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1. ABSTRACT

Dendritic cells (DCs) are the chief inducers of
adaptive immunity. Their normal life cycle begins with the
generation of their precursors in the bone-marrow, followed
by their release into the blood stream, continues with their
entry into non-lymphoid tissues and commences with
steady-state or infection-induced migration into draining
lymph nodes. Each of these migration steps is controlled by
distinct chemokine-chemokine receptor interactions,
facilitated by dynamic changes in chemokine receptor
expression. In this review, we describe current knowledge
on the role of chemokines and their receptors in the control
of DC migratory behavior, as well as other influences on
DC biology.
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2. PRINCIPLES OF THE ROLE OF DENDRITIC
CELLS IN IMMUNITY

Adaptive immune responses against infectious pathogens,
tumor cells or vaccines depend on the activation of antigen-
specific Tcells. In order to avoid autoimmunity by
autoreactive T cells that have escaped thymic censorship
(1), T cell activation is tightly regulated, for example by its
restriction to professional antigen-presenting cells that
possess various means of distinguishing between self
antigens and pathogens. Dendritic cells (DCs) are generally
regarded as the most important antigen-presenting cells that
facilitate T cell activation (2, 3). After their discovery by
the seminal studies of Steinman and colleagues, knowledge
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Table 1. Features of murine dendritic cells

DC Subset Phenotype

Function

1la. Conventional CD8” DC
(previously termed "myeloid" DC)

CD11¢" CD11b* CD8ae” DEC205 DCIR”

Occur in all tissues, migrate to draining LN, activate CD4" T cells

1b. Conventional CD8" DC

(previously termed "lymphoid" DC) mannose receptor”

CDI1c¢" CD11b” CD8aot” DEC205"

Restricted to lymphatic tissues,
activation or tolerization of CD8" and CD4" T cells, cross-presentation

CDI1c" CD11b" CD8oor™
DEC205" Langerin” CDla"

2. Langerhans cell

Antigen transport from skin to cutaneous LNs, T cell activation?

3. Plasmacytoid DC CDI11c™, CD11b” CD8aar

DEC205~ CD45RO" Gr-1"

IFNa production in viral infections

TIP DC CDl1c" CD11b™ CD8ao”

CCR2”

TNFa and iNOS production in certain bacterial infections

on these cells has expanded enormously and continues to
do so. Much of the current model of DC biology has been
extrapolated from the analysis of DCs in lymphatic tissues
of mice, and —with some exceptions- is corroborated by
observations in human biopsy material. Research on DCs in
non-lymphoid organs has been pioneered by studies on skin
cells originally discovered by Paul Langerhans more than
100 years ago, which now have been recognized as a distinct
DC subset that performs functions different to those of
conventional DCs (4-6). As a further fundamental cellular
subset, plasmacytoid DC have to be distinguished, which
perform important innate immune functions in viral
infections, such as the secretion of type I interferons, while
their role as antigen-presenting cells is still unclear. In
addition to distinct functionality, these DC subsets are also
thought to represent distinct cell lineages that are not
interconvertable when fully differentiated (7). DCs are
usually categorized by determining their cell surface
molecule expression. The most commonly employed DC
marker in the murine system is the [J integrin chain CD1lc,
whereas DC-SIGN seems to be more specific for human
DCs (8). In this review, we will focus on murine
conventional DC and hereafter use the term "DC" to refer
only to such DC. The complex biology of plasmacytoid DC
has recently been reviewed elsewhere (9).

Murine (but not human) conventional DC are
often further subdivided into CDI11b- CD8" and
CD11b" CD8 DC. In the past, these subsets had been
referred to as "lymphoid" and "myeloid" DCs owing to the
assumption that they were derived from different
developmental lineages. Authoritative reviews nowadays
consider these terms obsolete (3, 10). CD8" DCs have been
shown to exhibit cross-presenting ability important for
activation of cytotoxic CD8" T cells (CTL) in antiviral and
anti-tumor immune responses (4, 11-13). They are further
distinguished by expression of certain antigen uptake
receptors of the C-lectin type, such as DEC-205 (14) or the
mannose receptor (13), the latter of which plays a
functional role in the unique capability of DC to cross-
present exogenous antigen to naive T cells (11, 15). In the
lung, cross-presenting DC were characterized by
expression of the CD103 integrin (16). CD11b" CD8™ DCs
possess different endocytotic C-lectin type and are
specialized at activating CD4" T cells (13, 14). Human
analogs of these two subtypes of conventional DCs remain
to be defined. Further DC subtypes have been
distinguished, such as TNFa- and iNOS-producing (TIP)
DCs, which were essential in the innate defense against
listeria monocytogenes infection (17). Table 1 summarizes
the different DC subtypes and their main features.
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DCs originate from hematopoietic stem cell
precursors that are released into the blood (3, 18). Many
details of the DC lineage remain to be resolved, such as the
question whether a common precursor, such as the
monocyte, supplies tissues with both macrophages and DC
subtypes (18-20), or whether a distinct blood-borne DC
precursor gives rise to DCs only (21). It has been suggested
that monocytes convert to DCs only during inflammation
(3). Recent data indicate that adoptively transferred
monocytes can become DCs (22, 23), raising the possibility
that DCs in peripheral organs may arise at least to some
extent from monocytes in the steady state. In lymphoid
organs such as the spleen, in vivo tracking experiments
supported the view that monocytes do not contribute to
the DC populations in the steady state (3, 18, 22).
However, this has recently been questioned by a study
that mathematically modeled splenic DC turnover in
parabiosis experiments (24). Most authorities agree that
monocytes can differentiate into specialized DCs under
infectious or inflammatory conditions (3, 25, 26).

Following precursor entry into lymphoid and
non-lymphoid tissue, immature DCs reside in virtually
all tissues as sentinels (3, 27) and sample their
environment using various endocytic mechanisms that
are highly active at this stage (28). Immature DCs are
also equipped with a series of receptors for microbial
molecular patterns such as Toll-like receptors (TLRs),
and for inflammatory cytokines. TLR signaling
fundamentally changes the chemokine receptor
expression profile and initiates DC migration towards
the organ-draining LNs. Upon reaching these organs,
matured DCs have downregulated their endocytic
activity, but upregulated expression of molecules
required to activate T cells, such as MHC and co-
stimulatory molecules and secreted cytokines (28-30).
Naive T cells recirculate through secondary lymphatic
tissues and scan immigrated DCs for presentation of
their cognate antigen. T cells bearing a receptor specific
for antigen captured in peripheral organs become activated
and undergo vigorous proliferation, change their
chemokine receptor expression profile and emigrate from
the lymph nodes. Activated T cells then can enter
peripheral tissues to perform immune effector functions
(31), or migrate to B cell areas in secondary lymphatic
tissues where they promote antibody production.

DC Dbiology also comprises so-called steady-state
migration, where immature tissue DCs in the absence of
inflammatory or infectious stimuli after some time
constitutively leave the organ (3, 32-36). Such
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Figure 1. Chemokine receptors affecting migration of DCs at different stages of their life-cycle.

immature DCs transport self antigen to draining LN,
where they usually cause T cell tolerance (3, 15, 19, 20,
33, 37).

In addition to migratory DCs arriving from the
periphery, secondary lymphoid organs also contain
resident DCs, which include CD8" and CD§"
subpopulations. These obtain antigen arriving via the
lymph or from migrating DCs. Antigen handover from
migratory to draining LN-resident DCs has been
documented in herpes virus infection, resulting in the
induction of T cell-mediated immunity (12, 38). A
further exception to the classical paradigm of DCs as
antigen shuttles and T cell activators represent non-
migratory DCs, which remain in peripheral tissues
despite ongoing inflammation or infection, in order to
locally sustain or functionally modify immigrating
effector T cells that had been activated by migratory
DCs (3, 39). Phenotypic differences between such
tissue-resident DCs and migratory DCs remain to be
defined.
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3. OVERVIEW ON THE ROLE OF CHEMOKINES
AND THEIR RECEPTORS IN DC BIOLOGY

3.1. Selective use of chemokines to direct migration at
distinct stages of the DC life cycle

The stages of the DC life cycle are characterized
by distinct cell migration patterns that are regulated by
characteristic chemokine-chemokine receptor interactions
(Figure 1). These patterns are facilitated through controlled
expression of discrete chemokine receptors, allowing cell
subset-selective in vivo responses to particular chemokine
signals (overview see Table 2).

The release of many DC precursors from the
bone marrow is controlled by CXCR4 / CXCL12 (SDF-
1) (40). In inflammatory conditions such as bacterial
infections, the CCR2 ligand CCL2 (MCP-1) can
stimulate the release of inflammatory monocytes from
the bone marrow, thereby increasing the availability of
precursors for inflammatory DCs and macrophages (41,
42).
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Table 2. Chemokine receptors expressed by DCs

Chemokine receptor | Expression Biological Chemokine
profile effect ligand
CCR1 Th2 cells Recruitment of Th2 cells CCL3 (MIPla)
Immature DCs DC migration in humans CCLS5 (RANTES)
CCL7 (MCP-3)
CCLS8 (MCP-2)
CCL9 (MRP-2)
CCL14 (HCC1)
CCL16 (HCC4)
CCR2 DC precursors in blood and DC recruitment to inflammatory sites CCL2 (MCP-1)
BM DC precursor emigration out of the bone marrow CCL7 (MCP-3)
Gr1"™ monocytes CCL12 (MCP-5)
Regulatory T cells CCL8 (MCP-2)
CCL16 (HCC4)
CCR3 Th2 cells, Th2 responses CCL11 (Eotaxin)
eosinophils, CCL5 (RANTES)
basophils CCL7 (MCP-3)
P CCLS8 (MCP-2)
CCL28 (MEC)
CCR4 DCs,Th2 cells Recruitment of skin homing CCL17 (TARC)
Activated T cells T cells/memory cells to skin CCL19 (MDC, ABCD-1)
Some memory cells Recruitment of Th2 cells to inflammatory sites
Regulatory T cells
CCR5 DC precursors in the blood, Recruitment to inflammatory sites CCL3 (MIP-1ar)
Monocytes, Recruitment of naive T cells to licensed DCs S(C:Eg GP\{/[,BI)\} "11" [l?S
Regulatory T cells Costimulation of T cells CCL8 EMCP—Z) )
CCL11 (eotaxin)
CCL14 (HCC1)
CCL16 (HCC4)
CCR6 Gut DCs Langerhans cell migration, CCL20 (MIP-3a, LARC)
DC migration into the gut
DC localization in PP
Recruitment of LC precursors to skin during infection
CCR7 DCs, Migration of DC from tissue to secondary lymphoid organ | CCL19 (MIP-3f, ELC)
Naive T cells Migration of naive T cells and Treg CCL21 (6Ckine, SLC)
Central memory T cells .
Induces maturation of DCs
Regulatory T cells .
Enhances endocytosis by DCs
CCRS Th2 cells Recruitment of Th2 cells to inflammatory sites; CCL1 (TCA3)
DCs Migration of monocyte-derived DC from skin to LN
CCR9 intestinal T cells T cell recruitment to gut CCL25 (TECK)
pDCs, pDC recruitment to inflamed gut
CCRI10 Skin, mucosal tissue T cell recruitment to inflamed skin CCL27 (CTACK)
salivary gland IgA" plasma cell migration to mucosa CCL28 (MEC)
mammary gland
CXCR4 BM, thymus Monocytes egress from BM CCL12 (SDF-1)
Germinal center
CX3CR1 DCs, monocytes DC sentinel function CX3CRI1 (Fractalkine)
CXCR3 NK cells Recruitment of Thl cells CXCL9 (MIG)
Activated T cells CXCL10 (IP10)
CXCL11 (ITAC)

The recruitment of DC precursors from the blood
into inflamed peripheral tissues is thought to be controlled
by CCR2 (25, 43-47), although recent studies have
proposed that CCR2 signaling in fact mediates DC
precursor release from the bone marrow to the blood (41,
42). DC (precursor) immigration into peripheral tissues is
affected by several further chemokine receptors, in
particular CCR1, CCRS and CCR6 (46, 48-50). The
differential roles of these receptors are poorly understood.
It is possible that they serve to selectively respond to the
various chemokines released from the different tissues of
our body, or in response to individual inflammatory or
infectious conditions. Alternatively, it is conceivable that
these receptors are used redundantly to avoid microbial
immune escape strategies, since inhibition of several
chemokine receptors is more difficult to achieve by
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mutation and selection than of only one mediator. A further
unresolved question pertains to the mechanisms mediating
tissue entry of DCs under homeostatic conditions, in order
to populate tissues with resident sentinels. In some models,
arole of CX3CR1 has been described (25, 46).

The step of triggered DC migration from
peripheral tissues into tissue-draining LNs is under control
of CCR7, which guides activated DCs and naive T cells
towards each other in the priming phase of immune
responses (51). After exposure to inflammatory stimuli in
peripheral tissues, DCs undergo maturation, and upregulate
CCR7 (52), whereas chemokine receptors facilitating entry
into inflamed tissues, such as CCR2 or CCRS5 are
downregulated (53). The CCR7 chemokine ligands CCL19
(ELC, MIP-3B) and CCL21 (SLC, 6Ckine) are expressed
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Table 3. Some chemokines produced by DCs

Ch kine Expression profile Ch kine receptor Biological effect
CCL17 (TARC) Lung, LN, PP CCR4 Attraction of Th2 cells
Attraction of regulatory T cells
skin homing of memory T cells
CCL19 (ELC) CCR7 DC migration
DC maturation
DC survival
CCL21 (SLC) CCR7 DC migration
DC maturation
DC survival
CCL22 (MDC) CCR4 Attraction of Th2 cells
CXCL9 (MIG) DC, M, tissue cells CXCR3 Attraction of Thl cells
CXCL10 (IP-10) DC, M, tissue cells CXCR3 Attraction of Thl cells
CXCL11 (ITAC) DC, M®, tissue cells CXCR3 Attraction of Thl cells

by stromal cells in secondary lymphatic tissues (19, 20, 54).
There is evidence that also steady-state DC migration into
draining LNs is controlled by CCR7 (32, 34, 35). The role
of chemokines in entry of DC precursors from the blood-
stream into secondary lymphatics is unclear (Figure 1).
3.2. Tissue-specific DC recruitment
chemokines

The expression profile of some chemokines,
which DCs are responsive to, shows preference for certain
organs, which can facilitate tissue-specific recruitment of
cells expressing the cognate chemokine receptor(s). Thus,
DCs expressing CCR6 and CCR9 can be attracted to
mucosal tissues, where their chemokine ligands, CCL20
(LARC) and CCL25 (TECK), respectively, are produced
(55, 56). In contrast, CCL17 (TARC) or CCL22 (MDC)
can be produced in the skin by DC, resulting in preferential
recruitment of CCR4" T cells towards this organ (57-59).
CXCL16 produced by skin epithelial cells attracted
precursors of DCs and Langerhans cells expressing the
chemokine receptor CXCRG6 to the epidermis (60).

by distinct

3.3. Role of DC-derived chemokines in T helper-subtype
differentiation

DCs not only respond to chemokines, they can
also produce distinct chemokines, in order to selectively
facilitate generation of Thl and Th2-biased immune
responses, and thereby recruit immune effectors suitable for
the defense against viral and bacterial pathogens, or
parasites, respectively (see Table 3). Thl cells
preferentially express CXCR3 and CCRS5, and DCs can
selectively produce CXCR3 ligands to attract them (61-63).
Th2 cells express higher amounts of CCR3, CCR4 or
CCR8 (53, 64-66), and DCs have been shown to secrete
chemokines targeting CCR4 (67). CCR3 is even more
specifically expressed by Th2 cells (64). Its ligands such as
CCL11 (Eotaxin) are produced by tissue cells and
macrophages (68), whereas evidence for selective
production by DCs is weak. CCL1 (TCA3) is produced by
Th2 cells and can attract CCR8" cells, which includes other
Th2 cells and DCs (26, 66).

Following DC-induced Thl differentiation,
primed CD4 T cells downregulate expression of chemokine
receptors enabling lymphoid tissue homing, such as CCR7
and CXCRS, the latter of which facilitates entry into B cell
areas. Instead, they up-regulate Thl effector cell-targeting
chemokine receptors such as CCRS or CXCR6 (69). A
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similar switch towards Th2 effector cell-targeting
chemokine receptors such as CCR3 or CCR4 occurs as a
consequence of DC-induced Th2 differentiation. Thus,
chemokine receptor expression dynamically changes during
the life-cycle of migratory immune cells, such as DCs or
T cells, in order to permit homing to sites where cells of a
distinct functionality are required (53, 64, 70).

The role of chemokines in DC biology is not
restricted to regulating migration of immune cells.
Chemokine signaling also modifies intrinsic cell functions
such as the antigen presentation capability of DCs or the
proliferation of T cells stimulated by DCs. In the following,
we will review in more detail some of the most extensively
investigated chemokine-chemokine receptor interactions
relevant for DC biology:

4. DISTINCT CHEMOKINE-CHEMOKINE
RECEPTOR INTERACTIONS RELEVANT IN DC
BIOLOGY

4.1. Role of CXCR4 / CXCL12 (SDF-1) in egress of DC
precursors from the BM into the blood

DCs in peripheral tissues can originate from
blood borne precursors, such as monocytes (24, 71, 72).
The bone-marrow contains a clonogenic progenitor of
monocytes that can differentiate both into DCs and
macrophages (18). The egress of monocytes from the bone
marrow into the circulation under non-inflammatory
conditions is controlled by the chemokine CXCL12 (SDF-
1), which is expressed on stromal cells (73, 74). By
interacting with its receptor CXCR4 on monocyte and
DC precursors, cell surface integrins are upregulated
(75), which retain the precursors in the bone-marrow
(76). Thereby, the immune system can control the
supply with DC precursors by modifying CXCLI12
(SDF-1) expression (40). CXCL12 (SDF-1) is
downregulated in infectious conditions, thereby
releasing more monocytes and DC precursors into the
circulation (40).

A further role of CXCR4 in DC biology has been
suggested based on the recent detection of CXCR4 on
plasmacytoid DCs (77). This raised the possibility that
these DCs may be infected by X4-tropic HIV, which uses
this chemokine receptor to infect activated T cells (78). The
biology of plasmacytoid DCs has been reviewed recently

9).
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4.2. Role of CCR2 / CCL2 (MCP-1) in recruitment of
DC precursors into inflamed tissue

Under infectious conditions, tissue DCs (and
macrophages) can originate from monocyte precursors,
whose release from the bone marrow is under control of
CCR2 / CCL2 (MCP-1) (41). This precursor population is
characterized by high expression levels of CCR2 and Gr-1
(Ly6C/G), as opposed to CCR2"° Gr1*© CX;CRI™
monocytes, which are thought to serve as sentinels that
patrol the circulation under homeostatic conditions (25).
Thus, blood monocytes consist of two main subsets of
monocytes, defined by different expression levels of CCR2,
CX;CRI and Grl. It has recently become possible to track
Gr1™ or Gr1™ blood monocytes, e.g. by using distinct
labeling protocols utilizing fluorescent latex beads, genetic
labeling or adoptive cell transfer studies (reviewed in (47)).
These techniques permit identifying the precursor cell
subset that gives rise to tissue DCs and the chemokine
receptor pathways employed for recruitment.

Gr1™ monocytes have been shown to be recruited
into inflamed skin or peritoneum (25, 79), retina (80), and
after infection with Toxoplasma gondii (81) or Listeria
monocytogenes (79). In most models of acute
inflammation, Gr1™ monocyte recruitment was concluded
to be critically dependent on CCR2 (44, 82), but not on
CX;CR1 (26). Gr1™ monocytes can give rise to
macrophages, but also to conventional DC populations.
Using specific monocyte-subset labeling, adoptive transfer
and bone marrow chimera, Grl™ monocytes were
identified as the circulating precursors for epidermal
Langerhans cells in a model of UV-induced skin
inflammation (72).

The CCR2 ligand CCL2 (MCP-1) is produced in
several organs in response to infection, and CCR2 deficient
mice supported a role of this chemokine receptor in
monocyte and DC infiltration into inflamed organs (83, 84).
This traditional view of CCR2-mediated immigration of
monocytes from the blood into inflamed or infected tissue
(43, 44, 85) has recently been challenged by the
demonstration that egress of monocytes from the bone
marrow into the circulation requires their expression of
CCR2 (41, 42). In this setting, CCL2 (MCP-1) produced in
inflamed tissues might reach the bone-marrow via the
blood stream, to promote egress of monocytes (Figure 1).
These findings warrant revisiting prior findings showing
reduced DC and macrophage recruitment into inflamed
tissue of CCR2-deficient mice (43, 45). However, ample
experimental evidence remains to support an additional role
of this chemokine receptor in the tissue entry of DC
precursors in infection (25, 44, 46, 47) and also in
autoimmunity, as CCR2, but not CCRS or CCR6 mediated
infiltration of inflammatory DCs in allergic airway
inflammation (86).

4.3. Role of CCR2 / CCL2 (MCP-1) in recruitment of
DC involved in innate immunity

In addition to the well-described role of DCs as
inducers of adaptive immune responses, recent studies have
proposed a role of conventional DCs also in innate
immunity against bacterial infection (41). In particular, a
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CCR2-dependent conventional DC subpopulation termed
"Tip-DCs" produced TNFalpha and iNOS, which were
critical for the defense against Listeria monocytogenes
infection. Their absence in CCR2 deficient mice resulted in
high susceptibility to this infection (17). Tip-DCs seem to
be derived from Gr1™ monocytes (41) and have also been
observed in Salmonella infection (87) and in a murine
model of bacterial urinary tract infection by uropathogenic
E. coli (85). However, their contribution to overall
production of these two mediators in urinary tract infection
was small, and their absence in CCR2-deficient mice did
not increase susceptibility to infection. Thus, Tip-DCs do
not seem to be generally required for anti-bacterial innate
immunity.

4.4. Role of CCR1, CCRS, CCR6, CCR8 and CCRY in
DC recruitment and migration

DCs also express the inflammatory chemokine
receptors CCR1, CCR5, CCR6, CCR8 and CCR9 and
appear to use them for recruitment to inflamed sites and/or
to LNs (Figure 1). In mucosal immunity against entero-
invasive Salmonella typhimurium, CCR6' DCs were
recruited from the interfollicular regions of the Peyer’s
patches to the dome-region, which is located right beneath
the epithelium and therefore represents a strategic position
to capture pathogens from the intestinal lumen (50). Indeed,
these DCs colocalized with Salmonella-specific CD4"
T cells and induced their proliferation and expansion,
implying presentation of bacterial antigen. This process
must have been functionally relevant, as lack of CCR6"
DCs increased the number of bacteria in the liver (50).

In general, DCs in Peyer's patches and lamina
propria differentially express CCR6, and CCR6™ DCs in
Peyer's patches are essential for local adaptive immune
response against entero-invasive pathogens (88). CCR6-
deficient mice mounted an impaired humoral immune
response to orally administered antigens and to
enteropathic rotavirus. In contrast, responses to
subcutaneous antigens were normal in these animals,
suggesting that CCR6 is a mucosa-specific regulator of
humoral immunity and of lymphocyte homeostasis in the
intestinal mucosa (88). In line, repopulation of inflamed
skin by dermal DCs requires CCR2, but not CCR6 (89). In
sterile lung inflammation, DCs also used CCR6 for
recruitment from the bloodstream, in order to traverse
alveolar epithelium (90). They also required CCR2 for this
purpose, in order to cross vascular endothelium (90).
Another chemokine receptor specifically relevant in DC
migration in the intestine under inflammatory conditions
may be CCR9, as CCRO9-dependent recruitment of
plasmacytoid DCs is a prerequisite for the rapid
mobilization of conventional DCs from the lamina propria
1.

CCRS contributed to inflammatory recruitment of
mononuclear phagocytes and DCs in several models. In
thermal cornea damage, it mediated recruitment of DCs
towards inflammation (48). In diet-induced atherosclerosis
in ApoE™" mice, lack of CCRS, but not of CCR1, reduced
monocyte infiltration and ameliorated atherosclerosis (92).
CCRS appears to be employed by both monocyte subsets
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for emigration into atherosclerotic lesions (46). There is
most likely functional redundancy between these receptors,
since two of the three chemokine ligands of CCRS also
bind to CCR1 (CCL3=MIP-1a and CCL5=RANTES), as
demonstrated using in vitro transmigration assays (93).
Furthermore, CCRS is expressed also on activated T cells
(94), including regulatory T cells (95), so that biological
effects observed in knockout mice often cannot be easily
attributed to DCs. Apart from effects on DC migration and
its role as co-receptor for HIV entry (see above), CCRS has
recently been shown to act as a pattern recognition receptor
for a mycobacterial heat shock protein, which triggered DC
maturation (96). Also, it has been shown to be recruited to
the immunological synapse of DCs, where it increased
costimulation of T cells during priming (49). Finally, an
indirect role of CCRS5 in DC biology has been described in
classical cross-priming, where CD4" T cells engaged in
licensing cross-presenting DCs (97) secreted the CCRS
ligands CCL3 (MIP-la) and CCL4 (MIP-1b), which
recruited naive CD8 T cells towards the DCs for activation
(98).

Little is known about the function of CCRS that
is highly expressed by monocyte-derived DCs in models
using intradermal injection of particulate antigens.
However, similar to CCR7, monocyte-derived DCs have
been shown to use it for migration to the skin-draining
lymph node (26).

4.5. CX3CR1-mediated effects on DCs

Virtually all organs contain a network of resident
DCs, which is thought to serve as a sentinel system against
microbes or other inflammatory challenges (27). Especially
dense networks have been described in the kidney (99, 100)
and in the gut (50). These resident DCs can be visualized
particularly well with the use of transgenic mice expressing
green fluorescent protein instead of one of the two CX;CR1
genes under control of its natural promoter (25). Intravital
microscopy revealed that interstitial GFP" DCs continually
probed the surrounding tissue environment using dendrite
extensions. These observations have led to the hypothesis
that resident DCs use CX;CR1 to enter non-inflamed
tissues. Conclusive results have been found in the lung,
where Gr-1"° CX;CR 1™ monocytes appeared to contribute
to the turnover of pulmonary DC populations in the steady
state (23). However, Gr-1"™" monocytes (expressing
comparatively low levels of CX3CR1) used CX;CR1 for
emigration into atherosclerotic lesions of chronically
inflamed vasculature, as opposed to their Gr-1"°
counterparts (46). This suggests that different mechanisms
may exist for CX;CR1-dependent recruitment under
homeostatic and inflammatory conditions. Furthermore, the
expression of CX;CR1 by DCs in the tissue does not allow
to directly draw conclusions about their precursor, as cell
may up- or downregulate CX;CR1 during their
differentiation.

In the small intestine, lamina propria DCs were
reported to require CX3CR1 for formation of transepithelial
dendrites, which were required for acquisition of luminal
bacterial antigens and for clearance of entero-invasive
pathogens (50). The general relevance of these findings for
intestinal infections is unclear, as it was later shown that

2244

TLR signaling by gut epithelial cells was responsible for
such dendrite formation (101) and that acquisition of a
fungal antigen did not require these dendrites at all (102).
In the inflamed cornea, CX3CR1 was required for DC
recruitment into the stroma and epithelium (103). The
involvement of CX;CR1 in inflammatory DC recruitment
sheds further doubt on the proposed dichotomy of
CX;CR1-dependent monocytes for homeostatic DCs, and
CCR2-dependent monocytes for inflammatory DC
recruitment.

4.6. CCL19 (ELC, MIP-3beta) and CCL21 (SLC,
6Ckine) -mediated effects on DCs via CCR7

DC migration triggered by microbial stimuli or
by inflammatory cytokines (104) is accompanied by
fundamental changes in the chemokine receptor expression
profile, such as downregulation of CCR2 and CCRS5 (53),
which mediate tissue immigration from the bloodstream,
and upregulation of CCR7 or CCR4 (52). CCR7 is the
dominant chemokine receptor mediating migration of DCs
to draining LNs (Figure 1) (51). In CCR7-deficient mice,
DC migration from the skin, gut, eye and lung into draining
LNs was reported to be severely impaired (32, 34, 35, 51,
105). In order to reach these LNs, DCs first have to enter
the lymphatics possibly via adhesion molecules such as
ICAM -1 or JAM-1 (20). DCs migrate towards CCL21
(SLC, 6Ckine)-leu expressed inside of lymphatic vessels,
resulting in their arrival in the subcapsular sinus of the
draining LN (19, 20, 106). There they are further directed
towards the paracortex by CCL21 (SLC, 6Ckine) -ser or
CCL19 (ELC, MIP-3p) derived from stroma cells and high
endothelial venules in order to reach the site of T cell
activation (19, 107). Maturing DCs can also produce
CCL19 themselves, and thereby induce signaling involved
in rearrangement of the cytoskeleton (52, 54). Therefore,
DCs may use paracrine or autocrine mechanisms for
CCR7-dependent migration. However, the expression of
CCR7 alone is not sufficient for DC migration. Further
signals such as lipid mediators, cysteinyl leukotriens,
prostaglandin E,, and CD38 are required to sensitize CCR7
to its ligands CCL19 (ELC, MIP-3beta) and CCL21 (SLC,
6Ckine) (20). Possibly, these mediators alter intracellular
signaling pathways, but the exact mechanisms are unclear.
Additional factors described to influence DC migration
include  sphingosine-1-phosphate ~ (108),  histamine,
adenosine, and prostaglandin-D, (20).

In the absence of inflammation, CCR7-dependent
constitutive migration of immature DCs to organ-draining
LN has been observed, for example in the skin (35). Such
"steady-state" DC migration is thought to be important for
peripheral T cell tolerance against organ-derived antigens
(2). Tolerogenic cross-presentation of antigen to CD8'T
cells (cross-tolerance) has been shown to apply to
pancreatic or kidney self antigen in the respective organ-
draining LN (15, 37). It is unresolved whether cross-
tolerizing DCs were migratory or whether LN-resident
CD8' DCs after capturing antigen from organ derived
steady-state migrating ones mediated tolerance.

CCRT7 not only acts as a chemotactic receptor on
DCs. Both its ligands increase the endocytotic capability of
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DCs (109). Furthermore, CCR7 protected human
monocyte-derived DCs from apoptosis induced by serum
deprivation (110). Both CCL19 and CCL21 have been
reported to induce DC maturation, upregulation of
costimulatory molecules such as CD80 and CD86 and
result in secretion of inflammatory cytokines such as IL-12,
TNFa and IL-1 (111). Furthermore, DCs from paucity of
lymph nodes (plt) mice, a natural mutation deficient for
CCL21-ser (SLC, 6Ckine) and CCL19 (ELC, MIP-3beta),
showed reduced maturation (112). To mediate such diverse
cellular effects, CCR7 engages various signaling pathways
(54). In DCs, cdc42-rac mediates endocytosis, whereas P13
kinase controls cell survival (54). The selective effects of
CCL19 (ELC, MIP-3beta) and CCL21 (SLC, 6Ckine) in
regulation of DC survival, maturation, and chemotaxis are
generally difficult to distinguish.

4.7. Effect of CCL17 (TARC) and CCL22 (MDC)
produced by DCs on T cells via CCR4

In mice, CCL17 (TARC) was originally
identified by comparing gene expression profiles between
macrophages and bone marrow-derived DCs (113). In vivo
it is expressed by thymic DCs and by DCs in lymph nodes
and in the lung. No expression was found in B or T cells
(113, 114). Recombinant murine CCL17 (TARC) lacked
chemotactic activity on naive CD4" T cells, but attracted
antigen-primed CD4" T cells with preference for the Th2
phenotype by interacting with CCR4 (113). This in vitro
observation was confirmed in vivo using murine Th2-
dependent disease models, for example allergic airway
inflammation (115) or atopic dermatitis (116). Mice
deficient for CCL17 (TARC) showed diminished T-cell
dependent contact hypersensitivity and delayed allogeneic
rejection of heart transplants (114). Interestingly, CCL17
(TARC) was not detected in the spleen, even in the
presence of systemic bacterial infection (114). A functional
involvement of CCL17 (TARC) was demonstrated in LPS-
and in Propionibacterium acnes-induced fulminant
hepatitis, where it recruited IL-4 producing and liver-
infiltrating CCR4" CD4 T cells (117).

The CCL17-receptor CCR4 has been detected on
Langerhans cells, monocytes, NK cells, platelets, memory
T cells and CD25" regulatory T cells (53, 114, 118). It also
recognizes CCL22 (MDC=macrophage—derived
chemokine) (67), whose function is less defined than that of
CCL17 (TARC). CCR4 mediated homing of CD4 T cells to
the skin, but not to mucosal tissue (59). Both the production
of CCL17 (TARC) by mature DCs and the expression of
CCR4 on T cells, as well as functional studies (119)
suggest that it promotes T-cell-DC interaction during
antigen specific activation. It is unknown whether CCL17
(TARC) exerts cell-intrinsic CCR4-mediated effects on
T cells during priming. Recent studies highlighted an
additional role of CCR4 for the trafficking of regulatory T
cells in inflammatory models, e.g. of inflammatory bowel
disease (120, 121).

Despite the often cited association of CCL17
(TARC) and CCR4 with Th2 polarization (67), the CCR4-
deficient mouse showed unimpaired Th2 response, but
unexpectedly was protected from LPS-induced endotoxic
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shock (122). Furthermore, allograft rejection was delayed
in these animals (123). Consistent with these findings,
CCL17 (TARC) is strongly upregulated in DCs in response
to various TLR ligands, correlating with increased
production of Thl cytokines such as IL-12 (114). Thus, the
paradigm of the Th2 association of CCR4-CCL17
responses seems to require further studies.

4.8. Effect of CXCL9 (MIG), CXCL 10 (IP10) and
CXCL 11 (ITAC) produced by DCs on Thl cells via
CXCR3

Three related chemokines, CXCL9 (MIG),
CXCL10 (IP10) and CXCL11 (ITAC) are ligands for the
two isoforms of the chemokine receptor CXCR3 (124),
which is expressed by activated CD4" Thl cells, CD8"
T cells and NK cells (61-63). Production of the three
CXCR3 ligands is induced by IFNy in various cells,
including DCs and macrophages. Also some TLR ligands
have been reported to further increase secretion of these
chemokines (125).

In the T cell activation phase, DCs inducing Th1
responses selectively produced CXCR3 ligands in order to
retain Th1-commited T cells in the lymph node for optimal
priming (26). During the effector phase, CXCR3 ligands
produced by tissue-resident DCs and/or by intrinsic tissue
cells recruited Thl effector T cells from the circulation to
the site of injury, for example in delayed type
hypersensitivity responses (126, 127). Interestingly,
CXCR3 is used by activated CD8" effector T cells also for
entry into lymph nodes and for killing CXCR3-ligand-
producing DCs that present cognate antigen, perhaps in
order to prevent further priming of specific CD8" T cells
after sufficient of these cells have been generated (128).
Thus, CXCR3 appears to drive Thl responses not only in
the priming phase of adaptive immunity in draining lymph
nodes, but also in the effector phase in peripheral and
lymphoid tissues. As all of the three CXCR3 ligands are
specific agonists for this receptor (61, 62), and even appear
to act as antagonists for the Th2 chemokine receptor CCR3
(129), it is currently thought that CXCR3 signaling is used
by the immune system to selectively induce Th1 immunity.

Also in various Thl-type inflammatory diseases,
a role of CXCR3-signaling has been observed, e.g.
rheumatoid arthritis (65), multiple sclerosis (61), skin
diseases (126, 130, 131), type 1 diabetes (132), lung, bowel
and renal transplant rejection (62, 133, 134) and
glomerulonephritis (127, 135), as evidenced by protection
of CXCR3-deficient mice in murine models of these
diseases. Concurrent expression of the three CXCR3
ligands is observed in many disease models, such as the
tubulointerstitial kidney compartment (136, 137), where
DCs are abundant (99) or in the lung (134). However, in
most of these studies, the exact cellular source of these
chemokines was not elucidated, so that the contribution of
DCs to their production remains to be clarified. In HIV
infection, virally infected DCs selectively expressed
CXCL10 (IP10) and 11 (ITAC), which was interpreted as
viral strategy to attract CD4 T cells towards infected cells
for purposes of viral spreading.
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Interestingly, in some disease models, genetic or
antibody-mediated incapacitation of CXCL10 (IP10) was
sufficient for protection (138, 139), demonstrating
preferential use of only one of the three CXCR3 ligands.
Similar observations were also made in infection models,
which were exacerbated after blocking of individual
chemokines (134, 140). It is unknown, whether this was
due to differences in the cellular or tissue expression profile
of the chemokines, or to particularities of the infectious
condition studied.

5. VIRAL EXPLOITATION OF CHEMOKINES
RECEPTORS EXPRESSED BY DCS

Many viruses exploit chemokines or their
receptors for purposes of infection. Probably the best
known example is the essential role of CCRS in entry of
C5-trophic HIV into monocytes, DCs and macrophages,
which allows the virus to spread into deep tissue
compartments (141, 142). Based on the resistance of
individuals bearing a mutation of CCRS5 to HIV infection,
therapeutical trials using CCRS inhibitors are currently
being performed (143).

The human cytomegalovirus uses a different
strategy to exploits the chemokine system: It downregulates
CCRI1 and CCRS in infected DCs, and thereby inhibits
induction of adaptive immunity by impairing DC migration
(144). Moreover, it causes production of a soluble
chemokine receptor analogon, which can bind and
incapacitate several chemokines such as the CCR5 ligand
CCL4 (MIP-1b) (145). A further example is the poxvirus
molluscum contagiosum, which produces a CCR8 inhibitor
capable of inhibiting migration of human monocytes and
DCs (146). More information of these and several other
cases of viral exploits of the chemokine system can be
found in specialized reviews (147, 148).

6. CONCLUDING REMARKS

The different stages of the DC life cycle are
stringently controlled by distinct chemokines and their
receptors. Some of these mechanisms have recently been
elucidated, but many remain unresolved or controversial.
Exact knowledge of these mechanisms is crucial not only
for understanding basic immune mechanisms, such as those
regulating DC lineage and migration, or microbial immune
escape, but may also facilitate the development of novel
therapeutic strategies aimed at selectively modifying DC
responses. Recent advances in the use of chemokine
receptor inhibitors highlight their potential for designing
more effective therapies with fewer side effects (149, 150).

7. ACKNOWLEDGEMENTS

V.L-K and D.E. contributed equally to this paper.
The authors  are supported by  the  the
Sonderforschungsbereich (SFB) 704 and by the Klinische
Forschergruppe  (KFO) 155 of the  Deutsche
Forschungsgemeinschaft (DFG), by the DFG grants Ta
434/2-1 and Kul063/5-1 and by BONFOR and START
institutional funding.

2246

8. REFERENCES

1. Miller, J. F. A. P. & A. Basten: Mechanisms of tolerance
to self. Curr. Opin. Immunol., 8, 815-825 (1996)

2. Steinman, R. M.: Some interfaces of dendritic cell
biology. Apmis, 111, 675-97 (2003)

3. Shortman, K. & S. H. Naik: Steady-state and
inflammatory  dendritic-cell ~development. Nat Rev
Immunol, 7, 19-30 (2007)

4. Allan, R. S., C. M. Smith, G. T. Belz, A. L. van Lint, L.
M. Wakim, W. R. Heath & F. R. Carbone: Epidermal viral
immunity induced by CD8alpha+ dendritic cells but not by
Langerhans cells. Science, 301, 1925-8 (2003)

5. Bell, D., J. W. Young & J. Banchereau: Dendritic cells.
Adv Immunol, 72, 255-324 (1999)

6. Shortman, K. & Y. J. Liu: Mouse and human dendritic
cell subtypes. Nature Rev Immunol, 2, 151-61 (2002)

7. Naik, S., D. Vremec, L. Wu, M. O'Keeffe & K.
Shortman: CD8alpha+ mouse spleen dendritic cells do not
originate from the CD8alpha- dendritic cell subset. Blood,
102, 601-4 (2003)

8. Woltman, A. M., J. W. de Fijter, K. Zuidwijk, A. G.
Vlug, 1. M. Bajema, S. W. van der Kooij, V. van Ham & C.
van Kooten: Quantification of dendritic cell subsets in
human renal tissue under normal and pathological
conditions. Kidney Int., 71, 1001-8 (2007)

9. Cao, W. & Y. J. Liu: Innate immune functions of
plasmacytoid dendritic cells. Curr. Opin. Immunol., 19, 24-
30 (2007)

10. Villadangos, J. A. & P. Schnorrer: Intrinsic and
cooperative antigen-presenting functions of dendritic-cell
subsets in vivo. Nature reviews, 7, 543-55 (2007)

11. den Haan, J. M., S. M. Lehar & M. J. Bevan: CD§(+)
but not CD8(-) dendritic cells cross-prime cytotoxic T cells
in vivo. J Exp Med, 192, 1685-96. (2000)

12. Belz, G. T., C. M. Smith, L. Kleinert, P. Reading, A.
Brooks, K. Shortman, F. R. Carbone & W. R. Heath:
Distinct migrating and nonmigrating dendritic cell
populations are involved in MHC class I-restricted antigen
presentation after lung infection with virus. Proc Natl Acad
Sci US 4, 101, 8670-5 (2004)

13. Burgdorf, S., A. Kautz, V. Bohnert, P. A. Knolle & C.
Kurts: Distinct pathways of antigen uptake and intracellular
routing in CD4 and CD8 T cell activation. Science, 316,
612-6 (2007)

14. Dudziak, D., A. O. Kamphorst, G. F. Heidkamp, V. R.
Buchholz, C. Trumpfheller, S. Yamazaki, C. Cheong, K.
Liu, H. W. Lee, C. G. Park, R. M. Steinman & M. C.
Nussenzweig: Differential antigen processing by dendritic
cell subsets in vivo. Science, 315, 107-11 (2007)

15. Kurts, C., M. Cannarile, 1. Klebba & T. Brocker:
Dendritic cells are sufficient to cross-present self-antigens
to CD8 T cells in vivo. J Immunol, 166, 1439-42. (2001)

16. del Rio, M. L., J. I. Rodriguez-Barbosa, E. Kremmer &
R. Forster: CD103- and CD103+ bronchial lymph node
dendritic cells are specialized in presenting and cross-
presenting innocuous antigen to CD4+ and CD8+ T cells. J
Immunol, 178, 6861-6 (2007)

17. Serbina, N. V., T. P. Salazar-Mather, C. A. Biron, W.
A. Kuziel & E. G. Pamer: TNF/iNOS-producing dendritic
cells mediate innate immune defense against bacterial
infection. Immunity, 19, 59-70 (2003)



Chemokines in DC biology

18. Fogg, D. K., C. Sibon, C. Miled, S. Jung, P.
Aucouturier, D. R. Littman, A. Cumano & F. Geissmann:
A clonogenic bone marrow progenitor specific for
macrophages and dendritic cells. Science, 311, 83-7 (2006)
19. Randolph, G. J., V. Angeli & M. A. Swartz: Dendritic-
cell trafficking to lymph nodes through lymphatic vessels.
Nat Rev Immunol, 5, 617-28 (2005)

20. Randolph, G. J.: Dendritic cell migration to lymph
nodes: cytokines, chemokines, and lipid mediators. Semin
Immunol, 13, 267-74 (2001)

21. Martinez del Hoyo, G., P. Martin, C. F. Arias, A. R.
Marin & C. Ardavin: CD8alpha+ dendritic cells originate
from the CD8alpha- dendritic cell subset by a maturation
process involving CD8alpha, DEC-205, and CD24 up-
regulation. Blood, 99, 999-1004 (2002)

22. Varol, C., L. Landsman, D. K. Fogg, L. Greenshtein, B.
Gildor, R. Margalit, V. Kalchenko, F. Geissmann & S.
Jung: Monocytes give rise to mucosal, but not splenic,
conventional dendritic cells. J Exp Med, 204, 171-80
(2007)

23. Landsman, L., C. Varol & S. Jung: Distinct
differentiation potential of blood monocyte subsets in the
lung. J. Immunol., 178, 2000-7 (2007)

24. Liu, K., C. Waskow, X. Liu, K. Yao, J. Hoh & M.
Nussenzweig: Origin of dendritic cells in peripheral
lymphoid organs of mice. Nat Immunol, 8, 578-83 (2007)
25. Geissmann, F., S. Jung & D. R. Littman: Blood
monocytes consist of two principal subsets with distinct
migratory properties. Immunity, 19, 71-82 (2003)

26. Qu, C., E. W. Edwards, F. Tacke, V. Angeli, J. Llodra,
G. Sanchez-Schmitz, A. Garin, N. S. Haque, W. Peters, N.
van Rooijen, C. Sanchez-Torres, J. Bromberg, 1. F. Charo,
S. Jung, S. A. Lira & G. J. Randolph: Role of CCRS8 and
other chemokine pathways in the migration of monocyte-
derived dendritic cells to lymph nodes. J Exp Med, 200,
1231-41 (2004)

27. Hume, D. A,, I. L. Ross, S. R. Himes, R. T. Sasmono,
C. A. Wells & T. Ravasi: The mononuclear phagocyte
system revisited. J Leukoc Biol, 72, 621-7 (2002)

28. Guermonprez, P., J. Valladeau, L. Zitvogel, C. Thery &
S. Amigorena: Antigen presentation and T cell stimulation
by dendritic cells. Annu Rev Immunol, 20, 621-67 (2002)
29. Mellman, I. & R. M. Steinman: Dendritic cells:
specialized and regulated antigen processing machines.
Cell, 106, 255-8 (2001)

30. Trombetta, E. S. & I. Mellman: Cell biology of antigen
processing in vitro and in vivo. Annu Rev Immunol, 23,
975-1028 (2005)

31. Jenkins, M. K. & R. H. Schwartz: Antigen presentation
by chemically modified splenocytes induces antigen-
specific T cell unresponsiveness in vitro and in vivo. J Exp
Med, 165, 302-19 (1987)

32. Hintzen, G., L. Ohl, M. L. del Rio, J. I. Rodriguez-
Barbosa, O. Pabst, J. R. Kocks, J. Krege, S. Hardtke & R.
Forster: Induction of tolerance to innocuous inhaled antigen
relies on a CCR7-dependent dendritic cell-mediated antigen
transport to the bronchial lymph node. J Immunol, 177,
7346-54 (2006)

33. Huang, F. P., N. Platt, M. Wykes, J. R. Major, T. J.
Powell, C. D. Jenkins & G. G. MacPherson: A discrete
subpopulation of dendritic cells transports apoptotic

2247

intestinal epithelial cells to T cell areas of mesenteric
lymph nodes. J Exp Med, 191, 435-44 (2000)

34, Jang, M. H., N. Sougawa, T. Tanaka, T. Hirata, T.
Hiroi, K. Tohya, Z. Guo, E. Umemoto, Y. Ebisuno, B. G.
Yang, J. Y. Seoh, M. Lipp, H. Kiyono & M. Miyasaka:
CCR7 is critically important for migration of dendritic cells
in intestinal lamina propria to mesenteric lymph nodes. J
Immunol, 176, 803-10 (2006)

35. Ohl, L., M. Mohaupt, N. Czeloth, G. Hintzen, Z.
Kiafard, J. Zwirner, T. Blankenstein, G. Henning & R.
Forster: CCR7 governs skin dendritic cell migration under
inflammatory and steady-state conditions. Immunity, 21,
279-88 (2004)

36. Vermaelen, K. Y., I. Carro-Muino, B. N. Lambrecht &
R. A. Pauwels: Specific migratory dendritic cells rapidly
transport antigen from the airways to the thoracic lymph
nodes. J Exp Med, 193, 51-60 (2001)

37. Kurts, C., H. Kosaka, F. R. Carbone, J. F. Miller & W.
R. Heath: Class I-restricted cross-presentation of
exogenous self-antigens leads to deletion of autoreactive
CDS8(+) T cells. J Exp Med, 186, 239-45 (1997)

38. Allan, R. S., J. Waithman, S. Bedoui, C. M. Jones, J. A.
Villadangos, Y. Zhan, A. M. Lew, K. Shortman, W. R.
Heath & F. R. Carbone: Migratory dendritic cells transfer
antigen to a lymph node-resident dendritic cell population
for efficient CTL priming. Immunity, 25, 153-62 (2006)

39. Kurts, C.: Dendritic cells: not just another cell type in
the kidney, but a complex immune sentinel network.
Kidney Int., 70, 412-4 (2006)

40. Petit, 1., M. Szyper-Kravitz, A. Nagler, M. Lahav, A.
Peled, L. Habler, T. Ponomaryov, R. S. Taichman, F.
Arenzana-Seisdedos, N. Fujii, J. Sandbank, D. Zipori & T.
Lapidot: G-CSF induces stem cell mobilization by
decreasing bone marrow SDF-1 and up-regulating CXCR4.
Nat Immunol, 3, 687-94 (2002)

41. Serbina, N. V. & E. G. Pamer: Monocyte emigration
from bone marrow during bacterial infection requires
signals mediated by chemokine receptor CCR2. Nat
Immunol, 7,311-7 (2006)

42. Tsou, C. L., W. Peters, Y. Si, S. Slaymaker, A. M.
Aslanian, S. P. Weisberg, M. Mack & I. F. Charo: Critical
roles for CCR2 and MCP-3 in monocyte mobilization from
bone marrow and recruitment to inflammatory sites. J Clin
Invest, 117, 902-9 (2007)

43. Kuziel, W. A., S. J. Morgan, T. C. Dawson, S. Griffin,
O. Smithies, K. Ley & N. Maeda: Severe reduction in
leukocyte adhesion and monocyte extravasation in mice
deficient in CC chemokine receptor 2. Proc. Natl. Acad.
Sci. U. S. 4., 94, 12053-8 (1997)

44. Boring, L., J. Gosling, S. W. Chensue, S. L. Kunkel, R.
V. Farese, Jr., H. E. Broxmeyer & I. F. Charo: Impaired
monocyte migration and reduced type 1 (Thl) cytokine
responses in C-C chemokine receptor 2 knockout mice. J
Clin Invest, 100, 2552-61 (1997)

45. Sato, N., S. K. Ahuja, M. Quinones, V. Kostecki, R. L.
Reddick, P. C. Melby, W. A. Kuziel & S. S. Ahuja: CC
chemokine receptor (CCR)2 is required for langerhans cell
migration and localization of T helper cell type 1 (Thl)-
inducing dendritic cells. Absence of CCR2 shifts the
Leishmania major-resistant phenotype to a susceptible state
dominated by Th2 cytokines, b cell outgrowth, and



Chemokines in DC biology

sustained neutrophilic inflammation. J Exp Med, 192, 205-
18 (2000)

46. Tacke, F., D. Alvarez, T. J. Kaplan, C. Jakubzick, R.
Spanbroek, J. Llodra, A. Garin, J. Liu, M. Mack, N. van
Rooijen, S. A. Lira, A. J. Habenicht & G. J. Randolph:
Monocyte subsets differentially employ CCR2, CCRS, and
CX3CRI1 to accumulate within atherosclerotic plaques. J
Clin Invest, 117, 185-94 (2007)

47. Tacke, F. & G. J. Randolph: Migratory fate and
differentiation of blood monocyte subsets. /mmunobiology,
211, 609-18 (2006)

48. Yamagami, S., P. Hamrah, K. Miyamoto, D. Miyazaki,
1. Dekaris, T. Dawson, B. Lu, C. Gerard & M. R. Dana:
CCRS5 chemokine receptor mediates recruitment of MHC
class Il-positive Langerhans cells in the mouse corneal
epithelium. /nvest Ophthalmol Vis Sci, 46, 1201-7 (2005)
49. Molon, B., G. Gri, M. Bettella, C. Gomez-Mouton, A.
Lanzavecchia, A. C. Martinez, S. Manes & A. Viola: T cell
costimulation by chemokine receptors. Nat Immunol, 6,
465-71 (2005)

50. Niess, J. H., S. Brand, X. Gu, L. Landsman, S. Jung, B.
A. McCormick, J. M. Vyas, M. Boes, H. L. Ploegh, J. G.
Fox, D. R. Littman & H. C. Reinecker: CX3CR1-mediated
dendritic cell access to the intestinal lumen and bacterial
clearance. Science, 307, 254-8 (2005)

51. Forster, R., A. Schubel, D. Breitfeld, E. Kremmer, I.
Renner-Muller, E. Wolf & M. Lipp: CCR7 coordinates the
primary immune response by establishing functional
microenvironments in secondary lymphoid organs. Cell,
99, 23-33 (1999)

52. Bachmann, M. F., M. Kopf & B. J. Marsland:
Chemokines: more than just road signs. Nat Rev Immunol,
6, 159-64 (2006)

53. Sallusto, F., P. Schaerli, P. Loetscher, C. Schaniel, D.
Lenig, C. R. Mackay, S. Qin & A. Lanzavecchia: Rapid
and coordinated switch in chemokine receptor expression
during dendritic cell maturation. Eur J Immunol, 28, 2760-
9 (1998)

54. Sanchez-Sanchez, N., L. Riol-Blanco & J. L.
Rodriguez-Fernandez: The multiple personalities of the
chemokine receptor CCR7 in dendritic cells. J Immunol,
176, 5153-9 (2006)

55. Rescigno, M.: CCR6(+) dendritic cells: the gut tactical-
response unit. Immunity, 24, 508-10 (2006)

56. Mora, J. R., M. R. Bono, N. Manjunath, W. Weninger,
L. L. Cavanagh, M. Rosemblatt & U. H. Von Andrian:
Selective imprinting of gut-homing T cells by Peyer's patch
dendritic cells. Nature, 424, 88-93 (2003)

57. Campbell, J. J., D. J. O'Connell & M. A. Wurbel:
Cutting Edge: Chemokine receptor CCR4 is necessary for
antigen-driven cutaneous accumulation of CD4 T cells
under physiological conditions. J Immunol, 178, 3358-62
(2007)

58. Baekkevold, E. S., M. A. Wurbel, P. Kivisakk, C. M.
Wain, C. A. Power, G. Haraldsen & J. J. Campbell: A role
for CCR4 in development of mature circulating cutaneous
T helper memory cell populations. J Exp Med, 201, 1045-
51 (2005)

59. Campbell, J. J., G. Haraldsen, J. Pan, J. Rottman, S.
Qin, P. Ponath, D. P. Andrew, R. Warnke, N. Ruffing, N.
Kassam, L. Wu & E. C. Butcher: The chemokine receptor

2248

CCR4 in vascular recognition by cutaneous but not
intestinal memory T cells. Nature, 400, 776-80 (1999)

60. Schaerli, P., K. Willimann, L. M. Ebert, A. Walz & B.
Moser: Cutaneous CXCL14 targets blood precursors to
epidermal niches for Langerhans cell differentiation.
Immunity, 23, 331-42 (2005)

61. Balashov, K. E., J. B. Rottman, H. L. Weiner & W. W.
Hancock: CCR5(+) and CXCR3(+) T cells are increased in
multiple sclerosis and their ligands MIP-1alpha and IP-10
are expressed in demyelinating brain lesions. Proc. Natl.
Acad. Sci. U. S. 4., 96, 6873-8 (1999)

62. Hancock, W. W., B. Lu, W. Gao, V. Csizmadia, K.
Faia, J. A. King, S. T. Smiley, M. Ling, N. P. Gerard & C.
Gerard: Requirement of the chemokine receptor CXCR3
for acute allograft rejection. J Exp Med, 192, 1515-20
(2000)

63. Padovan, E., G. C. Spagnoli, M. Ferrantini & M.
Heberer: IFN-alpha2a induces IP-10/CXCL10 and
MIG/CXCL9 production in monocyte-derived dendritic
cells and enhances their capacity to attract and stimulate
CD8+ effector T cells. J Leukoc Biol, 71, 669-76 (2002)
64. Sallusto, F., C. R. Mackay & A. Lanzavecchia:
Selective expression of the eotaxin receptor CCR3 by
human T helper 2 cells. Science, 277, 2005-7 (1997)

65. Qin, S., J. B. Rottman, P. Myers, N. Kassam, M.
Weinblatt, M. Loetscher, A. E. Koch, B. Moser & C. R.
Mackay: The chemokine receptors CXCR3 and CCRS
mark subsets of T cells associated with certain
inflammatory reactions. J Clin Invest, 101, 746-54 (1998)
66. Gombert, M., M. C. Dieu-Nosjean, F. Winterberg, E.
Bunemann, R. C. Kubitza, L. Da Cunha, A. Haahtela, S.
Lehtimaki, A. Muller, J. Rieker, S. Meller, A. Pivarcsi, A.
Koreck, W. H. Fridman, H. W. Zentgraf, H. Pavenstadt, A.
Amara, C. Caux, L. Kemeny, H. Alenius, A. Lauerma, T.
Ruzicka, A. Zlotnik & B. Homey: CCL1-CCRS8
interactions: an axis mediating the recruitment of T cells
and Langerhans-type dendritic cells to sites of atopic skin
inflammation. J. Immunol., 174, 5082-91 (2005)

67. Imai, T., M. Nagira, S. Takagi, M. Kakizaki, M.
Nishimura, J. Wang, P. W. Gray, K. Matsushima & O.
Yoshie: Selective recruitment of CCR4-bearing Th2 cells
toward antigen-presenting cells by the CC chemokines
thymus and activation-regulated chemokine and
macrophage-derived chemokine. I/nt Immunol, 11, 81-8
(1999)

68. Harrington, P. M., D. J. Newton, C. M. Williams, J. A.
Hunt, R. J. Dearman, I. Kimber, J. W. Coleman & B. F.
Flanagan: Eotaxin and eotaxin receptor (CCR3) expression
in Sephadex particle-induced rat lung inflammation. Int J
Exp Pathol, 80, 177-85 (1999)

69. Andrew, D. P., N. Ruffing, C. H. Kim, W. Miao, H.
Heath, Y. Li, K. Murphy, J. J. Campbell, E. C. Butcher &
L. Wu: C-C chemokine receptor 4 expression defines a
major subset of circulating nonintestinal memory T cells of
both Thl and Th2 potential. J Immunol, 166, 103-11 (2001)
70. Sallusto, F., D. Lenig, R. Forster, M. Lipp & A.
Lanzavecchia: Two subsets of memory T lymphocytes with
distinct homing potentials and effector functions. Nature,
401, 708-12 (1999)

71. Randolph, G. J., K. Inaba, D. F. Robbiani, R. M.
Steinman & W. A. Muller: Differentiation of phagocytic



Chemokines in DC biology

monocytes into lymph node dendritic cells in vivo.
Immunity, 11, 753-61 (1999)

72. Ginhoux, F., F. Tacke, V. Angeli, M. Bogunovic, M.
Loubeau, X. M. Dai, E. R. Stanley, G. J. Randolph & M.
Merad: Langerhans cells arise from monocytes in vivo. Nat
Immunol, 7, 265-73 (2006)

73. Bleul, C. C., R. C. Fuhlbrigge, J. M. Casasnovas, A.
Aiuti & T. A. Springer: A highly efficacious lymphocyte
chemoattractant, stromal cell-derived factor 1 (SDF-1).
J Exp Med, 184, 1101-9 (1996)

74. Nagasawa, T., H. Kikutani & T. Kishimoto:
Molecular cloning and structure of a pre-B-cell growth-
stimulating factor. Proc. Natl. Acad. Sci. U. S. 4., 91,
2305-9 (1994)

75. Peled, A., O. Kollet, T. Ponomaryov, 1. Petit, S.
Franitza, V. Grabovsky, M. M. Slav, A. Nagler, O.
Lider, R. Alon, D. Zipori & T. Lapidot: The chemokine
SDF-1 activates the integrins LFA-1, VLA-4, and VLA-
5 on immature human CD34(+) cells: role in
transendothelial/stromal migration and engraftment of
NOD/SCID mice. Blood, 95, 3289-96 (2000)

76. Sanz-Rodriguez, F., A. Hidalgo & J. Teixido:
Chemokine stromal cell-derived factor-lalpha
modulates VLA-4 integrin-mediated multiple myeloma
cell adhesion to CS-1/fibronectin and VCAM-1. Blood,
97, 346-51 (2001)

77. Martinelli, E., C. Cicala, D. Van Ryk, D. J. Goode,
K. Macleod, J. Arthos & A. S. Fauci: HIV-1 gpl120
inhibits TLR9-mediated activation and IFN-{alpha}
secretion in plasmacytoid dendritic cells. Proc. Natl.
Acad. Sci. U. S. A., 104, 3396-401 (2007)

78. Trushin, S. A., A. Algeciras-Schimnich, S. R.
Vlahakis, G. D. Bren, S. Warren, D. J. Schnepple & A.
D. Badley: Glycoprotein 120 binding to CXCR4 causes
p38-dependent primary T cell death that is facilitated
by, but does not require cell-associated CD4. J.
Immunol., 178, 4846-53 (2007)

79. Sunderkotter, C., T. Nikolic, M. J. Dillon, N. Van
Rooijen, M. Stehling, D. A. Drevets & P. J. Leenen:
Subpopulations of mouse blood monocytes differ in
maturation stage and inflammatory response. J.
Immunol., 172, 4410-7 (2004)

80. Xu, H., A. Manivannan, R. Dawson, 1. J. Crane, M.
Mack, P. Sharp & J. Liversidge: Differentiation to the
CCR2+ inflammatory phenotype in vivo is a
constitutive, time-limited property of blood monocytes
and is independent of local inflammatory mediators. J.
Immunol., 175, 6915-23 (2005)

81. Robben, P. M., M. LaRegina, W. A. Kuziel & L. D.
Sibley: Recruitment of Gr-1+ monocytes is essential for
control of acute toxoplasmosis. J Exp Med, 201, 1761-9
(2005)

82. Merad, M., M. G. Manz, H. Karsunky, A. Wagers,
W. Peters, I. Charo, I. L. Weissman, J. G. Cyster & E.
G. Engleman: Langerhans cells renew in the skin
throughout life under steady-state conditions. Nat
Immunol, 3, 1135-41 (2002)

83. Lindell, D. M., T. J. Standiford, P. Mancuso, Z. J.
Leshen & G. B. Huffnagle: Macrophage inflammatory
protein lalpha/CCL3 is required for clearance of an
acute Klebsiella pneumoniae pulmonary infection. Infect
Immun, 69, 6364-9 (2001)

2249

84. Herold, S., W. von Waulffen, M. Steinmueller, S.
Pleschka, W. A. Kuziel, M. Mack, M. Srivastava, W.
Seeger, U. A. Maus & J. Lohmeyer: Alveolar epithelial
cells direct monocyte transepithelial migration upon
influenza virus infection: impact of chemokines and
adhesion molecules. J. Immunol., 177, 1817-24 (2006)

85. Engel, D., U. Dobrindt, A. Tittel, P. Peters, J. Maurer, 1.
Gutgemann, B. Kaissling, W. Kuziel, S. Jung & C. Kurts:
Tumor necrosis factor alpha- and inducible nitric oxide
synthase-producing dendritic cells are rapidly recruited to
the bladder in urinary tract infection but are dispensable for
bacterial clearance. Infect Immun, 74, 6100-7 (2006)

86. Robays, L. J., T. Maes, S. Lebecque, S. A. Lira, W. A.
Kuziel, G. G. Brusselle, G. F. Joos & K. V. Vermaelen:
Chemokine receptor CCR2 but not CCRS5 or CCR6
mediates the increase in pulmonary dendritic cells during
allergic airway inflammation. J Immunol, 178, 5305-11
(2007)

87. Rydstrom, A. & M. J. Wick: Monocyte recruitment,
activation, and function in the gut-associated lymphoid
tissue during oral Salmonella infection. J. Immunol., 178,
5789-801 (2007)

88. Cook, D. N., D. M. Prosser, R. Forster, J. Zhang, N. A.
Kuklin, S. J. Abbondanzo, X. D. Niu, S. C. Chen, D. J.
Manfra, M. T. Wiekowski, L. M. Sullivan, S. R. Smith, H.
B. Greenberg, S. K. Narula, M. Lipp & S. A. Lira: CCR6
mediates  dendritic  cell localization, lymphocyte
homeostasis, and immune responses in mucosal tissue.
Immunity, 12, 495-503 (2000)

89. Bogunovic, M., F. Ginhoux, A. Wagers, M. Loubeau,
L. M. Isola, L. Lubrano, V. Najfeld, R. G. Phelps, C.
Grosskreutz, E. Scigliano, P. S. Frenette & M. Merad:
Identification of a radio-resistant and cycling dermal
dendritic cell population in mice and men. J Exp Med, 203,
2627-38 (2006)

90. Osterholzer, J. J., T. Ames, T. Polak, J. Sonstein, B. B.
Moore, S. W. Chensue, G. B. Toews & J. L. Curtis: CCR2
and CCR6, but not endothelial selectins, mediate the
accumulation of immature dendritic cells within the lungs
of mice in response to particulate antigen. Journal of
immunology., 175, 874-83 (2005)

91. Wendland, M., N. Czeloth, N. Mach, B. Malissen, E.
Kremmer, O. Pabst & R. Forster: CCR9 is a homing
receptor for plasmacytoid dendritic cells to the small
intestine. Proc. Natl. Acad. Sci. U. S. A., 104, 6347-52
(2007)

92. Zernecke, A., E. A. Liehn, J. L. Gao, W. A. Kuziel, P.
M. Murphy & C. Weber: Deficiency in CCR5 but not
CCR1 protects against neointima formation in
atherosclerosis-prone mice: involvement of IL-10. Blood,
107, 4240-3 (2006)

93. Baltus, T., K. S. Weber, Z. Johnson, A. E. Proudfoot &
C. Weber: Oligomerization of RANTES is required for
CCRI-mediated arrest but not CCRS-mediated
transmigration of leukocytes on inflamed endothelium.
Blood, 102, 1985-8 (2003)

94. Oppermann, M.: Chemokine receptor CCRS: insights
into structure, function, and regulation. Cell Signal, 16,
1201-10 (2004)

95. Yurchenko, E., M. Tritt, V. Hay, E. M. Shevach, Y.
Belkaid & C. A. Piccirillo: CCR5-dependent homing of
naturally occurring CD4+ regulatory T cells to sites of



Chemokines in DC biology

Leishmania major infection favors pathogen persistence. J
Exp Med, 203, 2451-60 (2006)

96. Floto, R. A., P. A. MacAry, J. M. Boname, T. S. Mien,
B. Kampmann, J. R. Hair, O. S. Huey, E. N. Houben, J.
Pieters, C. Day, W. Oehlmann, M. Singh, K. G. Smith & P.
J. Lehner: Dendritic cell stimulation by mycobacterial
Hsp70 is mediated through CCRS. Science, 314, 454-8
(2006)

97. Smith, C. M., N. S. Wilson, J. Waithman, J. A.
Villadangos, F. R. Carbone, W. R. Heath & G. T. Belz:
Cognate CD4(+) T cell licensing of dendritic cells in
CDS8(+) T cell immunity. Nat Immunol, 5, 1143-8 (2004)
98. Castellino, F., A. Y. Huang, G. Altan-Bonnet, S. Stoll,
C. Scheinecker & R. N. Germain: Chemokines enhance
immunity by guiding naive CD8+ T cells to sites of CD4+
T cell-dendritic cell interaction. Nature, 440, 890-5 (2006)
99. Kriiger, T., D. Benke, F. Eitner, A. Lang, M. Wirtz, E.
E. Hamilton-Williams, D. Engel, B. Giese, G. Muller-
Newen, J. Floege & C. Kurts: Identification and functional
characterization of dendritic cells in the healthy murine
kidney and in experimental glomerulonephritis. J Am Soc
Nephrol, 15, 613-21 (2004)

100. Soos, T., T. Sims, L. Barisoni, K. Lin, D. Littman, M.
Dustin & P. J. Nelson: CX3CR1+ interstitial dendritic cells
form a contiguous network throughout the entire kidney.
Kidney Int., 70, 591-6 (2006)

101. Chieppa, M., M. Rescigno, A. Y. Huang & R. N.
Germain: Dynamic imaging of dendritic cell extension into
the small bowel lumen in response to epithelial cell TLR
engagement. J Exp Med, 203, 2841-52 (2006)

102. Vallon-Eberhard, A., L. Landsman, N. Yogev, B.
Verrier & S. Jung: Transepithelial pathogen uptake into the
small intestinal lamina propria. J. Immunol., 176, 2465-9
(2006)

103. Chinnery, H. R., M. J. Ruitenberg, G. W. Plant, E.
Pearlman, S. Jung & P. G. McMenamin: The chemokine
receptor CX3CR1 mediates homing of MHC class II-
positive cells to the normal mouse corneal epithelium.
Invest Ophthalmol Vis Sci, 48, 1568-74 (2007)

104. Cavanagh, L. L. & U. H. Von Andrian: Travellers in
many guises: the origins and destinations of dendritic cells.
Immunol Cell Biol, 80, 448-62 (2002)

105. Jin, Y., L. Shen, E. M. Chong, P. Hamrah, Q. Zhang,
L. Chen & M. R. Dana: The chemokine receptor CCR7
mediates corneal antigen-presenting cell trafficking. Mol
Vis, 13, 626-34 (2007)

106. Lo, J. C., R. K. Chin, Y. Lee, H. S. Kang, Y. Wang, J.
V. Weinstock, T. Banks, C. F. Ware, G. Franzoso & Y. X.
Fu: Differential regulation of  CCL21 in
lymphoid/nonlymphoid tissues for effectively attracting T
cells to peripheral tissues. J Clin Invest, 112, 1495-505
(2003)

107. Luther, S. A., H. L. Tang, P. L. Hyman, A. G. Farr &
J. G. Cyster: Coexpression of the chemokines ELC and
SLC by T zone stromal cells and deletion of the ELC gene
in the plt/plt mouse. Proc. Natl. Acad. Sci. U. S. A., 97,
12694-9 (2000)

108. Czeloth, N., G. Bernhardt, F. Hofmann, H. Genth & R.
Forster: Sphingosine-1-phosphate mediates migration of
mature dendritic cells. J Immunol, 175, 2960-7 (2005)

109. Yanagawa, Y. & K. Onoe: CCR7 ligands induce rapid
endocytosis in mature dendritic cells with concomitant up-

2250

regulation of Cdc42 and Rac activities. Blood, 101, 4923-9
(2003)

110. Sanchez-Sanchez, N., L. Riol-Blanco, G. de la Rosa,
A. Puig-Kroger, J. Garcia-Bordas, D. Martin, N. Longo, A.
Cuadrado, C. Cabanas, A. L. Corbi, P. Sanchez-Mateos &
J. L. Rodriguez-Fernandez: Chemokine receptor CCR7
induces intracellular signaling that inhibits apoptosis of
mature dendritic cells. Blood, 104, 619-25 (2004)

111. Flanagan, K., D. Moroziewicz, H. Kwak, H. Horig &
H. L. Kaufman: The Ilymphoid chemokine CCL21
costimulates naive T cell expansion and Th1 polarization of
non-regulatory CD4+ T cells. Cell Immunol, 231, 75-84
(2004)

112. Marsland, B. J., P. Battig, M. Bauer, C. Ruedl, U.
Lassing, R. R. Beerli, K. Dietmeier, L. Ivanova, T. Pfister,
L. Vogt, H. Nakano, C. Nembrini, P. Saudan, M. Kopf &
M. F. Bachmann: CCL19 and CCL21 induce a potent
proinflammatory differentiation program in licensed
dendritic cells. Immunity, 22, 493-505 (2005)

113. Lieberam, I. & I. Forster: The murine beta-chemokine
TARC is expressed by subsets of dendritic cells and attracts
primed CD4+ T cells. Eur J Immunol, 29, 2684-94 (1999)
114. Alferink, J., 1. Licberam, W. Reindl, A. Behrens, S.
Weiss, N. Huser, K. Gerauer, R. Ross, A. B. Reske-Kunz,
P. Ahmad-Nejad, H. Wagner & I Forster:
Compartmentalized production of CCL17 in vivo: strong
inducibility in peripheral dendritic cells contrasts selective
absence from the spleen. J Exp Med, 197, 585-99 (2003)
115. Kawasaki, S., H. Takizawa, H. Yoneyama, T.
Nakayama, R. Fujisawa, M. Izumizaki, T. Imai, O. Yoshie,
I. Homma, K. Yamamoto & K. Matsushima: Intervention
of thymus and activation-regulated chemokine attenuates
the development of allergic airway inflammation and
hyperresponsiveness in mice. J Immunol, 166, 2055-62
(2001)

116. Horikawa, T., T. Nakayama, I. Hikita, H. Yamada, R.
Fujisawa, T. Bito, S. Harada, A. Fukunaga, D. Chantry, P.
W. Gray, A. Morita, R. Suzuki, T. Tezuka, M. Ichihashi &
O. Yoshie: IFN-gamma-inducible expression of thymus
and activation-regulated chemokine/CCL17 and
macrophage-derived chemokine/CCL22 in epidermal
keratinocytes and their roles in atopic dermatitis. Int
Immunol, 14, 767-73 (2002)

117. Yoneyama, H., A. Harada, T. Imai, M. Baba, O.
Yoshie, Y. Zhang, H. Higashi, M. Murai, H. Asakura & K.
Matsushima: Pivotal role of TARC, a CC chemokine, in
bacteria-induced fulminant hepatic failure in mice. J Clin
Invest, 102, 1933-41 (1998)

118. Iellem, A., M. Mariani, R. Lang, H. Recalde, P.
Panina-Bordignon, F. Sinigaglia & D. D'Ambrosio: Unique
chemotactic response profile and specific expression of
chemokine receptors CCR4 and CCR8 by CD4(+)CD25(+)
regulatory T cells. J Exp Med, 194, 847-53 (2001)

119. Wu, M., H. Fang & S. T. Hwang: Cutting edge: CCR4
mediates antigen-primed T cell binding to activated
dendritic cells. J Immunol, 167, 4791-5 (2001)

120. Yuan, Q., S. K. Bromley, T. K. Means, K. J. Jones, F.
Hayashi, A. K. Bhan & A. D. Luster: CCR4-dependent
regulatory T cell function in inflammatory bowel disease. J
Exp Med, 204, 1327-1334 (2007)

121. Sather, B. D., P. Treuting, N. Perdue, M. Miazgowicz,
J. D. Fontenot, A. Y. Rudensky & D. J. Campbell: Altering



Chemokines in DC biology

the distribution of Foxp3+ regulatory T cells results in
tissue-specific inflammatory disease. J Exp Med, 204,
1335-47 (2007)

122. Chvatchko, Y., A. J. Hoogewerf, A. Meyer, S.
Alouani, P. Juillard, R. Buser, F. Conquet, A. E. Proudfoot,
T. N. Wells & C. A. Power: A key role for CC chemokine
receptor 4 in lipopolysaccharide-induced endotoxic shock.
J Exp Med, 191, 1755-64 (2000)

123. Huser, N., C. Tertilt, K. Gerauer, S. Maier, T. Traeger,
V. Assfalg, R. Reiter, C. D. Heidecke & K. Pfeffer: CCR4-
deficient mice show prolonged graft survival in a chronic
cardiac transplant rejection model. Eur J Immunol, 35, 128-
38 (2005)

124. Lasagni, L., M. Francalanci, F. Annunziato, E.
Lazzeri, S. Giannini, L. Cosmi, C. Sagrinati, B. Mazzinghi,
C. Orlando, E. Maggi, F. Marra, S. Romagnani, M. Serio &
P. Romagnani: An alternatively spliced variant of CXCR3
mediates the inhibition of endothelial cell growth induced
by IP-10, Mig, and I-TAC, and acts as functional receptor
for platelet factor 4. J Exp Med, 197, 1537-49 (2003)

125. Qian, C., H. An, Y. Yu, S. Liu & X. Cao: TLR
agonists induce regulatory dendritic cells to recruit Thl
cells via preferential IP-10 secretion and inhibit Thl
proliferation. Blood, 109, 3308-15 (2007)

126. Molesworth-Kenyon, S., A. Mates, R. Yin, R. Strieter,
J. Oakes & R. Lausch: CXCR3, IP-10, and Mig are
required for CD4+ T cell recruitment during the DTH
response to HSV-1 yet are independent of the mechanism
for viral clearance. Virology, 333, 1-9 (2005)

127. Panzer, U., O. M. Steinmetz, R. R. Reinking, T. N.
Meyer, S. Fehr, A. Schneider, G. Zahner, G. Wolf, U.
Helmchen, P. Schaerli, R. A. Stahl & F. Thaiss:
Compartment-specific expression and function of the
chemokine IP-10/CXCL10 in a model of renal endothelial
microvascular injury. J. Am. Soc. Nephrol., 17, 454-64
(2006)

128. Guarda, G., M. Hons, S. F. Soriano, A. Y. Huang, R.
Polley, A. Martin-Fontecha, J. V. Stein, R. N. Germain, A.
Lanzavecchia & F. Sallusto: L-selectin-negative CCR7(-)
effector and memory CD8(+) T cells enter reactive lymph
nodes and kill dendritic cells. Nat Immunol, 8, 743-52
(2007)

129. Loetscher, P., A. Pellegrino, J. H. Gong, 1. Mattioli,
M. Loetscher, G. Bardi, M. Baggiolini & 1. Clark-Lewis:
The ligands of CXC chemokine receptor 3, I-TAC, Mig,
and IP10, are natural antagonists for CCR3. J. Biol. Chem.,
276, 2986-91 (2001)

130. Wenzel, J., J. Proelss, A. Wiechert, S. Zahn, T. Bieber
& T. Tuting: CXCR3-mediated recruitment of cytotoxic
lymphocytes in lupus erythematosus profundus. J Am Acad
Dermatol, 56, 648-50 (2007)

131. Wenzel, J., R. Schmidt, J. Proelss, S. Zahn, T. Bieber
& T. Tuting: Type I interferon-associated skin recruitment
of CXCR3+ lymphocytes in dermatomyositis. Clin Exp
Dermatol, 31, 576-82 (2006)

132. Rotondi, M., E. Lazzeri, P. Romagnani & M. Serio:
Role for interferon-gamma inducible chemokines in
endocrine autoimmunity: an expanding field. J Endocrinol
Invest, 26, 177-80 (2003)

133. Zhang, Z., L. Kaptanoglu, Y. Tang, D. Ivancic, S. M.
Rao, A. Luster, T. A. Barrett & J. Fryer: IP-10-induced
recruitment of CXCR3 host T cells is required for small

2251

bowel allograft rejection. Gastroenterology, 126, 809-18
(2004)

134. Medoff, B. D., J. C. Wain, E. Seung, R. Jackobek, T.
K. Means, L. C. Ginns, J. M. Farber & A. D. Luster:
CXCR3 and its ligands in a murine model of obliterative
bronchiolitis: regulation and function. J Immunol, 176,
7087-95 (2006)

135. Panzer, U., O. M. Steinmetz, H. J. Paust, C. Meyer-
Schwesinger, A. Peters, J. E. Turner, G. Zahner, F.
Heymann, C. Kurts, H. Hopfer, U. Helmchen, F. Haag, A.
Schneider & R. A. Stahl: Chemokine Receptor CXCR3
Mediates T Cell Recruitment and Tissue Injury in
Nephrotoxic Nephritis in Mice. J Am Soc Nephrol, 18,
2071-84, (2007)

136. Gonzalez-Cuadrado, S., C. Bustos, M. Ruiz-Ortega, A.
Ortiz, C. Guijarro, J. J. Plaza & J. Egido: Expression of
leucocyte chemoattractants by interstitial renal fibroblasts:
up-regulation by drugs associated with interstitial fibrosis.
Clin Exp Immunol, 106, 518-22 (1996)

137. Segerer, S., B. Banas, M. Wornle, H. Schmid, C. D.
Cohen, M. Kretzler, M. Mack, E. Kiss, P. J. Nelson, D.
Schlondorff & H. J. Grone: CXCR3 is involved in
tubulointerstitial injury in human glomerulonephritis. Am J
Pathol, 164, 635-49 (2004)

138. Medoff, B. D., A. Sauty, A. M. Tager, J. A. Maclean,
R. N. Smith, A. Mathew, J. H. Dufour & A. D. Luster:
IFN-gamma-inducible protein 10 (CXCL10) contributes to
airway hyperreactivity and airway inflammation in a mouse
model of asthma. J Immunol, 168, 5278-86 (2002)

139. Hyun, J. G., G. Lee, J. B. Brown, G. R. Grimm, Y.
Tang, N. Mittal, R. Dirisina, Z. Zhang, J. P. Fryer, J. V.
Weinstock, A. D. Luster & T. A. Barrett: Anti-interferon-
inducible chemokine, CXCL10, reduces colitis by
impairing T helper-1 induction and recruitment in mice.
Inflamm Bowel Dis, 11, 799-805 (2005)

140. Wuest, T., J. Farber, A. Luster & D. J. Carr: CD4+ T
cell migration into the cornea is reduced in CXCL9
deficient but not CXCL10 deficient mice following herpes
simplex virus type 1 infection. Cell. Immunol., 243, 83-9
(2006)

141. Berger, E. A.,, P. M. Murphy & J. M. Farber:
Chemokine receptors as HIV-1 coreceptors: roles in viral
entry, tropism, and disease. Annu. Rev. Immunol., 17, 657-
700 (1999)

142. Koenig, S., H. E. Gendelman, J. M. Orenstein, M. C.
Dal Canto, G. H. Pezeshkpour, M. Yungbluth, F. Janotta,
A. Aksamit, M. A. Martin & A. S. Fauci: Detection of
AIDS virus in macrophages in brain tissue from AIDS
patients with encephalopathy. Science, 233, 1089-93 (1986)
143. Lusso, P.: HIV and the chemokine system: 10 years
later. Embo J, 25, 447-56 (2006)

144. Varani, S., G. Frascaroli, M. Homman-Loudiyi, S.
Feld, M. P. Landini & C. Soderberg-Naucler: Human
cytomegalovirus inhibits the migration of immature
dendritic cells by down-regulating cell-surface CCR1 and
CCRS. J Leukoc Biol, 77, 219-28 (2005)

145. Casarosa, P., M. Waldhoer, P. J. LiWang, H. F.
Vischer, T. Kledal, H. Timmerman, T. W. Schwartz, M. J.
Smit & R. Leurs: CC and CX3C chemokines differentially
interact with the N terminus of the human cytomegalovirus-
encoded US28 receptor. J. Biol. Chem., 280, 3275-85
(2005)



Chemokines in DC biology

146. Luttichau, H. R., J. Gerstoft & T. W. Schwartz:
MC148 encoded by human molluscum contagiosum
poxvirus is an antagonist for human but not murine CCRS.
J Leukoc Biol, 70, 277-82 (2001)

147. Boomker, J. M., L. F. de Leij, T. H. The & M. C.
Harmsen: Viral chemokine-modulatory proteins: tools and
targets. Cytokine Growth Factor Rev, 16, 91-103 (2005)
148. Murphy, P. M.: Viral exploitation and subversion of
the immune system through chemokine mimicry. Nat
Immunol, 2, 116-22 (2001)

149. Christen, U.: Chemokines as drug targets in type 1
diabetes. Endocr Metab Immune Disord Drug Targets, 7,
7-12 (2007)

150. Vielhauer, V., H. J. Anders & D. Schlondorff:
Chemokines and chemokine receptors as therapeutic targets
in lupus nephritis. Semin Nephrol, 27, 81-97 (2007)

Abbreviations: APC: antigen-presenting cell, BM: bone-
marrow, DC: dendritic cell, IFN: interferon, IL: interleukin,
iNOS: inducible NO-synthetase, LN: lymph node, TNF:
tumor necrosis factor

Key Words: Dendritic cells, Chemokines, Chemokine
Receptors, Cell Migration, Endocytosis, T Cell Activation,
Immune Escape Mechanism, Cell Lineage, Monocyte, Th1,
Th2, Differentiation, Review

Send correspondence to: Professor Dr. Christian Kurts,
Institute of Molecular Medicine and Experimental
Immunology  (IMMEI),  Friedrich-Wilhelms-Universitit,
53105 Bonn, Germany, Tel: 49-022828711031, Fax: 49-0-
22828711052, E-mail: ckurts@uni-bonn.de or ckurts@web.de

http://www.bioscience.org/current/vol13.htm

2252



