
The neutrophil-recruiting chemokine
GCP-2/CXCL6 is expressed in cystic fibrosis
airways and retains its functional properties after
binding to extracellular DNA
S Jovic1, HM Linge1, MM Shikhagaie1, AI Olin2, L Lannefors1, JS Erjefält1, M Mörgelin2 and A Egesten1

Infections in cystic fibrosis (CF), often involving Pseudomonas aeruginosa, result from a dysregulated airway immunity

where one hallmark is the accumulation of necrotic and apoptotic immune cells, in particular neutrophils. In addition,

neutrophils actively release DNA, forming neutrophil extracellular traps (NETs) that contain antimicrobial proteins.

Altogether, free DNA in complex with actin accumulates in the airway lumen, resulting in highly viscous sputum that

provides an anionic matrix, binding cationic antimicrobial proteins. In this study, granulocyte chemotactic protein 2

(GCP-2)/CXCL6, a neutrophil-activating chemokine with bactericidal properties, was detected in the airway epithelium

ofCFpatients andwasalsopresent in azurophilic and specific granules of neutrophils. Elastaseof neutrophils, but not of

P. aeruginosa, completely degraded CXCL6 (chemokine (C-X-C motif) ligand 6). In addition, CXCL6 colocalized with

extracellular DNA in both CF sputa and in in vitro-formed NETs. In vitro, CXCL6 bound DNA with a KD of 2,500nM.

Interestingly, both the bactericidal and the receptor-activating properties of CXCL6 (against neutrophils) remained

largely unaffected in thepresenceofDNA.However, thechemotactic properties ofCXCL6were reducedby thepresence

of DNA. Taken together, CXCL6 is expressed in CF, retaining its functional properties even after binding to the anionic

scaffold that extracellular DNA provides in CF.

INTRODUCTION

The genetic defect of the chloride channel cystic fibrosis
transmembrane conductance regulator (CFTR) in cystic fibrosis
(CF) results in dysfunctions of several organs. Major clinical
challenges include the airways where viscous sputum, chronic
bacterial infections, and inflammation present problems. One
of the most important pathogens is the Gram-negative
pathogen Pseudomonas aeruginosa that, once established in
the airways, promotes the progress of the disease.1 The
impaired airway immunity may be attributed to altered
properties of the periciliary liquid that is part of the airway
surface liquid on the apical side of airway epithelial cells.2 An
increased chloride concentration of the periciliary liquid has
been suggested, but more recently an alternative explanation,
demonstrating a reduced pH, was shown in a porcine model of

CF.3–6 In addition, highly viscous sputum presents a clinical
problem in itself but may also be part of the vulnerability to
acquire infections.7,8 Factors that may affect the properties of
sputum are altered production ofmucins and a high abundance
of free DNA in complex with actin.9–11 The DNA originates
from immune cells, in particular neutrophils that accumulate in
the airways of CF patients.12 Several possible mechanisms can
explain the high number of neutrophils including delayed
apoptosis and a defect in the removal of apoptotic cells.13–18 In
addition, neutrophils can actively release their nuclear DNA as
a mode of antimicrobial defense, i.e., neutrophil extracellular
traps (NETs), amechanism that is upregulated in the airways of
CF patients.18,19 Proteins with antibacterial properties origi-
nating from the nucleus (histones), the cytosol (i.e., S100A8 and
S100A9), and preformed granule proteins with antibacterial
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properties (e.g., myeloperoxidase (MPO), the serine proteases
elastase, proteinase 3, cathepsin G, azurocidin, lactoferrin, and
lysozyme) are found immobilized in NETs where they may
exert antimicrobial activity.20

Granulocyte chemotactic protein 2 (GCP-2/CXCL6) is a
neutrophil-recruiting ELRþ chemokine that signals through
the receptors CXCR1 and CXCR2 that are expressed on
neutrophils.21–23 Several chemokines have direct antibacterial
activity.24 We have previously demonstrated bactericidal
activity of CXCL6 (chemokine (C-X-C motif) ligand 6) against
both Gram-positive and Gram-negative pathogens, including
P. aeruginosa.25

In this study, we show that CXCL6 is expressed in CF airways
and it is also present in cytoplasmic granules of neutrophils. In
addition, it is bound to extracellular DNA in CF sputum,
experimentally generated NETs, and when bound to DNA,
CXCL6 retains its receptor-activating activity and bactericidal
activity whereas the chemotactic properties are reduced.

RESULTS

Detection of CXCL6 in CF lung tissue by
immunohistochemistry

CXCL6 was detected by immunohistochemistry in lung tissue
obtained from five patients suffering from end-stage CF and
undergoing transplantation. As controls, lung tissue from eight
previously lung healthy, never-smoking individuals, undergoing
surgery for lung cancer was used. In never-smoker control
subjects, no CXCL6 was detected (Figure 1a), whereas in lung
tissue from end-stage CF patients the chemokine was detected
mainly in goblet cells of the airway epithelium (Figure 1b,c). In
addition, CXCL6 was detected in submucosal cells of the small
airways (Figure 1d) where double immunostaining with MPO
confirmed that the vast majority of these cells were neutrophils
(Figure 1e). The distribution of various forms of DNA in CF
airways was visualized using Hoechst stain (a marker of double-
stranded DNA), TUNEL (terminal deoxynucleotidyl transferase
dUTP nick end labeling; recognizing DNA subjected to cleavage
during apoptosis), andMPO thatwere applied on the same tissue
sections and investigated using double fluorescence microscopy
(Figure 1f). Neutrophils were seen in the submucosa and within
the epithelium where other cells (i.e., lacking MPO) appeared
TUNELþ . In the lumen, high presence of apoptotic neutrophils
and other apoptotic cells was seen.

Detection of CXCL6 on an ultrastructural level

Ultrathin sections ofCF airwayswere examined by transmission
electron microscopy (TEM). Cellular debris, necrotic cells, and
sputumwere visible within the airway lumen (Figure 2a). In the
sputum-rich areas, CXCL6 was detected by immunogold-
labeled antibodies (Figure 2b). Similarly, CXCL6 was detected
by immunogold in sputum mobilized from the airways of CF
patients (Figure 2c). In necrotic neutrophils of CF airways
(arrows in Figure 2a), CXCL6 was detected in cytoplasmic
granules and redistributed to the cytoplasm as well as in large
vacuoles of the cytoplasm (Figure 2d,e). To determine the
subcellular location of CXCL6, neutrophils from healthy

individuals were double stained with gold-labeled antibodies
against either bactericidal/permeability-increasing protein
(BPI), a marker of azurophilic granules (Figure 2f), or
hCAP-18 (Figure 2g), a marker of specific granules. The
results show thatCXCL6 is localized to both these compartments
in resting neutrophils of healthy individuals. In lysates of purified
neutrophils (496%), the CXCL6 content was 0.4±0.07 ng
(mean±s.d.; n¼ 4) per 106 cells as determined by enzyme-
linked immunosorbent assay. InCF sputum, the CXCL6 and LL-
37 contentwasB1 and 35ngml� 1, respectively, asmeasured by
enzyme-linked immunosorbent assay (n¼ 23, range 0.04–4.32
and 6.2–78.6 ngml� 1, respectively).

Bactericidal activity of CXCL6 against P. aeruginosa

To study the influence from sodium chloride and pH, viable
counts assays were performed, employing the P. aeruginosa
strain PA01 and the clinical nonmucoidCF strains (195b, 022A,
and 032). CXCL6 (1 mM) showed bactericidal activity against P.
aeruginosa (PA01) in the order of the antibacterial peptide LL-
37 (1 mm) in the absence and presence of 80 and 140mM sodium
chloride at a pH of 7.5 (Figure 3a). Lowering the pH from 7.5 to
7.0 in the presence of 140mM sodium chloride had no
significant effect on the bactericidal activity of both CXCL6
(1 mM) and LL-37 (1 mM) against P. aeruginosa (PA01)
(Figure 3b). Possible additive or synergistic effect of
CXCL6 and LL-37 in terms of antimicrobial activity was
investigated by combining CXCL6 and LL-37 in a viable count
assay against P. aeruginosa (PA01) at pH 7.4 and 140mM

sodium chloride. A weak additive effect was observed
combining CXCL6 and LL-37 at a concentration of 0.3 mM
(Figure 3c). The killing activity of P. aeruginosa (PA01) and the
clinical nonmucoidCF strains (195b, 022A, and 032) byCXCL6
at pH 7.5 and 140mM sodium chloride was similar (Figure 3d).

Proteolytic processing of CXCL6 by elastases

Possible degradation of CXCL6 by elastase of neutrophils and
P. aeruginosa was compared with the prototypic ELRþ
chemokine interleukin (IL)-8/CXCL8 and the ELR� chemo-
kine MIG/CXCL9. Recombinant human CXCL6, CXCL8, and
CXCL9 were incubated with neutrophil elastase and P.
aeruginosa elastase for 3 and 18 h at 37 1C followed by
separation on Tris-tricine gels and stained with Coomassie
Brilliant Blue R-350 (Figure 4). Neutrophil elastase completely
degradedCXCL6 after 3 h,whereas CXCL8was partly degraded
after 3 h and completely degraded after 18 h. CXCL9 was
processed to a smaller fragment after 18 h of incubation, as
previously reported.26 In contrast, P. aeruginosa elastase did
degrade neither CXCL6 nor CXCL8, whereas CXCL9 was
processed (Figure 4a). To investigate whether DNA could
affect the sensitivity of CXCL6 and CXCL8 to proteolytic
degradation by neutrophil elastase, CXCL6 and CXCL8 were
preincubated with DNA before incubation with neutrophil
elastase for 18 h. Addition of DNA did not inhibit the
degradation of CXCL6 (Figure 4b). In a western blot,
CXCL6 was observed in neutrophil lysates and in NETs.
However, addition of exogenous CXCL6 to the NETs resulted
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in a stronger immune-reactive band in the western blot,
indicating binding of added CXCL6 to the NETs (Figure 4c).

CXCL6 has DNA-binding properties

To investigate a possible localization of CXCL6 in NETs,
neutrophils purified from peripheral blood of healthy donors

were activated with glucose oxidase and the resulting NETs
were investigated using negative staining and immunoelectron
microscopy. CXCL6, labeled with colloidal gold, was seen
associated with DNA (Figure 5a). In sputa from three
individual CF patients, CXCL6 was similarly associated
with DNA (Figure 5b–d). To investigate CXCL6 binding to
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Figure 1 Detection of CXCL6 (chemokine (C-X-C motif) ligand 6) and DNA in small airways. Representative micrographs from (a) a never-smoker
control subject and (b) a patient with cystic fibrosis (CF) stained to detect CXCL6-expressing cells in the airways (primary antibodies are visualized by
peroxidase-conjugated secondary antibodies reacting with DAB resulting in a brown stain). (a) In control subjects no CXCL6 is detected, (b) whereas in
small airways of CFpatients CXCL6 is seen in the epithelium.NoCXCL6 is detected in the alveoli. CXCL6 is seen in goblet cells of the epithelium (arrows)
and in granulocytes beneath the epithelium (c,d; arrowheads). Double labeling confirms that the majority of the intra- and sub-epithelial CXCL6-
containing (brown stain) cells are neutrophils, being positive for myeloperoxidase (MPO; green stain). (e) Double-positive cells are indicated by
arrowheads. Immunofluorescent staining showing presence of neutrophils in association with airway epithelium and in the airway lumen together with
DNA, both of intact and apoptotic cells in CF airway. MPO-containing neutrophils (red stain) are seen both in the lumen, sub- and intra-epithelially.
(f) TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling)-positive apoptotic cells (green stain) and cell nuclei stained with DNAmarker
Hoechst (blue stain) arewell separated in associationwith the airway epithelium,whereas there is a compactmixture in the airway lumen together with an
abundant presence of neutrophils. Scale bars: (a,b,f) 100 mm; (c–e) 50 mm. Ep, small airway epithelium; Lu, small airway lumen.
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DNA in vitro, increasing concentrations of recombinantCXCL6
were incubated with DNA followed by electrophoresis in an
agarose gel (electromobility shift;Figure5e). This demonstrated
a dose-dependent inhibition of DNAmigration with increasing
concentrations of CXCL6, indicating CXCL6 binding to DNA,
retarding its movement. Surface plasmon resonance confirmed
CXCL6 binding to DNA (KD 2,500 nM) in the presence of

sodium chloride (140mM),mimicking the salt concentrations of
periciliary liquid. As references, CXCL8 bound DNA at a KD of
35,600 nM, whereas CCL3 showed no binding (Figure 5f).

Effects from DNA on the chemotactic and receptor-
activating properties of CXCL6

CXCL6 exerts neutrophil-activating activities through binding
CXCR1 and CXCR2.23 Purified neutrophils and calcium-
sensitive fluorescent dyes were used to investigate receptor
activation of CXCL6 in the absence and presence of DNA.
CXCL6 induced a rapid and dose-dependent calcium response,
reaching amaximum at 100 nM. Preincubation of CXCL6 (1, 10,
and 100 nM) with DNA (at a final concentration of 200 pM)
resulted in a small but nonsignificant reduction of the calcium
mobilization response in neutrophils (Figure 6a). DNA alone
did not induce calcium mobilization. As DNA binds to both
CXCL6 and CXCL8, we further investigated whether DNA
binding to the chemokines could affect their chemotactic
properties against neutrophils. A typical bell-shaped dose–
response curve was obtained when using concentrations from 1
to 100 nM of the chemokines (Figure 6b). Preincubation of
CXCL6 or CXCL8 (both at 10 nM) with DNA (200 pM) before
adding the neutrophils significantly reduced the chemotactic
properties of both chemokines (Figure 6c).

DNA does not interfere with the antibacterial properties of
CXCL6

Fluorescent dyes (Syto 9 staining all bacteria and propidium
iodide binding intracellularDNA in killed bacteria) were used to
assess bacterial viability. CXCL6 (12.6mM) resulted in bacterial
killing, visualized as red/yellow fluorescence from internalized
dyes in permeabilized bacteria (Figure 7a). CXCL6 (12.6mM)
preincubated with DNA (25.2 nM) retained its bactericidal
activity, whereas bacteria in buffer alone or incubatedwithDNA
remained intact. Viable counts were performed to confirm
the results. No differences were observed in the killing of
P. aeruginosa with CXCL6 alone or when preincubated with
DNA.Addition ofDNAse to release bacteria potentially trapped
in the DNA did not affect the results (Figure 7b). Recently, it
was shown that the DNA ofNETs possess antimicrobial activity
against P. aeruginosa (PA01).27 This may explain why the
addition of CXCL6 to NETs does not increase the antibacterial
activity against these bacteria (Figure 7c).

DISCUSSION

In this study, we show that CXCL6 is produced by the airway
epithelium of the large airways in CF. In addition, this
chemokine is present as a preformed protein in azurophilic
and specific granules of neutrophils. In CF sputa, we found
CXCL6 associatedwith extracellularDNA thatwas paralleled by
binding to DNA of experimentally generated NETs. When
bound to DNA, CXCL6 retained its receptor-activating and
bactericidal activity whereas the chemotactic properties were
decreased. To our knowledge, this is the first demonstration of
extracellular DNA providing an anionic scaffold that binds a
chemokine, the latter retainingmost of its functional properties.

Figure 2 Ultrastructural detection of CXCL6 (chemokine (C-X-C motif)
ligand 6). Cystic fibrosis (CF) airways were examined by transmission
electronmicroscopyandanoverview is seen in (a) depictingepithelial cells
in its lower part and a lumen with necrotic cells (arrows and black boxes),
cellular debris (white box), and sputum. An area with sputum is indicated
within the lumen (white box). (b) In themarked area, CXCL6 is detected by
specific antibodies that are visualized by secondary immunogold-labeled
(5 nm) antibodies. (c) Similarly, in sputum mobilized from the airways of a
CF patient, CXCL6 is detected by immunogold. Within the necrotic
neutrophils of CF airways (indicated by arrows in a), CXCL6 is both
present in granules of the cytoplasm (asterisks in d and e) and
redistributed to the cytoplasm, appearing as scattered gold particles. (e) In
addition, some presence of CXCL6 is seen in vacuoles of necrotic
neutrophils (asterisks). Todetermine the subcellular localizationofCXCL6
in intact neutrophils, cells from healthy individuals were double stained
with gold-labeled antibodies against CXCL6 (5 nm gold particles) and
bactericidal/permeability-increasing protein (BPI), a marker of azurophilic
granules (15 nm gold particles, arrowheads in f), or hCAP-18, a marker of
specific granules (15 nm gold particles, arrowheads in g). This shows that
CXCL6 is present in both azurophilic and specific granules, the staining
being more intense in the former compartment. The scale bar in a is 5 mm,
in e is 0.5 mm (b–e have the samemagnification), and in g is 250 nm (f and
g have the same magnification).
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Several cytokines are likely to promote the expression of
CXCL6 in the airways during CF. Both IL-1b and IL-17,
cytokines that are expressed inCF airways, induce expression of
CXCL6 in bronchial epithelial cells.28–31 IL-23 expression is
increased in CF, both in stable disease and during exacerba-
tions, and promotes subsequent expression of IL-17, and T
helper type 17 T cells are among the earliest drivers of the
inflammatory response in CF.32,33 In addition, IL-17-expres-
sing neutrophils have been identified in CF airways.34 Thus,
CXCL6 adds to other ELR-positive CXC chemokines such as
IL-8/CXCL8 that promote the influx of neutrophils to the
airways in CF.35 To explain the presence in neutrophil granules,
CXCL6 production has to take place in the bonemarrow. This is
supported by complementary DNA analysis of gene expression
during different stages of neutrophil maturation where the
CXCL6 gene was expressed during all stages of neutrophil
maturation in the bone marrow.36 The sequential formation of
the different subsets of neutrophil granules explains the

presence of this chemokine in both azurophilic (primary)
and specific (secondary) granules. However, it cannot be
excluded that CXCL6 is internalized from the extracellular
environment at sites of inflammation as neutrophils contain
plasma proteins and can exhibit pinocytosis at sites of
inflammation.37,38

The most well-known effect of CXCL6 is the recruitment of
neutrophils via binding to the receptors CXCR1 and CXCR2.22

In addition, many chemokines serve as growth factors, and
recently CXCL6 neutralization using antibodies resulted in
prevention of lung inflammation and remodeling inmice using
a bleomycin model.39 Other ELR-positive CXC chemokines
capable of recruiting neutrophils are expressed in CF airways,
among themCXCL8 and CXCL5,40,41 where the latter has been
shown to exert a weak antibacterial activity.25 In addition to
CXCL6,mature neutrophils can express several other cytokines
and chemokines. Tissue neutrophils activate a transcriptional
program that results in generation of several chemokines,

a b
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Figure 3 Bactericidal activity of CXCL6 (chemokine (C-X-C motif) ligand 6) and LL-37 against Pseudomonas aeruginosa. To investigate whether the
altered microenvironment of the periciliary liquid (PCL) in cystic fibrosis (CF) affects the bactericidal activity of CXCL6 and LL-37, different salt
concentrations andpHwere used in the viable counts assay againstP. aeruginosaPA01. (a) The bactericidal activity ofCXCL6 andLL-37 (both at 1mM) in
the absence and presence of 80 and 140mM sodium chloride at pH 7.5. (b) The bactericidal activity of CXCL6 and LL-37 (both at 1 mM) in the presence of
140mMsodiumchloride andpH7.5 or 7.0. (c) Aweak additive effect of CXCL6 and LL-37 in terms of antibacterial activity againstP. aeruginosaPA01was
observed. (d) Dose-dependent killing ofP. aeruginosaPA01and the clinical nonmucoidCFstrains (195b, 022A, and 032) of CXCL6at pH7.5 and 140mM

sodium chloride. The data represent mean and s.d. of three to five separate experiments. No significant decrease in bactericidal activity of CXCL6 or LL-
37 was observed when comparing the bactericidal activity in different salt concentrations and pH.
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including CXCL8 and CXCL1, resulting in recruitment of
additional inflammatory cells.36,42

Apart from an increased expression of ELRþ CXC
chemokines, several additional factors contribute to the excessive
accumulation of neutrophils in CF airways. These include
prolonged survival of neutrophils from patients with DF508
CFTRmutations, impaired efferocytosis (i.e., phagocytic removal
of dead cells) caused by pyocyanin released by P. aeruginosa, as
well as excessive tissue destruction because of high concentra-
tions of proteolytic enzymes that expose danger signals.13–15,17

The largely intact receptor-activating activity of CXCL6when
bound to DNA parallels previous findings that chemokines
mediate haptotaxis when bound to the anionic matrices
provided by glycosaminoglycans.43,44 Cell surface glycosami-
noglycans promote polymerization of chemokines, increasing
their local concentration and therefore enhancing their effects
on high-affinity receptors within the local microenvironment.45

This may also be the case for CXCL6 in the presence of DNA.
The antibacterial activity of CXCL6 was previously demon-

strated to decrease in the presence of salt.25 However, the
lowering of pH to mimic the periciliary liquid in CF in this
study produced unclear results. This is in contrast to our recent
finding that the antibacterial growth factor midkine exerts
lower bacterial activity against P. aeruginosa in the presence of
salt and at a lower pH, likely because of bacterial membrane
protonation and electrostatic shielding respectively.46

Entrapment of bacteria in NETs is regarded as an established
host defense mechanism, but their bactericidal properties are
still questioned.47 The findings of this study do suggest that at
least some antimicrobial proteins can exert bactericidal activity

when also bound to DNA. In vivo, it has been shown that NETs
have a complex composition, including histones and mem-
brane vesicles.19 Therefore, it is difficult to assess the
contribution of CXCL6 on the total antibacterial capacity of
NETs. Nonetheless, it is a well-known feature of the immune
system to employ multiple, often redundant, mechanisms in its
performance.

In patients with CF, sputum is characterized by infiltration
with neutrophils and high concentrations of neutrophil-
derived DNA and filamentous actin.7 Therapies that target
DNA polymers (deoxyribonuclease) and F-filamentous actin
polymers (thymosin b4) may decrease CF sputum viscoelas-
ticity and improve pulmonary function.48,49 How such
therapies influence the bioavailability of antibacterial factors
like CXCL6 in the extracellularmilieu of the CF lung remains to
be investigated.

Taken together, the abundance of free DNA in CF airways is
likely to contribute to the dysregulated inflammation and
vulnerability to infection. Several efforts targeting DNA
and its polymers as clinical intervention in CF have shown
promising results.10,50 The results of this study point to the
paradoxical imbalance between neutrophil recruitment to the
inflamed airways of CF patients and their lines of antibacterial
defense.

METHODS

Special reagents. Recombinant human CXCL6, CXCL8 (77 amino
acid residues), CXCL9 pre-immune IgG, and affinity-purified anti-
bodies against CXCL6 were purchased from Peprotech (Oxford, UK).
The CXCL6 enzyme-linked immunosorbent assay was from R&D
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Figure 4 CXCL6 (chemokine (C-X-C motif) ligand 6) is not processed by Pseudomonas aeruginosa elastase. (a) Processing of CXCL6, CXCL8, and
CXCL9 by neutrophil elastase (NE) and elastase of P. aeruginosa (PE) in vitro. PE did not cleave CXCL6 or CXCL8, but PE processed CXCL9. NE
completely degradedCXCL6after 3 h andCXCL8was partly degraded after 3 h and completely degraded after 18 h,whereasCXCL9was processed to a
smaller fragment after 18 h. (b) CXCL6 and CXCL8 were preincubated with DNA to investigate whether DNA could affect the sensitivity of CXCL6 and
CXCL8 to proteolytic degradation by neutrophil elastase. No inhibition of the degradation was observed. (c) In a western blot, CXCL6 was detected in
neutrophil lysates and in neutrophil extracellular traps (NETs). A stronger immune-reactive band is observed when exogenous CXCL6 is added to the
NETs, indicating binding of CXCL6 to the NETs.
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Systems (Minneapolis, MN). Fluo-4 AM NW, Fura-red, Syto 9, and
propidium iodide were from Invitrogen (Stockholm, Sweden).
Synthetic LL-37 was from Schafer-N (Copenhagen, Denmark).

Collection of lung tissue for histology and sputum. Lung tissue was
obtained from five individuals undergoing lung transplantation for
end-stage CF and eight previously lung healthy donors during surgery
for lung cancer. The procedure was approved by the ethical review
board (LU412-03). The clinical phenotype of the patients is shown in
Supplementary Table 1 online. Sputum samples (n¼ 10) from CF
patients were collected by the CF team at Skåne University Hospital
and this part of the study was approved by the ethical review board
(2011/434). The representative sputum samples were collected during
airway clearance therapies and processed to be used in experiments
within 2 h. All investigated patients were chronically colonized with
P. aeruginosa.

Immunohistochemistry. Sections were single immunostained with
EnVision Peroxidase/DAB Detection System kit (Rabbit/Mouse
K5007; Dako, Glostrup, Denmark) detecting CXCL6 with affinity-
purified rabbit polyclonal antibodies (Peprotech). In double immu-
nostaining, DAB staining was followed by the detection of the second
antibody against MPO (Dako) with Vina Green Chromogen kit
(BRR807AH, BiocareMedical, Concord, CA) resulting in a green stain.
The sections were incubated with Double Stain Blocking reagent
(Dako). Isotype-matched control antibodies (Dako) were used as
controls instead, replacing the primary antibodies at the same
concentration. Staining of the tissues sections were performed
identically and simultaneously using immunohistochemical robots
(Autostainer; Dako). Sections were counterstained with Mayer’s
hematoxylin after completion of immunohistochemical staining.
Apoptotic cells were detected using theTUNEL technique according to
the manufacturer’s instructions (ApopTag Fluorescein In Situ
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Figure 5 CXCL6 (chemokine (C-X-C motif) ligand 6) has DNA-binding properties. (a) Neutrophils from healthy donors were stimulated to release
neutrophil extracellular traps (NETs) by stimulation with glucose oxidase. The DNA is seen as thin fibrils after negative staining and electronmicroscopy.
CXCL6 was visualized by primary antibodies detected by secondary gold-conjugated antibodies (10 nm colloidal gold particles). CXCL6 appearing as
gold particles is seen associated with the DNA. One representative out of three separate experiments is shown. (b–d) In sputa from three individuals
suffering from cystic fibrosis (CF), DNA andCXCL6 are visualized after negative staining, immunolabeling, and electronmicroscopy. In a similar manner,
CXCL6 (detected by 10 nm immunogold staining) is associated with stretches of DNA appearing as thin fibrils. Scale bar¼ 100 nm. (e) CXCL6 binding to
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pH 7.5. The concentration range used was 62.5–1,000 nM.
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Apoptosis Detection Kit, S7110; Merck Millipore, Billerica, MA).
Briefly, tissue sections were deparaffinized and pretreated with
proteinase K. Apoptotic cells were detected with sheep anti-digox-
igenin fluorescein antibody. Neutrophils were detected using primary
antibodies against MPO and secondary Alexa-555-conjugated goat
anti-rabbit IgG antibodies (Invitrogen). Finally, the cell nuclei were
stained with the double-stranded DNA marker Hoechst (H33342,
Sigma-Aldrich, St Louis, MO). Sections were mounted in phosphate-
buffered saline (PBS)/glycerine and visualized using a Nikon Eclipse
80i microscope (Nikon Instruments, Tokyo, Japan).

Immunoelectronmicroscopy. Tissue samples from CF lung explants
obtained during transplantation or control tissue obtained during
surgery for lung cancer were fixed in PBS containing 4%

paraformaldehyde with 0.1% glutaraldehyde and prepared for
immunostaining and transmission electron microscopy as previously
described.51 In short, ultrathin sections were incubated with primary
antibodies against CXCL6, in combination with either antibodies
against BPI (a marker of azurophil granules; in-house antibodies) or
hCAP-18 (a marker of specific granules; the antibodies were kindly
provided by Dr Ole E Sørensen (Lund, Sweden)). This was followed by
detection with secondary goat anti-rabbit antibodies or protein A,
separating the labeling as previously described (conjugated with 5 and
15 nm colloidal gold, respectively; Electron Microscopy Sciences, Fort
Washington, MD).51 Specimens were examined in a JEOL JEM 1230
transmission electron microscope (JEOL, Peabody, MA) at 60 kV
accelerating voltage. Images were recordedwith aGatanMultiscan 791
CCD camera (Pleasanton, CA).
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DNA. (a) Dose-dependent calcium mobilization in neutrophils was detected reaching a plateau at a CXCL6 concentration of 100 nM. Preincubation with
DNA (at a final concentration of 200 pM) for 20min hadminor impact on the calciummobilization response.Mean±s.d. of three separate experiments are
shown where CXCL6 (1, 10, and 100 nM) is compared with CXCL6 in the presence of DNA (200 pM). TheP-values were calculated usingWilcoxon t-test.
(b) The chemotactic properties of CXCL6 and CXCL8 were investigated against neutrophils. Dose-dependent chemotaxis of CXCL6 and CXCL8 was
obtained using concentrations ranging from 1 to 100 nM. (c) Preincubation of the chemokines (both at 10 nM) with DNA (200 pM) for 30min before adding
neutrophils significantly reduced the chemotactic properties of both chemokines. The results shown represent means and s.d. from three separate
experiments and donors. The P-values were calculated using unpaired t-test.
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Figure 7 The bactericidal activity of CXCL6 (chemokine (C-X-C motif) ligand 6) is not affected by DNA. (a) Fluorescent dyes (Syto 9 (green) staining all
bacteria and propidium iodide (PI, red) binding intracellular DNA in killed bacteria) were used to assess bacterial viability. In the overlap, green staining indicate
live bacteria, whereas red/yellow staining indicate dead or damaged bacteria, being labeled by both dyes. The top row shows bacteria (Pseudomonas
aeruginosa) in buffer alone,mainly stained green (live bacteria). The second row shows bacteria subjected to granulocyte chemotactic protein 2 (GCP-2; 1mM),
the bacteria appearing yellow, indicating dead/damaged bacteria. The third row shows bacteria subjected to DNA (200pM) alone; the bacteria are green, an
indication of intact bacteria. The fourth row shows bacteria subjected to GCP-2 (1mM) that have been preincubated with DNA (200pM), the bacteria appearing
red, thus indicating dead or damaged bacteria. No differences were observed in the killing of P. aeruginosa with CXCL6 alone or when the chemokine was
preincubated with DNA and used in the viable count assay. (b) Addition of DNAse (5Uml�1) to bacteria incubated with a combination of CXCL6 and DNA,
possibly releasing bacteria trapped in DNA, did not significantly affect the results obtained in the viable counts assay. (c) Purified neutrophil extracellular traps
(NETs) and CXCL6 bound to NETs killed B60% of the bacteria. A full color version of this figure is available at the Mucosal Immunology journal online.
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Bactericidal assay. P. aeruginosa (strain PA01) and the nonmucoid
clinical isolates (195b, 022A, and 023 from the Department of Clinical
Microbiology in Lund, Sweden) were cultured in Todd Hewitt
broth at 37 1C under aerobic conditions to mid-exponential growth
phase (OD620E0.4), diluted to a 1% bacterial concentration (2� 109

colonyforming units (CFUs) per ml), washed in incubation
buffer (10mM Tris/HCl, 5mM glucose; standard pH 7.4 and 7.0 was
produced by addition of HCl), and adjusted to a concentration
of 2� 106 CFUs per ml. Then, 40 ml of the bacterial solution
(105CFUs)was incubated inbuffer aloneorwithvarious concentrations
of the indicated protein or mixtures for 1 h at 37 1C. To quantify the
bactericidal activity, serial dilutions in incubation buffer were plated on
TH-agar in duplicates and incubated overnight at 37 1C. The percent
bacterial killing was calculated by comparison with the number of CFUs
when incubated in buffer alone.

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis/

proteases. Recombinant human CXCL6, CXCL8, and CXCL9 (5 mg
each) were preincubated with neutrophilic elastase (Calbiochem,
Darmstadt, Germany) or P. aeruginosa elastase (0.5mg each; Sigma
(St Louis, MO) for 3 and 18 h at 37 1C or preincubated with DNA
(500 ng) for 1 h and then coincubated with neutrophil elastase for 18 h
at 37 1C. This was followed by separation on Tris-tricine gels.
Coomassie Brilliant Blue R-350 (Sigma-Aldrich) was used to visualize
the proteins. Western blot was performed to detect CXCL6 in
neutrophil lysates and NETs. Possible binding of exogenous CXCL6
added to the NETs was also investigated using this method.

Purification of neutrophils. Peripheral neutrophils were purified from
healthy individuals using Polymorphprep (Axis-Shield, Oslo, Norway)
according to the manufacturer’s instructions.52 The preparations
contained 496% of neutrophils. For negative staining, the cells were
washed and diluted in ME-Medium (Invitrogen) supplemented with
HEPES buffer (Sigma-Aldrich). For calciummobilization, the cells were
diluted in PBS supplemented with 1% fetal bovine serum (Invitrogen),
and for chemotaxis the cells were diluted in Hanks’ balanced salt solution
(Invitrogen) supplemented with 1% fetal bovine serum. The neutrophil
lysates were obtained by five freeze/thaw cycles in PBS at 5� 106

neutrophils per ml, followed by centrifugation to remove cellular debris.

Induction of NETs to investigate possible binding of CXCL6. NETs
were induced by incubating neutrophils with phorbol 12-myristate 13-
acetate at 50ngml� 1 (Sigma-Aldrich) for 2 h at 37 1C. To investigate
possible bindingofCXCL6 toNETs, eitherPBSaloneor 2.5mgofCXCL6
was added to the suspension containingNETs (corresponding to 5� 105

neutrophils in total) for 1 h at 37 1C. The NET suspension was washed
twice with PBS and boiled in sodium dodecyl sulfate–dithiothreitol
sample buffer, followed by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis and western blot. In viable count assays, NETs were
incubated with PBS alone or CXCL6 (5 mg), followed by washing and
incubation with bacteria (PA01) for 1 h at 37 1C. Thereafter, the samples
were incubated withDNase (5Uml� 1) for 20min at 37 1C. To quantify
the bactericidal activity, serial dilutions in incubation buffer were plated
on TH agar in duplicates and incubated overnight at 37 1C. The percent
bacterial killing was calculated by comparison with the number of CFUs
obtained when incubated in buffer alone.

Negative staining and transmission electron microscopy. Neu-
trophils isolated from peripheral blood of healthy individuals as
described above were seeded on poly-lysine-treated slides and acti-
vated with 100mUml� 1 glucose oxidase for 60min. Both neutrophils
and sputum mobilized from CF airways were fixed in 2.5% (v/v)
glutaraldehyde and processed for negative staining using 0.75% uranyl
formate, and examined by electron microscopy using JEOL (Tokyo,
Japan) 1200EX transmission electron microscope operated at 60 kV
accelerating voltage as described earlier.53

Experimental DNA. The DNA used for gel shift assays, viable counts
assay, calcium mobilization, and chemotaxis experiments originated

from the plasmid pCR2.1-TOPO (3,900 base pairs (bp); Invitrogen).
Digestion with SphI (Thermo Scientific, Göteborg, Sweden) released a
fragment of 1,509 bp (GC content 55.5%). The fragment was separated
by electrophoresis on a 1% agarose gel in 1� tris-acetate-EDTA
(TAE) buffer containing SYBR Safe DNA gel stain (Life Technologies,
Carlsbad, CA) diluted 1:10,000. QIAquick Gel Extraction kit (Qiagen,
Düsseldorf, Germany) was used to purify the fragment from the gel.
The DNA was pooled and concentration determined by spectro-
photometry (Nanodrop; Thermo Scientific). The sequence of the
biotinylatedDNAused in surface plasmon resonance experiments was
Biotin-C6 50-AACCCGTAGAACTTCCTAACTGTAATTTAG-30 (a
randomly selected sequence from the human arylesterase 1 precursor
gene; GC content 37%; DNA Technology, Århus, Denmark).

Electrophoretic mobility shift assay. The 1.5 kbp DNA fragment
(200 ng) alone or preincubated with increasing amounts of CXCL6
(6.3–50 pmol) for 15min at 37 1Cwas subjected to electrophoresis in a
1% agarose gel in TAE buffer and visualized by SYBR safe at different
time points to investigating retardation of DNA migration using the
Bio-Rad Chemidoc system (Bio-Rad, Hercules, CA).

Surface plasmon resonance spectrometry. Sensor chip SA (car-
boxymethylated dextran preimmobilized with streptavidin; GE
Healthcare, Uppsala, Sweden) was used for immobilization of bio-
tinylated DNA. The immobilization levels were 1,300 resonance units.
A flow cell subjected to the coupling reaction without added DNA
biotin was used as a control for bulk refraction index changes. For
affinity measurements, binding and dissociation were monitored in a
Biacore X100 instrument (GEHealthcare). Different concentrations of
CXCL6, CXCL8, and CCL3 (62.5–1000 nM) were injected over the
coated surface at a flow rate of 30ml min� 1 and a temperature of 25 1C
using a running buffer containing 10mMHepes, 150mMNaCl, 0.005%
surfactant P20, and 3.4mM EDTA (pH 7.5). Regeneration was
performed with a 50mM sodium hydroxide solution. The data were
fitted to 1:1 binding model.

Measurement of calcium mobilization. Calcium mobilization was
measured as a ratio between Fluo-4 AM NW and Fura-red by FACS
(BD LSR II flow cytometer; BD, Stockholm, Sweden). Briefly, 1� 107

cells per ml were loaded with 3 and 6 mM Fluo-4 AM or Fura-red
respectively for 45min at 37 1C. The neutrophils were then kept on ice
and prewarmed to 37 1Cbefore acquiring data. The cells were analyzed
for intracellular calcium release after addition of CXCL6 (1–100 nM),
either alone or after preincubation with DNA (200 pM).

Chemotaxis assay. Chemotaxis of purified neutrophils was quan-
tified using a Transwell system (polycarbonate filters with pore size
5 mm). Briefly, neutrophils were placed in the topwell in a total volume
of 100ml, and medium alone or CXCL6 and CXCL8 (1–100 nM) were
added to the bottom well. The plates were incubated for 4 h in a
humidified incubator at 37 1Cwith 5%CO2.Cells that havemigrated to
the bottomwell were stained with Tryphan blue (0.4%) and the density
was determined using a hemacytometer.

Fluorescencemicroscopy. P. aeruginosa PA01 was cultured in Todd
Hewitt broth at 37 1C under aerobic conditions to mid-exponential
growth phase (OD620E0.4), diluted to a 1% bacterial concentration
(2� 109 CFUs per ml), washed in incubation buffer (10mM Tris/HCl,
5mMglucose, pH7.4), and adjusted to a concentration of 1� 107CFUs
per ml. Bacterial suspension (60 ml) was incubated with CXCL6 (final
concentration 12.5 mM) alone or with previously preincubated CXCL6
(final concentration 12.5 mM) with DNA (final concentration 25.2 nM)
for 20min, and for 1 h in a humidified incubator at 37 1Cwith 5%CO2.
Thereafter, the live/dead staining, 150 ml SYTO 9 (5mM) and pro-
pidium iodide (30 mM) were added to the incubations for 20min in the
dark, washed in PBS, added to previously poly-L-lysine-coated
coverslips, fixed with 1% paraformaldehyde, and embedded in
mounting media overnight. Images were acquired using a Nikon
Eclipse TE200 equipped with a Hamamatsu C4742-95 CCD camera,
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using Plan Apochromat 20� and 100� objectives. NIS-elements 3.1
(Nikon) software was used for image acquisition and processing. The
bacterial concentration was scaled up 12.5 times to get enough bacteria
for the experiment, and as a result the CXCL6 and DNA con-
centrations were also scaled up 12.5 times.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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