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ARTICLEINFORMATION ABSTRACT
Article Chronology: Chemokines are key mediators of leukocyte recruitment during pathogenic insult and also play a
Received 4 October 2010 prominent role in homeostasis. While most chemokine receptors bind to multiple chemokines,
Revised version received CCR6 is unique in that this receptor is one of only a few that can bind only a single chemokine
20 December 2010 ligand, CCL20. CCR6 is an important receptor that is involved in regulating several aspects of
Accepted 20 December 2010 mucosal immunity, including the ability to mediate the recruitment of immature dendritic cells
(DCs) and mature DCs, and professional antigen presenting cells (APCs) to the sites of epithelial
Keywords: inflammation. Further, CCR6 mediates the homing of both CD4* T (T-helper; Th) cells and DCs to
CCR6 the gut mucosal lymphoid tissue. DCs, which are known to be essential immune cells in innate
Innate immunity immunity and in the initiation of adaptive immunity, play a central role in initiating a primary
Mucosal immunity immune response. Herein, we summarize the role of CCR6 in immune responses at epithelial and
Dendritic cell mucosal sites in both the lung and gut based on a review of the current literature.
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Introduction under both physiological and inflammatory conditions [1,2]. Inter-

estingly, while most chemokine receptors bind to multiple chemo-
Chemokines constitute a family of structurally related chemotactic kines, the chemokine receptor CCR6 has only one chemokine ligand,
cytokines that direct the migration of leukocytes throughout the body CCL20 (previously known as macrophage inflammatory protein-3o
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or MIP-3at) [3,4]. CCL20 is expressed by a variety of epithelial cell
types including keratinocytes, pulmonary epithelial cells, and
intestinal epithelial cells [5-8] (Table 1). CCL20 is typically expressed
at a low basal level, but can be strongly induced by pro-inflammatory
signals including primary cytokines (e.g., TNF-a) and Toll-like
receptor (TLR) agonists originating from microbes [9]. The production
of CCL20 by human bronchial epithelial cells is regulated by the pro-
inflammatory cytokines TNF-a and IL-1p, and also by pro-allergic
cytokines IL-4 and IL-13, that are known to influence CCL20
expression by activation of both ERK1/2 and p38 MAPK pathways [8].

In addition to chemokine CCL20, non-chemokine human (3-
defensins-1 and -2 can also function as ligands for human CCR6
[10,11]. Relatedly, mouse 3-defensins-2 and -3 can also serve as
ligands for mouse CCR6 [12]. However, these p-defensins have
lower affinities for CCR6 than for CCL20 [11]. For example, in vitro
migration of CD34" progenitor-derived DCs is dose-dependent,
with optimal concentrations of 3-defensins at ~1000 ng/ml and of
CCL20 at ~100 ng/ml. To date, the functional aspects of CCR6
binding to 3-defensins remain unknown [4].

Mice lacking the CCR6 chemokine receptor (CCR6™/~ mice) have
demonstrated important roles for CCR6 in various lung and gut disease
models. Understanding how defects in this specific chemokine
receptor pathway alter immune responsiveness provides a valuable
perspective for further defining the importance of CCR6 to the
initiation and maintenance of immune/inflammatory responses. What
follows is a review of the current knowledge regarding the role of CCR6
as a mediator of innate immunity in gut and lung mucosal sites.

Cell types expressing CCR6

The human CCR6 gene is located on chromosome 6q27 and the
mouse CCR6 gene is located on chromosome 17 [13]. CCR6 is
expressed on immature DCs [5,6,14,15], most B cells [16,17], subsets
of CD4" and CDS8™' T cells [18], and NKT cells [19] (Table 2).
Additionally, CCR6 is expressed by both central memory and effector
memory T cells that are characterized by CCR7 expression [20,21].
While central memory T cells express CCR7 (CD45R0M8", CCR6™, and
CCR7™), effector memory T cells do not (CD45R0"&" CCR6™, and
CCR77).CCR7 also is involved in organizing thymic architecture and
function, lymph node homing of naive and regulatory T cells via high
endothelial venules, and steady state and inflammation-induced
lymph node-bound migration of DCs via afferent lymphatics [21].
Recent studies have also shown that CCR6 is a specific marker
for Th17 cells and regulatory T cells distinguishing them from
other helper T cells [22,23]. Interestingly, CCR6 is also expressed
on some cancer cells [24,25], however the functionality on cancer
cells is not clear. CCR6 expression has been reported on multiple

Table 1 - CCL20-expressing cells in the naive state.

Cell types References
Epithelial cells in the intestine [6]
Follicule-associated epithelial (FAE) cell in Payer Patch [14]
Epidermal keratinocyte [5,7]
Venular endothelial cell [5,7]
Epithelial crypts of tonsils [56]
Pancreatic cancer cell [25]
(Oral) squamous cell carcinoma [57]

Table 2 - CCR6-expressing cells.

Cell types Species References
CD45R0+ memory T cell Human [18]
Th17 cell Human, mouse [22]
Regulatory T cell Human, mouse [23]
Naive B cell Human, mouse [15,16]
Memory B cell Human, mouse [15,17]
CD11b+ CD8a— myeloid DC Mouse [6,15]
Immature CD34+ BM cell-derived Human [3,14]
myeloid DC
Immature monocyte-derived DC Human [26]
Langerhans cell (LC) Human [5]
(Peritoneal) macrophage Mouse [28]
NKT cell Human [19]
HTLV-1 infected T cell Human [24]
Pancreatic cancer cell Human [25]

DC subsets including CD11b*CD8a ™ myeloid DCs [6,15], Langer-
hans cells (LC) [5], CD34" cell-derived immature myeloid DCs
[3,14], and immature monocyte-derived DCs [26]. However, CCR6
is not expressed by CD8« " DC in mice [15]. DCs represent the most
potent class of APCs in the immune system with the unique ability
to induce primary immune responses against invading pathogens
[27,28], suggesting that DCs are a key leukocyte population
involved in driving the innate immune response.

There are several ways to induce DCs in an in vitro setting. For
example, in the presence of GM-CSF + TNF-o;, bone marrow-derived
CD34" cells differentiate into CCR6" immature DCs [3,14]. CCR6
negative DCs are also induced by GM-CSF + IL-4 from monocytes in
peripheral blood, while CCR6 expression requires the addition of TGF-
3 [26], suggesting that TGF-3 is essential for the maintenance of an
immature state. Immature DCs express various chemokine receptors
such as CCR1, CCR2, CCR3, CCR5, CCR6, and CXCR4 [21,29,30].
However, CCR6 plays a non-redundant role in the induction of DC
migration towards the epithelial layer of mucosal sites when
pathogens and antigens invade peripheral tissues. Once immature
DCs take up antigens in mucosal tissues, these DCs gain a mature status
by down-regulating CCR6 expression, and by upregulating the
expression of CCR7 [31]. Post-antigen uptake, DCs home to regional
lymph nodes through afferent lymphatic vessels via the interaction of
CCR7 withits ligands, CCL21/SLC and/or CCL19/ELC. Upon arrival in the
regional lymph node, the mature DCs become effective APCs [31,32]
(Fig. 1).

CCR6 in lung immunity

The presence of conventional and plasmocytoid DC subsets in so
many lung compartments including airway epithelium, lung
parenchyma, visceral pleura, and the bronchoalveolar space, attest
to their importance in maintaining respiratory health [33]. In
comparison to other lung compartments, immature DCs are highly
abundant in human lung parenchyma where they express low
levels of costimulatory molecules CD80 and CD86, actively display
antigen uptake properties, and constitutively express chemokine
receptors CCR1 and CCR5. These characteristics are hallmarks of
immature DCs [34]. DCs are constantly recruited into the lungs,
where they recognize inhaled antigens which transform them into
APCs that migrate to the draining pulmonary lymph nodes where
they activate antigen specific CD4" and CD8™ T cells.
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Fig. 1 - Blood born immature DCs traffic to the lung via the CCR6/CCL20 axis and take up antigen, and thus in the lung DCs mature
and lose CCR6 expression while gaining the expression of CCR7. Post-antigen uptake, the DCs home to regional lymph nodes through
afferent lymphatic vessels via the CCR7/CCL21 axis, where the mature DCs serve as an antigen presenting cell to lymphocytes.

Many cells in the lung produce a wide array of chemokines,
which orchestrate the recruitment of DCs into the lung according
to the stimulus present. For example, during pathogen infection of
the lung, epithelial cells increase their production of CCL20 which
in turn causes a further recruitment of immature CCR6" DCs into
the lung (Fig. 1). Further, CCR6 is down-regulated during the
maturation process as DCs migrate to the lymph node to fulfill its
APC function, thus CCR6 is a chemokine specific to immature DCs.
[5,14]. Various cytokines have been shown to regulate CCR6
expression in lung DCs. Regamey and collaborators showed that
airway epithelial exposed to inflammatory cytokines IL-1p, TNF-ot
and IFN-vy produce IL-15, which cause monocytes to differentiate
into partially mature DCs (CCR6" CCR7 ™) that have characteristics
of plasmocytoid DCs (CD123%, BDCA2*, BDCA4™, BDCA1~, and
CD1a™) [35]. Also, plasmocytoid DCs express high levels of CCR6 in
melanoma patients [36]. These results belie the dogma that CCR6
expression is restricted to conventional DCs, and raise the question
as to whether the expression of CCR6™ on these non-conventional
DCs might be important in specific pathologies.

The role of CCR6 has been explored in several allergic diseases.
In a model of allergic airway inflammation induced by cockroach
allergen in CCR6 deficient and CCR6 normal mice, the authors
demonstrated that high levels of CCL20 are released within hours
after allergen challenge and directly regulates the recruitment of
conventional DCs into lung and subsequent T cell activation in a
Th2 dependent manner [37]. During pulmonary Respiratory
Syncial Virus (RSV) infection, the neutralization of CCL20 or
CCR6-gene deficiency leads to increased viral clearance, that was
directly dependent on the migration of conventional and not
plasmocytoid DCs. Interestingly, RSV infection in CCR6-deficient
mice generated a Thl-dominant response that contributed to
interferon gamma (IFN-y) production and the viral clearance.

These data suggest that a pathogenic Th2 response is dictated by
CCR6/CCL20 dependent recruitment of conventional DCs to the
lung [38].

In a model of invasive pulmonary aspergillosis in immuno-
compromised mice (via transient antibody-mediated neutrophil
depletion), CD11c*CD11bMe" DCs expressing CCR6 accumulated
in the lungs and these cells were necessary for effective host
defense in neutropenic hosts, as CCR6-deficient mice developed
severe infection and had higher mortality rate than WT controls
[39]. Additionally, the recruitment of DC mediated by CCL20 was
shown in the airways of patients with chronic obstructive
pulmonary disease (COPD) suggesting that this receptor has an
important role in chronic airway inflammation [40,41]. Increased
CCL20 expression in patients with COPD compared to healthy
controls was demonstrated by both RNA and protein levels in
different compartments of the human lung [14,40]. Also, freshly
isolated human pulmonary DCs from COPD patients appear to
express CCR6. These observed correlations between the presence
of chemokine CCL20 and the recruitment of CCR6" DCs to the lung,
with lung pathogenesis in COPD suggest a possible mechanism for
the increased influx of DCs into the airways in COPD. However, in
CCR6-deficient mice exposed to cigarette smoke, an attenuated
accumulation of several immune cells types including DCs,
neutrophils and T cells in the lungs was observed. The authors
implied that it was the attenuated migration of DCs that was most
responsible for the protection from alveolar destruction and
emphysema since these cells are the main source of matrix
metalloproteinase-12 which causes progressive lung destruction
in response to cigarette smoke [41].

In contrast to the above results in allergic, viral and fibrotic
disease models, in models using antigens from Mycobacteria bovis
and Shistosoma mansoni, DC recruitment to the lung was decreased
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and lung DCs did not express CCR6 [42]. Indeed, transcripts of
CCR6 were not observed in lung DCs in either model, and further,
CCR6-deficient mice showed normal migration of DCs into infected
lungs [42]. In both the M. bovis and S. mansoni models, the
expression of CCR6 in DC populations was restricted to draining
lung lymph nodes, suggesting that CCR6 has a role in the
interactions between T cells. Further research is required to
understand how CCR6 is regulated. Thus far, CCR6 expression in
lung DCs is known to be transient and dependent on the
microenvironment but other factors probably have a role as well.

Many chemokines are known to be involved in cancer
metastases and tumorigenesis including CCR6 in lung cancer
[43,44]. While investigations into the role of CCR6 in lung cancer
are still in their infancy, a recent study showed that among the
chemokine receptors analyzed (CX3CR1, CXCR4, CCR6, and CCR7),
CCR6 and its ligand CCL20 are highly expressed in cancerous
adrenal tissues that developed lung metastases when compared
with primary tumors that did not metastasize [43]. CCL20
production in adrenal glands suggests that this chemokine
contributes to the metastasis of CCR6-expressing tumor cells to
the lung. On the contrary, in a mouse model of lung cancer (Lewis
Lung Carcinoma, LLC), the expression of CCR6 by tumor cells was
found to decrease the metastatic potential of these cells [44]. Thus,
these findings open new therapeutic possibilities targeting CCL20/
CCR6 axis in the metastasis of lung cancer.

CCR6 in gut immunity

The CCR6/CCL20 axis plays an important role in intestinal
immunity. During normal development and immune homeostasis,
CCR6-mediated signals help to organize lymphoid tissues such as
Peyer's patches (PPs), mesenteric lymph nodes (MLNs) and gut-
associated lymphoid tissue (GALT) by recruiting lymphoid and
myeloid cells, including DCs and macrophages. In addition, CCR6-
mediated signals are central to innate immune responses to
normal intestinal flora, and modulations in CCR6 signals can have a
significant impact on gut inflammatory responses to tissue damage
and trauma. The relative CCR6-dependent chemotactic response of
DCs and macrophages, and subsequent activation and effector
function of these cell populations, plays an important role in
intestinal immune responses.

As with other tissues, CCR6-mediated signals are critical for the
organization of lymphoid tissues and the maintenance of leuko-
cytes at sites critical for immune surveillance. In the gut, areas of
secondary lymphoid organogenesis, such as PPs, isolated lymphoid
follicles (ILFs), MLNs, and GALT show constitutive expression of
CCL20, important for the chemotaxis of immature DCs [45]. In
addition, expression of CCL20 (both mRNA and protein) can be
induced in the follicle-associated epithelium (FAE) common to ILFs
and PPs by organogenesis signals (such as lymphotoxin-beta
signaling) [46]. CCL20 can also be induced in other intestinal
epithelial cells in response to infection, in particular through LPS
stimulation [47]; in this way, CCR6/CCL20 mediated signals can
induce chemotaxis of CCR6-expressing dendritic cells and macro-
phages to sites of infection to help participate in the immune
response.

Loss of CCR6/CCL20 signals can have a profound impact on
innate immune cells in both the intestine and the peritoneal cavity.
For example, CCR6™/~ mice exhibit significant reductions in both

DC and macrophage populations (both of which are myeloid
lineage cells) in the peritoneal cavity, with no significant
modulation in other lymphoid populations [28]. These results
suggest that CCR6-mediated signals may play a more critical role
in myeloid recruitment to the intestine (as compared to lymphoid
recruitment) during homeostasis. The role of CCR6 in the
organization of lymphoid structures in the intestinal mucosa
may extend past the myeloid compartment as well; recent studies
indicate that lineage-negative lymphoid tissue inducer cells in gut
cryptopatches (CPs) express CCR6, and CCR6™/~ mice exhibit
inhibition of cryptopatch formation [48]. The CCR6/CCL20 axis is
not the only chemotactic pathway for DCs in the intestine; for
example, CCL9 can also recruit DCs to the subepithelial dome [49].
However, it is clear that CCR6-mediated signals can play a role in
the maintenance of DC and macrophage populations throughout
the intestinal mucosa.

In addition to its role in gut homeostasis, CCR6-mediated
signals are also essential for immune responses to microbes and
microbial products in the intestinal mucosa. For example, CCR6 ™/~
mice have impaired antibody responses to both oral immuniza-
tions and mucosal virus infections; interestingly, this reduction in
antibody production appears localized to the gut, as systemic
antibody levels are not perturbed in CCR6 ™/~ mice in these models
[50]. CCR6™ DCs in the subepithelial dome (SED) also appear to be
critical for the activation and proliferation of CD4™" T cells at the
site of infection in murine models of enteric pathogen infection, as
CCR6-expressing T cells were reduced in number in LNs and PPs
during infection when transferred into CCR6-deficient hosts [51].
In addition, CCR6™ DCs are recruited to the FAE of PPs in response
to bacterial infection, suggesting that CCR6/CCL20 signals are
critical both for homeostasis and active inflammation [51]. CCR6
can also modulate harmful inflammatory processes in the gut, as
shown in the CCR6/~ mouse model with inflammatory bowel
disease (IBD) [52]. Interestingly, the observed pathology of CCR6-
deficient IBD models depends on the agent used; while dextran
sodium sulfate (DSS)—induced IBD is less severe in CCR6~/~ mice,
trinitrobenzene sulfonic acid (TNBS)-induced IBD is more severe,
as compared to wild-type mice [52]. The observed differences in
disease severity may be a reflection of the modulation of leukocyte
populations in the intestine as a result of CCR6 deficiency, as DSS-
and TNBS-induced colitis is thought to occur via differing
mechanisms (myeloid non-specific inflammation vs. lymphoid
antigen-driven inflammation, respectively) [52].

CCR6 also plays an important role in the modulation of
inflammatory responses initiated by tissue insult and trauma. For
example, CCL20 is induced by bateria-induced peritonitis, and
CCR6™/~ mice are resistant to peritonitis-induced mortality in a
surgical model of severe sepsis [28]. Interestingly, this protection
appears to be due to mechanisms beyond leukocyte migration to
the intestinal mucosa. While CCR6™/~ mice do exhibit reductions
in both macrophages and DCs in the peritoneal cavity, CCR6™/~
macrophages exhibit reduced inflammatory responses to LPS
stimulation in vitro, as evidenced by cytokine production [28].
Additionally, CCR6~/~ mice exhibit reduced cytokine and chemo-
kine levels in the peritoneal cavity during acute peritonitis,
suggesting that the reduced sepsis-induced mortality may be
due to the impaired pro-inflammatory capacity of immune cells
lacking CCR6™/~. These results suggest that CCR6-mediated
signals in macrophages and DCs may be important for cell
activation during exposure to microbes and/or microbial products;
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however, the specific mechanistic link governing the connection
between microbial products and CCR6-mediated signals, for
example, remains unknown.

Conclusion

The contribution of CCR6 binding to its chemokine ligand, CCL20, has
been demonstrated to participate in a number of lung and gut
disorders, ranging from asthma and COPD to IBD. In these tissue
settings, CCR6 has been identified as an important receptor which is
involved in regulating multiple aspects of mucosal immunity,
including the ability to mediate the recruitment of immature DCs
and mature DCs, APCs, to the sites of epithelial inflammation and
homing of both CD4" T (T-helper; Th) cells and DCs to mucosal
lymphoid tissue. DCs, which are known to be essential immune cells
ininnate immunity and in the initiation of adaptive immunity, play a
central role in the initiation and maintenance of the primary immune
response. Interestingly, accumulating evidence supports the view
that the CCR6/CCL20 axis also plays an important role in other
pathologies that include cancer and autoimmune diseases [23,53].
For example, CCR6 is expressed in several cancer types such as lung
cancer, colorectal cancer, and pancreatic cancer where CCR6/CCL20
interactions have been reported to promote cancer cell proliferation
and migration. In fact, human tumor vaccines that target DCs are
considered by many as the vaccine strategy of the future and have
been tested in clinical trials [54,55]. There is little doubt that a more
complete understanding of the role of chemokine/chemokine
receptor axis in various disorders will lead to therapeutic applica-
tions for a variety of human inflammatory diseases.
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