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Role of chemokines and chemokine receptors in the gastrointestinal tract

MAUREEN N. AJUEBOR & MARK G. SWAIN Liver Unit, Gastrointestinal Research Group,
Faculty of Medicine, University of Calgary, Calgary, Alberta, Canada

SUMMARY

The pathological association between leucocytes and gastrointestinal diseases has long been
recognized. Chemokines are a large family of chemotactic cytokines whose fundamental role
is the recruitment of leucocytes to tissues. Although chemokines and their receptors are
considered to be mediators of inflammation and tissue injury in several inflammatory
diseases, their precise role in the pathophysiology of gastrointestinal diseases remains
incompletely understood. Nonetheless, by virtue of their expression and localization at sites
of gastrointestinal tissue injury and inflammation, a number of investigators have suggested
a vital role for chemokines and their receptors in the pathophysiology of gastrointestinal
diseases. This short review examines the role of chemokines and their receptors in the
gastrointestinal tract with an emphasis on their involvement in the regulation of intestinal

and hepatic inflammation.

INTRODUCTION

Over the past decade, much has been reported on the
association between leucocytes and gastrointestinal dis-
eases. A wealth of information now exists demonstrating
that the inflammatory process, irrespective of where it
occurs in the gastrointestinal tract, is mediated by the
co-ordinated action of a variety of inflammatory mediators.
However, only recently have investigators extended these
observational studies to explore direct causal relationships
between leucocytes and chemokines/chemokine receptors
in gastrointestinal diseases.

Chemokines are a large family of small (7-15 kDa),
structurally related heparin-binding proteins that may par-
ticipate in immune and inflammatory responses through the
chemoattraction and activation of leucocytes.'> Chemo-
kines are subdivided into four subfamilies (C-X-C, C-C, C
and C-X;-C) based on the arrangement of their N-terminal
cysteine residues.>” Unlike the classical chemoattract-
ants such as complement and platelet-activating factor,
chemokines are quite diverse in their target-cell selectivity.
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For example, the C-X-C (or o) chemokines have the poten-
tial to activate and attract neutrophils and T lympho-
cytes.®” The C-C (or B) chemokines are active on multiple
leucocyte subtypes, including monocytes, eosinophils,
basophils, T lymphocytes, dendritic cells, natural killer
(NK) cells and, to a lesser extent, neutrophils.® ' The C (or
v) family of chemokines exert their actions on T lympho-
cytes and NK cells,!' and the C-X;-C (or 8) chemokine
fractalkine is active on T lymphocytes, NK cells, monocytes
and neutrophils.'*!"* Currently, over 40 human and 30
murine chemokines have been identified (some of
which are shown in Fig. 1). The constantly increasing
number of chemokines led to the adoption, in 1999, of a new
chemokine nomenclature, similar to that used for the
classification of chemokine receptors (see Tables 1 and 2), in
which each chemokine is identified by the gene number
encoding it.'"* Chemokines, including CXCL38/interleukin-8
(IL-8), CXCL1/KC, CCL2/monocyte chemotactic protein-1
(MCP-1), CCL5/regulated on activation, normal, T-cell
expressed, and secreted (RANTES) and CCL3/macrophage
inflammatory protein-1 (MIP-1) (which are produced by
different types of resident cells and infiltrating leucocytes
in response to proinflammatory cytokines, endotoxin and
other agents), are regarded as being inducible or inflam-
matory chemokines.'>'7 On the other hand, chemokines
such as CXCLI12/stromal-cell-derived factor 1 (SDF-1),
CXCLI13/B-cell-attracting chemokine 1 (BCA-1) and
CCL22/macrophage-derived chemokine (MDC), which
are constitutively and highly expressed in thymus and
lymphoid tissues, are referred to as being homing or
non-inflammatory chemokines.'®
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The biological actions of chemokines are mediated
through a family of seven transmembrane G-protein-
coupled receptors present on the surface of target cells,?'2*
Currently, five C-X-C chemokine receptors, designated
CXCR1 to CXCR5,%* and 10 C-C chemokine receptors,
denoted CCR1 to CCR10, are known (shown in Tables 1
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Figure 1. Organization of the chemokine superfamily and some
of their members. BCA-1, B-cell-attracting chemokine 1; IL-8,
interleukin-8; IP-10, interferon-inducible protein 10; MCP, mono-
cyte chemoattractant protein; MIP, macrophage inflammatory
protein; RANTES, regulated on activation, normal, T-cell
expressed, and secreted; SDF-1, stromal-cell-derived factor 1.

and 2). Recently, receptors for lymphotactin (XCR1) and
fractalkine (CX3CR1) have been identified and character-
ized.'*?* Most chemokine receptors interact with multiple
chemokine ligands and most chemokines interact with
more than one receptor. However, it is important to note
that the C-X-C chemokines interact exclusively with C-X-C
chemokine receptors and C-C chemokines bind only to
C-C chemokine receptors.

There is a great deal of information establishing a role
for chemokines and their receptors in leucocyte recruitment
and tissue injury in numerous inflammatory diseases.>
Leucocytes have been implicated in the pathophysiology
of various acute and chronic inflammatory diseases of
the gastrointestinal tract,’®*’ and a pathogenic role for
chemokines/chemokine receptors in gastrointestinal dis-
eases has been proposed. In this review, we discuss the
clinical and experimental evidence implicating chemokines
and their receptors in the pathophysiology of gastro-
intestinal diseases. In addition, we will examine chemo-
kine/chemokine receptor antagonism as a therapeutic
approach to gastrointestinal disease.

CHEMOKINES IN GASTROINTESTINAL DISEASES
Inflammatory bowel disease

Inflammatory bowel disease (IBD), including Crohn’s
disease and ulcerative colitis, are chronic inflammatory
disorders of the gastrointestinal tract that are characterized

Table 1. CXC, C and CX;C chemokines and chemokine receptors superfamily

Systematic name Human ligand

Mouse ligand Chemokine receptors

CXC family
CXCL1 GRO-0/MGSA-a
CXCL2 GRO-B/MGS-B/MIP-2a
CXCL3 GRO-y/MGSA-y/MIP-2
CXCL4 PF,
CXCLS5 ENA-78
CXCL6 GCP-2
CXCL7 NAP-2
CXCLS IL-8
CXCL9 Mig
CXCL10 1P-10
CXCLI11 I-TAC/H174
CXCLI12 SDF-10/B/PBSF
CXCL13 BLC/BCA-1
CXCL14 BRAK/Bolekine
CXCLI15 Unknown

C family
XCL1 Lymphotactin/SCM-1a.
XCL2 SCM-1B/ATAC

CX;C family
CX;5CLI1 Fractalkine

GRO/KC CXCR2
GRO/KC CXCR2
GRO/KC CXCR2

PF, Unknown

LIX CXCRI1; CXCR2
Cko-3 CXCRI1
Unknown CXCR2
Unknown CXCRI1; CXCR2
Mig CXCR3

IP-10 CXCR3
Unknown CXCR3

SDF-1 CXCR4
BLC/BCA-1 CXCRS5
BRAK/BMAC Unknown
Lungkine Unknown
Lymphotactin XCRI1

Unknown XCR2
Fractalkine/Neurotactin CX;5CR1

ATAC, activation-induced, T cell-derived, and chemokine-related; BCA-1, B-cell-attracting chemokine 1; BLC, B-lymphocyte chemoattractant;
BMAC, B-cell and monocyte-activating chemokine; BRAK, breast and kidney derived chemokine; CXCL, CXC chemokine ligand; ENA-78,
epithelial-cell-derived neutrophil-activating peptide 78; GCP-2, granulocyte chemoattractant protein 2; GRO, growth-related oncogene; IL-8,
interleukin 8; IP-10, interferon-inducible protein 10; I-TAC, interferon-inducible T-cell alpha chemoattractant; LIX, lipopolysaccharide-induced
CXC chemokine; MGSA, melanocyte growth stimulatory activity; Mig, monokine induced by interferon-y; MIP, macrophage inflammatory protein;
NAP-2, neutrophil activating peptide 2; PF,, platelet factor 4; SCM-1, single C motif-1; SDF-1, stromal-cell-derived factor 1. For recent updates on

the nomenclature, see the review in this issue by Watson>.
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Table 2. CC chemokines and chemokine receptors superfamily
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Systematic name Human ligand Mouse ligand Chemokine receptors
CC family
CCL1 1-309 TCA-3/P500 CCR8
CCL2 MCP-1/MCAF JE/MCP-1 CCR2
CCL3 MIP-10/LD78 MIP-1a CCRI1; CCR5
CCL4 MIP-1B/AT744.1/LAG-1 MIP-18 CCR5
CCL5 RANTES RANTES CCR1; CCR3; CCRS5
CCL6 Unknown C10/MRP-1 Unknown
CCL7 MCP-3 MARC/FIC CCRI1-CCR3
CCLS8 MCP-2/HC14 MCP-2 CCR1-CCR3; CCR5
CCL9/10 Unknown MIP-1y/MRP-2/CCF18 Unknown
CCL11 Eotaxin Eotaxin CCR3; CCR5
CCL12 Unknown MCP-5 ?7CCR2
CCL13 MCP-4/CKB-10/NCC-1 Unknown CCR1-CCR3; CCR5
CCL14 HCC-1-/NCC-2 Unknown CCRI1; CCR3; CCR5
CCL15 HCC-2/MIP-5/Lkn-1/MIP-18 Unknown CCRI1; CCR3; CCR5
CCL16 HCC-4/LEC/NCC-3/4 LCC-1 CCR8
CCL17 TARC/dendrokine TARC CCR4
CCL18 DC-CK1/PARC/MIP-4/AMAC-1 Unknown Unknown
CCL19 MIP-3B/ELC/exodus-3/CK-11 MIP-3p3 CCR7
CCL20 MIP-30/LARC/exodus-1 MIP-30 CCR6
CCL21 6Ckine/TCA4/exodus-2/SLC 6Ckine CCR7
CCL22 MDC/STCP-1 ABCD-1 CCR4
CCL23 MPIF-1 Unknown CCR1
CCL24 MPIF-2/Eotaxin-2 Unknown CCR3
CCL25 TECK TECK CCRY
CCL26 Eotaxin-3 Unknown CCR3
CCL27 CTACK/ALP/ILC CTACK/Eskine/ALP CCR10

ABCD-1, activated B cells and dendritic cells-1; AMAC-1, alternative macrophage activation-associated CC-chemokine; CCL, CC chemokine
ligand; CTACK, cutaneous T-cell-attracting chemokine; DC-CKI1, dendritic-cell-derived C-C chemokine; ELC, EBIl-ligand chemokine;
FIC, fibroblast-induced cytokine; HCC, haemofiltrate CC chemokine; ILC, interleukin-11 receptor a-locus chemokine; LARC, liver and
activation-regulated chemokine; LCC 1, liver-specific CC chemokine 1; LEC, liver-expressed chemokine; Lkn 1, leukotactin 1; MCAF, monocyte
chemotactic activating factor; MCP, monocyte chemoattractant protein; MDC, macrophage-derived chemokine; MIP, macrophage inflammatory
protein; MPIF, myeloid progenitor inhibitory factor-1; MRP, multidrug resistance-associated protein; PARC, pulmonary and activation-regulated
chemokine; RANTES, regulated upon activation normal T-cell expressed and secreted; TARC, thymus and activation-regulated chemokine; TCA,
T-cell activation gene; TECK, thymus-expressed chemokine; SLC, secondary lymphoid tissue chemokine; STCP-1, stimulated T-cell chemotactic
protein. For recent updates on the nomenclature, see the review in this issue by Watson’>.

by prominent ulcerative lesions and leucocyte infiltrates in
the bowel wall. These diseases have periods of remission,
implying the existence of regulatory immune mechanisms.
As the cause of both of these disorders remains unknown,
a curative therapy is still lacking. However, current medi-
cations used for the treatment of IBD, which are modestly
effective, includes corticosteroids, S-amino salicylic acid
and other immunosuppressants.

The suggestion that chemokines contribute to the patho-
genesis of IBD stems from a series of clinical studies
published nearly a decade ago, in which rectal biopsies from
patients with active ulcerative colitis or Crohn’s disease
were found to produce high levels of the chemokine
CXCLS8/IL-8.2%%° Subsequent studies by Mazzucchelli
et al*' and Daig and colleagues®® showed that the expres-
sion of CXCLS8/IL-8 correlated with the severity of inflam-
mation and, notably, this chemokine accounted for most of
the leucocyte chemotactic activity that could be extracted
from the inflamed colon.**** 3% During active human IBD,
CXCLS/1L-8 expression is reported to increase in cell types
such as neutrophils, macrophages and intestinal epithelial
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cells.*!*¢ Consistent with these findings is the observation of
increased expression of CXCR1, the CXCLS8/IL-8 receptor,
on macrophages and lymphocytes in the colon of patients
with active ulcerative colitis.>” A further hint that CXCLS8/
IL-8 may be important in the pathogenesis of human
IBD comes from the observation that steroid treatment
of patients with IBD results in decreased expression of
CXCLS/IL-8.%%%

Like CXCLB8/IL-8, an increase in the expression of the
chemokines CCL5/RANTES, CCL2/MCP-1 and CCL6/
MCP-3 in colonic biopsies from patients with active IBD
have also been documented. Immunohistochemical local-
ization studies have demonstrated marked increases in
the expression of CCL6/MCP-3 in epithelial cells, and the
intensity of CCL6/MCP-3 staining was found to correlate
with the extent of epithelial destruction in patients with
active ulcerative colitis.*® Mazzucchelli and colleagues®!
provided evidence for increased CCLS/RANTES expres-
sion in rectal biopsies from patients with active Crohn’s
disease and ulcerative colitis. In that study, increased
CCLS/RANTES mRNA expression was localized mainly in
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intraepithelial lymphocytes and in the subepithelial lamina
propria. Furthermore, mucosal biopsies from patients with
active Crohn’s disease and ulcerative colitis exhibited
increases in CCL2/MCP-1 mRNA expression in endothelial
cells and smooth muscle cells.*'*** The potential involvement
of chemokines CXCL5/epithelial-cell-derived neutrophil-
activating peptide 78 (ENA-78) and CCLI11/eotaxin
in the pathogenesis of IBD is supported by observations
that they are up-regulated during IBD.*** It is also note-
worthy that increased expression of CXCLIO/interferon-
inducible protein 10 (IP-10) has been observed in mucosal
biopsies from patients with active ulcerative colitis,*> and
immunohistochemical staining of the inflamed mucosa also
revealed an increase in the percentage of T lymphocytes
expressing the CXCLIO/IP-10 receptor, CXCR3.4¢

There are a number of animal models of IBD.*” Data
derived from animal studies indicates that some of the
chemokines highlighted in clinical studies might also have
a pathogenic role in experimental IBD. Several reports
have documented increases in the expression of chemokines
(CCLS/RANTES, CXCLI1/KC, CCL2/MCP-1 and CCL3/
MIP-1a) and increases in leucocyte infiltration into colonic
tissue during experimental colitis.* > A number of recent
studies convincingly illustrate that antagonists targeted
against chemokine or receptor function are effective in
inhibiting acute and chronic inflammation in animal models
of IBD. A particularly interesting study demonstrated that
increased colonic expression of CCL5/RANTES and its
receptors CCR1 and CCRS5 were associated with the traf-
ficking of inflammatory cells into colonic tissue, and with
the appearance of ulcerative lesions during the chronic
phase of trinitrobenzene sulphonic acid (TNBS)-induced
colitis.** This suggests that the role of CCL5/RANTES
during chronic colitis appears to be to attract CCRI-
and CCR5-bearing inflammatory cells into colonic tissue,
where activation of these cells leads to tissue ulceration.
More recently, we have found that during TNBS-mediated
acute colitis, increased colonic CXCL1/KC/CXCR?2 expres-
sion was associated with leucocyte recruitment, whereas
increased CCL3/MIP-1a expression was associated with
both leucocyte recruitment and the onset of ulcerative lesions
(M. Ajuebor, unpublished). A proposed mechanism for
leucocyte recruitment and tissue injury during TNBS-
mediated acute and chronic colitis is depicted in Fig. 2.
Further evidence that chemokine receptors play an import-
ant proinflammatory role in the context of experimental
IBD derives from targeted gene-deletion studies. Andres and
colleagues®® reported that CCR2- and CCRS5-deficient
mice exhibited a reduction in colonic lesions during dex-
tran sodium sulphate-mediated chronic colitis when com-
pared to those observed in their wild-type controls. In
addition, CCR5-deficient mice were characterized by an
enhanced infiltration of T-cells in the colonic lamina propria.

In the last year, functional studies in experimental
models of IBD have advanced our understanding of the
mechanisms of intestinal inflammation. It has become
evident that chemokine receptors CCR5, CCR1, CCR2
and, to a lesser extent, CXCR2, are potential therapeutic
targets in the treatment of IBD. These findings uphold the

Acule colitis Chronic colilis

Acule colitis

Figure 2. A proposed mechanism for tissue injury and leucocyte
recruitment during trinitrobenzene sulphonic acid (TNBS)-induced
colitis. CCR, CC chemokine receptor; CXCR, CXC chemokine
receptor; MIP, macrophage inflammatory protein.

concept that chemokines and their receptors are crucial
mediators of inflammation and tissue injury in IBD.

Liver diseases

Inflammatory cell recruitment to the liver is a common
feature of liver diseases.’*>® However, the mechanisms
underlying the recruitment of inflammatory cells to the liver
following injury are poorly defined. In recent years,
chemokines and their receptors have become increasingly
recognized as important mediators of hepatic inflammation
and injury. A series of experimental studies have established
that a diverse array of chemokines (CCL17/thymus and
activation-regulated chemokine [TARC], CCL22/MDC,
CCL2/MCP-1, CXCL2/MIP-2, CXCLI/KC, CXCL5/
ENA-78, CXCLI10/IP-10 and CCL3/MIP-1a) are highly
expressed during hepatic inflammation and injury.>*~%*
Moreover, a proinflammatory role for some of these chemo-
kines in liver disease models has also been demonstrated.
For example, treatment with a CCL17/TARC antibody
reduced CCR4-expressing CD4* T-cell recruitment and
tissue injury in a murine model of bacteria-induced
fulminant acute liver injury,>® and granuloma-forming cells
were found to show immunoreactivity for this chemokine.
A crucial role for glutamic-leucine-arginine acid (ELR)™"-
CXC chemokines in the pathophysiology of liver diseases is
suggested by the effectiveness of CXCL2/MIP-2, CXCL1/
KC and CXCL5/ENA-78 antibodies in causing regression
of inflammation and tissue injury associated with hepatic
ischaemia-reperfusion injury.®>®" Through the use of
neutralizing antibodies, it has been shown that the CCL3/
MIP-1a/CCRS5 axis contributes to T-cell recruitment to the
liver as well as hepatic injury during graft-versus-host
disease.®

Consistent with the findings in animal studies is the
observation of increased chemokine expression in human
liver diseases. CCL2/MCP-1, CCL8/MCP-2 and CCL7/
MCP-3 have been found in liver biopsies from patients with
primary biliary cirrhosis.®> Immunohistochemistry showed
that biliary epithelial cells and mononuclear cells in the
portal tract were labelled positively for these chemokines
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in primary biliary cirrhosis. Increased CCL2/MCP-1 gene
expression has also been found in human liver samples from
patients with fulminant hepatic failure.* Shield and
colleagues® reported increased expression of CXCLI10/
IP-10, CXCL9/monokine induced by interferon-y (Mig),
CCL3/MIP-1o0 and CCL4/MIP-18 in liver tissue from
patients with active chronic hepatitis C. Furthermore, the
chemokine receptors CXCR3 and CCRS were highly
expressed on T cells from patients with this disease,®®
a hint that these chemokines may be involved in the
recruitment of CXCR3- and CCRS-expressing T cells
during chronic hepatitis C. A study by Nishioji er al.%’
reported increased expression of CXCL10/IP-10, as well
as an increase in infiltrating mononuclear cells, in liver
biopsies from patients with active chronic hepatitis C.
Thus, CXCL10/IP-10 may be important in the recruitment
of mononuclear cells during active chronic hepatitis C.
Another indication that CXCL10/IP-10 may be important
derives from the observation by the same investigators®’
that successful treatment of patients with active chronic
hepatitis C using IFN-o therapy leads to lower serum
CXCLI10/IP-10 levels.®’

In contrast to evidence supporting a proinflammatory
effect of chemokines in liver disease, chemokines also
appear to exert anti-inflammatory effects within the liver.
The evidence that chemokines or receptors exert crucial
anti-inflammatory effects is supported by two recent studies
of acetaminophen (APAP)-induced acute liver injury. In
the first study, Hogaboam and colleagues®® demonstrated
that administration of the CXCR2 antibody to mice with
APAP-induced acute liver injury caused an increase in the
degree of liver haemorrhage and necrosis at 6 and 48 hr
when compared to mice that received the control antibody.
Moreover, mice with APAP-induced acute liver injury,
when given antibody against a CXCR2 ligand (CXCL2/
MIP-2 antibody), also exhibited extensive hepatic injury
and inflammation.’® In agreement with the data on
chemokine antagonism, exogenously administered chemo-
kine agonists (CXCLS8/IL-8, CXCL2/MIP-2 and CXCL5/
ENA-78) were found to enhance liver regeneration and
also reduce hepatic injury in the APAP model.®® These
findings suggest that the physiological role of liver-derived
CXCL2/MIP-2 and its receptor CXCR2 during APAP-
induced acute liver injury is to ‘switch off” or dampen the
inflammatory response. In a second study by the same
investigators, a low dose of APAP induced liver injury
in CCR2-deficient mice that was markedly enhanced and
persisted for 48 hr, while wild-type control mice exhibited
no liver injury at any time after APAP challenge.”® A
possible ‘cross-talk’ between the cytokines tumour necrosis
factor-a (TNF-a) interferon-y (IFN-y), interleukin-13
(IL-13) and the CC chemokine receptor, CCR2, was sug-
gested as a possible mechanism for this protective effect.®’
These findings in the APAP model of liver injury support
the hypothesis that chemokines and their receptors play an
important role in promoting and accelerating liver repair.

The very short half-life of chemokine agonists, and their
rapid clearance from the circulation, has raised concerns
that peptide chemokine agonists could not be applied
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therapeutically in the clinical setting. Gene therapy, in
which adenoviral vectors are used to deliver specific
chemokine genes to sites of inflammation, is now being
explored. However, data derived from the use of adenoviral
vectors in the treatment of hepatic injury is less clear and
a number of studies have emerged using adenoviral chemo-
kine delivery reporting data which contradicts that observed
with chemokine agonists. Administration of adenovirus
containing CXCLI1/KC cDNA, a CXCR2 ligand, was
found to cause an increase in liver inflammation and
injury.”® In contrast, mice given adenovirus containing
CXCL2/MIP-2 cDNA, also a CXCR2 ligand, developed
less hepatic injury.”! Bone-Larson et al.>* have attributed
the differences in the findings of these two studies to dif-
ferences in the dose of adenoviral vector that was admin-
istered. Interestingly, Muruve and colleagues’> reported
that adenoviral vectors themselves cause hepatic inflam-
mation, in part by rapidly inducing the expression of
multiple chemokines.

As our understanding of chemokine biology grows,
their role as mediators of leucocyte recruitment and tissue
injury have been confirmed. However, it is becoming
increasingly clear that their role in hepatic diseases extends
beyond leucocyte recruitment. The novel concept that
chemokines/chemokine receptors promote and accelerate
tissue repair, and thus have a beneficial role in hepatic
diseases, is very exciting. The challenge now is to develop
effective therapies that exploit the anti-inflammatory and
proinflammatory properties of chemokines and their
receptors.

CONCLUSION

In recent years, considerable progress has been made
in understanding the role of chemokines and chemokine
receptors in a number of clinical and experimental settings.
The functional role of chemokines and their receptors in
gastrointestinal diseases are now beginning to be explored.
Despite extensive research on chemokines and their
receptors in gastrointestinal diseases, there remain signifi-
cant gaps in our knowledge that need to be addressed.
However, a number of recent in vivo studies have provided
compelling evidence that chemokines and/or chemokine
receptors are crucial mediators of inflammation and tissue
injury in intestinal and hepatic inflammation. In addition,
chemokines also appear to have beneficial effects involving
tissue repair. Based on these findings, chemokine agonists
and antagonists targeted against chemokines and their
receptors have the potential to become therapeutically
important in the treatment of gastrointestinal diseases.
Interestingly, chemokine receptors are G-protein-coupled
receptors, a family of receptors of which specific antag-
onists constitute = 60% of all successful pharmaceuticals
marketed today.
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