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Abstract

The mucosal immune network is a crucial barrier preventing pathogens from entering the body.
The network of immune cells that mediates the defensive mechanisms in the mucosa is likely
shaped by chemokines, which attract a wide range of immune cells to specific sites of the body.
Chemokines have been divided into homeostatic or inflammatory depending upon their expression
patterns. Additionally, several chemokines mediate direct killing of invading pathogens, as
exemplified by CCL28, a mucosa-associated chemokine that exhibits antimicrobial activity
against a range of pathogens. CXCL17 was the last chemokine ligand to be described, and the 17t
member of the CXC chemokine family. Its expression pattern in 105 human tissues and cells
indicates that CXCL17 is a homeostatic, mucosa-associated chemokine. Its strategic expression in
mucosal tissues suggests that it is involved in innate immunity and/or sterility of the mucosa. To
test the latter hypothesis, we tested CXCL17 for possible antibacterial activity against a panel of
pathogenic and opportunistic bacteria. Our results indicate that CXCL17 has potent antimicrobial
activities, and that its mechanism of antimicrobial action involves peptide-mediated bacterial
membrane disruption. Since CXCL17 is strongly expressed in bronchi, we measured it in
bronchoalveolar lavage fluids, and observed that it is strongly upregulated in idiopathic pulmonary
fibrosis. We conclude that CXCL17 is an antimicrobial mucosal chemokine that may play a role in
the pathogenesis of interstitial lung diseases.
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Introduction

Humans interact with the outside world through external physical barriers, including the skin
and mucosal sites. Exterior pathogens that gain access to these sites and successfully
colonize them can cause local infections, which could give rise to systemic infections.
Additionally, mucosal sites can harbor commensal bacteria that can, under certain
conditions, become pathogenic. Therefore, the study of mucosal homeostasis is important to
understand host defenses in these sites.

Chemokines are small chemotactic proteins that control the migration of leukocyte
populations in the body (1). However, some chemokines exhibit other activities beyond the
chemoattraction of immune cells. For example, the CXCL12/CXCR4 signaling axis is
involved in brain development (2) and aids in wound healing following vascular injury (3).

Some chemokines are also found at several mucosal sites. Currently, the best known
mucosal-associated chemokines are CCL25 and CCL28. CCL25 is known for its role in
attracting CCR9+ a4p7+ T cells to the small intestine (4),(5). CCL28 is a chemokine
expressed by epithelial cells whose expression is induced in the female mammary gland
upon onset of lactation (6) where it plays a pivotal role in the recruitment of CCR10+ T and
B cells to trigger 1gA production (7). In addition CCL28 is known to be present in saliva and
the vagina (7-8), and it also has been shown to have candidacidal activity (8).

Using a comprehensive human gene expression microarray database (9—11), which we call
the Body Index of Gene Expression (BIGE), we undertook a systematic screen of
chemokines in the human body by examining the expression profiles of all 48 known human
chemokines (1). Since the BIGE database currently includes 105 normal human tissues or
cell types, this analysis represents one of the most comprehensive chemokine expression
analyses performed to date. This systematic screen yielded four chemokines whose
expression is strongly associated with the mucosa: CCL28, CCL25 CXCL14 and CXCL17.

Two of these chemokines (CCL25 and CCL28) are known to be mucosal associated.
CXCL14 was originally described to be expressed in breast and kidney (BRAK) (12) and
subsequently in skin (13). It has also been linked to mucosal sites (14-15). However, little is
known about CXCL17. It was the final chemokine ligand to be discovered (16), and
therefore much of its biology remains uncharacterized although it is known to be expressed
in trachea and stomach (16). Our screening results have expanded on these analyses and
confirm that its expression is restricted to mucosal tissues. Therefore, we decided to explore
the role of CXCL17 in the mucosa in more detail.

CCL28 (8, 17) has been shown to have broad spectrum antimicrobial activity against several
microorganisms including Candida albicans (18). CXCL14 has also been shown to have
antimicrobial activity (13, 19). Given the mucosal-associated expression of CXCL17, we
hypothesized that it may also have antimicrobial activity. In the present study, we confirmed
the expression of CXCL17 in various mucosal tissues. Our results indicate that CXCL17 has
potent antimicrobial activity, and that this activity is mediated through a membrane
disruptive mechanism.

Furthermore, our expression data indicates that CXCL17 is expressed in the lung airways.
We therefore investigated a role for CXCL17 in idiopathic pulmonary fibrosis (IPF), a
complex interstitial lung disease of unknown etiology. To this end, we measured CXCL17 in
human bronchoaveolar lavage fluids (BALf) from patients with IPF. Our results indicate that
CXCL17 is elevated in BALT from IPF patients, suggesting that CXCL17 may be involved
in the pathogenesis of this disease.

J Immunol. Author manuscript; available in PMC 2013 June 15.
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Materials & Methods

Body Index of Gene Expression

The construction of the BIGE database has been described previously (9, 11). Briefly,
tissues or cells corresponding to 105 different sites of the human body were obtained within
5 h post-mortem. RNA was prepared as described and used to prepare cDNA to be
hybridized to U133 2.0 genearrays (Affymetrix, Santa Clara, CA). The resulting data were
normalized and a probeset corresponding to CXCL17 (DMC) (226960 _at) was used to
determine the expression of this chemokine in the human body.

Real Time Quantitative-PCR Analysis

All Q-PCR data was generated using a Roche Lightcycler machine 480 using a Universal
Probe Library (UPL) based system. Briefly, total RNA was extracted from each mouse
tissue sample using TRIzol (Invitrogen Carlsbad, CA) followed by RNA purification and
DNase digest using Qiagen’s RNEasy columns. Human RNA samples were purchased from
Clontech (Mountain View, CA) and did not require any extra preparation. Equal
concentrations of total RNA were used in a reverse transcription reaction to generate cDNA
(Qiagen, Valencia, CA). 50ng of each cDNA was used per 40 cycle PCR run. Gene specific
primers and corresponding UPL were used for each reaction to quantitatively detect the
amount of CXCL17 and control genes transcripts in each tissue sample. The results were
processed and analyzed using GraphPad Prism software (www.graphpad.com).

Immunohistochemistry

Selection of tissue sections: Tissue sections from formalin-fixed, paraffin embedded samples
from well preserved areas of normal human tongue, colon mucosa and bronchial mucosa
were selected from autopsy files and used to construct a tissue array. Two 5-mm tissue
punches were obtained from the relevant tissue areas and subsequently included in a paraffin
block. Each paraffin block contained four different samples from patients who died from
natural causes.

Five micron tissue sections mounted on siliconized slides were deparaffinized in xylol and
then rehydrated in ethanol solutions at progressively lower concentrations. Epitope retrieval
was achieved by treatment in a pressure cooker for 15 minutes. The slides were then
incubated with anti-CXCL17 antibody (R&D Systems, Minneapolis, MN) or isotype
control. The primary antibody was incubated for 10 minutes using a polymer based
visualization kit (DAKO, Carpinteria, CA) according to the manufacturer’s instructions;
once the reaction was complete, it was revealed with diaminobenzidine and counterstained
with hematoxylin. Any positivity in the tissue sections was evaluated by a pathologist and
the sites and cells that stained positive were recorded.

Immunohistochemistry for CD68 and CD138: Epitope retrieval from tissue sections was
achieved by heating at 95°C in citrate buffer for 3 minutes. The sections were stained with
either anti-CD68 or anti-138 followed by polymer-based visualization kits (all from DAKO)
according to manufacturer’s instructions. The sections were then developed with
diaminobenzidine, counterstained with hematoxylin and examined under a light microscope.

Bacteriocidal Peptide Assays

A single bacterial colony was added to 5 ml Trypticase Soy Broth (TSB) and grown with
shaking overnight at 37°C. 10 pl of each overnight culture growing in TSB was added to a
fresh tube of TSB. The bacteria were shaken at 37°C until they reached mid log phase. The
bacterial OD was measured at 600 nm to verify that the range was between 0.4-0.8. Mid-log
bacteria were deposited by centrifugation at 10,000 x g for 3 min, washed three times with
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10 mM PIPES (piperazine-1,4-bis(2-ethanesulfonic acid), pH 7.4, supplemented with 0.01
volume (1% v/v) trypticase soy broth (10 mM PIPES-TSB, pH 7.4). Bacteria, ~1-5 x 106
CFU/ml, were exposed to peptides at various concentrations in a total volume of 50 pl in a
96-well plate. The test samples are incubated at 37°C with shaking for 1 h, diluted 1:100 in
10 mM PIPES (pH 7.4), and plated on TSB agar plates using an Autoplate 4000 (Spiral
Biotech Inc., Bethesda, MD, USA). After incubation overnight at 37°C, bacterial cell
survival is determined by counting CFU. Each condition was performed in triplicate.

Fungicidal Activity against Candida albicans

A single colony of Candiaa albicans was inoculated into 50 ml Sabouraud dextrose broth
(SAB) overnight in a 37°C shaker. 100 pl of overnight culture was inoculated into 5 ml fresh
SAB for 4 h in a 37°C shaker. Exponentially-growing C. albicans were deposited by
centrifugation at 10,000 x g for 3 min, washed three times with 10 mM PIPES supplemented
with 0.01 volume (1% v/v) SAB (10mM PIPES-SAB, pH 7.4). In triplicate, ~ 1-5 x 10°
CFU/ml C. albicanswere exposed to peptides at various concentrations in a total volume of
50 pl in a 96-well plate. Samples were incubated at 37°C with shaking for 2 h, diluted 1:100
in 10 mM PIPES (pH 7.4), and plated on SAB agar plates using an Autoplate 4000. After
overnight growth at 37°C, C. albicans cell survival was determined by counting CFU.

Membrane Permeabilization Assays

The ability of CXCL17 to permeabilize live E. coli cells was assayed by measuring
hydrolysis of o-nitrophenyl-p-d-galactopyranoside (ONPG) by cytoplasmic p-galactosidase
and colorimetric detection of the ONPG hydrolysis product, o-nitrophenol. In lactose
permease-deficient and p-galactosidase-constitutive £. co/i ML35 cells, peptide-induced
membrane disruption allows the ONPG substrate to diffuse into the bacterial cell for
hydrolysis by cytoplasmic p-galactosidase. Log-phase £. coli ML35 cells were washed and
resuspended in 10 mM PIPES-TSB. In triplicate, bacteria (5 x 108 CFU/mI) were exposed to
peptides in the presence of 2.5 mM ONPG for 2 h at 37°C, and A405,,,, readings were taken
every 30 s. The kinetics of ONPG hydrolysis was measured by determining the A405,,
using a Spectra-Max plate spectrophotometer (Molecular Devices, Sunnyvale, CA). The
resulting data was analyzed and compiled using GraphPad Prism.

BALf Samples

BALf samples were obtained from 12 patients with IPF (11 males and 1 female; 64.8 + 5.5
years) and 5 healthy individuals (all males; 47.2 + 12 years). Diagnosis of IPF was
performed according to the American Thoracic Society/European Respiratory Society
consensus (20). None of the patients had been treated with corticosteroids or
immunosuppressive drugs at the time of the study. BAL was performed through flexible
fiberoptic bronchoscopy under local anesthesia as described (21). Briefly, 300 ml of normal
saline was instilled in 50-ml aliquots, with an average recovery of 60%-70%. The recovered
BAL fluid was centrifuged at 250 g for 10 min at 4 °C and the supernatants were
concentrated 10X and kept at =70 °C until use. The study was approved by the Bioethics
committee at the National Institute of Respiratory Diseases, and informed consent was
obtained from all subjects.

CXCL17 ELISA

BALTf samples from healthy and diseased human subjects were analyzed for CXCL17 by
sandwich ELISA by coating 96-well plates (NUNC, Rochester, NY) with primary
monoclonal anti-human CXCL17 antibody (R&D Systems). Recombinant human CXCL17
(R&D Systems) was used as a standard. Bound standards and samples were detected by
subsequent incubation with polyclonal anti-human CXCL17 antibody (R&D Systems) and
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horseradish peroxidase-conjugated mouse anti-human detection antibody (Abcam,
Cambridge, MA). The binding was visualized using TMB (KPL, Gaithersburg MD). The
reaction was stopped with 2N H,SO,4 and absorbance was read at 450nm.

The expression of CXCL17 is restricted to mucosal sites

We examined the expression profiles of each of 48 human chemokines in the BIGE database
and selected chemokines that were highly and specifically expressed in mucosal sites. From
this screen we identified several chemokines distinctly expressed in mucosal sites: CCL28,
CCL25, CXCL14 and CXCL17. CCL28 is strongly expressed in salivary and lactating
mammary gland (8, 22); CCL25 in thymus and intestine, confirming previous data (23); and
CXCL14 is expressed in kidney, skin, and several mucosal tissues (15). Gene expression
analyses using the BIGE database indicated that the expression of CXCL17 is restricted to
mucosal sites including the digestive system, lung airways, the urethra and several sites of
the female reproductive system (Figure 1). Given that CXCL17 is a relatively new member
to the class of mucosal chemokines, we focused on the functional characterization of this
chemokine.

The initial report that described CXCL17 as a member of the chemokine superfamily
demonstrated that this chemokine is expressed in several mucosal sites including the
stomach, colon and trachea (16). Our data confirms and extends this observation. Given that
the BIGE database contains 105 different tissues and cells, this allows us to conclude that
CXCL17 is not only a mucosal chemokine but its expression in the human appears restricted
to mucosal sites (Figure 1A; Table 1). We confirmed the microarray data using quantitative
real time PCR (Q-PCR) in a panel of human and murine tissues (Figure 1B and 1C). The
similar expression patterns between the genearrays and Q-PCR data confirmed the BIGE
database expression data for CXCL17.

We next focused our study to provide a more in-depth analysis of the expression of CXCL17
in several mucosal sites (Figure 2). Using immunohistochemistry (IHC) the mRNA
expression data was confirmed at the protein level for normal human bronchus, tongue and
the gastrointestinal (GI) tract. In agreement with Pisabarro et al (16), we observed stronger
CXCL17 expression near the epithelial layer exposed to the lumen of either the intestine or
bronchus (data not shown), suggesting that CXCL17 is secreted into the lumen of these
organs. In addition, within the mucosal tissues analyzed, there were distinct cells elsewhere
that exhibit cytoplasmic staining for CXCL17 (Figure 2). Morphologically, these cells
appeared to be macrophages and plasma cells. The macrophages showed indented nuclei and
clear cytoplasm while the plasma cells have a peripheral nucleus with distinct chromatin
staining (cartwheel) and abundant cytoplasm. Further evidence supporting the lineage of
these CXCL17-producing cells was obtained by staining the same tissues with a macrophage
marker (macrosialin; anti-CD68) and a plasma cell marker (syndecan 1; CD138). As shown
in Supplementary Figure 1, cells with macrophage morphology stain with CD68 and cells
with plasma cell morphology stain with CD138. Interestingly, we also observed CXCL17
staining in endothelial cells of some blood vessels present in these tissues (data not shown).
This observation is a common feature of other chemokines, and suggests that CXCL17 may
be involved in the extravasation of certain blood cells to mucosal sites.

The expression of CXCL17 in mucosal tissues can exhibit surprising specificity. We
previously constructed a gene expression database of primate tongue tissues which included
taste buds (fungiform and circumvallate) and lingual epithelium collected by laser capture
microdissection (10). The expression of CXCL17 in this database was compared to the
expression of another chemokine strongly expressed in the tongue, CXCL14 (Figure 3).

J Immunol. Author manuscript; available in PMC 2013 June 15.
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While CXCL14 is highly expressed in the taste buds, it is not expressed in the lingual
epithelium (Figure 3 and (10, 24)). Conversely, both microarray and immunohistochemistry
data indicates that CXCL17 is strongly expressed by the lingual epithelium but not in the
taste buds (Figures 2 and 3). The functional significance of this highly specific chemokine
expression in mucosal tissues is currently unknown.

CXCL17 is a Chemokine With Antimicrobial Properties

CXCL17 is structurally related to CCL28 and CXCL14 (1, 16), two other mucosal-
expressed chemokines that have been reported to have antimicrobial activity against several
pathogens including Candlida albicans (8, 13). Given the structural similarity and the
mucosal-specific expression of CXCL17 we hypothesized that CXCL17 also exhibits
antimicrobial activity.

To test this hypothesis, we tested CXCL17’s ability to kill several bacterial strains as well as
C. albicans in solution using microbicidal peptide assays. We compared CXCL17 to
CXCL14 (another mucosal chemokine (15, 25)) and cryptdin-4 (Crp4). The latter is a well-
characterized mouse Paneth cell a-defensin (26-27). We also compared CXCL17’s
antimicrobial activity to CXCL8, a chemokine that lacks antimicrobial activity (28-29). The
microorganisms were chosen for these studies because they can colonize the mucosa as
either commensal or pathogenic microbes.

CXCL17 significantly reduced the survival of bacteria or fungi by 3-4 orders of magnitude
in a dose-dependent manner (Figures 4 and 5). With the exception of Lactobacillus casei,
CXCL17 exhibits microbicidal activity similar to that of Crp4, the most potent known
mouse a-defensin (26), and is more active than CXCL14, a chemokine previously reported
to have antimicrobial activity (13). Consistent with previous reports (28), CXCLS8 failed to
show antimicrobial activity against all bacterial species tested (Figure 4 and Supplementary
Figure 2).

CXCL17 Induces E. coli Cell Permeabilization

We then sought to explore the antimicrobial mechanism of CXCL17. Given the similarities
between the bacteriocidal effects of CXCL17 and Crp4, we hypothesized that CXCL17
could induce permeabilization of live £. coli similar to Crp4 (24, 30). To investigate this, we
tested CXCL17 in a membrane permeabilization assay. This is a common method to gain
insight into the antimicrobial mechanism of peptides, such as Crp-4 (31).

In the permeabilization assay, CXCL17 disturbed cellular homeostasis enough to enable
diffusion of the ONPG substrate into the cells for conversion to ONP (Figure 6), an activity
that results from disturbing the integrity of bacterial membranes transiently or by formation
of stable pores (24, 32). These results indicate that CXCL17 induces permeabilization of
bacterial membranes. As a control, we tested CXCL8 in the membrane permeabilization
assay, a chemokine that does not exhibit antimicrobial activity (Figure 4 and Supplementary
Figure 2). CXCL8 does not induce diffusion of ONPG, indicating that it does not disturb
bacterial membranes (Figure 6).

CXCL17 Is Elevated In Idiopathic Pulmonary Fibrosis

Given the high CXCL17 expression in the airways (Figure 1, 2 and (16)), we next asked
whether CXCL17 could be associated with human lung disease. To approach this question,
we developed a CXCL17 ELISA, and used it to measure the levels of this chemokine in
bronchoalveolar lavage fluids obtained from patients with IPF or healthy donors. Our results
indicate that CXCL17 levels are significantly elevated in BALT from patients with IPF
(376.6 pg/ml versus undetectable (<62.5 pg/ml); Figure 7).

J Immunol. Author manuscript; available in PMC 2013 June 15.
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Discussion

CXCL17 was the last chemokine ligand to be discovered (16) and consequently, there are
few studies on this chemokine (16, 33-34). Pisabarro et al (16) first reported this chemokine
and it still represents it most detailed characterization. Weinstein et al (33) called this
chemokine Vascular Endothelial Growth Factor (VEGF)-correlated chemokine 1 (VCC-1)
because they found it expressed in several cancers and found that it induces VEGF
expression. They observed that expression of CXCL17 in a NIH3T3 cells favored tumor
progression /n vivo, and they ascribed this effect to the ability of CXCL17 to promote
angiogenesis. Mu et al (34) found CXCL17 expressed in hepatocellular carcinoma and
concluded that it favors tumor progression /n vivo.

Pisabarro et al (16) analyzed the expression of CXCL17 mRNA in human adult stomach,
thyroid, spinal cord, lymph node, trachea, adrenal gland and peripheral blood leukocytes.
They concluded that it is expressed in stomach and trachea. In addition, they detected
CXCL17 in adult lung and intestine by immunohistochemistry. In our present study, we
present microarray data on 105 tissues and cells of the human body (Figure 1). Therefore,
our studies both confirm and extend the results of Pisabarro et al (16) and allow us to
conclude that CXCL17 is a chemokine that exhibits restricted expression in mucosal tissues.
In fact, of the four mucosal-associated chemokines (CCL25, CCL28, CXCL14 and
CXCL17), only CCL28 and CXCL17 are mucosal-restricted, since CCL25 is also expressed
in the thymus (23) and CXCL14 is also expressed in the skin and kidney (12-13). CCL28
has a very important function in the mucosa, namely, the recruitment of cells that mediate
IgA production in the mammary gland (7). We therefore hypothesize that CXCL17 must
also mediate important mucosal-specific functions. The results of our present study, along
with the pioneering Pisabarro report (16), indicate that CXCL17 should be recognized as an
important mucosal chemokine.

The discrete mucosal expression pattern of CXCL17 in normal human tissues strongly
suggests that it is a homeostatic chemokine (Figures 1, 2 and 3). It has been reported to
chemoattract dendritic cells and monocytes (16, 33-34). Importantly, its receptor has not
been described yet. Homeostatic chemokines tend to have specific receptors (1). We predict
that the CXCL17 receptor should be expressed in monocytes, dendritic cells, as well as
discrete cell populations present in mucosal tissues that may be recruited by CXCL17.

Both CCL28 and CXCL14 have broad antimicrobial activity (8, 13, 18); several other
chemokines have antibacterial activity against a narrow range of species (35-37). Other
chemokines, like CXCLS8, do not have antimicrobial properties ((28-29), Figure 4 and
Supplemental Figure 2). It is noteworthy that 3 chemokines that exhibit broad antimicrobial
properties (CCL28, CXCL14 and CXCL17) are both homeostatic and expressed in the
mucosa, suggesting that this activity is associated with their mucosal expression pattern.

A surprising observation is the high level of specificity that mucosal chemokines can exhibit
in their expression patterns within mucosal tissues (Figure 3). Both CXCL14 and CXCL17
are expressed in the tongue. However, CXCL14 is only expressed in the taste buds while
CXCL17 is only expressed in the lingual epithelium (Figure 3). This suggests highly
specific functions for each chemokine within these tissues. In fact, CXCL14 is the highest
expressed gene in primate taste buds (10), although at present its function there remains
obscure. In the gut mucosa, CXCL17 is preferentially expressed by epithelial cells adjacent
to the lumen versus cells adjoining the lamina propria (LP) (16) and (data not shown).
However, within the colon LP we also detected discrete cells that express CXCL17. Their
morphology as well as IHC staining with cell specific markers, indicates that the CXCL17-
expressing cells include macrophages (expressing CD68) and plasma cells (expressing
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CD138) (Figure 2 and supplementary Figure 1). These cells were also observed in the
bronchus and tongue (Figure 2); as in the colon LP, they were identified as macrophage and
plasma cells through their expression of CD68 and CD138, respectively (data not shown).
Their ability to express CXCL17 suggests that they may use this chemokine to attract other
cells for as yet unknown functions within the mucosa.

Our data shows that CXCL17 can have direct effects on the microbial populations at
mucosal sites (Figures 4 and 5). We tested commensal and pathogenic microbes, including
some that are known to cause infection at mucosal sites. Our results strongly suggest that
CXCL17 could play a direct role in shaping the microbiome. This conclusion is supported
by immunohistochemistry data, which indicates that CXCL17 is preferentially expressed in
mucosal sites adjacent to the lumen ((16) and data not shown). Additionally, chemokines
bind to the heparin sulfate, which is part of the extracellular matrix of epithelial cells (38).
This binding helps localize chemokines within a specific region and aids the development of
a gradient within the tissue (39). This phenomenon could help increase the concentration of
CXCL17 in mucosal surfaces.

Prior to the outset of these studies, we analyzed the primary protein structure of CXCL17 to
determine if it shared properties with defensins, a well-characterized antimicrobial family.
However, helical wheel projection analyses of CXCL17 do not predict amphipathic helices
(data not shown), evidence that the CXCL17 antimicrobial mechanism of action differs from
that of other linear antimicrobial peptides. Given the constraints to the general chemokine
structure imposed by the disulfide bonds, CXCL17 may have a different distribution of
charge and hydrophobicity, which contribute to its antimicrobial effects. For example,
dimeric human neutrophil defensin-3 (HNP-2) forms stable, 20 A multimeric pores after
insertion in model phospholipid bilayers (31), but rabbit NP-1 monomers create short-lived
bacterial membrane defects of widely varied magnitude (40). Clearly, CXCL17 induces
membrane permeabilization in £. coli cells (Figure 6), but whether it does so by formation
of stable pores or transient membrane defects remains a topic for future study.

Lastly we explored whether CXCL17 could be associated with human disease. Pisabarro et
al (16) analyzed the expression of CXCL17 in asthma or chronic obstructive pulmonary
disease tissue sections by immunohistochemistry but could not conclude whether there was
increased CXCL17 expression. The development of a human CXCL17 ELISA allowed us to
quantitate the levels of this chemokine in BALT of patients with idiopathic pulmonary
fibrosis (IPF). Interestingly, IPF has been recently associated with a Single Nucleotide
Polymorphism (SNP) in the promoter region of the airway mucin gene (MUC5B) that
strongly increases the production of this protein (41). In that study, MUC5B was detected in
the cytoplasm of the secretory columnar cells of the bronchi and in larger proximal
bronchioles where CXCL17 is also expressed ((16) and data not shown). Our data
demonstrates that CXCL17 is elevated in IPF (Figure 7). This is the first observation that
CXCL17 is over-expressed in IPF, the most aggressive human interstitial lung disease. IPF
is a progressive and usually lethal lung disease characterized by an aberrant activation of
bronchiolar/alveolar epithelial cells, expansion of the myofibroblasts population followed by
the abnormal remodeling of the lung parenchyma (42). However, CXCL17’s putative role in
this disease remains unclear. The increase in CXCL17 may be related to its antimicrobial
mechanisms since infections are common in these advanced stage IPF patients. Actually, a
characteristic finding in IPF lungs is the presence of areas of cystic fibrotic airspaces
(honeycombing) usually filled with mucinous exudate. Chronic and even acute inflammation
is usually detected in and around these honeycomb areas (43). In addition, it has been
suggested that CXCL17 facilitates the antitumor host immune response by inducing the
infiltration and accumulation of immature myeloid Dendritic Cells (DCs), and these cells
have been found increased in IPF lungs, although its role in this disease has not been
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elucidated (44-45). Finally, a substantial vascular remodeling occurs in the fibrotic lung
disorders and increased staining for VEGF, a potent angiogenic factor and a putative
CXCL17-inducing factor, has been observed the IPF lungs (46). Further studies will be
necessary to evaluate the cellular source of this chemokine in IPF lungs and to understand its
contribution to the complex mechanisms involved in this disease.

The levels of CXCL17 in the healthy BALf samples were below the limits of detection for
our ELISA assay (below 62.5pg/ml). This finding may be partially due to the large volumes
of saline solution used to collect the BALf samples (300ml). Therefore, the inherent dilution
of CXCL17 during the collection of the BALf may account for the failure to detect CXCL17
in the healthy BALf samples.

IPF is one of several interstitial lung diseases, and its differential diagnosis may be difficult.
We have profiled several of these diseases using genearrays and found that they exhibit a
distinct gene expression signature (47). Nevertheless, their diagnosis is still challenging; our
finding of elevated levels of CXCL17 in IPF raises the possibility that it may be a candidate
biomarker to assist in the diagnosis of this disease. However, in order to confirm this, it is
necessary to study CXCL17 levels in other lung pathologies. We conclude that these
observations open a new field of research. Besides its diagnostic potential, our observations
also raise the possibility that CXCL17 may be involved in the pathogenesis of IPF. Future
experiments will aim to answer the questions raised by the present study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BIGE Body Index of Gene Expression
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ELISA enzyme linked immunosorbent assay
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ONP o-nitrophenol

Q-PCR guantitative real-time polymerase chain reaction
VEGF vascular endothelial growth factor
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Figurel. Microarray data indicatesthat CXCL 17 isa mucosal chemokine

(A) Mean expression values (y axis) from microarray data for 105 normal human
tissues from the BI GE database (see Materials and Methods) (9, 11). Data are displayed
across the x-axis grouped in organ systems. Y axis is the mean expression values.
Highlighted organ systems, which have the highest expression of CXCL17, are: DS,
digestive system; RS, respiratory system; RT, reproductive tract. The values for the tissues
with the highest expression of CXCL17 are shown in Table 1. For a complete list of tissues
included in the BIGE database consult (11). (B & C). Q-PCR in human and mouse
mucosal tissue confirmsthat CXCL 17 ishighly expressed in mucosal tissues. Q-PCR
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with human (B) and mouse (C) CXCL17 specific primers was used to detect the expression
of CXCLL17 in each of the mucosal tissues (x axis). Expression Units of CXCL17 in mouse
mucosal tissues (y axis) are based on Ct values averaged for multiple samples. Tissues were
harvested from normal C57BL/6 mice. Expression for each tissue represents averaged
expression for tissues collected from two different animals. Sm Intest, small intestine; Sal
Gland, salivary gland.
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Figure 2. CXCL 17 exhibits specific expression patternsin several human mucosal tissues
Positive staining for CXCL17 was detected in epithelial cells of the lingual tongue mucosa
(A), the luminal facing respiratory mucosa (C), and the lamina propria (LP) colon mucosa
(E). The respective isotype controls are shown in (B), (D), and (F). Additionally, discrete
cells within each of these mucosal sites stained positive for CXCL17 (A, C, E). Staining
with cell type specific markers, in addition to morphological analysis (supplementary figure
1), confirmed that these are CD68+ macrophages (G) and CD138+ plasma cells (1) within
each of the mucosal sites analyzed (G and | are in the colon LP, other macrophage and
plasma cell staining in tongue and respiratory mucosa are data not shown). The respective
isotype controls are shown in (H) and (J). All images was captured at 40X magnification
expect Figure B which was captured at 10X.

J Immunol. Author manuscript; available in PMC 2013 June 15.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Burkhardt et al. Page 16
15000 5000
A B

4000

10000- 30004
2000

5000
1000+
0' 0' T U T 1
LE TB F TBC TBCB TBCT LE TB F TBC TBCB TBCT

Figure 3. CXCL 14 and CXCL 17 show mutually exclusive expression in thetongue

CXCL14 and CXCL17 microarray gene expression data from either lingual epithelium or
taste buds. This analysis was performed using a tongue gene expression database described
previously (10). (A) CXCL14 is only expressed in the samples derived from taste buds (TB
F, fungiform; TB C, circumvallate; TB CB, circumvallate base; TB CT, circumvallate top).
(B) Conversely, CXCL17 is only expressed in lingual epithelium (LE). X axis: discrete
tongue tissue; Y axis: mean expression values. All samples were obtained from a variable
number of healthy donors depending on the tissue: lingual epithelium, 10 donors; fungiform
taste buds, 6 donors; circumvallate, 4 donors; circumvallate base, 4 donors; circumvallate
top, 4 donors. The data is shown as averages of data from all donors and error bars denote
standard deviation of the mean.
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Figure 4. CXCL 17 has broad spectrum bacteriocidal activity

Exponentially growing Escherichia coli (A), Staphylococcus aureus (B), Salmonella enterica
serovar Typhimurium 14028s (C), Lactobacillus casei (D), Pseudomonas aeruginosa (E),
were exposed to chemokines at 37°C in 50 pl of PIPES-TSB buffer for 1 h (see Materials
and Methods). Following peptide exposure, the bacteria were spread on TSB-agar plates and
incubated overnight at 37°C. Surviving bacteria were counted as CFU/ml at each
concentration and values at or below 1 x 103 CFU/mI mean that no detectable colonies were
observed. Except for £. coli, assays were performed in triplicate and error bars denote

standard deviation of the mean.
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Figure 5. CXCL 17 isactive against the opportunistic fungal pathogen C. albicans

Log-phase C. albicans were exposed to chemokines at 6 and 12 uM protein concentrations at
37°C in 50 pl of PIPES-SAB buffer for 1 h. Following peptide exposure, the bacteria were
spread on SAB-agar plates and incubated overnight at 37°C. Surviving Candida colonies
were counted as CFU/m at each concentration and values at or below 1 x 103 CFU/ml mean
no detectable colonies were observed. Assays were performed in triplicate and error bars
denote standard deviation of the mean.
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Figure 6. CXCL 17 induces per meabilization of live E. coli membranes as measured by ONPG
conversion

Log-phase E. coli ML35 cells were exposed to either 3.75 uM (A) or 1.625 uM (B) Crp4,
CXCL17, CXCLS8, and ProCryptdin4 in the presence of 2-nitrophenyl g-D-
galactopyranoside (ONPG) for 2 h at 37°C. B-galactosidase mediated hydrolysis of ONPG
was measured at Aggs. Symbols: Crp4, -@-; CXCLS, -O-; CXCL17, - ¥-; and, ProCrp4, -
H-.
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Figure7. CXCL17 iselevated in BALf samples of patients diagnosed with | PF compared to
healthy controls
CXCL17 was detected in human BALTf samples using a CXCL17-specific sandwich ELISA.

The BALT samples were concentrated to 10X prior to ELISA analysis. Recombinant human
CXCL17 was used as the standard. CXCL17 was below the level of detection in healthy
samples, but was detected at robust levels in samples from patients previously diagnosed
with IPF. The CXCL17 levels in the IPF samples were statistically significant (indicated by
***) compared to healthy samples (p=0.01). Assays were performed in duplicate. X axis:
samples; Y axis: concentration of CXCL17 (pg/ml).
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Table 1
Theexpression of CXCL 17 isrestricted to human mucosal tissues

Shown are the tissues with the highest average signal intensity values of the probeset corresponding to
CXCL17 (226960 _at) from the BIGE database that includes 105 different human tissues and cells. A graphic
representation of these data is shown in Figure 1A. The highest expression of CXCL17 in the BIGE human
gene expression database corresponds to mucosal tissues. The mean intensity signal is the averaged
microarray signal from the replicates for each tissue included in the BIGE database.

Mean Mean
Tissue intensity | Tissue intensity
Trachea 2359 Lung 242
Bronchus 1586 Tongue 224
Stomach 936 Tongue_superior 201
Stomach_cardiac 917 Pancreas 194
Stomach_pyloric 870 Vagina 165
Stomach_fundus 666 Fallopian_tube 143
Urethra 497 Small_intestine 130
Esophagus 371 Tongue_main_corpus 118
Pharyngeal_mucosa 317 Tonsil 113
Small_intestine_duodenum 315 Cervix 98
Oral_mucosa 271 Vulva 96
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