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Introduction

Summary

The chemokine receptor CXCR6 has been described on lymphoid cells and is
thought to participate in the homing of activated T-cells to non-lymphoid
tissue. We now provide evidence that the chemokine receptor CXCR6 is also
expressed by activated polymorphonuclear neutrophils (PMN) in vivo: Exami-
nation of biopsies derived from patients with pancreatic carcinoma by confocal
laser scan microscopy revealed a massive infiltration of PMN that expressed
CXCR6, while PMN of the peripheral blood of these patients did not. To answer
the question whether CXCR6 expression is a property of infiltrated and acti-
vated PMN, leucocytes were collected from patients with localized soft tissue
infections in the course of the wound debridement. By cytofluorometry, the
majority of these cells were identified as PMN. Up to 50% of these PMN were
also positive for CXCR6. Again, PMN from the peripheral blood of these
patients were nearly negative for CXCR6, as were PMN of healthy donors. In a
series of in vitro experiments, up-regulation of CXCR6 on PMN of healthy
donors by a variety of cytokines was tested. So far, a minor, although reproduc-
ible, effect of tumour necrosis factor (TNF@) was seen: brief exposure with
low-dose TNFa induced expression of CXCR6 on the surface of PMN. Further-
more, we could show an increased migration of PMN induced by the axis
CXCL16 and CXCR6. In summary, our data provide evidence that CXCR®6 is
not constitutively expressed on PMN, but is up-regulated under inflammatory
conditions and mediates migration of CXCR6-positive PMN.

Keywords: acute bacterial infections, CXCR6, pancreatic carcinoma, polymor-
phonuclear neutrophils

and in tumours as well. Although more appreciated for their
role as “first line defence’ in acute bacterial infection, there is

Chemokines and their receptors are crucial for the directed
migration, the infiltration, and the homing of leucocytes.
Not to the exclusion of other receptors, CXCR®6, also known
as Bonzo, is critically involved in the infiltration of
T-lymphocytes to non-lymphatic tissue. CXCR6-positive
T-cells are found at the sites of chronic inflammation, for
example in patients with chronic inflammatory liver disease
[1-4] or interstitial lung disease [5]. Moreover, in the
affected joints of patients with rheumatoid arthritis CXCR6-
positive T-cells are found, as well as in a variety of tumours
[6]. Taken together, there is unequivocal evidence for the
relevance of CXCR6 and of its ligand CXCL16 as well in the
trafficking of T-lymphocytes.

Aside from T-lymphocytes, also polymorphonuclear neu-
trophils (PMN) are found in chronically inflamed tissues

increasing evidence for the participation of PMN in destruc-
tive, chronic inflammatory disease, including rheumatoid
arthritis [7,8], primary vasculitis [8], or chronic inflamma-
tory bowel disease [9]. Also in tumours, infiltration of PMN
is seen as reviewed by di Carlo et al. [10]. While trafficking of
PMN to the site of primary infection is well studied [11-13],
it is unclear how they are attracted to the site of a chronic
inflammation or to a tumour. To this end, we now tested
whether or not the chemokine receptor CXCR®6 is expressed
by PMN, and whether it is subject to regulation. To assess
expression of CXCR6 in vivo, we analysed two different
diseases: pancreatic carcinoma as an example of a tumour
with a prominent PMN infiltration [14,15], and patients
with implant-associated post-traumatic osteomyelitis as an
example of a localized, persistent bacterial infection, where
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again a prominent PMN infiltrate was described [16]. We
found expression of CXCR6 on the infiltrated PMN, but not
or to a much lesser extent on peripheral blood PMN of the
patients; moreover, we found evidence for up-regulation of
CXCR6 on PMN of healthy donors when cultivated under
infection-analogue conditions. Finally, we described an
increased migration of PMN in a direction towards a
CXCL16 gradient or supernatants from CXCLI16 liberating
tumour cells.

Materials and methods

Tissue and blood collection in patients with
pancreatic carcinoma

Tissue samples of pancreatic carcinoma patients (1 = 6) were
obtained from patients undergoing resection because of
pancreatic carcinoma at the Department of Surgery, Univer-
sity of Heidelberg, Germany. For immunohistochemistry
procedures, tissue samples were fixed in formalin and sub-
sequently embedded in paraffin as described previously
[17]. In parallel, venous blood of patients, suffering from
pancreatic carcinoma (n=12), was drawn preoperatively
into heparin-coated tubes (Sarstedt, Niibrecht, Germany).
Healthy age-matched donors served as controls. The study
was approved by the Ethics Committee of the University of
Heidelberg, and a written informed consent was obtained
from all the patients.

Sample collection in patients with implant-associated
osteomyelitis

Patients with implant-associated osteomyelitis due to bacte-
rial biofilm infection (n=10) were included in the study.
The patients attended the BG Trauma Centre Ludwigshafen,
Germany. The diagnosis was based on the medical history,
the clinical examination, the leucocytes count, the C-reactive
protein serum concentrations, and the identification of the
bacteria. Venous blood from all patients was drawn into
heparin-coated tubes (Sarstedt) at the time of the surgical
intervention, and from healthy age-matched donors as well
(n=10). Implant-associated osteomyelitis requires the
removal of the infected implant. During surgery the infil-
trated cells were recovered as described previously [18]. The
cytofluorometric studies described below were carried out
within 3 h after blood withdrawal, or collection of the local
samples. The study was approved by the Ethics Committee of
the University of Heidelberg, and a written informed consent
was obtained from all the patients.

Confocal laser scan microscopy

Paraffin-embedded pancreatic carcinoma tissues were used.
After cutting into 3-pm thick sections, deparaffinization and
dehydration, slides were washed for 10 min with TBS/0-1%
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BSA. Sections were incubated for 1 h at room temperature
with Beriglobin™ (ZLB Behring, Marburg, Germany) prior
to 1 hincubation at room temperature with an APC-coupled
monoclonal antibody to CXCR6 (R & D Systems GmbH,
Wiesbaden-Nordenstadt, Germany), diluted 1:100 in Tris-
buffered saline (TBS/3% BSA). After washing two times with
TBS/0-1% BSA — 0-5% Tween 20, and once with TBS/0-1%
BSA, the slides were incubated for 1 h with a FITC-labelled
antibody to CD66b (Immunotech, Marseille, France),
diluted 1: 200. The slides were examined by confocal laser
microscopy (Leica microscope DM RBE, Leica laser system
TCS NT, Leica, Bensheim, Germany) and Leica TCS as
software.

Cytofluorometry

Cytofluorometry was performed as described before [19].
The following antibodies were used: FITC-labelled CD66b
and the respective FITC-labelled isotypic mouse IgGl
(Immunotech); antibodies to CXCR6 (clone 56 811-111,
either unlabelled or directly labelled with APC or PE (R & D
Systems). The antibodies were used in a final concentration of
2:5 ug per 1 ml of whole blood or 1 x 10° cells, respectively.
Following incubation with the respective antibodies (20 min,
room temperature), erythrocytes were lysed using FACS-
lysing solution (Becton Dickinson, Heidelberg, Germany).
Cells were analysed by FACSCalibur® and CellQuest® Pro
software (Becton Dickinson). Results are expressed as per cent
positive cells in the appropriate gate or quadrant, respectively.
The markers (M1, M2) were set according to the IgG isotype
controls. For the detection of the intracellular antigens, cells
were solubilized using FACSPerm (Becton Dickinson) and
the protocol provided by the supplier.

Activation of PMN

For activation of PMN in whole blood, 1 ml heparinized
blood was incubated with tumour necrosis factor alpha
(TNFa) (5ng/ml), interleukin (IL)-6 (1-20 ng/ml), IL-8
(1-10 ng/ml) or PMA (1 ug/ml) (all obtained from Sigma-
Aldrich, Steinheim, Germany) for 20 min. Then surface
expression was measured as described above. Isolated
PMN, prepared by centrifugation on PolymorphPrep™
(Nycomed, Oslo, Norway), and positive selection using
anti-CD15 magnetic beads (Miltenyi, Bergisch-Gladbach,
Germany) were suspended in AIM V (Gibco, purchased
from Invitrogen, Karlsruhe, Germany) at a concentration of
1x10%ml and incubated with either TNFo. or PMA as
described above.

Chemotaxis

A modified Boyden chamber equipped with a nitrocellulose
filter (5 um pore size; 200 um thick) was used (Schleicher
& Schuell GmbH, Dassel, Germany) with yeast-activated
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normal human serum as a source for complement C5a as
bona fide chemoattractant [20]. Random migration was
assessed using Hanks balanced salt solution (HBSS). The
cells (1 x 10° in 1 ml), suspended in HBSS containing 0-1%
bovine serum albumin, were placed into the upper compart-
ment, the chemoattractants to be tested in the lower. After
90 min the cells that had migrated into the filters were fixed
with propanol, stained with haematoxylin, and evaluated
using an Omnicon Alpha Image Analyser (Bausch &
Lomb, Heidelberg, Germany). Chemotaxis was measured as
‘leading front, defined as the distance in um from the top of
the filter to a level where at least five cells per visual field
could still be seen. Two parallel filters were prepared, and
on each filter, 10 different areas were evaluated. The
mean * s.d. was calculated; differences between mean values
were determined using ANOVA.

ADAMI0 siRNA transfection of human pancreatic
carcinoma cell lines

ADAMI1O0 is a disintegrin-like metalloproteinase, which is
responsible for the membrane-bound release (‘shedding’) of
CXCL16 [21,22]. Two human pancreatic carcinoma cell-
lines, BxPC-3 and COLO-357 (ATCC, purchased from LGC,
Teddington, United Kingdom), were grown in RPMI-
medium containing 10% fetal bovine serum, 100 U/ml peni-

Fig. 1. Detection of CXCR6 on infiltrated PMN
of patients with pancreatic carcinoma.
Expression of CXCR6 on PMN of patients
(n=6) with pancreatic carcinoma was
determined with confocal laser scan microscopy
by using colocalization of CD66b (a), a marker
molecule for PMN, and CXCR6 (b). In (c) a
representative example of the overlay of both
stainings revealing CXCR6-positive PMN
infiltrated in pancreatic carcinoma specimens is
given. The appropriate isotype negative controls
are presented in (d) and (e).

cillin and 100 pg/ml streptomycin (complete medium). Cells
were kept at 37°C in and 5% CO, and 95% air atmosphere. In
this study ADAM10 silencing was performed as previously
described for siRNA transfection [23]. Briefly, BxPC-3 and
COLO-357 cells (2x10°/well) were plated. After 24 h,
medium was changed, and 100 pl transfection solution, con-
taining 5 g of two different specific CXCL16 siRNA (siRNA
1, Ambion, Austin, USA; siRNA2, Qiagen, Hilden, Germany)
or 5 g control siRNA and ECR buffer (Qiagen). In addition,
15 ul transfection reagent (Qiagen) was added to 1900 ul
medium. After 24 h, medium was replaced with serum-free
medium. After another 24 h supernatants were collected,
centrifuged and chemotaxis assays were performed as
described above. With this experimental set-up, a clear
decrease of soluble CXCL16 in the supernatants of cultivated
pancreatic carcinoma cells can be established by siRNA
transfection [24].

Statistics

Differences between the mean values of the groups (cells
from the patients versus cells from the healthy donors) were
calculated using ANova. Linear correlation was assessed
using OriginPro 7-5 (Additive Software GmbH, Friedrichs-
dorf, Germany). P < 0-05 was set at the level of statistical
significance.
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Results

Detection of CXCR6 on infiltrated PMN of patients
with pancreatic carcinoma

By confocal laser scan microscopy, a colocalization of
CXCR6 with CD66b, the latter used as marker molecule
for PMN, was seen, indicating that the infiltrated PMN
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were CXCR6 positive (Fig. la—e). Specimens of six
patients were analysed, with similar results obtained in
all evaluated samples. In a parallel set of experiments,
expression of CXCR6 on PMN of the peripheral blood
of patients with pancreatic carcinoma was tested and
compared with healthy donors. Of the patients’ PMN
1-8 = 1:8% (mean * s.d., n=12) expressed CXCR®, of the
donors’ 3-4 = 4-9%.
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Fig. 2. Detection of CXCR6 on PMN of patients with implant-associated osteomyelitis analysed by cytofluorometry. Expression of CXCR6 on PMN

of patients (n = 10) with implant-associated osteomyelitis was measured on the day of surgery and on the 7th postoperative day and compared with
healthy donors (n = 10) using cytofluorometry. Only a small amount of peripheral blood PMN expressed CXCR®, a representative example on the
day of surgery is shown in (a). In contrast, nearly all PMN obtained from the infected site revealed distinct CXCR6 expression on the day of
surgery; a representative example is shown in (b). After recovery, the peripheral blood PMN were negative for CXCR6 on the 7th postoperative day;
a representative example is shown in (c); data of four patients are summarized in (d). In (e) the results of the CXCR6 expression from peripheral
PMN of patients (1 =10) and controls (n = 10) as well as infiltrated PMN of patients (n = 10) are summarized as box plots (the box contains 50%
of the values; the horizontal bar indicates the median, the dot the mean values; the differences between the mean values were evaluated by ANova;

n.d. = not different). The marker M1 was set for the isotype controls in all given experiments.
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Fig. 3. Expression of CXCR6 by PMN of healthy donors and up-regulation by TNFa. By cytofluorometry, expression of CXCR6 on the PMN
population in whole blood was tested. PMN only weakly expressed CXCR6 (a), after exposure of whole blood samples to TNFo (b) or PMA (c),
CXCR6 is translocated to the cell surface. In these experiments CD66b was used to identify the PMN. Data for healthy donors (n=5) are
summarized in (d) (each pair of dots connected by the line represents an individual donor before stimulation and after exposure to TNFo).
Purified PMN of healthy donors express CXCR6 only weakly (e), but intracellularly nearly all PMN are positive for CXCR6 (f).

Detection of CXCR6 on infiltrated PMN of patients
with implant-associated post-traumatic osteomyelitis

In another set of experiments, PMN having infiltrated sites of
bacterial infection were analysed, and compared with PMN
obtained from the peripheral blood of the same patient. By
cytofluorometry using unseparated lavage or whole blood
samples, the majority of the infiltrated PMN were found to
express CXCR6 (example see Fig. 2b), but on average only
12-8 = 14-9% of the peripheral blood PMN (example see
Fig. 2a,data of 10 patients are summarized in Fig. 2¢). Of four
patients, we were able to test the peripheral blood PMN again
as the patients recovered (7-14 days after surgery) (Fig. 2d).
The CXCR6 expression was then within the normal range as
determined by testing healthy donors (Fig. 2c and e).

Up-regulation of CXCR6 on PMN in vitro

The data described so far implied an up-regulation of
CXCR6 in the context of PMN activation. Indeed, exposure
of whole blood to TNFa or PMA for 20 min resulted in
a surface expression of CXCR6 (examples and summary
of five donors are shown in Fig. 3). As further stimuli, IL-6,
IL-8 and interferon-y were tested over a wide range of
concentrations. With these cytokines, we did not see an
up-regulation of CXCR6 (data not shown). On purified
PMN of healthy donors, which expressed CXCR6 also only
weakly (5-5 * 4-5% mean * s.d. of n =5), CXCR6 could also
be up-regulated by brief exposure to TNFo (data not

shown). In line with rapid translocation to the surface,
CXCR6 could be detected intracellularly in nearly all PMN.
By quantitative RT-PCR CXCR6 specific RNA was not
detected (data not shown).

The ligand for CXCR6 induces chemotaxis of isolated
PMN of healthy donors

Chemotaxis was tested in a Boyden chamber assay using
activated serum as source of C5a as positive control (Fig. 4).
Recombinant CXCL16, the ligand for CXCR6, induced a
minor, though reproducible, migration of PMN in the con-
centration of 25 ng/ml; no significant effect was seen in the
concentration of 50 ng/ml or higher. An induction of PMN
migration was seen by stimulation with cell culture super-
natants of the human pancreatic carcinoma cell lines
BxPC-3 and COLO-357, which are known to produce
CXCL16. By blocking the CXCL16 liberation by silencing
with two different specific ADAM10 siRNA oligonucleotides,
the chemotaxis was clearly reduced with both siRNA (siRNA
1 and siRNA 2) and reached statistical significance by using
the siRNA 2 (COLO-357 siRNA 2 versus control, P = 0-0015;
BxPC-3 siRNA 2 versus control, P=0-012).

Discussion

Polymorphonuclear neutrophils, as the largest group of leu-
cocytes infiltrating into infected sites, play a pivotal role in
the host reaction to localized infections [25]. In localized
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Fig. 4. Chemotaxis of isolated PMN of healthy donors induced by
recombinant CXCL16 or by supernatants of two pancreatic carcinoma
cell lines. Recombinant human CXCL16 (rhCXCL16) induced
chemotaxis of PMN (a), as did the supernatants of two pancreatic
carcinoma cells lines (BxPC-3 and COLO-357), known to produce
CXCL16 (b). When the chemokine production of these cell lines was
inhibited by silencing via specific ADAM10 siRNA transfection with
two different oligonucleotides (siRNA 1 and siRNA2), the chemotaxis
was clearly reduced. The data are given as distance in tm covered by
at least five PMN. Twenty filter areas were evaluated and the mean *
s.d. is shown. For comparison, on the very left, random migration as
negative control and migration towards C5a as positive control are
shown. (In (a) the P-values were calculated for the rhCXCL16-
induced migration in comparison with random migration; in (b), in
addition, differences between CXCL16-containing supernatants and
supernatants of cells pre-treated with siRNA were calculated).
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infections, PMN have crucial functions in the innate
immune response against bacteria by phagocytosis. Further-
more, by transdifferentiation to cells with dendritic-like
characteristics, infiltrated PMN are leading to a proliferation
of T-lymphocytes and a perpetuation of the local inflam-
matory process in acute infections as well as rheumatoid
arthritis [8,26].

There is increasing evidence that an immune cell interac-
tion is also involved in the regulation of proliferation in
various solid malignancies by stimulation of tumour cell
proliferation and angiogenesis [27,28]. In the complex regu-
lation from immune surveillance to immune escape, various
steps are involved, triggered by tumour cells and their inter-
action with the innate as well as the adaptive immune
responses [29,30]. Various solid tumour malignancies, and
here in particular pancreatic carcinoma as one of the most
aggressive entities, reveal a distinct involvement of infiltrated
inflammatory cells in carcinogenesis and tumour progres-
sion [31,32].

The large group of chemotactic cytokines called chemok-
ines are involved in acute and chronic inflammatory pro-
cesses as well as in the regulation of cancer growth and
progression [33-35]. The superfamily of CXC chemokines,
initially described as factors prompting the migration and
infiltration of leucocytes, and their complex function in
chemotaxis, migration and invasion of inflammatory and
tumour cells as well as the induction of angiogenesis has
been evaluated in various inflammatory and malignant dis-
eases [36,37].

The exact link between the function of PMN and CXC
chemokines and their receptors in inflammatory processes is
still not fully discovered. However, in particular the two
ligand receptor axis CXCL16 — CXCR6 might play an impor-
tant role in the orchestration of regulating the immune
response in localized or chronic infections and tumour pro-
gression mediated by an interaction with immune cells
[38—40]. CXCR6 and CXCL16 have been shown to regulate
chronic inflammatory processes such as sarcoidosis, rheu-
matoid arthritis and glomerulonephritis via T lymphocytes
[41-43].

In the present study, an expression of CXCR6 on PMN as
a local phenomenon has been discovered as a novel finding
in the regulation of inflammatory processes guided by a
crosslink of CXC chemokines and PMN. Under these two
defined localized inflammatory conditions, such as the
tumour-inflammation in pancreatic cancer specimens and
acute localized bacterial wound infections, the expression of
the CXC chemokine receptor CXCR6 on infiltrated PMN
was found, but not on PMN of the peripheral blood. Thus,
CXCRG6 surface expression on PMN seems to be a temporary
event involved in the local regulation of the immune
response in vivo. This can be underlined by the finding
that CXCR6 expression on the surface of PMN can
be up-regulated using TNFo and phorbolester PMA as clas-
sical immunomodulatory factors.
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Migration of PMN was determined in a standardized
chemotaxis assay. CXCL16, the only described ligand of
CXCR6, induced migration in the typical dose-dependent
manner, with high doses being inhibitory, as is described for
all chemokines. Similarly, supernatants from cultivated
human pancreatic cancer cells, releasing CXCL16, induced
chemotaxis. Compared with the bona fide chemoattractant
C5a, chemotaxis was lower (40-60%), which is most prob-
ably due to the fact that only a minor portion of peripheral
blood PMN is expressing CXCR6. Up-regulation of CXCR6
by PMA or TNFo was precluded by the fact that in vitro the
pre-incubation of PMN with either TNFo or PMA abolishes
the capacity to migrate [44]. As human pancreatic cancer cell
lines produce high levels of soluble CXCL16 in vitro [24],
and because the infiltrated PMN express CXCR6, we hypoth-
esize that the tumour cells attract the PMN.

In summary, these novel findings identify a potential
crosstalk between CXC chemokines and CXC receptor
expressing PMN and imply a role of this interaction in the
attraction of PMN to sites of localized bacterial infections, or
tumours, respectively. The function of the CXCR6-positive
PMN at the site of infection or within a tumour has not yet
been elucidated. The question remains of whether those
attracted CXCR6 positive PMN participate in the host
defence or whether they rather contribute to the destructive
inflammatory processes known to be associated with persis-
tent bacterial infections or with pancreatic tumours in
particular.
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