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Mucosal Chemokines

Marcela Hernandez-Ruiz and Albert Zlotnik

Several chemokines have important functions in mucosal immunity. While there are many chemokines, 4 of them
(CCL25, CCL28, CXCL14, and CXCL17) are especially important in mucosal immunity because they are
homeostatically expressed in mucosal tissues. Of these, only CCL25 and CCL28 have been widely recognized as
mucosal chemokines. In this study, we review the physiology of these chemokines with specific emphasis on their
function in mucosal immunity. CCL25 recruits certain important subsets of T cells that express CCRO to the small
intestine. These CCR9™ T cells also express the integrin «4B7 and have been shown to play important roles in the
control of intestinal inflammation. CCL28 recruits CCR10" IgA plasmablasts to the lactating mammary gland.
The role of CXCLI4 in mucosal immunity is less well defined, but a CxclI4”~ mouse exhibits significant
metabolic abnormalities. Finally, CXCL17 was the last chemokine to be described and signals through a new
chemokine receptor (GPR35/CXCRS), which is expressed in a subset of macrophages that are recruited to
mucosal tissues by this chemokine. We conclude that these 4 chemokines play very important roles in mucosal
immunity and their continued functional characterization will likely identify novel therapeutic targets.
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Introduction coding inflammatory chemokines have likely been selected
to provide evolutionary advantages to each species de-
THE CHEMOKINES ARE a superfamily of chemotactic cy- pending on their infectious experience and are likely
tokines that include 48 ligands and 19 receptors. The ‘‘younger’ evolutionary events that occurred after species
ligands are small (8-12KDa) secreted proteins that interact began to diverge from each other.
with specific receptors. Their receptors are members of the In some cases, a given chemokine may exist in 1 species,
class A G-protein coupled receptor superfamily (Zlotnik and  but not another. A typical example is CXCL8 (IL-8), which
Yoshie 2012). The chemokines exhibit a large variety of exists in the human but not in the mouse genome (Zlotnik
functions, but are best known for their ability to chemoat- and Yoshie 2012). Their expression is typically induced by
tract cells. Responding cells that express a given chemokine inflammatory or infectious events, and they are important
receptor migrate along a chemokine gradient until they mediators of the recruitment of immune system cells that
reach a certain chemokine concentration, in the nanomolar  participate in these processes. Examples include CXCLS,
range (Maravillas-Montero and others 2015). This leads to  which recruits mainly neutrophils (Ohnuma and others
either a downregulation of the expression of the receptor or  2008), and CCLS, which recruits macrophages (Soria and
desensitization. Once this occurs, the migrating cells either Ben-Baruch 2008).

stop migrating or may continue their migratory path in re- In contrast, homeostatic chemokines are expressed in
sponse to another chemokine gradient (Sanz and Kubes specific tissues in a programmed manner, without (apparent)
2012; Johnson and Jackson 2014). exogenous signals that may trigger their expression. The

Chemokines have been divided into 2 kinds depending on  genes encoding homeostatic chemokines are well conserved
their expression patterns. These include homeostatic or in- during evolution, likely reflecting their important functions
flammatory chemokines. Interestingly, the chromosomal in the organism, and they are typically located in isolated
location of the genes encoding each group differs from the locations in the genome because they have been under
other, a phenomenon that is the result of molecular evolu- evolutionary pressure not to diverge. Examples of homeo-
tion. CC ““inflammatory” chemokines are mainly located in  static chemokines include CXCL12 in the bone marrow
a gene cluster in human chromosome 17, while CXC ““in- (Sugiyama and others 2006) and CCL19 and CCL21 in
flammatory” chemokines are mainly found at the human lymph nodes (Ebert and others 2005). They usually have
chromosome 4 (Zlotnik and Yoshie 2012). The genes en- very important functions in development. As a result, mice
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that do not express these chemokines usually exhibit dra-
matic phenotypes (including nonviability). The high con-
servation of their genes is the result of evolutionary pressure
that rendered any of their mutants unable to either survive or
reproduce.

Yet a third type of chemokine includes those that exhibit
characteristics of both inflammatory and homeostatic che-
mokines. They can be expressed homeostatically in some
tissues while their expression can also be modulated by in-
flammatory stimuli in other tissues. These are called ‘‘Dual”’
chemokines. An example is the recently described chemokine
CXCL17, whose expression is homeostatic in the upper
gastrointestinal (GI) system (Fig. 1; Table 1), but in the lower
GI its expression is observed only when inflammation and/or
tumors are present (described in detail below).

Chemokine genes are expressed in most tissues. Their
mode of action (i.e., the establishment of gradients) requires
that they be produced in large quantities by the cells that
produce them. As a result, it is common to find chemokines
among the highest expressed genes, for example, when
performing gene array analyses. This characteristic also
favored their identification through bioinformatics (Rossi
and others 1997).

Many chemokines were originally reported as associated
with particular tissues. Interestingly, some of them showed
very high tissue expression specificity (Kunkel and Butcher
2002). A good example is CCL27, which is only expressed

63

in the skin (Morales and others 1999). This specific ex-
pression predicted that CCL27 would exhibit a skin-specific
function. This was confirmed when it became apparent that
it chemoattracts a population of T cells (CLA™) that is
specific to the skin (Homey and others 2002). The latter is
the largest organ of the body, and, along with the mucosa, it
represents ‘‘barrier’’ tissues that both protect and regulate
our interactions with the outside environment.

Much interest has recently been focused in the mucosa. It
has long been known that it exhibits specialized immune
system functions. The first chemokine identified as mucosal
was CCL28, which binds CCR10 (Pan and others 2000;
Wang and others 2000). The second mucosal-associated
chemokine was CCL25, which was originally identified as a
thymus-expressed chemokine (TECK) (Vicari and others
1997). However, the thymus quickly involutes and in adults
the main expression site for CCL25 is therefore the small
intestine (Wurbel and others 2000) where it chemoattracts
CCR9" lymphocytes (Kunkel and others 2000; Papadakis and
others 2000). Together CCL25 and CCL28 represent the best
known mucosal chemokines to date.

Several years ago we became interested in mucosal che-
mokines. We analyzed the expression of all known che-
mokines in a comprehensive database of gene expression,
body index of gene expression (BIGE) (Lee and others
2005; Roth and others 2006), which contains more than 115
tissues of the human body. We identified 4 chemokines with
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FIG. 1. Expression of mu-
cosal chemokines in the hu-
man body. CCL25, in yellow,
is expressed in the small in-
testine and thymus. CCL2S,
in orange, is expressed in
salivary and mammary glands
(upon onset of lactation).
CXCL14, in pink, is widely
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oral mucosa, nipple, kidneys,
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the respiratory tract (trachea
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TABLE 1. EXPRESSION OF THE MUCOSAL CHEMOKINES
CCL25, CCL28, CXCL14, anp CXCL17

IN THE NORMAL HUMAN Bobpy

Chemokine Organs

CCL25 Small intestine, thymus

CCL28 Salivary gland, (lactating) mammary gland,
trachea, bronchus, thyroid, tongue superior,
colon, urethra

CXCL14 Kidney, skin, mammary gland, oral mucosa,
tongue, esophagus, stomach, jejunum, small
intestine, colon, adipose tissue, pericardium,
Aorta, vena cava, trachea, bronchus, pituitary
gland, uterus, cervix, vagina, lymph node,
spleen, tonsil, central nervous system

CXCL17 Oral mucosa, tongue, esophagus, stomach,

duodenum, urethra, trachea, bronchus, lung,
pancreas, fallopian tube, cervix, vagina

From the body index of gene expression database of human gene
expression Lee and others (2005); Roth and others (2006).

significant mucosal expression: CCL28, CCL25, CXCL14,
and CXCL17 (Table 1; Fig. 1). As described above, CCL28
is expressed by many mucosal epithelial tissues, while CCL25
is expressed by intestinal cells.

CXCL14 exhibits relatively wide expression in the human
body. It was originally called BRAK (for Breast and Kidney
chemokine) (Hromas and others 1999). However, the BIGE
database indicates that it is also expressed in the central
nervous system, and, significantly, in many other mucosal
tissues as well. Finally, CXCL17 was the last chemokine
ligand to be described (Pisabarro and others 2006; Wein-
stein and others 2006). We have identified it as a mucosal
chemokine based on its expression pattern (Burkhardt and
others 2012).

We should clarify that what identifies these 4 chemokines
as mucosal is their homeostatic expression patterns, that is,
under normal nonpathogenic conditions, these chemokines
are normally expressed at high levels in various mucosal
tissues, suggesting that they have mucosal-specific func-
tions. Under inflammatory conditions, however, many other
chemokines can be expressed in mucosal sites (including
many inflammatory chemokines). The difference is that the
latter are not expressed in the normal (noninflamed) mucosa.
In the present review we will therefore focus our attention in
these 4 mucosal chemokines (CCL25, CCL28, CXCL14,
and CXCL17) because they represent an area of research
that has received relatively little attention, despite its po-
tential importance in both innate and acquired mucosal
immunity.

General characteristics of mucosal chemokines

As described above, chemokine genes have been subject
to specific evolutionary pressures, which have influenced
their location in the genome. None of the genes encoding the
4 mucosal chemokines are located in the CCL or CXCL
inflammatory gene clusters. Human CCL28 and CXCL14
are located in human chromosome 5, while the genes en-
coding human CCL25 and CXCL17 are located in chro-
mosome 19. However, while the genes encoding CCL25 and
CXCL17 are located in the same chromosome, they are not
located in the vicinity of each other, suggesting that they
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evolved independently. The same is true for the genes en-
coding CCL28/CXCL14. These observations suggest that
these chemokines are closer to the homeostatic, rather than
the inflammatory, categories. However, as we discuss be-
low, some of these are more properly ‘“Dual’’ chemokines
depending on the tissue that expresses them.

The second important characteristic of the mucosal che-
mokines is that all of them have been described to have
broad antimicrobial activity. The latter is not a characteristic
commonly associated with chemokines, although many have
been shown to exhibit antimicrobial activity against certain
microbes (Yung and Murphy 2012). However, all 4 mucosal
chemokines have been shown to exhibit broad antimicro-
bial activity (Hieshima and others 2003; Maerki and others
2009; Burkhardt and others 2012; Erickson and others 2016).
Furthermore, some pathogens have been shown to have
developed mechanisms to counteract the antimicrobial ac-
tivity of some of these chemokines (Erickson and others
2016). Taken together, these observations strongly suggest
that broad antimicrobial activity may be one of the hallmark
characteristics of mucosal chemokines and raises the pos-
sibility that they may be able to influence the composition of
the mucosal microbiome.

A third interesting characteristic of mucosal chemokines
is their extremely specific expression pattern in mucosal
tissues. An excellent example is the expression of mucosal
chemokines in the tongue. CXCL14 is very highly expressed
in the taste buds, but not at all in the (adjacent) lingual
epithelium. Conversely, CXCL17 is strongly expressed in
the lingual epithelium, but not in the taste buds (Burkhardt
and others 2012). The physiological reasons for these highly
specific expression patterns are currently unknown, but they
strongly suggest that these chemokines have multiple (and
highly specific) functions in mucosal tissues. This expres-
sion suggests that while we broadly know the expression of
these mucosal chemokines in the human body, their specific
expression in various mucosal tissues still remains to be ad-
equately studied.

CCL25

CCL25 was the first mucosal chemokine discovered. Ir-
onically, we did not first identify it as a mucosal chemokine;
instead, it was described as TECK (Rossi and others 1997).
We did note that it was also expressed in the small intestine.
CCL25 plays a very important role in T cell development. It
is required for T cell precursors from the bone marrow to
enter the thymus (Williams and others 2008). Its receptor is
CCRO (Zabel and others 1999) and is expressed by intestinal
homing T lymphocytes (Zabel and others 1999). Importantly,
CCRO is expressed at the DN3 stage of early T cell devel-
opment, a stage when thymocytes undergo a process called
““PB selection’ when only thymocytes that have successfully
rearranged the 3 chain of the T cell receptor (in frame) express
it along with the pre-T alpha chain. Successful *‘f selection”
allows developing thymocytes to differentiate to the DN4
stage of thymocyte development and become CD4"CDS8*
thymocytes, which will undergo positive and negative se-
lection (Norment and others 2000).

In addition, the CCL25/CCR9 axis has been identified as
critical to recruit T cell precursors from the bone marrow to
home to the thymus (Wilkinson and others 1999). While
CCL25 is therefore very important in T cell development,
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we will focus in this study on its role in mucosal immunity,
specifically, in the small intestine.

CCL25 is expressed by mucosal epithelial cells in the
small intestine, and it chemoattracts CCR9" T cells that
home to the small intestine (Meurens and others 2007).
CCL25 expression in the intestine may exhibit a homeo-
static pattern, although some reports suggest that its ex-
pression depends on the presence of microbiota (Hermsen
and others 2008). What is clear is that the CCL25/CCR9
axis recruits specific subsets of CCR9* T cells to the small
intestine (Papadakis and others 2000). Importantly, these
CCRY" intestine-homing T cells also express the integrin
a4p7 (Papadakis and others 2000) and have been associated
with intestinal autoimmune diseases, including Crohn’s
disease (Saruta and others 2007; Stenstad and others 2007).
Importantly, an antibody against the a4B7 integrin has been
approved as a treatment for inflammatory bowel disease,
presumably through its ability to target this population of
intestinal-homing T cells (Jovani and Danese 2013). Inter-
estingly, an antagonist of the CCL25/CCR9 axis was not
effective against Crohn’s disease (Feagan and others 2015).
It is possible that the antagonist was not able to neutralize or
prevent the homing of CCR9* T cells into the Crohn’s le-
sions in the small intestine, while the anti-o4p7 antibody
may have eliminated these cells in vivo.

Chemokines and their receptors have also been shown to
be major players in defining metastatic destinations during
cancer (Muller and others 2001; Zlotnik and others 2011).
The CCL25/CCR9 axis also provides a very clear example
of the role for chemokines in cancer metastasis. In mela-
noma, certain tumors can express CCR9 (Letsch and others
2004). It has been observed that if melanoma tumors express
CCRO, there is a high correlation with metastasis to the
intestine (where CCL25 is expressed) (Amersi and others
2008). What makes this observation especially interesting is
that the intestine is normally not a major metastatic desti-
nation. This observation highlights the potential of chemo-
kines to direct tumor cell metastasis in vivo.

CXCL17

CXCL17 is a 119 amino acid protein with a 22 amino
acid signal peptide. In humans, the gene encoding CXCL17
is located in chromosome 19q13.2. This was the last che-
mokine to be described, and therefore, we do not have much
information about its function. Furthermore, its receptor was
unknown and was only reported very recently (Maravillas-
Montero and others 2015).

Pisabarro and others originally described it as a ‘‘den-
dritic cell and macrophage chemokine,”” due to its ability
to chemoattract these cells, a function they detected through
its ability to induce migration of human peripheral blood
mononuclear cells in transwell migration assays (Pisabarro
and others 2006). These data have been confirmed through
analysis of a Cxcl17” mouse, where we identified a paucity
of macrophages in the lungs (Burkhardt and others 2014).

Under homeostatic conditions, CXCL17 exhibits a unique
mucosal expression pattern. It is strongly expressed in the
respiratory tract (trachea, bronchial, and bronchoalveolar
epithelium), as well as in the upper digestive tract (lingual
epithelium of the tongue, salivary glands, esophagus, and
glandular stomach), and in the vagina and prostate (Bur-
khardt and others 2012; Lee and others 2013). Under
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pathogenic conditions, overexpression of CXCL17 has been
observed when inflammation is present, such as in idiopathic
pulmonary fibrosis, some aggressive types of gastrointesti-
nal, breast, and lung cancer, endometrial carcinoma, and
early stages of pancreatic carcinoma intraductal papillary
mucinous adenoma (Burkhardt and others 2012; Matsui and
others 2012; Lee and others 2013; Ohlsson and others 2016).
We have observed that CXCL17 is strongly induced in the
human colonic epithelial cell line T-84 when incubated with
pro-inflammatory cytokines (TNFa, IFNy) (unpublished
results). Taken together, these data indicate that CXCL17
follows an inflammatory expression pattern in the small
intestine/colon. Therefore, we conclude that CXCL17 is a
“Dual’ chemokine that is expressed under homeostatic
conditions in various tissues, but it can be upregulated under
inflammatory microenvironments in some tissues (intestine)
that normally do not express this chemokine.

Although Cxcl17 expression is induced under inflamma-
tory conditions, it may also have an anti-inflammatory
function. In vitro experiments evaluating the expression of
pro-inflammatory markers such as IL-6, TNF-o/B, and iNOS
have shown a decrease in its expression in J774 cells or
primary macrophages pretreated with Cxcll7 and then
stimulated with lipopolysaccharide (LPS), compared with
the macrophages that received only LPS treatment (Pisa-
barro and others 2006).

As mentioned before, the expression of Cxcll7 is asso-
ciated with bad prognosis and tumor development. This may
be linked to an angiogenic role of Cxcll17. The chemokine
was initially described as a vascular chemokine (VCC-1)
because its expression correlates with the expression of
vascular endothelial growth factor (Pisabarro and others
2006). To better understand the pro-tumoral function of
Cxcll7 in angiogenesis, several groups have induced the
expression of CXCL17 in cell lines and tested their tumor-
igenic activity in vivo. They have found bigger tumors,
vasculature-rich areas, and CD31% cell recruitment in mice
injected with CXCL17-transfected cells compared with
control cells transfected with the vector alone (Pisabarro and
others 2000).

CXCL17 was an orphan chemokine, because its receptor
was unknown. We have recently identified its receptor. The
monocytic cell line THP-1 responds to CXCL17 by inducing
calcium fluxes or chemotaxis in vitro, and its response in-
creases following incubation with prostaglandin E, (PGE,)
(Maravillas-Montero and others 2015). We therefore pre-
dicted that this cell line expressed the CXCL17 receptor.

The strong macrophage chemotactic activity of CXCL17
is only mirrored by CCL2/CCR2, a well-known macro-
phage chemoattractant axis. We therefore first ruled out that
CXCL17 signaled through CCR2 (using Calcium flux as-
says). Once we did this, we predicted that CXCL17 signaled
through an as yet unknown receptor. We further predicted
that it would be a class A GPCR. We therefore performed
a bioinformatics analysis of macrophage-expressed orphan
GPCRs, which we reasoned would be the candidates to be
the CXCL17 receptor. This yielded a list of 10 candidate
molecules. We prioritized them based on their structural
features, since we predicted that the receptor should re-
semble other chemokine receptors. When we transfected one
of these receptors (GPR35) into BAF-3 cells, we were able
to render them responsive to CXCL17 as judged by calcium
flux responses. Importantly, GPR35 had already been shown
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to be expressed by macrophages and to exhibit a mostly
mucosal expression pattern (Okumura and others 2004). In
addition, it exhibits many structural features of other che-
mokine receptors, including a DRY box. Taken together,
these results indicate that GPR35 is a novel chemokine re-
ceptor that according to the chemokine receptor nomencla-
ture we have renamed as CXCR8 (Maravillas-Montero and
others 2015).

CXCL17 is also a strong macrophage chemoattractant
in vivo. Importantly, genomewide association studies have
linked GPR35/CXCRS to ulcerative colitis and primary scle-
rosing cholangitis (Ellinghaus and others 2013). The latter
observation, along with recent data documenting its ability to
recruit immature myeloid cells and its inflammatory expression
pattern in the intestine and colon, strongly suggests that the
CXCL17/CXCRS axis is important in human disease.

CXCL14

CXCL14, originally known as BRAK (Breast and Kidney
chemokine) (Hromas and others 1999) and also as MIP-2y
or BMAC, is a 111 amino acid small protein homeostatically
expressed in epithelial tissues (Meuter and Moser 2008).
Together with CXCL12, it is one of the highest conserved
chemokines (all the way from zebrafish to humans) (Nomiyama
and others 2008). The proposed function for CXCL14 is im-
mune surveillance, as it is able to chemoattract macrophages,
immature dendritic cells, and mast cells to some epithelial
tissues such as the skin (specifically to the epidermis), gas-
trointestinal tract, and kidney. However, it is also strongly
expressed in the CNS, but not in lymphoid organs such as
thymus, spleen, or lymph nodes (Meuter and Moser 2008).

CXCL14 can bind CXCR4, inhibiting the migration of
cells in response to the CXCL12-CXCR4 axis. Despite its
interaction, CXCL14 does not induce signaling through
CXCR4 (as evaluated through calcium mobilization, DMR,
and MAPK assays) (Otte and others 2014). This could be a
mechanism to maintain homeostasis and avoid hyperim-
mune reactions in tissues highly exposed to microbes.

Like CCL28, CXCL14 exhibits broad antimicrobial ac-
tivity. Specifically, CXCL14 exhibits antimicrobial activity
against Gram-negative E.coli, Gram-positive Staphylococci
species, Propionibacteria, Pseudomonas aeruginosa, Strep-
tococcus species, and the yeast C. albicans. It is likely to be
an important mechanism providing protection to the lung and
skin and could be relevant in local immune defense of other
barrier tissues, due to its strong expression in epithelial organs
(Maerki and others 2009; Dai and others 2015).

A role for CXCL14 as a metabolic regulator (in female
mice) was discovered by comparing the metabolic responses
of wild-type and Cxcl/4” mice. The expression of CXCL14
is upregulated in tissues such as adipose, liver, and skeletal
muscle in a model of obesity and type 2 diabetes, promoting
the infiltration of macrophages into those tissues. The ex-
pression of CXCL14 impacts the expression of adipokines,
including adiponectin, RBP4, and the cytokine IL-6, and as
a consequence the development of insulin resistance and
impairment of glucose metabolism in obese mice are ob-
served (Nara and others 2007).

In another study, behavioral differences were observed.
Lower body weight and reduced birth rate were observed in
Cxcll4™~ compared with wild-type mice. The decrease in
body weight could be due to decrease of Npy and Agrp
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expression in the hypothalamus of CxclI4”~ compared to
control mice. The expression of Cxcll14 in the central ner-
vous system and the changes in neuropeptides, in addition to
the metabolic changes described before, suggest an impor-
tant role for Cxcll4 in coordinating feeding behavior (Ta-
negashima and others 2010).

An important observation that may be related to the
feeding behavior abnormalities observed in Cxcl/4™~ mice
is the fact that CXCL14 is expressed in the taste buds, where
it is one of the highest expressed genes (Hevezi and others
2009). These observations strongly suggest that it has a
function in the taste buds, either in the regulation of taste
perception or, alternatively, in maintenance, cellular orga-
nization, or development of taste buds, since these structures
are replaced every 2-3 weeks.

Taken together, these observations suggest that CXCL14
plays very important functions in the mucosa. This is an area
that requires more study because at the present time the data
available raise more questions than it answers.

CCL28

CCL28 is the best known mucosal chemokine. It binds
CCRI10 (originally called GPR2) (Wang and others 2000). It
shares this receptor with the skin-specific chemokine
CCL27 (Morales and others 1999). The latter observation
indicates that CCL27 and CCL28 are derived from a com-
mon ancestral gene, and 1 specialized to the skin, while the
other 1 specialized to the mucosa. CCL28 is expressed in
many mucosal tissues, mostly by epithelial cells, and it at-
tracts IgA plasmablasts (Lazarus and others 2003), which
express CCR10 (Kunkel and others 2003).

CCL28 is homeostatically expressed in many mucosal
tissues and particularly in the salivary glands, indicating that
it is normally present in saliva and it therefore ‘‘bathes’ the
digestive tract. In other tissues, like the human colon, it
behaves like an inflammatory chemokine since its expres-
sion is induced by pro-inflammatory cytokines like IL-1
(Ogawa and others 2004) and is upregulated in inflamma-
tory human diseases like inflammatory bowel disease (Arijs
and others 2011) or periodontitis (Ertugrul and others 2013).
Therefore, like CXCL17, it is a “Dual” (homeostatic/in-
flammatory) chemokine. Besides its normal expression in
mucosa it has been found expressed in some pathogenic
conditions like the Reed-Stenberg cells of Hodgkin’s lym-
phoma (Hanamoto and others 2004). The functional sig-
nificance of the latter observation is not clear.

CCL28 is an important chemokine associated with IgA
responses. In the mammary gland, it is induced upon the
onset of lactation under the effect of estrogen and it che-
moattracts IgA plasmablasts that will produce the IgA found
in colostrum and milk (Wilson and Butcher 2004). Ac-
cordingly, Ccr10™ mice exhibit a deficiency in IgA in the
milk, but the production of IgA in the gastrointestinal tract is
minimally impacted (Morteau and others 2008). However,
another study found that IgA responses in the gastrointes-
tinal tract of Ccr10™ mice are not normal, in particular IgA
memory responses to pathogen reinfection were severely
impaired. These observations strongly suggest that the role
of the CCL28/CCR10 axis in IgA responses involves the
recruitment of IgA plasmablasts to sites of developing re-
sponses. However, if the plasmablasts can arrive there by
other mechanisms the development of IgA responses can
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proceed normally. These data are also consistent with the
conclusion that the principal receptor for CCL28 is CCR10.
The functional significance of the reported ability of CCL28
to bind CCR3 (Pan and others 2000) remains unclear.

The broad antimicrobial activity of CCL28 has been the
focus of several studies. The original report documenting its
antimicrobial activity noted that it is particularly effective
against Candida albicans (Hieshima and others 2003). In
fact, its terminal 28 amino acid peptide also displayed se-
lective candidacidal activity. Its C-terminus displays sig-
nificant sequence similarity to histatin-5, a histidine-rich
peptide found in human saliva (Hieshima and others 2003).
A second study has identified a sequence of highly charged
amino acids in the C-terminal region of CCL28 that medi-
ates its antimicrobial activity (Liu and Wilson 2010). Taken
together, these observations strongly suggest that CCL28
plays an important antimicrobial function in mucosal tissues.
This conclusion is also supported by the fact that its levels in
saliva drop significantly in diseases such as Sjogren’s syn-
drome (Hernandez-Molina and others 2015), suggesting that
it may be partially responsible for observed susceptibility to
oral microbial infections observed in this disease.

Clearly, the CCL28/CCR10 axis is a very interesting and
important player in mucosal immunity. We should mention
that CCR10 expression has also been detected in T regula-
tory cells (Facciabene and others 2011) and Th22 cells
(Duhen and others 2009). The latter represents a potentially
important player in immune responses through their pro-
duction of IL22. CCL28 has been shown to be induced in
tumors under hypoxic conditions, and it has been suggested
that it recruits Tregs that promote tumor tolerance and an-
giogenesis (Facciabene and others 2011). The fact that both
CCL27 (skin specific) and CCL28 (mucosal specific) bind
CCRI10 also suggests common links between skin and mu-
cosal immunity (which may be both innate and acquired).
Further studies are required to understand the functional
significance of these observations, but it is likely that the
CCL28/CCRI10 axis will be shown to be important in other
immune responses.

Conclusions

It should be apparent from the previous sections that we
still know relatively little about the function of these mu-
cosal chemokines. Therefore, our first conclusion is that
they represent a very promising relatively novel field of
research. In support of this conclusion, in spite of the fact
that we have covered most of the topics described in the
literature that involve the physiology of these chemokines,
our review is still rather small. We would like therefore to
identify several obvious areas for future research.

The first is that mucosal tissues exhibit their own immune
system physiology, and this is an area where mucosal che-
mokines are very likely to play important roles. Several
lymphoid populations specific to mucosal sites have been
described, like the recruitment of CCR9* T cells by CCL25
to the intestine (Papadakis and others 2000; Saruta and
others 2007). Therefore, homeostatic mucosal chemokines
are excellent candidates to be involved in the recruitment of
mucosal-specific lymphoid and myeloid populations some
of which remain to be identified. Another emerging example
is the CXCL17/CXCR8 axis, which represents a powerful
macrophage-recruitment mechanism that operates in the
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mucosa (Burkhardt and others 2014; Maravillas-Montero
and others 2015). In our experience, the CXCL17/CXCRS8
axis rivals the CCL2/CCR?2 axis in ‘“‘macrophage-recruitment
potency” in vivo. Given that CCL2/CCR2 axis is the most
powerful (chemokine-mediated) macrophage-recruitment
mechanism described to date (Deshmane and others 2009),
the question arises as to why did evolution design a second,
chemokine-mediated, macrophage-recruitment mechanism
(CXCL17/CXCRS) that (appears to mainly) operate in mu-
cosal tissues? The answer to this question likely involves the
nature of the macrophages recruited by each of these che-
mokine axes. The macrophages recruited by the CCL2/CCR2
axis will likely be shown to mediate different functions than
those recruited by the CXCL17/CXCRS axis. This already
appears to be the case for CCR2-expressing versus CX3CR1-
expressing macrophages (the latter being recruited by the
CX3CL1/CX3CRI1 axis). Indeed, both CCR2 and CX3CRI1
are now considered important macrophage subset biomarkers
(Kzhyshkowska and others 2016). We predict that GPR35/
CXCR8 will also become an important macrophage subset
biomarker. It remains to be shown whether it specifically
labels mucosal-bound macrophages. Recently, the existence
of functional macrophage subsets has been postulated, with
the most “popular” subsets being labeled ‘“MI1 and M2
depending on whether they express pro-inflammatory or anti-
inflammatory cytokines. While this definition may be too
simple, it has contributed to the acceptance of the concept of
macrophage/monocyte functional subsets (Ushach and Zlot-
nik 2016). We therefore predict that GPR35/CXCRS8 will
define yet another functional macrophage subset.

Importantly, the immune system functions of different
mucosal tissues are also likely to differ. The functions of the
trachea/bronchus mucosa may differ from the esophagus, for
example. Yet they also share many immune system func-
tions (for example, production of IgA). The mucosal che-
mokines that we highlight in this article are expressed in
most mucosal tissues. However, we still lack basic infor-
mation about their expression is several mucosal sites. For
example, we do not know whether they are expressed in the
eye, but given that the eye also involves several typical
mucosal tissues (conjunctiva), it is a safe prediction that
some of these chemokines will be expressed in eye tissues
either in a homeostatic or inflammatory manner. The same
applies to other mucosal sites like the nasal epithelium.

The pattern of expression of some of these chemokines in
the digestive tract is also intriguing and further suggests
other functions. We have observed that the expression pat-
tern of CXCL17 in the digestive tract mirrors that of IL-
1RA (receptor antagonist) (unpublished observations). This
is an interesting observation because IL-1RA is an anti-
inflammatory cytokine that specifically inhibits IL-1o and
IL-1pB binding to their receptors. This observation suggests
that CXCL17 could also have anti-inflammatory functions.
In fact, a recent article has postulated that CXCL17 is an
anti-inflammatory chemokine (Lee and others 2013).

The wide-spectrum antimicrobial activity of these mu-
cosal chemokines strongly suggests that they play an im-
portant role in defining and regulating the microbiome
present in many mucosal sites. Given the high importance of
the microbiome in health and disease, if this prediction was
to be confirmed, it would raise the importance of these
chemokines as well. Fortunately, the availability of various
chemokine-deficient mice should make these experiments
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practical. We expect to have results that should shed light on
these possibilities in the near future.

Finally, we should emphasize that the present article has
focused on 4 chemokines (CCL25, CCL28, CXCL14, and
CXCL17) that exhibit homeostatic expression in muco-
sal tissues and are therefore chemokines whose function
is closely tied to mucosal tissues. There are 48 human che-
mokine ligands, and many of these are expressed in mucosal
tissues under inflammatory or pathological conditions. We
have not addressed the role of these ‘‘inflammatory’’ che-
mokines in this review because that topic is very extensive. It
is our hope that we have been able to call attention to these 4
mucosal chemokines and that our review will stimulate re-
search on their role in mucosal tissue physiology.
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