
Abstract. CXC chemokines have a major influence on the
angiogenesis, growth and metastatic potential of pancreatic
ductal adenocarcinoma. CXCL16 is a unique transmembrane
CXC chemokine, which is shed by members of the disintegrins
and metalloproteases (ADAMs), in particular by ADAM10
and ADAM17. In our study, we evaluated expression and
potential function of CXCL16 and its receptor CXCR6.
CXCL16 and the receptor CXCR6 are upregulated in
pancreatic ductal adenocarcinoma (PDAC) and chronic
pancreatitis tissues in contrast to normal pancreatic tissues at
the mRNA and protein levels. In 85 and 100% of the
investigated samples, tumor cells showed positive immuno-
staining for CXCL16 and CXCR6, respectively; furthermore,
tubular complexes of chronic pancreatitis and the invasive
front of PDAC were immunopositive for CXCL16 and
CXCR6. Stimulation of PDAC cells with proinflammatory
cytokines increased CXCL16 protein levels, whereas silencing
of ADAM10 with siRNA transfection led to a decrease in
CXCL16 protein levels in cell culture supernatants. No effects
on cell viability were notable after incubation of cancer cells
with CXCL16. However, CXCL16 markedly increased
invasiveness of PDAC cells. Clinically, 82.5% of PDAC
patients had higher CXCL16 serum values than the highest
value seen in healthy donors. SELDI-TOF-MS analysis
confirmed the upregulation of CXCL16 in sera of PDAC
patients. In conclusion, CXCL16 in both transmembrane and
soluble forms, and its receptor CXCR6, seem to play an
important role in the pathobiology of pancreatic cancer and
might be potential markers for pancreatic cancer diagnosis
and a target for multimodal therapy concepts in the future.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
aggressive human malignancies causing more than 30,000
deaths per year in the USA (1). Until today, all available
treatment modalities, such as chemotherapy and radio-
therapy, have had little impact on the clinical course of the
disease (2). Thus, a better understanding of the molecular
biology of PDAC is important for the development of
potential additive and targeted therapy concepts and to
establish novel detection markers (3-6).

Recently, interactions between the immune system and
tumor cells have been thought to play a pivotal role in tumor
progression (7,8). In particular, in pancreatic cancer, the
microenvironment with its distinct inflammatory reaction
plays an active role in the progression of the disease (9,10).
Recent findings have demonstrated that tumor cells them-
selves produce cytokines and chemokines, thereby leading to
a modulation of their microenvironment and protecting tumor
cells from immune cell-mediated attacks (11,12).

The functions of chemokines, and in particular, of CXC
chemokines, have been of increasing interest in a variety of
malignant disorders (13,14). CXC chemokines and their
corresponding receptors have been identified as playing an
important role in the regulation of angiogenesis, growth,
invasiveness and metastasis of tumors (15-17). Only limited
data have been published on the function of the until now 16
known CXC chemokines (CXCL1-CXCL16) and their seven
corresponding CXC receptors (CXCR1-CXCR7) in PDAC
(18,19). So far, the axes CXCL8 with CXCR2 and CXCL12
with CXCR4 have been described as key regulators in angio-
genesis and tumor metastasis in pancreatic cancer (20-24).
Recently, the upregulation of CXCL14 in pancreatic cancer
and its role in increasing invasiveness has been described (25).

In 2000, Matloubian et al described a novel member of
the CXC chemokine family: the transmembrane chemokine
CXCL16/SR-PSOX as a ligand for the HIV-coreceptor CXCR6/
Bonzo (26). Expression of CXCL16 is inducible by proin-
flammatory cytokines, such as tumor necrosis factor α (TNFα)
and interferon γ (IFNγ) and exists both in a transmembrane
bound form and as soluble CXCL16, where the soluble form
is shed from the cell surface by the metalloproteinases
ADAM10 and ADAM17 (27).
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CXCL16 plays a role as a cell adhesion molecule by
binding its receptor CXCR6, expressed on activated T-cells
and bone marrow plasma cells (28). The soluble form of
CXCL16 is an active player in the chemotaxis of CXCR6-
expressing lymphocytes (29).

So far, there is only limited knowledge as to the role of
the CXCL16 ligand and CXCR6 receptor axis in malignant
diseases. Ludwig et al demonstrated that CXCL16 is over-
expressed by reactive astrocytes and glioma cells, further
inducible by TNFα and IFNγ and that CXCL16 is shed from
glial cells by ADAM10 and ADAM17 (30). Both are members
of the disintegrin-like metalloproteinase family and have
pro-proliferative effects on CXCR6-positive glial cells (30).
Wagsater et al first described a suppression of CXCL16
protein in a small number of human rectal cancer tissues, but
no downregulation of CXCL16 on the mRNA level (31).
More recently, Hojo et al evaluated the role of CXCL16 in
colorectal cancer in more detail: colorectal cancer tissues
showed consistently upregulated CXCL16 expression
compared to normal mucosa from the same patients. Further-
more, high CXCL16 expression significantly correlated with
a high level of tumor-infiltrating lymphocytes and in
particular with a better prognosis for colorectal cancer (32).

The expression and role of CXCL16 and its correspon-
ding receptor CXCR6, in pancreatic disease is still unknown.
Therefore, the aim of the present study was to evaluate the
expression and potential function of CXCL16 and CXCR6 in
the pathophysiology of PDAC.

Materials and methods

Patients and specimen collection. Pancreatic tissue samples
were obtained from patients who underwent pancreatic
resections for pancreatic ductal adenocarcinoma (PDAC) or
chronic pancreatitis (CP). Pancreas tissue from healthy donors
was collected through an organ donor program whenever
there was no suitable recipient. The diagnosis of all samples
was confirmed histologically.

For RNA extraction or protein isolation, tissue samples
were snap-frozen in liquid nitrogen and stored at -80˚C until
use or preserved in RNAlater (Ambion Europe, Huntington,
UK). For immunohistochemical analysis, samples were
fixed in 4% formalin solution for 18-24 h and subsequently
embedded in paraffin. Serum samples were obtained from
patients with PDAC and CP preoperatively, whereas control
samples were obtained from healthy volunteers. Fresh blood
samples were immediately centrifuged and supernatants were
kept frozen at -80˚C until use.

The use of the clinical samples for analysis was approved
by the Ethics Committee of the University of Heidelberg and
written informed consent was obtained from the patients.

Quantitative real-time polymerase chain reaction (qRT-PCR)
analysis. All reagents and equipment for mRNA/cDNA
preparation were purchased from Roche Applied Sciences
(Mannheim, Germany). Automated mRNA preparation was
carried out using a MagNA PURE LC instrument and
corresponding isolation kit I (for cells) and kit II (for tissue
samples). Primers were obtained from Search-LC (Heidelberg,
Germany). By using a 1st Strand cDNA Synthesis Kit, cDNA

for RT-PCR was prepared, and RT-PCR performed with the
LightCycler-FastStart DNA SYBR Green kit according to the
manufacturer’s instructions. The number of specific
CXCL16, CXCR6 and ADAM10 transcripts were normalized
to the housekeeping gene cyclophilin-B (CPB) and presented
as adjusted copies/10k copies CPB, as described previously
(33).

Cell lines. Four human pancreatic cancer cell lines were
used: BxPC3 and CAPAN-1 were purchased from American
Type Culture Collection (ATCC, Rockville, MD, USA)
and COLO-357 and T3M4 were a gift from R. S. Metzgar
(Duke University, Durham, NC, USA). Cells were grown in
RPMI-1640 medium containing 10% fetal bovine serum
(FBS), 100 U/ml penicillin and 100 μg/ml streptomycin
(Invitrogen, Karlsruhe, Germany) and were incubated at
37˚C in a 5% CO2 humidified atmosphere.

Immunoblot analysis. Proteins were extracted from
pancreatic tissues and cell lines (BxPC3, T3M4, CAPAN-1,
COLO-357). Protein concentration was measured with the
micro-BCA protein assay (Perbio, Bonn, Germany). Tissue
or cellular protein lysates (25 μg) and 75 μg of spleen tissue
serving as a positive control, were separated by electro-
phoresis in 10-12% Bis-Tris gels (Invitrogen), transferred to
nitrocellulose membrane and blocked with 5% non-fat dry
milk in TTBS (20 mM Tris-HCl, 150 mM NaCl, and 0.1%
Tween-20; 5% M-TTBS) for 1 h. The membranes were
incubated overnight at 4˚C with goat anti-human CXCL16
(R&D Systems, Wiesbaden, Germany) or rabbit anti-human
CXCR6 (ProSci, Poway, CA, USA), diluted 1:500 in 5%
M-TTBS. The next day, membranes were washed with
TTBS, and blocked for 1 h with 5% M-TTBS. Membranes
were incubated for 1 h with the secondary antibody at room
temperature. Horseradish peroxidase-conjugated anti-goat
(Amersham Life Science, Amersham, UK) or horseradish
peroxidase-conjugated anti-rabbit (Santa Cruz Biotech-
nologies, Santa Cruz, CA, USA) antibodies were used.
Signal detection was performed by using an enhanced chemi-
luminescence reaction (ECL Western blotting detection;
Amersham). Simply Blue SafeStain (Invitrogen) was applied
to assess the equivalence of sample loading.

Immunohistochemistry. Paraffin-embedded tissues from
pancreatic cancer (n=20), chronic pancreatitis (n=22), and
healthy donors (n=11) were cut into 3-μm sections which
were used for analysis. For immunostaining, the Dako+
EnVision System (Dako Cytomation, Hamburg, Germany)
was used. After deparaffinization, slides were incubated for
10 min in 0.3% hydrogen peroxidase to block endogenous
peroxidase activity. Then, the sections were incubated for
30 min at room temperature with normal goat serum or
normal rabbit serum prior to overnight incubation at 4˚C with
monoclonal mouse-anti-human CXCR6 (1:400) or polyclonal
goat anti-human CXCL16 (1:40) antibodies (R&D Systems).
The next day, after washing 3 times with TBS/0.1% BSA-
0.5% Tween-20, slides were incubated with a goat anti-
mouse secondary antibody solution (Dako Cytomation) or
rabbit anti-goat IgG (Sigma-Aldrich, Taufkirchen, Germany)
diluted 1:1000 in 1X TBS/0.1% BSA for 45 min at room
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temperature. For the following colour-reaction, Dako DAB+
Chromogen K3468 was used according to the manufacturer’s
protocol. Slides were counterstained with Mayer’s hema-
toxylin. The sections were washed and mounted with xylene-
based mounting medium. For semiquantitative analysis,
slides were scored by two observers. Since the staining pattern
within each sample was generally homogenous, staining of
the cancer cells in each sample was categorized as absent,
weak, moderate or strong. In the case of divergent scoring, a
third observer decided upon the final category.

Cell proliferation assays (MTT assay and CV assay). The
3-(4,5-methylthiazol-2yl)-2,-5-diphenyl-tetrazoliumbromide
(MTT) (Sigma-Aldrich) and the crystal violet (CV) (Sigma-
Aldrich) assays were used to assess cell proliferation. The
cells (BxPC3, T3M4, CAPAN-1, COLO-357) were seeded in
96-well plates at a density of 5x103 cells/well in 100 μl of
complete medium and grown overnight. Then, 100 μl of
RPMI, containing different concentrations of recombinant
human CXCL16 (R&D Systems) with final concentrations of
2.5, 5, 10, 25, 50 or 100 ng/ml or control were added.

After 48 or 72 h of incubation, MTT was added to a final
concentration of 0.5 mg/ml and incubated for 4 h. The super-
natants were removed, the plates were dried for 3 h at room
temperature and 100 μl/well acidic isopropanol was added.
For crystal violet assays, after 48 or 72 h of incubation
supernatant was discarded and 100 μl/well CV was added
and incubated for 15 min. The plates were then washed in
tap water and air dried for 3 h. To dissolve the dye, 100 μl/well
methanol was added.

The optical densities (OD) were measured at 570 nm to
compare treatment and control groups. The experiments were
carried out in triplicate and repeated three times.

Matrigel invasion assay. Invasion assays were performed
using a standardized Matrigel invasion chamber (Biocoat
Matrigel invasion chamber, 8-μm pore size; BD Biosciences,
Heidelberg, Germany) according to the manufacturer’s
instructions. First, the Matrigel membrane was rehydrated
with 500 μl serum-free RPMI-medium and incubated at 37˚C
in a 5% CO2 humidified atmosphere for 2 h. Then, BxPC-3
or T3M4 cells (5x104 cells/ml) were seeded in RPMI medium
containing 1% FBS. CXCL16 (R&D Systems) was added
into the lower chamber at a final concentration of 25 ng/ml
and further incubated for 48 h. Non-invading cells were
removed from the upper surface of the membrane using a
cotton-tipped swab before membranes were fixed for 20 min
in ice-cold methanol. Subsequently, invading cells were
stained with 1% toluidine blue (Sigma-Aldrich, Taufkirchen,
Germany). To calculate the total number of invading cells,
the cell number in the complete membrane cutout (membrane
surface area 0.3 cm2) was counted. The assay was performed
in duplicate and repeated three times.

Stimulation assays with proinflammatory cytokines (TNFα
and IFNγ). Stimulation assays were performed by seeding
2.5x105 cells (BxPC3, T3M4, CAPAN-1, COLO-357) in
6-well plates and growing them overnight. Then, the
supernatant was discarded and replaced by fresh RPMI-1640
medium containing 1 ng/ml of TNFα, 1 ng/ml IFNγ or

a combination of both cytokines (R&D Systems); PBS +
0.1% BSA was used as a control (Sigma-Aldrich) After 24 h
of incubation, supernatants were collected and CXCL16 con-
centrations were measured using a commercially available
ELISA kit (CXCL16 Quantikine ELISA Kit, R&D Systems)
according to the manufacturer’s instructions. All samples
were measured at least in duplicate.

siRNA transfection for silencing ADAM10. Cells were trans-
fected with two different ADAM10 siRNA oligonucleotides,
labeled siRNA1 (Ambion Applied Biosystems, Darmstadt,
Germany) and siRNA2 (Qiagen, Hilden, Germany) or control
siRNA oligonucleotides (Negative Control siRNA, Qiagen)
using 15 μl of transfection reagent (RNAiFect Transfection
Reagent, Qiagen) according to the manufacturer’s instructions.
The sequences were: siRNA1 sense GGA UAA CAG AGA
AUG GUG Gtt, siRNA 1 antisense CCA CCA UUC UCU
GUU AUC Ctg; siRNA2 sense CAA ACU UCA CAG ACU
GUA Att, siRNA2 antisense UUA CAG UCU GUG AAG
UUU Ggt; control siRNA sense UUC UCC GAA CGU GUC
ACG Utt, control siRNA antisense ACG UGA CAC GUU
CGG AGA Att. Briefly, 2x105 PDAC cells (BxPC3 and
COLO-357) were seeded in 6-well plates and subsequently
transfected with the indicated siRNA (100 μl transfection
solution containing 5 μg ADAM10 siRNA or 5 μg control
siRNA). After 24 h, medium was replaced by serum-free
medium. Successful siRNA transfection was confirmed by
qRT-PCR of ADAM10 transcripts after a total transfection
time of 48 h. In addition, after transfection for 24 h (24 h
after medium replacement) cell culture supernatants were
collected, centrifuged and CXCL16 ELISA (R&D Systems)
was performed according to the manufacturer’s instructions.

Serum ELISA. CXCL16 levels in cell culture supernatants
and serum samples of patients with PDAC (n=80), CP
(n=20), and from healthy donors (n=20) serving as controls
were measured using a commercially available ELISA kit
(see above) according to the manufacturer’s instructions. All
samples were at least measured in duplicate.

SELDI-TOF-MS analysis. In order to evaluate the integrity
and size of the soluble or shedded CXCL16 forms detected
in patient serum by ELISA, mass spectrometry analysis of
proteins was performed with the SELDI-TOF-MS ProteinChip
Biology System IIc (PBS IIc) (Ciphergen Biosystems,
Fremont, CA, USA), as described previously (34). Briefly,
prior to protein analysis, the PBS IIc Proteinchip Reader
instrument was externally calibrated using the all-in-one
protein molecular mass standard (Ciphergen Biosystems).

NP20 ProteinChip array. Arrays were prepared according to
the manufacturer’s guidelines (Ciphergen Biosystems). Two
microliters of analyte were added to the spot containing
either: recombinant CXCL16 containing 10, 5, 2, 1, 0.5, and
0.1 ng to monitor the detection limit or Protein G (Sigma, St.
Louis, MI, USA) or anti-human CXCL16 antibody to monitor
the purity and quality of the two proteins. The spots were air
dried and an energy absorption matrix 0.8 μl sinapinic acid
solution (50% v/v acetonitrile, 0.5% v/v trifluoroacetic acid
in H2O) applied twice per spot.
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PS20 ProteinChip array preparation. Preactivated surface
protein chips PS20 (Ciphergen Biosystems) were prepared
as follows: Protein G was reconstituted in PBS, pH 8.6

(200 μg/ml) and 3 μl (600 ng) were added per spot. After 2 h
of coupling in a humidified chamber the residual volume was
shaken off and the inactivation of the unoccupied epoxide
sides was performed by pipetting 6 μl of 0.5 M Tris/HCl, pH 8
on each spot and incubating for 30 min at room temperature.
Two wash steps with PBS followed and the chips were loaded
with 5 μl anti-human CXCL16 antibody and incubated in a
humid chamber for 3 h at room temperature. Afterwards the
spots were washed with 6 μl of 0.5 M Tris/HCl, pH 8.0
followed by wash buffer (100 mM Na-phosphate pH 7.4,
0.5 M NaCl and 0.05% Triton). The chips were then loaded
with PBS diluted CXCL16 or with 8 μl serum from PDAC
and controls (1:2 dilution) and incubated overnight at 4˚C.
Unbound protein and salts were removed by washing the
chips thrice with wash buffer and twice with deionized water.
Finally, 1.0 μl sinapinic acid solution (50% v/v acetonitrile,
0.5% v/v trifluoroacetic acid in H2O) was applied twice per
spot and the air-dried chips stored at room temperature.

Statistical analysis. Statistical analysis was performed using
GraphPad Prism 4 Software (GraphPad, San Diego, CA).
The Mann-Whitney U test or analysis of variance (Kruskal-
Wallis test), followed by a post hoc Dunn’s multiple compar-
ison test were performed where appropriate. Significance
was defined as P<0.05.

Results

Expression of CXCL16 and CXCR6 in PDAC cells and
pancreatic tissues. CXCL16 and CXCR6 mRNA expression
was detected by qRT-PCR in all tested PDAC cell lines.
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Figure 1. Expression of CXCL16 and CXCR6 mRNA in pancreatic cancer (PDAC) cells and pancreatic tissues (qRT-PCR). (A) CXCL16 and (B) CXCR6
mRNA expression levels in pancreatic cancer cell lines. (C) CXCL16 mRNA expression levels in normal pancreas (n=10), chronic pancreatitis (CP) (n=11),
and PDAC tissue (n=11); (P<0.001 PDAC versus normal, P<0.001 PDAC versus CP). (D) CXCR6 mRNA expression levels in normal pancreas (n=18), CP
(n=32), and PDAC tissue (n=33); (P<0.001 PDAC versus normal, P<0.001 PDAC versus CP).

Figure 2. Expression of CXCL16 and CXCR6 protein in pancreatic cancer
(PDAC) cells and pancreatic tissues. (A) CXCL16 and CXCR6 protein
expression in pancreatic cancer cell lines. All tested cell lines displayed
protein expression for CXCL16 (upper panel) and CXCR6 (lower panel).
Spleen lysate served as a positive control. (B) CXCL16 protein expression
in normal pancreas (n=4) and chronic pancreatitis (CP) (n=4) (lower panel),
and pancreatic cancer (PDAC) tissue (n=8) (upper panel). Spleen lysate
served as a positive control. In line with the results of the qRT-PCR, there is
upregulated expression of CXCL16 protein in CP as well as in PDAC
compared to normal pancreas. CXCR6 was not detectable in human tissue
samples at the protein level using immunoblotting.
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Expression of CXCL16 was markedly high with copy
numbers between mean 505.7±97.5 and 2236.0±374.3
copies/10k copies CPB in BxPC-3 and COLO-357 cells,
respectively (Fig. 1A). Expression of CXCR6 mRNA was
detected in all cell lines with low copy numbers between
4.0±1.9 and 7.4±2.7 copies/10k copies CPB in CAPAN-1
and COLO-357 cells, respectively (Fig. 1B).

To compare the in vivo expression profile of CXCL16
and CXCR6 in the normal and diseased pancreas, qRT-PCR
was performed using RNA isolated from PDAC, CP, and
normal pancreas from organ donors. This analysis revealed
a significant increase in CXCL16 mRNA levels in PDAC
with 1028.0±140.2 copies/10k copies CPB and CP with
1217.0±209.7 copies/10k copies CPB compared to normal
pancreas with 164.8±20.3 copies/10k copies CPB, respec-
tively (P<0.001; PDAC vs. normal, 6.2-fold increase and CP
vs. normal, 7.4-fold increase, respectively; Fig. 1C). There
was an increase in CXCR6 mRNA levels in PDAC with
17.0±3.6 copies/10k copies CPB and CP with 39.3±13.1

copies/10k copies CPB compared to normal pancreas with
2.5±0.6 copies/10k copies CPB, respectively (P<0.001;
PDAC vs. normal, 6.8-fold increase and CP vs. normal, 15.6-
fold increase, respectively; Fig. 1D).

Analysis of CXCL16 and CXCR6 protein levels was
performed by immunoblotting. In all cell lines, CXCL16 as
well as CXCR6 was detectable on the protein level (Fig. 2A).
To analyze whether increased CXCL16 mRNA levels would
also result in increased protein levels, immunoblot analysis
was carried out. CXCL16 was weakly expressed in normal
pancreas as a 60-kDa protein. In line with the qRT-PCR data,
there was an increased expression of CXCL16 in CP and
PDAC tissues compared to normal pancreas (Fig. 2B). CXCR6
was not detectable in tissue samples using immunoblotting.

Subsequent evaluation of CXCL16 and CXCR6 immuno-
reactivity revealed differences between pancreatic cancer,
chronic pancreatitis and normal pancreas tissue; semiquan-
titative analyses of the immunohistochemistry results are
given in tabular form (CXCL16 Table IA, CXCR6 Table IB).
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Table IA. Semiquantitative analysis of CXCL16 immuno-
reactivity in pancreatic cancer (PDAC), chronic pancreatitis
(CP) and normal pancreas (Donor) tissues.
–––––––––––––––––––––––––––––––––––––––––––––––––
CXCL16 tissue Diffuse Focal Negative na

stains stains stains
–––––––––––––––––––––––––––––––––––––––––––––––––
PDAC (n=20)
Cancer cells 3 14 3 20
Tubular complexes 7 1 0 8
Exocrine cells 4 4 2 10
Islets 9 0 5 14
Ducts 12 1 2 15
Vessels 15 1 4 20
Nerves 4 4 11 19
Stroma 2 3 14 19
Immune cells 0 18 2 20

CP (n=22)
Tubular complexes 14 3 0 17
Exocrine cells 8 8 2 18
Islets 7 1 10 18
Ducts 16 4 0 20
Vessels 9 3 10 22
Nerves 11 3 8 22
Stroma 2 2 16 20
Immune cells 0 19 3 22

Donor (n=11)
Exocrine cells 0 2 9 11
Islets 0 0 11 11
Ducts 2 4 5 11
Vessels 2 3 6 11
Nerves 0 1 10 11
Stroma 0 0 0 0
Immune cells 0 1 0 1

–––––––––––––––––––––––––––––––––––––––––––––––––
aNumber available.
–––––––––––––––––––––––––––––––––––––––––––––––––

Table IB. Semiquantitative analysis of CXCR6 immuno-
reactivity in pancreatic cancer (PDAC), chronic pancreatitis
(CP) and normal pancreas (Donor) tissues.
–––––––––––––––––––––––––––––––––––––––––––––––––
CXCR6 Tissue Diffuse Focal Negative na

stains stains stains
–––––––––––––––––––––––––––––––––––––––––––––––––
PDAC (n=20)
Cancer cells 10 10 0 20
Tubular complexes 7 0 0 7
Exocrine cells 10 0 0 10
Islets 13 0 0 13
Ducts 5 8 0 13
Vessels 12 8 0 20
Nerves 19 0 0 19
Stroma 7 12 0 19
Immune cells 0 20 0 20

CP (n=22)
Tubular complexes 8 2 0 10
Exocrine cells 14 5 0 19
Islets 10 4 0 14
Ducts 2 16 1 19
Vessels 1 19 2 22
Nerves 16 6 0 22
Stroma 9 9 0 18
Immune cells 1 20 1 22

Donor (n=11)
Exocrine cells 6 4 1 11
Islets 9 0 1 10
Ducts 0 11 0 11
Vessels 0 10 0 10
Nerves 9 0 1 10
Stroma 0 1 0 1
Immune cells 0 3 0 3

–––––––––––––––––––––––––––––––––––––––––––––––––
aNumber available.
–––––––––––––––––––––––––––––––––––––––––––––––––
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Figure 3. Expression and localization of CXCL16 and CXCR6 in pancreatic tissues. Immunohistochemistry was performed as described in Materials and
methods. CXCL16 immunoreaction in normal pancreas (A), chronic pancreatitis (CP) (B), and pancreatic cancer (PDAC) (C). CXCR6 immunoreaction in
normal pancreas (D), CP (E), PDAC (F). Note the negative immunoreactivity in consecutive negative control tissue sections (inserts). The given slides reveal
representative examples of the immunohistochemistry of CXCL16 and CXCR6.

Figure 4. Effect of CXCL16 on pancreatic cancer cell growth. The indicated pancreatic cancer cells were treated with 2.5, 5, 10, 25, 50, and 100 ng/ml
CXCL16. MTT assays (A, B) and CV assays (C, D) were performed after incubation for 48 and 72 h, respectively, as described in Materials and methods.
Data are presented as mean ± SEM of three independent experiments.
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In 85% of pancreatic cancer tissues, tumor cells revealed
a positive staining for CXCL16. In addition, peritumoral
parenchyma altered by inflammation, revealed a strong
immunohistochemical positivity for CXCL16. In chronic
pancreatitis specimens, intense CXCL16 immunostaining
was particularly found in tissue remodeled by inflammatory
processes. Furthermore, ducts, nerves and infiltrating inflam-
matory cells were immunopositive for CXCL16. Normal
acinar cells showed faint immunoreactivity in only a few
cases (Fig. 3A-C).

CXCR6 was immunohistochemically detected in the
tumor cells of all pancreatic cancer specimens. Furthermore,
inflammatory altered pancreatic parenchyma consistently
revealed a strong CXCR6 expression. CXCR6 expression
was also found in nerves and infiltrating inflammatory cells.
In chronic pancreatitis specimens, inflammatory remodelled
pancreatic tissue and nerves revealed positive immunostaining.
However, normal acinar cells obtained from organ donors
showed only very faint, focal immunoreactivity (Fig. 3D-F).

Effect of CXCL16 on cell growth and invasiveness of PDAC
cells. A variety of CXC chemokines, such as CXCL1 and
CXCL8, have been shown to have proliferative effects on
PDAC cells (35,36). In addition, the members of the CXC
chemokine family CXCL8, CXCL12, and CXCL14 are potent
inducers of PDAC cell invasiveness (21,25,37). CXCL16 has
been shown to have proliferative effects on, and increase
invasiveness of trophoblasts (38).

To evaluate potential effects of CXCL16 on pancreatic
cancer growth, standardized MTT and crystal violet (CV)
assays were performed in four different pancreatic cancer
cell lines in a dose- and time-dependent manner.

In MTT assays based on mitochondrial activity of the
cells, no substantial effects of CXCL16 on cell viability in all
tested cell lines up to concentrations of 25 ng/ml CXCL16
after incubation for 48 and 72 h were recognized. Higher
doses of CXCL16 up to 100 ng/ml showed a toxic effect with
a decrease of cell growth in all tested cell lines (Fig. 4A and B).

In contrast, CV assays based on the amount of adherent
cells showed no effect of CXCL16 on cell growth after
incubation for 48 h. Longer incubation for 72 h revealed a
trend towards an increased number of cells, in particular in
T3M4 and BxPC3 cells, in the range of 5-25 ng/ml CXCL16
(Fig. 4C and D).

A potential effect of CXCL16 on the invasive capacity of
pancreatic cancer cells was tested by standardized Matrigel
invasion assays. BxPC3 and T3M4 cells were incubated with
25 ng/ml exogenous CXCL16 for 48 h; this concentration of
CXCL16 revealed no significant effects on cell proliferation
in MTT and CV assays. CXCL16 increased the invasiveness
of pancreatic cancer cells as compared with the control.
T3M4 cells showed only limited invasive capacity overall
(Fig. 5A). In contrast, exogenous CXCL16 significantly
increased the invasive capacity of BxPC3 cells (25 ng/ml
CXCL16: 111.3±40.8 versus control: 22.8±5.9 invading
cells, respectively; P = 0.02) (Fig. 5B).

Regulation of CXCL16 expression in PDAC cells. CXCL16
expression is inducible by stimulation with proinflammatory
cytokines, in particular TNFα and IFNγ (27,39). Membrane-
bound CXCL16 is shed from the cell surface by ADAM10,
thus, blockade of ADAM10 decreases the CXCL16
concentration (27,40,41).

To assess the effect of proinflammatory cytokines on
CXCL16 expression by pancreatic cancer cells, four cell
lines were stimulated for 24 h with low doses of TNFα, IFNγ
or a combination of both. Stimulation with the proinflam-
matory cytokines led to an increase of soluble CXCL16 in
cell culture supernatants. In detail, stimulation with TNFα
induced a 1.2-1.7-fold increase of CXCL16, whereas stimu-
lation with IFNγ induced a 1.1-2.0-fold increase of CXCL16
in cell culture supernatants. In all four cell lines, a combination
of TNFα and IFNγ stimulation further increased soluble
CXCL16 levels with an overall 1.3-3.1-fold elevation
compared to unstimulated cells (Fig. 6A-D).

The liberation of soluble CXCL16 by PDAC cells is
dependent on shedding of the membrane-bound CXCL16
fraction by ADAM10. ADAM10 mRNA expression was
assessed by qRT-PCR after siRNA transfection to confirm
silencing of the target gene. In the evaluated PDAC cell lines
(BxPC3, COLO-357), transfection with both ADAM10
siRNA oligonucleotides led to a significant reduction in
ADAM10 expression levels (Fig. 7A and B). Measurement
of CXCL16 concentrations in cell culture supernatants by
ELISA revealed a significant reduction in CXCL16 protein
levels after ADAM10 siRNA transfection compared to
controls (Fig. 7C and D).

CXCL16 as a potential marker in patients with CP and
PDAC. So far, no accurate diagnostic markers for pancreatic
diseases have been established. Serum markers, such as CEA
and CA19-9 are used for monitoring disease, in particular 
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Figure 5. Effect of stimulation with CXCL16 on invasiveness of pancreatic
cancer cells. Invasiveness of T3M4 (A) and BxPC3 (B) pancreatic cancer
cells, assayed by a standardized Matrigel assay as described in Materials and
methods, was increased by treatment with 25 ng/ml CXCL16 for 48 h
(*P<0.05 versus control). Data are presented as mean ± SEM of three
independent experiments; membrane surface area, 0.3 cm2.
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during chemotherapy and following surgery (42,43).
Recently, other proteins, such as REG4 and amyloid A have
been evaluated (44,45). CXCL16 is expressed by PDAC cells
and upregulated in CP and PDAC tissues. The serum levels
of soluble CXCL16 might serve as a diagnostic or follow-up
marker in pancreatic diseases.

In order to evaluate the protein levels of CXCL16 in
patients with pancreatic cancer, as a potential marker, the

concentration of soluble CXCL16 was measured in serum
samples of patients with PDAC (n=80), CP (n=20) and in
healthy donors (n=20) (serving as controls). Serum ELISA
revealed significantly higher CXCL16 levels in patients with
CP compared to healthy controls (CP: 1940±192 pg/ml
versus controls: 1202±50 pg/ml; P<0.01). Patients with
PDAC had 2-fold higher CXCL16 serum levels compared to
healthy controls (PDAC: 2462±120 pg/ml versus controls: 

WENTE et al:  CXCL16 IN PANCREATIC CANCER304

Figure 7. ADAM10 siRNA transfection and determination of the effect on soluble CXCL16 levels in PDAC cells. Transfection with ADAM10 siRNA in
BxPC3 (A) and COLO-357 (B) PDAC cells was confirmed by qRT-PCR. Both siRNA oligonucleotides significantly reduced ADAM10 mRNA transcripts
(Kruskal-Wallis test, P=0.03; siRNA2 versus control: *P<0.05). The effect of ADAM10 silencing on soluble CXCL16 levels was determined by performing a
CXCL16 ELISA of cell culture supernatantant; here, a significant reduction in CXCL16 levels occurred in BxPC3 (C) cells (Kruskal-Wallis test, P=0.003;
siRNA2 versus control, **P<0.01) and COLO-357 (D) cells (Kruskal-Wallis test, P=0.02; siRNA versus control, *P<0.05).

Figure 6. Effect of stimulation of pancreatic cancer cells with proinflammatory cytokines on concentration of soluble CXCL16 in cell culture supernatants.
Four different pancreatic cancer cell lines, CAPAN-1 (A), BxPC3 (B), COLO-357 (C), and T3M4 (D), were stimulated with tumor-necrosis factor α (TNFα;
1 ng/ml), interferon γ (IFNγ; 1 ng/ml) or the combination of both cytokines for 24 h. Supernatants were collected and CXCL16 ELISA was performed. Data
are presented as mean ± SEM of two independent experiments.
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202±50 pg/ml; P<0.001) with 82.5% of the PDAC samples
revealing higher CXCL16 levels than the highest value
measured in the control group (Fig. 8).

For SELDI-TOF mass spectrometry, all components used
for the preparation of the PS20-protG-Ab chip array were
first tested for purity on NP20 chips. Protein G and the
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Figure 8. Serum levels of soluble CXCL16 in patients with pancreatic
cancer (PDAC) and chronic pancreatitis (CP) compared to healthy controls.
Serum levels of CXCL16 in patients with PDAC (n=80), CP (n=20), and
healthy controls (n=20) were measured using a commercially available
CXCL16 ELISA kit. The results are presented as single values and median
(horizontal line in each group). There was a significant elevation of
CXCL16 serum levels in CP and PDAC compared to the control group (CP
versus control, P<0.01; PDAC versus control, P<0.001). Of the PDAC
samples, 82.5% revealed higher CXCL16 serum levels than the highest
measured value of a healthy donor (horizontal line).

Figure 9. Soluble CXCL16 in patients with pancreatic cancer (PDAC)
compared to healthy controls. A titration curve was established to determine
the detection limit for human CXCL16 using a PS20 array coupled with
protein G and anti-human CXCL16 antibody. Boxed area shows at m/z 9717
the decline of recombinant human CXCL16 intensity. The amount of CXCL16
loaded on each spot is indicated on the right at the individual spectrum (0.5,
1, 2, 5, 10, and 50 ng/spot) (A). A representative gel view of the SELDI-
TOF immunoassay of serum samples from PDAC patients and healthy
donors serving as controls are presented. The two boxed regions near 9000 Da
and 9800 Da indicate distinct peaks present in the PDAC patient (B). Enlarge-
ment of the left and right boxed areas indicating m/z values and the intensities
of the peaks (C).
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antibodies were of good quality and the recombinant human
CXCL16 revealed albumin and negligible traces of other
proteins (results not shown). The detection limit for the
recombinant chemokine using the Protein G-anti-CXCL16
immobilized on PS20 array was set at 0.5 ng/spot (Fig. 9A).

As the next step, analysis of serum CXCL16 in samples
of patients with PDAC (n=8) and healthy controls (n=8) was
performed. After exclusion of peaks with low signal-to-noise
ratio and peaks from differentially charged proteins, two
significant peaks were obtained from the spectra profiled on
PS20GAb ProteinChip arrays. As an example, the distribu-
tion of signal intensities for the two peaks at m/z 8956 and
m/z 9760 in control and PDAC serum is given (Fig. 9B). The
average peak intensities at m/z 8956 and m/z 9760 were
compared between the two groups revealing a 3-fold and
2-fold increase in intensity in PDAC samples compared to
controls (Fig. 9C).

Discussion

Pancreatic ductal adenocarcinoma (PDAC) is characterised by
its aggressive behaviour and its substantial changes to the
local tumor microenvironment. Here in particular, immune
cells, fibroblasts and endocrine cells are involved in an
intense interplay with the PDAC cells (9). The attraction and
accumulation of inflammatory cells, induced by chemotactic
stimuli from the cancer cells, contributes to the metastatic
capacity of the tumor by influencing the invasiveness and the
angiogenic activity of PDAC cells (10,46). The transmem-
brane CXC chemokine CXCL16 and its receptor CXCR6
might be involved in the regulation of these processes, in
particular as the chemokine is shed from the cell surface by
members of ADAMs, which are expressed in malignant
tumors and are involved in the regulation of tumor growth
and invasiveness (47).

First, we examined a distinct overexpression of CXCL16
and CXCR6 at the mRNA and protein levels in PDAC and
CP compared to normal pancreas. CXCL16 and CXCR6
expression in normal pancreas tissue displayed a narrow
range of mRNA levels, whereas CP and PDAC tissues
revealed a wider range of mRNA expression levels of the
chemokines and the receptor, thus reflecting the more hetero-
genous composition of diseased pancreatic tissues compared
to normal tissue samples with a large variation in the amount
of ductal pancreatic cells, acinar cells, and infiltrated inflam-
matory cells as well as in the degree of the desmoplastic
reaction including extracellular matrix and fibroblasts. In CP
and PDAC, CXCL16 and CXCR6 were moderately to
strongly expressed in cancer cells and tubular complexes as
evaluated by immunohistochemistry, explaining the variety
of mRNA expression levels in bulk CP and PDAC samples
with different percentages of tumor cells and tubular
complexes, as well as immune cells within the sample.

In contrast to reports of proliferative effects of CXCL16
on human umbilical vein endothelial cells (48), trophoblasts
(38) and malignant glioma cells (30), we could not demon-
strate a direct induction or autocrine stimulation of cell
growth in human pancreatic cancer cells in vitro after dose-
and time-dependent stimulation with exogenous CXCL16.
Still, CXCL16 significantly increased the invasiveness of

pancreatic cancer cells in a standardized Matrigel assay. This
reveals an autocrine modulatory effect in the regulation
of local mobility of tumor cells leading to an increased
metastatic potential.

CXCL16 in its membrane-bound form functions as a
strong adhesion molecule (49-51), supporting the idea that
shedding of CXCL16 from the tumor cell surface into the
periphery might corroborate the hypothesis of a regulation of
PDAC invasion by CXCL16. Here, in particular the blockade
of the ‘CXCL16 sheddase’ ADAM10 by specific inhibitors
has been shown to be a promising tool in the regulation of
CXCL16 functions (27,40). In our study, silencing of
ADAM10 using siRNA transfection induced a distinct
reduction of soluble CXCL16 production by PDAC cells.

Stimulation with TNFα and IFNγ induced an increase of
soluble CXCL16 in PDAC cell culture supernatants in
glioma cells (30). These proinflammatory cytokines, which
are secreted in vivo by inflammatory cells, are also able to
induce an upregulation of soluble CXCL16 in PDAC cells
in vitro, further supporting the interplay between pancreatic
cancer cells and their microenvironment with infiltrated
immune cells (46). This inflammatory process might be the
source of the systemic upregulation of CXCL16 in the serum
of patients with PDAC, as determined by ELISA and
confirmed by SELDI-TOF. Here, the CXCL16 might attract
tumor cells to other organ sites, not only increasing local
invasiveness, but also metastatic spread. In addition, as soluble
CXCL16 serves as a chemoattractant for CXCR6-positive
immune cells, the secretion of CXCL16 by tumor cells leads
to maintenance of the tumor-immune system interaction, by
attracting inflammatory cells to the tumor microenvironment
(52). Since not only PDAC cancer cells but other inflamma-
tory cells are able to express pro-angiogenic growth factors,
an accumulation of inflammatory cells enables the PDAC to
establish a tumor-supportive milieu (46,53).

In addition, PDAC patients showed significant higher
serum CXCL16 levels compared to healthy controls, leading
to the potential function of CXLC16 as a marker for PDAC
progression, at least for monitoring the progression of the
disease under chemotherapy or the occurrence of recurrent
disease in the follow-up after surgical resections. However, it
has been shown that CXCL16 is also upregulated in patients
with rheumatoid arthritis (54) and has been used as serum
marker for the progress of inflammatory bowel disease (55).
Thus, the value of CXCL16 in combination with other serum
parameters in the monitoring of patients with PDAC should
be further evaluated.

In conclusion, the axis of CXCL16 and its receptor CXCR6
as well as shedding of membrane-bound CXCL16 from the
surface of PDAC cells are involved in the pathogenesis of
pancreatic cancer. CXCL16 increases invasiveness of PDAC
cells and might play an important role in the tumor-immune
cell interaction in the tumor microenvironment. It has been
shown that inhibition of CXCL16 led to an attenuation of
inflammatory and progressive phases of glomerulonephritis
(56) and to a reduced infiltration of inflammatory cells and
bone destruction in rheumatoid arthritis (57). A possible
treatment influencing interplay between CXCL16, ADAM10
and the host, could serve as a target in multimodal treatment
concepts in pancreatic cancer in the future.
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