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Abstract Allogeneic hematopoetic stem cell transplantation often presents the
only chance for cure in a number of malignant and nonmalignant hematologic
diseases. However, its beneficial effects are counterweighed by the development of
potentially lethal complications, most importantly the development of acute and
chronic graft-vs.-host disease (GVHD). Alloantigen-reactive immune responses
mediate injury and destruction of GVHD target organs, including the gastrointestinal
tract, the liver, the skin, and the lung. Donor leukocyte infiltration into the respec-
tive tissues is orchestrated by interactions between chemokines and chemokine
receptors, which will be reviewed using a basic science — clinical comparative
approach.
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1 Introduction

For numerous malignant and nonmalignant diseases, allogeneic hematopoetic stem
cell transplantation (HSCT) is the only curative treatment available today. However,
its use and benefits are limited by the development of serious and life-threatening
complications, most importantly, acute and chronic graft-vs.-host disease (GVHD),
both of which are major causes for morbidity and treatment-related mortality
(TRM). The pathophysiology of acute GVHD (aGVHD) has been a strong focus
of both clinical and basic science over the last decades. The current concept involves
three phases as follows: (1) conditioning toxicity to host tissue with subsequent
expression of inflammatory cytokines and chemokines, resulting in the activation of
host antigen presenting cells (APCs), (2) donor T cell activation, expansion, and
differentiation, and (3) host tissue injury by infiltrating donor immune cells through
direct cell to cell related mechanisms of cytotoxicity and the production of soluble
cytotoxic mediators (Goker et al. 2001; Ferrara et al. 2009).

Distinct from aGVHD, chronic GVHD (cGVHD) pathophysiology is rather less
understood, as both autoimmune-like processes, alloreactive T cells (Sullivan and
Parkman 1983; Teshima et al. 2003; Cutler et al. 2001; Champlin et al. 2000), a
shift from a Th1 to a Th2 immune response (Kataoka et al. 2001), immunodominant
epitope-dependent organ involvement (Kaplan et al. 2004), and B-cell (auto-)
antibody-production (Okamoto et al. 2000) seem to play a role.

Chemokines and their receptors comprise a complex system involved in leuko-
cyte migration to target tissues and to inflammatory sites, in leukocyte activation,
in the organization and structure of secondary lymphoid tissues, in hematopoiesis,
and in angiogenesis (Pease and Williams 2006; Moser et al. 2004; Rollins 1997;
Choi et al. 2007; Addison et al. 2000; Belperio et al. 2000; Strieter et al. 2005;
Broxmeyer 2008; Ohl et al. 2003; Czermak et al. 1999; Muller et al. 2003).
Following allogeneic HSCT, they are increasingly expressed in various GVHD
target organs and contribute to organ injury and TRM (Mapara et al. 2006; New
et al. 2002; Sugerman et al. 2004; Jaksch et al. 2005; Duffner et al. 2003; Hancock
et al. 2000; Hildebrandt et al. 2004a, b, c, 2005; Piper et al. 2007; Terwey et al.
2005; Varona et al. 2005; Wysocki et al. 2004, 2005a, b; Bouazzaoui et al. 2009).

This article reviews the role of specific chemokines and their receptors in aGVHD
and cGVHD and elucidates their potential as a target for preventive therapy or
actual treatment of these deleterious complications following allogeneic HSCT.

2 Allogeneic Hematopoetic Stem Cell Transplantation
and Graft Versus Host Disease

For many children and adults with hematologic malignancies (e.g., leukemia,
lymphoma, and multiple myeloma) or nonmalignant diseases, including hemoglo-
binopathies and metabolic storage diseases, allogeneic HSCT provides the only
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therapeutic option, with a potential for long-term remission and even cure. Until a
few years ago, conceptual understanding of allogeneic HSCT in the treatment of
cancer was based on the idea that lethal total body irradiation and high dose
chemotherapy are critical means to fight underlying malignancy to the optimal
extent, but at the same time will result in irreparable damage to the patient’s
hematopoesis. The purpose of transfusing donor stem cells that time was to rescue
the patient from the emerging state of hematopoetic failure and fatal immunoin-
sufficiency. Nowadays, in the treatment of hematologic malignancies, the idea has
shifted towards allogeneic HSCT as being the platform for long-lasting graft-vs.-
leukemia (GVL) or graft-vs.-tumor (GVT) responses and adoptive immunotherapy,
both of which imply alloantigen-specific and immunologically mediated disease
eradication and surveillance (Truitt and Atasoylu 1991a, b; Oettel et al. 1994;
Slavin et al. 1993; Fowler et al. 1996, 1997; Nash and Storb 1996; Barrett 1997;
Datta et al. 1994; Fowler and Gress 2000; Riddell et al. 2002; Kolb et al.
2003; Mapara et al. 2003).

The clinical use of HSCT is nevertheless limited by the potential development of
severe and life-threatening complications. Besides the increased risk for infections
due to extensive immunosuppression, the most common and well described risk is
GVHD.

Differences in the human leukocyte antigen (HLA) system between the stem cell
donor and the recipient result in severe T cell-mediated inflammatory reactions
against host tissue(s), which are summarized under the term “GVHD.” However,
GVHD can also be seen in completely HLA-matched transplantation due to immu-
nologically relevant minor histocompatibility antigens (HAs) (Ferrara et al. 2009;
Goulmy et al. 1996). According to former concepts to classify GVHD, acute
disease (aGVHD) was distinguished from chronic disease (¢cGVHD) according to
the time point of onset (before or after day 100 after transplantation). Nowadays,
this concept has been modified, as with the introduction of reduced-intensity
conditioning (RIC) regimens, late onset forms of aGVHD (appearing >100 days
after HSCT) as well as an overlap syndrome sharing features of both acute
and chronic disease are more frequently seen (Ferrara et al. 2009; Filipovich
et al. 2005).

Incidence and severity of GVHD are related to the degree of HLA mismatch
between donor and recipient, the amount of transplanted donor T cells within the
graft, patient’s age, and the chosen conditioning regimen (myeloablative vs. RIC),
with an incidence ranging from 10 to 80%. Target organs in aGVHD include the
immune system, skin, liver, gastrointestinal (GI) tract, and lung, and mortality can
be as high as 95% (Ferrara et al. 2009; Cooke et al. 1998; Miklos et al. 2008; Cahn
et al. 2005).

The pathophysiology of aGVHD involves three consecutive phases. Phase 1:
Tissue damage, caused by the toxicity of the preparative conditioning regimen, is
associated with the release of pro-inflammatory cytokines (e.g., TNF, IFNy) and
chemokines and with the activation of host and (later on) donor APCs (Sun et al.
2007; Hill et al. 1997). Phase 2: Antigen-loaded APCs migrate to secondary
lymphoid organs, where they encounter and present their antigens to donor
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T cells. This results in priming, proliferation, and differentiation of alloreactive
CD4+ and CD8+ effector T cells. (Sun et al. 2007; Shlomchik et al. 1999; Teshima
et al. 2002). Phase 3: The third phase of aGVHD, also called effector phase, is
characterized by alloreactive, cytotoxic T lymphocytes (CTLs) directly infiltrating
different GVHD target organs promoting tissue damage via apoptosis. T cell-
derived inflammatory cytokines such as TNF, IFNy, and IL-17 further contribute
to target organ injury both on direct cytotoxic levels and indirectly by maintaining a
pro-inflammatory environment, responsible for subsequent effector cell recruitment
(Sun et al. 2007).

Much less is known about the pathophysiology of cGVHD, which can emerge
from acute disease or appear de novo, usually within the first 2 years after HSCT.
Its incidence varies from 25 to 80% (Baird and Pavletic 2006), and a limited form
is separated from extensive disease, depending on the extent and severity of organ
involvement. Recently, the NIH consensus approach for diagnosis and staging
of cGVHD provided a scoring system based on the specificity of clinical
signs and histopathology (Filipovich et al. 2005). In contrast to aGVHD, every
host organ system can be potentially affected, with skin, eyes, oral cavity,
GI tract, liver, and lungs being most commonly involved (Baird and Pavletic
2006; Lee 2005). Characteristics of cGVHD include (sub)acute inflammation
alongside chronic, fibrotic organ changes. Based on experimental data and clini-
cal observations, a shift towards Th2 immune responses, altered expression of
transforming growth factor (TGF)-f, the production of autoantibodies, thymic
dysfunction with defective negative selection, and a low regulatory T cell popu-
lation have been implicated in the development of cGVHD (Teshima et al.
2003; Lee 2005; Martin 2008; Chu and Gress 2008). The response to immuno-
suppressive treatment is unpredictable and nonuniform, often displaying mixed
responses in different organs. Although associated with lower relapse rates due to
improved GVT and GVL effects, cGVHD therefore remains the major cause of
nonrelapse mortality during long-term follow up after allogeneic HSCT, with
5-year survival rates as low as 40% (Ferrara et al. 2009; Filipovich et al. 2005;
Baird and Pavletic 2006; Shulman et al. 1978; Pavletic et al. 2006a; Higman and
Vogelsang 2004).

During all phases of aGVHD, chemokines promote and orchestrate the recruit-
ment of immune cells, for example, APCs and effector cells, to secondary lymphoid
organs and peripheral tissues. Recent findings that various chemokines like CCL2-
5, CXCL1, CXCL9-11, CCL17, and CCL27 are up-regulated during aGVHD
underline their pivotal role during this process (Mapara et al. 2006; New et al.
2002; Sugerman et al. 2004; Jaksch et al. 2005; Duffner et al. 2003; Hancock et al.
2000; Hildebrandt et al. 2004a, b, c, 2005; Piper et al. 2007; Terwey et al. 2005;
Varona et al. 2005; Wysocki et al. 2004, 2005a, b; Bouazzaoui et al. 2009). In
addition, a limited number of reports have recently commented on the chemokine—
chemokine-receptor system in cGVHD (Kim et al. 2007; Morita et al. 2007).
Therefore, interactions between chemokines and their receptors are of specific
interest as potential targets for GVHD therapy and have become a growing focus
of intensive research.
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3 The Chemokine—Chemokine-Receptor System

Chemokines consist of a group of 8—14 kDa proteins, which signal through a family
of seven transmembrane domain-containing G protein-coupled receptors (GPCRs),
activating downstream effector pathways (Zlotnik and Yoshie 2000; Rot and Von
Andrian 2004). The chemokine—chemokine-receptor system is characterized by a
huge degree of redundancy and pleiotropy. Up to date, approximately 50 chemokines
and 20 chemokine receptors are known. Chemokines activate different receptors, and
at the same time, receptors can interact with multiple ligands. In addition, chemo-
kines as well as their receptors can form functional dimers and high order oligomers,
either with partners from their own (homodimerization, -oligomerization) or from a
different subfamily (heterodimerization, -oligomerization), thus adding a high
degree of variability to an already complex system. Chemokine ligands are currently
classified into four families, the CC (CCL1-28), the CXC (CXCL1-16), the CXC3
(CXC3L1), and the XC (XCL1-2) family, depending on the pattern of the first two of
four cysteine residues (Allen et al. 2007; Murphy et al. 2000; Murphy 2002; Viola
and Luster 2008). The chemokine—chemokine-receptor system plays an important
role in organizing and orchestrating leukocyte trafficking both in homeostasis and in
states of inflammation. Chemokine expression can be enhanced by inflammatory
cytokines (Mackay 2001) and have been associated with different human diseases
like infection, autoimmunity, or cancer, in which they serve as chemoattractants,
leading immune cells to the sites of antigen priming in secondary lymhoid organs as
well as to peripheral tissues in different target organs (Viola and Luster 2008).
Secretion and binding of the chemokine ligand to glycosaminoglycans (GAGs),
expressed on the surface of endothelial cells, creates a substrate gradient attracting
and steering leukocytes equipped with the appropriate receptor to the site of the
highest concentration (Allen et al. 2007; Campbell et al. 1998). Leukocytes have
been demonstrated to roll along the endothelium of vessels, a process that is regulated
by the expression of integrins and selectins on leukocytes and endothelial cells.
Concentration and clustering of integrins, caused by signaling events initiated by
chemokine—chemokine-receptor binding, leads to high affinity contact of the leuko-
cyte with the endothelium or components of the extracellular matrix at the site of
inflammation, and consecutively to an arrest and transmigration through the vascular
wall (Campbell et al. 1998; Constantin et al. 2000). But also during homeostasis,
leukocytes regularly traffic to secondary lymphoid organs and peripheral tissues to
keep up a constant immune surveillance.

4 The Role of the Chemokine—Chemokine-Receptor System
in aGVHD

The role of chemokines and chemokine receptors in aGVHD has to been seen in the
context of the different organs and the time course of the leading events; early
changes have to be differentiated from late(r) events. Also, the expression on



102 N.A. Kittan and G.C. Hildebrandt

different T cell subsets might play a role. For example, while the administration of
CCR2-deficient CD8+ T cells resulted in a significantly decreased extent of
leukocyte infiltration in GVHD target organs, unselected CD4+ and CD8+
CCR2—/— T cells had no effect on the course of disease (Terwey et al. 2005).
While some chemokine expression studies, in which either the analysis comparing
lethal vs. nonmyeloablative conditioning was restricted to the first 10 days after
allogeneic HSCT, or in which chemokine expression levels were related to inflam-
matory organ infiltrates of unconditioned SCID recipient mice (Mapara et al. 2006;
New et al. 2002), were limited to a smaller number of chemokines, other studies,
looking at higher number of chemokines, were limited to one GVHD target organ
only (Sugerman et al. 2004; Ichiba et al. 2003; Zhou et al. 2007). A comprehen-
sive analysis of chemokine and chemokine receptor expression in the four major
target organs (GI tract, liver, skin, and lung) of aGVHD following murine HSCT,
which has been based on both kinetics and tropism of expression over a time
period of 6 weeks, has been recently published by Bouazzaoui et al. (2009). This
study provides important information for the initiation and planning of further
experimental studies in the search of chemokines and their receptors as potential
future targets in the treatment of GVHD. However, certain limitations have to
be kept in mind in this study when interpreting this or any other experimental
study published in this field up to date, which restrict their validity when applied
to the patient setting: no immunosuppressive treatment was given for either
GVHD prophylaxis or treatment and no infectious challenges were concurrently
performed, both of which will have significant impact on chemokine expression
in vivo.

In addition, chemokines have currently gained attention as potential biomarkers
in the prediction of GVHD, as, for example, shown for CCL8 both in mice and men
(Ota et al. 2009; Hori et al. 2008).

A fundamental requirement for the development of aGVHD is the close interac-
tion between host APCs and donor T cells in secondary lymphoid organs. Here,
alloantigen gets presented to the T cell, leading to T cell activation, proliferation,
and generation of cellular effector cells. The progeny of cellular effectors will leave
the lymphoid compartment and infiltrate peripheral aGVHD target organs (Ferrara
et al. 2009; Beilhack et al. 2005).

CCR7, which is expressed on dendritic cells, naive, and central memory T cells,
is responsible for the recirculation of these cells into lymphoid organs in response
to their ligands CCL19 and CCL21, and therefore is critical to the initiation of
GVHD (Forster et al. 2008; Weninger et al. 2001; Yakoub-Agha et al. 2006; Sasaki
et al. 2003). Additional chemokines, which are increasingly expressed in secondary
lymphoid tissue after allogeneic HSCT, include CCL2-5, CCL8, CCL12, CXCL9-11,
and XCL1, and are potentially involved in T cell activation and homing (Choi
et al. 2007; New et al. 2002; Wysocki et al. 2004; Bouazzaoui et al. 2009; Serody
et al. 2000), although these processes are not yet fully understood.

In this review we will focus primarily on the role of chemokines and their related
receptors in the development of aGVHD in peripheral target organs (GI tract, liver,
skin, and lung) by using a basic science — clinical comparative approach.
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4.1 Chemokines and aGVHD of the Gastrointestinal Tract

Both pathophysiologically and clinically, the GI tract is of particular significance as
a target organ of aGVHD. Accordingly, to better understand the mechanisms,
regulating intestinal T cell trafficking during homeostasis and inflammation has
been of major interest. CCR9 and its ligand CCL25 have been shown to participate
in the recruitment of gut-tropic effector cells during homeostasis and inflammation
(Saruta et al. 2007; Papadakis et al. 2001; Nishimura et al. 2009; Koenecke and
Forster 2009). Hadeiba et al. report on a CCR9+ subset of tolerogenic, plasmacy-
toid dendritic cells, which migrate to the gut in response to CCL25, display tissue
protective properties via the induction of regulatory T cells, and suppress antigen-
specific immune responses, including aGVHD (Hadeiba et al. 2008).

An association for CCRS5 with the development of aGVHD has been described
both clinically and in experimental studies. The presence of the loss of function
32-nucleotide deletion (CCR5A32) in patients undergoing allogeneic HSCT resulted
in a decreased incidence of aGVHD. Even more important, although the presence of
the mutation in only the donor did not seem to alter the development of aGVHD, the
presence of CCR5A32 genotype in both recipient and donor displayed highest
protection, with none of the 11 patients suffering from aGVHD (Bogunia-Kubik
et al. 2006). These findings go along with the prior reports on a genetic predisposi-
tion of donor or patient being responsible for the development of aGVHD in patients
receiving allogeneic HSCT (Holler et al. 2004, 2006; Gruhn et al. 2009; Tseng et al.
2009; Ambruzova et al. 2009a, b; Markey et al. 2008; MacMillan et al. 2003a, b;
Takahashi et al. 2000; Middleton et al. 1998).

Protection from GVHD in the absence of functional CCRS surface expression
has also been demonstrated by Murai and colleagues using a murine HSCT model,
as they describe an important role for the expression of CCRS5 on allogeneic donor T
cells for their homing to Peyer’s patches. Peyer’s patches are an integral part of
secondary lymphoid tissue, essentially involved in T cell priming and activation,
and therefore, critically contributing to the initiation of aGVHD (Murai et al. 2003).
However, in this study, recipient mice were not conditioned, and conflicting data
demonstrating an even higher GVHD severity using a model, in which lethally
irradiated mice were transplanted with CCRS defective donor cells, have been
reported by Wysocki et al. (Wysocki et al. 2004). The observed contrary outcome
was probably due to conditioning regimen-related tissue toxicity, leading to
increased proinflammatory chemokine expression in GVHD target organs, and,
when compared to CCRS5 wild-type cells, due to enhanced migratory properties
of murine CCR5—/— T cells towards the CXC chemokine CXCL10, presumably
using CXCR3 (Wysocki et al. 2004). Furthermore, lacking CCR5 on donor regu-
latory T cells (Tregs) may loosen a brake, which normally hinders GVHD propel-
ling, therefore leading to more severe established disease (Wysocki et al. 2005a).
In the study by Bouazzaoui et al., expression levels of CCL4 and CCL5, which both
share CCRS as a receptor with CCL3, were not significantly elevated in the GI
tract of allogeneic recipients (Bouazzaoui et al. 2009), whereas another study
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demonstrated an increase in colonic CCL5 expression on day 6 after HSCT
(Mapara et al. 2006). High intestinal expression of CCL3 can be seen early, and
most likely sources from the intestinal mucosa itself (Serody et al. 2000). In
contrast to CCRS5, CCR1 expression was not strongly elevated in the gut early
after allogeneic HSCT (Bouazzaoui et al. 2009), suggesting that CCL3 (CCLY5):
CCRS5 interactions rather than CCL4 or CCR1 are involved in early recruitment of
T cells to the GI tract, promoting the initiation of aGVHD. However, CCL5:CCR1
interactions seem to indirectly contribute to GVHD target organ injury, as the
absence of CCR1 on donor T cells resulted in generally suppressed alloreactive T
cell activation, resulting in decreased injury to gut and liver as well (Choi et al.
2007).

Another potential target in the treatment of acute intestinal GVHD is CXCR3.
Mapara et al. demonstrated that using myeloablative conditioning regimen by itself
is sufficient to induce a significant but partially short-lived increase of CXCR3
ligands, especially CXCLI10, in the colon, which was not seen after non-myeloa-
blative conditioning. Subsequent development of aGVHD further increased
CXCR3 ligand expression over the first 10 days, thus underlying the importance
of Th1 immune responses in this early phase of aGVHD with respect to inflamma-
tory chemokine induction (Mapara et al. 2006). The expression of the CXCR3
ligand family (CXCL9-11) remains elevated throughout the cellular phase of
aGVHD (phase 3) (Bouazzaoui et al. 2009). Causal proof for a role of CXCR3
being expressed on CD8+ T cells in the development of intestinal aGVHD has been
provided by Duffner et al. In animals transplanted with CD8+ CXCR3—/— donor T
cells, T cells expanded and accumulated in the spleen and infiltration of the GI tract
was reduced, leading to diminished intestinal GVHD as well as prolonged survival
(Duffner et al. 2003). A confirmative study, in which prolonged administration of
an anti-CXCR3 neutralizing antibody was successfully used in a mouse model of
human GVHD, has been published by He et al. (2008).

Ueha et al. demonstrated a specific role for donor cell expressed CX3CL1 in the
recruitment of alloreactive CD8+ T cells into the GI tract after allogeneic HSCT,
when administration of an CX3CL1 antibody resulted in decreased numbers of
CDS8+ T cells in the gut, but did not show any effect on hepatic infiltrates (Ueha
et al. 2007).

CCR6 has been implemented into the recruitment of alloreactive CD4+ T cells
to GVHD target organs, including the GI tract, liver, and skin, as allogeneic HSCT
with CCR6—/— resulted in significantly reduced disease severity (Varona et al.
2005). CCR6 may play a role in both effector and regulatory T cell function
(Varona et al. 2006).

The exact role of other chemokines in the development of GI tract GVHD still
remains to be defined. CXCR6 expression on CD8+ T cells contributes to the early
recruitment of these cells to the liver, but not to the gut, early after allogeneic HSCT
(Ueha et al. 2007; Sato et al. 2005). Consistent with these findings, intestinal
expression of the CXCR6 ligand, CXCL16, was not increased early after transplan-
tation (Bouazzaoui et al. 2009), and therapeutically, early interventions such as the
use of neutralizing antibodies against CXCL16 did not alter the course of intestinal
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GVHD (Ueha et al. 2007). However, as CXCL16 expression eventually rises over
time (Bouazzaoui et al. 2009), and CXCR6 expression associates with increased
T cell numbers in the GI tract, it cannot currently be excluded that CXCR6:
CXCL16 interactions potentially contribute to T cell infiltration of the intestine at
later time points.

Conflicting data has also been reported on CCR2 and its ligands. While Terwey
et al. describe a defect in the migratory capacity of CD8+ CCR2—/— T cells,
resulting in reduced infiltration in the gut, this could not confirmed by Hildebrandt
and colleagues (Hildebrandt et al. 2004b; Terwey et al. 2005).

4.2 Chemokines and aGVHD of the Liver

The liver presents the second classical target organ of aGVHD. Hepatic GVHD is
characterized by endothelial dysfunction, lymphocyte infiltration of the portal
areas, and pericholangitis, which ultimately leads to bile duct destruction (Ferrara
et al. 2009). Several chemokines and chemokine receptors have been reported to be
increasingly expressed: CCL1-5, CCL7, CCL8, CXCLI1, CXCL2, CXCLO9,
CXCL10, CXCL11, CXCL16, XCL1, CCR1, CCRS, CXCR2, CXCR6, and
XCRI1 (Choi et al. 2007; Mapara et al. 2006; New et al. 2002; Bouazzaoui et al.
2009; Ichiba et al. 2003; Murai et al. 1999), suggesting a central role of these
chemokines in attracting alloreactive donor T cells during the course of disease.

In 1999, Murai and colleagues reported as one of the first chemokine receptors
involved in GVHD-related liver injury that CCRS expression on CD8+ T cells
plays a substantial role in the hepatic migration of these cells when both the vivo
neutralization of the receptor and one of the ligands, CCL3, resulted in significantly
decreased T cell infiltration into the liver (Murai et al. 1999). As seen for the GI
tract, CCR1, a second receptor for the CCRS ligands CCL3-5, contributes to hepatic
GVHD as well (Choi et al. 2007). However, at this point it is unclear whether the
reduction in liver injury in the absence of CCR1 on donor T cells is primarily due to
the general suppression of T cell activation or is co-mediated by an impaired
migratory capacity in response to CCR1 ligands. Increased CCL3 expression not
only derives from hepatic tissue, for example, bile duct epithelial cells and endo-
thelial cells, but also from macrophages and infiltrating donor T cells (Serody et al.
2000), suggesting a chemokine-mediated feedback mechanism on the recruitment
of CCR14 and CCR5+ donor T cells to the liver. In contrast, Wysocki et al.
showed an accumulation of CCRS deficient T cells in the liver following allogeneic
HSCT, as well as a higher sensitivity of these cells to CXCR3 ligands was
postulated. As at the same time liver histopathology was not increased, the authors
speculated that the cells were rather being trapped by the sinusoidal epithelium than
directly causing tissue damage (Wysocki et al. 2004).

Redundancy of function of the chemokine—chemokine receptor system provides
evolutionary stability. Correspondingly, CD8+ T cells infiltrate the sites of inflam-
mation in hepatic GVHD not only using CCRS5 or CCR1 but also other chemokine
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receptors, such as CXCR3 and CXCR6. Transplantation of allogeneic CXCR3—/—
donor T cells or the use of anti-CXCR3 antibodies resulted in decreased hepatic
injury (Duffner et al. 2003; He et al. 2008), and Sato et al. described a markedly
reduced migratory capacity of CXCR6—/— CD8+ but not CD4+- T cells to the liver
following allogeneic HSCT (Sato et al. 2005). Furthermore, the latter study was
confirmed targeting CXCL16, the ligand of CXCR6, when administration of anti-
CXCL16 antibodies led to a reduction in liver tissue damage (Ueha et al. 2007).

Terwey et al. reported the contribution of CCR2 on donor cells to CD8+ T cell-
mediated hepatic aGVHD (Terwey et al. 2005), whereas in CD4+ T cell-mediated
hepatic aGVHD, CCR2 deficiency of donor T cells rather led to increased T cell
infiltrates (Rao et al. 2003), and when using a CD4+ and CD8+ T cell-mediated
GVHD model, no significant effect of donor cell CCR2 deficiency on liver histopa-
thology was found (Hildebrandt et al. 2004b).

4.3 Chemokines and aGVHD of the Skin

One of the most frequent sites of aGVHD is the skin (Goker et al. 2001; Ferrara
et al. 2009; Breathnach and Katz 1987), usually preceding intestinal or hepatic
involvement. Both experimental and clinical studies indicate an increased cutane-
ous expression of a number of chemokines and their receptors following allogeneic
HSCT. Specifically, in murine studies, which are usually performed without
immunosuppressive GVHD prophylaxis or treatment, elevated expression levels
peaked rather early after transplantation within the first two weeks as shown for
CXCL1, CXCL2, CXCL9-11, CCL2, CCLS5-9, CCL11, CCL12, CCL19, and
XCL1, correlating with some of their respective receptors, including CCRI,
CCRS5, CXCR3, and XCR1 (Mapara et al. 2006; Sugerman et al. 2004; Bouazzaoui
et al. 2009). CCR2 expression was significantly induced by week 3, and CXCR3
demonstrated a second peak during the late cellular cytotoxic phase of aGVHD
(phase 3) at week 6 after HSCT (Bouazzaoui et al. 2009). Clinically, the infiltration
of CD4+ CCR10+ CCR7low CCR4+ CXCR3+ CCR6— T cells into GVHD skin
correlated with increased epidermal expression of CCL27 (Faaij et al. 2006).
Interestingly, this T cell population was not found in the GI tract of a (although
limited) number of four patients with intestinal aGVHD, suggesting that CCR10-
CCL27 interactions may be specifically relevant for tissue-specific migration of
alloreactive T cells to the skin during aGVHD (Faaij et al. 2006; Reiss et al. 2001).
CCR10 was not found on skin infiltrating CD8+ T cells in patients with cutaneous
GVHD (Faaij et al. 2006), and other chemokine receptors such as CXCR3 may be
predominantly responsible for CD8+ T cell recruitment to the skin (He et al. 2008;
Flier et al. 2001). Piper et al. reported an association between CXCR3+- lympho-
cytes with one of its ligand, CXCL10, in biopsies of patients with skin GVHD, but
not explicitly looked at CD4+ vs. CD8+ T cell subsets (Piper et al. 2007). Other
chemokine receptors potentially involved in regulating the recruitment of T cells
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into inflamed skin during GVHD are CCRS5 (Morita et al. 2007; Palmer et al. 2009)
or CCR9 (Inamoto et al. 2009).

A better understanding, why not every patient undergoing allogeneic HSCT
develops cutaneous GVHD, may be deducted from the study by Inamoto et al.,
who demonstrated that the presence of the nonsynonymous single nucleotide
polymorphism of CCR9 gene (926AG) in the donor substantially increases the
risk to specifically develop GVHD target organ injury to the skin (Inamoto
et al. 2009).

Langerhans cells are the major APC in the skin and substantially involved in the
pathophysiology of cutaneous GVHD (Merad et al. 2002, 2004). Merad and
co-workers elegantly showed that host Langerhans cells are critical to propel skin
injury following allogeneic HSCT. Host Langerhans cells can persist for several
months within the skin and can be responsible for the onset of skin GVHD at later
time points. Alloreactive T cells infiltrating the skin deplete host Langerhans cells,
induce the expression of CCL2 and CCL20, which are the ligands for Langerhans
cell-expressed CCR2 and CCR6, respectively, and — predominantly using CCR6:
CCL20 interactions, facilitated by CCR2:CCL2 — promote the recruitment of donor
Langerhans cells into the skin (Merad et al. 2002, 2004). Consistently, in a clinical
study on Langerhans cell chimerism in eight children undergoing allogeneic HSCT,
Emile et al. reported that, in the two patients receiving a T cell-depleted transplant,
no donor Langerhans cells were present in the skin, whereas in patients receiving
a non-T cell-depleted transplant, donor Langerhans cells could be found (Emile
et al. 1997).

4.4 Chemokines and aGVHD of the Lung

Acute noninfectious diffuse lung injury, classically defined as idiopathic pneumo-
nia syndrome (IPS), has been associated with mortality rates of >70% (Clark et al.
1993; Kantrow et al. 1997) and has an incidence between 5 and 25% (Clark et al.
1993; Kantrow et al. 1997; Crawford and Hackman 1993; Crawford et al. 1993;
Krowka et al. 1985; Weiner et al. 1986). IPS has not been traditionally considered
as a form of aGVHD of the lung. However, over the last years, growing evidence
indicates that alloreactive immune responses are involved (Cooke et al. 1998;
Miklos et al. 2008; Kraetzel et al. 2008), leading to the concept of IPS as a form
of pulmonary graft vs. host disease (pGVHD) (Miklos et al. 2008).

As infiltration of the lung by donor T cells, monocytes, and macrophages is a
characteristic hallmark (Hildebrandt et al. 2004a; Cooke et al. 1998; Clark et al.
1998; Panoskaltsis-Mortari et al. 1997, 2001; Cooke et al. 2000), several studies
investigated the role of chemokines both with respect to their expression levels and
their mechanistic function in order to better understand the underlying mechanisms
of leukocyte recruitment (Hildebrandt et al. 2004a, b, c, 2005; Wysocki et al. 2004;
Serody et al. 2000; Panoskaltsis-Mortari et al. 2000, 2003). Several pro-inflamma-
tory chemokines (CCL2, CCL3-5, CXCL9-11, XCL1, CCL2, CCL8, CCL12, and
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CXCL1) and chemokine receptors (CXCR3, CCRI1, CCR2, CCRS5, CXCRS6,
and XCR1) are increasingly expressed during the development of acute pGVHD
(Hildebrandt et al. 2004a, b, ¢, 2005; Serody et al. 2000; Panoskaltsis-Mortari et al.
2000; Hildebrandt et al. 2003, 2008). Functional studies have further revealed the
relevance of a number of specific chemokine ligand—chemokine receptor interac-
tions (Hildebrandt et al. 2004a, b, 2005; Serody et al. 2000; Panoskaltsis-Mortari
et al. 2003) by either using genetically engineered ligand-/receptor-deficient ani-
mals or the in vivo administration of neutralizing antibodies.

Early after HSCT, increased expression of CXCL9 and CXCL10 was associated
with the recruitment of CXCR3+ T cells into the lung (Hildebrandt et al. 2004a). In
this study, both the use of CXCR3—/— donor cells as well as the use of anti-CXCL9
or anti-CXCL10 antibodies resulted in decreased T cell numbers in the lung, and
subsequently in reduced lung injury. Interestingly, while isolated in vivo neutrali-
zation of either CXCL9 or CXCL10 partially reduced pulmonary infiltrates, an
additive effect could be observed when both ligands were targeted simultaneously
(Hildebrandt et al. 2004a). T cell-derived chemokines (CCL3, CCLS5) and cyto-
kines, for example, TNF, directly or indirectly through enhanced tissue injury and
chemokine induction mediate the recruitment of CCR24 monocytes and macro-
phages into the lung (Hildebrandt et al. 2003, 2004b, 2005; Cooke et al. 1998;
Serody et al. 2000), which themselves contribute to pulmonary injury through the
production of TNF (Hildebrandt et al. 2004c). Migration of donor monocytes/
macrophages seems critically regulated through the increased pulmonary expres-
sion of the chemokine ligand CCL2, as both immunoneutralization of CCL2 and the
absence of CCR2 on donor cells resulted in decreased inflammatory infiltrates and
reduction in lung injury (Hildebrandt et al. 2004b), while CCR2 expression on host
cells did not matter (Panoskaltsis-Mortari et al. 2004). A regulatory loop on
leukocyte migration to the lung has additionally been characterized, as donor
T cells through the production of inflammatory chemokines, such as CCL3 and
CCL5, can promote subsequent T cell recruitment and propel the severity of
disease (Hildebrandt et al. 2005; Serody et al. 2000), although for CCL3 this is
not absolutely clear (Panoskaltsis-Mortari et al. 2003). These cascading events in
the progression of acute pPGVHD exemplify chemokines as critical mediators and
potential therapeutic targets in this disease, and led Miklos et al. to the assumption
that broad spectrum chemokine inhibition may prove efficient particularly in this
disease (Miklos et al. 2009). Grainger et al. have developed a series of oligopep-
tides that act as functional chemokine inhibitors (Grainger and Reckless 2003).
One of these oligopeptides is the broad spectrum chemokine inhibitor (BSCI)
NR58-3.14.3, an anti-inflammatory agent, which suppresses the in vitro and
in vivo migration of leucocytes in response to several chemokines, including
CCL2, CXCL8 (IL-8), CCL3, and CCL5 (Reckless et al. 2001). Treating mice
with this BSCI over the first 2 weeks following allogeneic HSCT resulted in
improved pulmonary function and decreased pGVHD severity as well as in a
minor reduction in hepatic GVHD, but did not affect intestinal GVHD (Miklos
et al. 2009).
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5 The Role of the Chemokine—Chemokine Receptor System
in cGVHD

Studies on chemokines and chemokine receptors in cGVHD are limited. This may
be due to various reasons, including the lack of a standardized classification system,
which incorporates the variety of organs and symptoms involved, and the lack of a
“one fits all” mouse model of cGVHD. While the former has been recently
approached by the National Institute of Health Consensus Development Project
on cGVHD (Filipovich et al. 2005; Pavletic et al. 2006a, b), the latter still remains a
scientific challenge.

Clinically, a retrospective patient study carried out by Kim et al. described single
nucleotide polymorphisms (SNPs) in the CCL5 promoter gene of HSCT recipients
to be associated with a higher incidence and severity of cGVHD (Kim et al. 2007).
Correspondingly, Morita et al. suggested a role for CCRS expression on lympho-
cytes in the development of cGVHD of the skin (Morita et al. 2007).

Up to date, there are three major mouse models dealing with different aspects
of cGVHD, involving autoantibody production, fibrosis, and thymic dysfunction.
CD4+ T cell activation, resulting in B cell stimulation, and the production of
autoantibodies are the main features of a so-called SLE-cGVHD model. The
adoptive transfer of MHC mismatched, mature immune cells into a nonirradiated
host leads to the generation of DNA-specific autoantibodies and immune-complex
glomerulonephritis, both are characteristic findings in human systemic lupus
erythematosus (SLE), but are rather infrequently seen in patients with cGVHD.
Therefore, this model does not seem to be ideally suited for mimicking human
cGVHD, and its validity maybe limited to specific pathophysiological aspects
(Martin 2008; Chu and Gress 2008).

Unquestionable fibrosis of the skin and of different other organs is one of the key
pathological mechanisms of chronic disease, which is reflected in the scleroderma-
tous (Scl)-cGVHD model. In this model, irradiated BALB/c (H—Zd) mice are
transplanted with bone marrow and splenocytes from minor histocompatibility
loci different B10.D2 (H-Zd) donors, resulting in fibrosis of skin, liver, lung, GI
tract, and salivary glands. Zhou et al. analyzed mRNA expression levels of che-
mokines and chemokine receptors in the skin of Scl-cGVHD mice on d7, d30, d60,
and d120 after HSCT (Zhou et al. 2007). Measurable skin thickening occurred after
3-5 weeks, and cytokine expression revealed a mixed Th1/Th2 profile with a shift
towards a Th2 predominance during the course of skin fibrosis. Consistent with
prior findings in mice and human scleroderma (Derk and Jimenez 2003; Zhang et al.
2002), upregulated chemokines included CCL2, CCL3, CCLS5, and CCL7. Other
chemokines increasingly expressed were the Thl-associated IFNy-inducible che-
mokines CXCL9-11 and the Th2-associated chemokines CCL17 and CCL22.
CCL17 is involved in the recruitment of CCR4+ lymphocytes to inflamed skin
(Reiss et al. 2001). Elevated levels of CCL2, CCL17, and CCL22 were also found
in the bronchoalveolar fluid of patients with idiopathic pulmonary fibrosis (IPF) and
were predictive of poor outcome. Interestingly, relative and absolute numbers of
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macrophages, lymphocytes, neutrophils, and eosinophils in that study did not differ
between survivors and nonsurvivors. Likewise, the CD4+4/CD8+ ratio was not
different (Shinoda et al. 2009). CCL2 is able to induce collagen and TGF-f gene
expression in fibroblasts, consistent with elevated TGF-f levels found at later
stages in the murine Scl-cGVHD model (Zhang et al. 2002). CXCL9-11 were
increased in accordance with the elevated expression of IFNYy noted during early
fibrosis and the upregulation of both Th1- and Th2-associated chemokines points to
a more complex pathophysiology involving both Thl and Th2 mechanisms (Zhou
et al. 2007).

The third experimental model focuses on the observed thymic dysfunction
following allogeneic HSCT, and may help to explain the differences in cGVHD
incidence between pediatric and adult patients. Sakoda et al. were able to show that
impaired negative selection in the thymus results in the generation of autoreactive T
cells, which can cause clinical cGVHD in mice resembling numerous features of
human cGVHD (Sakoda et al. 2007). However, further studies employing this
model are still pending.

Late onset noninfectious pulmonary complications can present both with restric-
tive lung function impairment [restrictive pulmonary function test (PFT) pattern,
late interstitial pneumonitis (IP), and cryptogenic organizing pneumonia (COP)],
air outflow obstruction [obstructive PFT pattern, obliterative bronchiolitis (BO),
and bronchiolitis obliterans syndrome (BOS)], or a combination of both (Cooke and
Hildebrandt 2006; Tichelli et al. 2008; Bolanos-Meade and Chien 2009). These
forms of pulmonary disease are strongly associated with cGvHD and therefore,
although not pathophysiologically fully understood, are being considered potential
forms of pulmonary cGVHD (Cooke and Hildebrandt 2006; Tichelli et al. 2008;
Bolanos-Meade and Chien 2009; Patriarca et al. 2004; Sakaida et al. 2003; Savani
et al. 2006; Nishio et al. 2009; Freudenberger et al. 2003; Uderzo et al. 2007). A
murine model of BO following allogeneic HSCT has been lacking until recently
when Panoskaltsis-Mortari et al. demonstrated the development of obliterative
changes in lungs of allogeneic recipients along with increasing levels of CXCL1
(human CXCLS) (Panoskaltsis-Mortari et al. 2007). While no functional study with
respect to chemokines and their receptors in the development of BO after HSCT has
yet been reported, other groups have shown the critical contribution of CCR2,
CXCR?2, and CXCR3 together with their respective ligands in the pathophysiology
of BO after lung transplantation (Belperio et al. 2001, 2002, 2003, 2005), which
may play a role following HSCT as well.

6 Current Possibilities and Perspectives for Targeting
the Chemokine—Chemokine Receptor System in GVHD

Besides their described role in GVHD, chemokine and chemokine receptor expres-
sion and interactions are importantly involved in various diseases, for example,
autoimmune diseases and HIV infection. For example, CCRS is well known for
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their pivotal role in HIV entry into the cell. Therefore, small molecules targeting
these receptors have been a focus in the development of new treatment modalities,
which resulted in the discovery of maraviroc, up-to-date the only CCRS antagonist
commercially available and FDA-approved for HIV therapy (Lieberman-Blum
et al. 2008). As outlined in this review article, CCRS and its ligands seem to play
an integral role in the recruitment of effector T cells to GVHD organs, and targeting
this receptor may present a promising alternative approach for disease modulation
and therapy. However, it has to be kept in mind that, in one study, CCRS deficiency
of Tregs resulted in exaggerated GVHD severity (Wysocki et al. 2005a). Responses
to treatment approaches targeting specific chemokines or chemokine receptors,
therefore, may not be as uniform as expected, as functional relevance of the targeted
structure may be distributed across different systems, and therefore, potentially
contrary effects can occur.

Considering the importance of Thl-based inflammatory responses during early
aGVHD and the relevance of increased CXCR3 ligand expression on the recruit-
ment of alloreactive CXCR3+ donor T cells to GVHD target organs (Duffner et al.
2003; Hildebrandt et al. 2004a; He et al. 2008), CXCR3 presents another interesting
target. Several patents for CXCR3 antagonists were already disclosed, but none has
yet been approved for clinical use (Pease and Horuk 2009).

CCRY has been recently identified as a critical homing-receptor for lymphocytes
involved in GI inflammation like Crohn’s disease (Saruta et al. 2007). With
CCX282 an orally bioactive inhibitor has been designed, which is currently being
tested in phase III clinical trials (Pease and Horuk 2009), and — depending on the
results — may provide a promising approach in the treatment of intestinal GVHD
as well.

As reviewed in this article, CCR5, CXCR3, and CCR9 present only a few of the
potential targets among others (e.g., CCR2, CXCR6, CCL2, CCL3, CCLS, and
CXCL16) within the chemokine—chemokine receptor system, for which selective
neutralization or specific blockade through newly developed antibodies or small
molecules seems to be indicated in future. However, the successful translation from
bench to bedside may be hampered by the complexity, the redundancy, and the
pleiotropy of the chemokine system. In addition, experimental data from models
using chemokine receptor knock out animals have been somewhat controversial
[e.g., CCR2 (Terwey et al. 2005) vs. (Hildebrandt et al. 2004b); CCRS5 (Murai et al.
2003) vs. (Wysocki et al. 2004)]. The observed discrepancy may reflect mouse
strain-dependent and conditioning regimen- or T cell dose-related characteristics,
but it also suggests that, while blocking one single receptor or ligand, disease
activity and progression are maintained, mediated through alternative chemo-
kine—chemokine-receptor interactions (Wysocki et al. 2004), which either simply
take over function or are even compensatory upregulated.

One way to overcome this problem could be the use of promiscuous antagonists,
that is, agents, which inhibit the binding capacity or the intracellular signaling
pathways of two or more receptors at the same time (Pease and Horuk 2009).
Recently developed oligopeptides may fall under this category, as they act as
functional chemokine inhibitors (Grainger and Reckless 2003; Fox et al. 2009),
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and one member of this group of broad spectrum chemokine inhibitors, NR58-
3.14.3, has been successfully tested in murine GVHD, reducing target organ injury
to the lung and to the liver (Miklos et al. 2009).

Another novel and very interesting approach to treat aGVHD has been suggested
by Hasegawa et al. (2008). They took advantage of the pathologic overexpression
of CXCR3 ligands in GVHD target organs by using it as chemotactic signal for
CXCR3-transfected Tregs, resulting in targeted delivery of these cells to GVHD
target organs and in a reduction in GVHD severity (Hasegawa et al. 2008). Similar
approaches being applied to other chemokine receptors may prove beneficial as
well, as using this scenario, Treg-mediated immunosuppresion may rather be
locally confined than systemically relevant.

Caveats of any modulation of immune responses, including the usage of specific
chemokine or chemokine receptor blocking agents, the use of broad spectrum
chemokine inhibitors, the application of Tregs or any other kind of immunosup-
pression, include the potential increase in susceptibility to infection and a potential
loss of GVL. These issues have been insufficiently addressed in experimental
studies so far and further clarifying studies are needed.
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