cells decreased and the CCR9high

ubpopulation was absent, supporting potential extinction of
athway use.

We showed that the CCR9/CCL25 receptor/ligand pair pre-
ominantly plays its role during induction of spontaneous
hronic murine ileitis, because neutralizing antibodies attenu-
te early disease when receptor expression is at its maximum. By
ontrast, blockade of CCR9 or CCL25 was not sufficient to
ttenuate inflammation during the late stages of the disease. At
his stage, CCR9 is down-regulated and it is likely that other
nflammatory/inducible chemokines and chemokine receptors
ffset the effect of CCL25/CCR9 immunoblockade.

The expression of MAdCAM-1, which also plays a pivotal
ole in intestinal trafficking, is increased in the chronically
nflamed small and large intestine.32 It is also aberrantly ex-
ressed in the chronically inflamed pancreas and liver, where it
ecruits lymphocytes that express integrin �4�7 to extraintesti-
al sites.33,34 Thus, chronic inflammatory signals increase the
xpression of adhesion molecules/chemokines at effector sites
nd trigger aberrant expression at sites where they are not
hysiologically expressed.35 Although CCL25 has been consid-
red a strictly homeostatic chemokine,36,37 more recent data
ave led to the suggestion that its expression may be induced
nder the appropriate conditions.14,38

SAMP1/YitFc mice develop extraintestinal manifestations
eminiscent of those seen in human inflammatory bowel dis-
ase (ie, pyoderma-like skin involvement, ocular lesions, joint
nflammation, and intrahepatic and extrahepatic periportal in-
ltrates). We hypothesized that some of these extraintestinal
anifestations could be mediated by recruitment of small in-

estinal–specific CCR9� T cells to these sites, where CCL25 may
e aberrantly expressed. However, in this mouse model, CCL25
as not detected outside the small intestine, indicating that its

estricted pattern of expression is conserved. Whether this is
ue to interspecies variation or whether sustained chronic in-
ammation is required for extraintestinal induction remains to

e elucidated.
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The total percentage of CCR9� cells and the density of
urface expression increased in ileitis, as shown by the presence
f a CCR9high subpopulation that was unique to inflamed mice.
owever, the specific signals that mediate the up-regulation of
CR9 have yet to be identified. Data derived from in vitro

tudies suggest that IL-4 may be an important factor.30 None-
heless, these studies did not predict the in vivo scenario,
ecause CCR9 expression decreased during late disease despite

ncreased local levels29 and endogenous IL-4 production by the
ssayed cells.

Our data show that throughout early disease, this predom-
nantly homeostatic chemokine axis (already operational in the
leum) continues to be used as an important recruitment path-
ay by pathogenic lymphocytes. However, as the disease
rogresses, CCL25/CCR9 appear to be insufficient to sustain
he demand for proinflammatory cells to the effector site, re-

igure 5. CCR9 and CCL25 immunoblockade attenuated inflamm
ice. Mice at indicated ages received (A) IgG1 isotype mAb (n � 6), a

�-CCL25, n � 8) or (D) IgG1 or IgG2b isotypes (pooled data, n � 12)
he severity of ileitis was determined as described in Materials and Meth
ndicated treatment on terminal ileal architecture of 8-week-old mice (re
ulting in up-regulation of inducible molecules that respond to f
nflammatory signals (eg, MAdCAM-1, ICAM-1, and inflamma-
ory chemokines).39,40 Yet, there does not appear to be a switch
rom constitutive to inflammatory pathways but rather contin-
ous overlap, without clear demarcation of the replacement of
ne axis by another. During the later phase, redundant inflam-
atory pathways are acquired that sustain continuous dysregu-

ated recruitment to the effector site.27 The recruitment process
hen becomes autonomous and refractory to regulation, result-
ng in chronic inflammation, tissue destruction, and loss of
unction.

A significant number of patients with CD become refrac-
ory to standard therapies, and even the most widely used
iologic therapeutic agent (ie, infliximab, an antibody
gainst tumor necrosis factor �) is effective in only 70% of
atients.41 Patients with refractory CD often require repeated
se of corticosteroids, with potentially devastating side ef-

during induction but not during maintenance of ileitis in SAMP1/YitFc
CR9 (�-CCR9, n � 6) or (B) IgG2b isotype mAb (n � 8), anti-CCL25
CR9 (n � 8) or anti-CCL25 (n � 8). Terminal ilea were harvested and

(mean � SEM from 4 independent experiments; *P � .05) (C) Effect of
entative micrographs; H&E; original magnification 20�).
ation
nti-C
anti-C
ods
ects, or undergo palliative surgeries to remove strictures,
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Figure 6. CCL25 expression
increased from 4 to 40 weeks of
age in SAMP1/YitFc mice ileum.
(A, B, C, and E) Frozen sections
from terminal ilea and colon were
harvested from 3–4 mice at the
indicated ages and (A) stained
with H&E or incubated with anti-
CCL25 antibody (C) with or (B
and E) without recombinant
mouse CCL25 (rmCCL25) as de-
scribed in Materials and Meth-
ods. (D) CCL25 protein concen-
tration within the terminal ilea of
mice at the indicated ages was
determined by enzyme-linked im-
munosorbent assay as described
in Materials and Methods (n �

6/time point; *P � .05).
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reat abscesses, or correct fistulas. Unfortunately, other cy-
okine-based therapies, such as the anti-inflammatory cyto-
ine IL-10 and recombinant IL-11, have had limited suc-
ess.42,43 Therefore, alternative therapeutic modalities that
arget other pathways of chronic intestinal inflammation (eg,
rafficking) must be evaluated in CD.44

To that effect, clinical trials to test the safety and efficacy
f the small molecule antagonist Traficet EN, CCX282,
hich targets the CCL25/CCR9 axis, have been completed

http://www.clinicaltrial.gov/ct/show/NCT00102921) in pa-
ients with CD. Yet, to our knowledge, little preclinical
nformation to describe the efficacy of this therapeutic strat-
gy has been made available and none has been published. It
s worth noting that, because the chemokine is not known to

igure 7. CCR9 expression decreased in 40-week-old SAMP1/Yit
roduction of IL-4. (A and B) Lymphocytes isolated from indicated ly
ytometry using cells isolated from the respective organs of CCR9�/� m
ating on FSC, SSC, and indicated populations. Representative data
roduction by cells isolated from spleen (S) or MLN (M) of mice at the in
arvested from 3 or 4 mice were cultured individually under anti-CD3 s
rgan and time point).
e expressed in normal or inflamed colon, any data generated
rom colitic models may be of limited interest; yet models
hat develop inflammation in the small intestine may provide
aluable information. Although caution is needed when ex-
rapolating conclusions drawn from animal models, our data
uggest that inclusion of patients with small intestinal CD
nd with increased circulating CCR9-expressing cells (as pre-
iously shown by Papadakis et al45) may enhance the re-
ponse rate of subsequent clinical studies that target this
hemokine/receptor axis.
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