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Acquisition of gemcitabine resistance enhances angiogenesis
via upregulation of IL-8 production in pancreatic cancer
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Abstract. Gemcitabine (Gem) is widely used as chemotherapy
for pancreatic cancer (PaCa), but its effect is not fully satis-
factory. One of the reasons for this is the acquisition of Gem
resistance (Gem-R). To elucidate the mechanism of Gem-R,
two Gem-R PaCa cell lines were established from AsPC-1
and MIA PaCa-2 cells. It was demonstrated that expression of
interleukin-8 (IL-8) mRNA was significantly upregulated in
Gem-R PaCa cells by cDNA microarray and RT-qPCR anal-
yses. Increased IL-8 secretion by Gem-R cells was confirmed
by cytokine array and enzyme-linked immunosorbent assay.
Moreover, we found that co-culture with Gem-R PaCa cells
significantly enhanced tube formation of human umbilical vein
endothelial cells, and treatment with an anti-CXCR2 (main
receptor for IL-8) antibody significantly prevented this effect.
We previously reported that a chemokine network centered on
the IL-8/CXCR?2 axis plays an important role in PaCa angio-
genesis, and suppression of this axis has an antitumor effect.
Since acquisition of Gem-R increased IL-8 production and
consequently increased tumor angiogenesis, the IL-8/CXCR2
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axis may be a potential novel therapeutic target for PaCa after
acquiring Gem-R.

Introduction

Pancreatic cancer (PaCa) is one of the most highly malig-
nant carcinomas. PaCa was the fourth leading cause of
cancer-related death in Japan in 2017 (National Cancer
Center Japan. Center for Cancer Control and Information
Services, 2018. Cancer Statistics in Japan. https:/ganjoho.
jp/en/ professional/statistics/table_download.html.) and the
third leading cause of cancer-related death in the US. In 2018,
there were an estimated 55,440 newly diagnosed patients with
PaCa and 44,330 PaCa-related deaths in the US (1). The overall
S5-year survival rate is ~6% (range, 2-9%) worldwide (2). The
poor prognosis of PaCa is attributed to its typical character-
istics of late presentation, aggressive local invasion, early
metastasis, and poor response to chemotherapy (3). Most PaCa
patients are already at an advanced stage at the time of diag-
nosis. Approximately 10-20% of PaCa patients are eligible for
tumor resection, whereas the remaining patients are eligible
only for adjuvant therapies (4-6). Therefore, the development
of novel target therapies is expected to improve the outcome
of PaCa treatment.

In 1997, a phase III trial comparing fluorouracil (5-FU)
monotherapy, which was the standard treatment at that time,
and gemcitabine (Gem) monotherapy for patients with PaCa
was conducted. That trial demonstrated the advantages of
Gem over 5-FU not only in terms of a clinical benefit (e.g.,
pain relief) but also overall survival (5.7 vs. 4.4 months) (7).
Consequently, Gem was approved in 1997 as a first-line
chemotherapeutic drug for patients with locally advanced or
metastatic PaCa, and Gem remains the standard treatment
for PaCa patients (4). However, the clinical efficacy of Gem
therapy is poor, and there is little improvement in the survival
of PaCa patients who receive this therapy (6). Clinical experi-
ence has shown that Gem has transient effects on PaCa after
beginning chemotherapy, with the effects readily decreasing
thereafter. One of the reasons is acquisition of Gem resistance
(Gem-R), the mechanism of which is still unclear. Thus, it is
reasonable to expect that elucidation of Gem-R mechanisms
will improve PaCa treatment.
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Recently, there has been increasing evidence that chemo-
kines play a role in tumor biology (8,9). These studies have
demonstrated that chemokines may influence tumor growth,
invasion and metastasis. Interleukin-8 (IL-8/CXCLS) is a CXC
chemokine containing a Glu-Leu-Arg motif and is secreted
by leukocytes and tumor cells. It was initially named neutro-
phil-activating peptide-1 for its potent chemotactic activity on
granulocytes in inflammatory and immune diseases (10). IL-8
has been shown to play important roles in cancer invasion (11),
angiogenesis (12) and metastasis (13). Based on these results,
previous reports indicate that IL-8 is a potential therapeutic
target in breast (14,15), gastric (13,16), colon (17), cervical
cancer (18), and melanoma (19). Furthermore, we previously
demonstrated a significant role of PaCa-induced IL-8 in tumor
angiogenesis (20,21). Moreover, blocking CXCR?2, the main
receptor of IL-8, significantly suppressed the increased PaCa
angiogenesis and tumorigenesis (20).

The aim of this study was to determine the role of IL-8
in the acquisition of Gem-R in PaCa. Initially, we established
Gem-R PaCa cell lines. We confirmed that IL-8 expression
was increased in accordance with the acquisition of Gem-R.
Furthermore, we found that an anti-CXCR2 Ab inhibited the
angiogenic activity induced by Gem-R in PaCa cell lines. To
the best of our knowledge, this is the first report to demon-
strate the mechanisms of Gem-R-induced tumor angiogenesis
in relationship to the chemokine network. Since regulation of
the IL-8/CXCR?2 axis reduced Gem-R-induced angiogenesis,
this axis may be a new therapeutic target for Gem-R PaCa.

Materials and methods

Cell culture and treatments. The PaCa cell lines BxPC-3,
AsPC-1, MIA PaCa-2, Panc-1, and SW 1990 were obtained
from the American Type Culture Collection (ATCC; Rockville,
MD, USA). BxPC-3 and AsPC-1 cells were maintained in
RPMI-1640 medium (Sigma Chemical Co.; Merck KGaA,
Darmstadt, Germany) supplemented with 10% fetal bovine
serum (FBS). MIA PaCa-2, Panc-1 and SW 1990 cells were
maintained in Dulbecco's modified Eagle's medium (DMEM)
(Sigma Chemical Co.; Merck KGaA) containing high glucose
and 10% FBS. All cells were incubated at 37°C in a humidified
atmosphere of 5% CO, in air.

Establishment of Gem-R PaCa cell lines. First, we determined
the half maximal inhibitory concentration (ICs)) of Gem
(Toronto Research Chemicals, North York, Ontario, Canada)
for PaCa cells using the Premix WST-1 Cell Proliferation
Assay System (Takara Bio, Inc., Shiga, Japan) according to
the manufacturer's instructions. Briefly, PaCa cells (AsPC-1,
MIA PaCa-2, BXxPC-3, Panc-1 and SW 1990) were seeded at
2x10%/100 p1 in 96-well plates and allowed to adhere overnight.
Then, the cultures were provided with fresh medium containing
various concentrations of Gem. After 72 h of incubation, the
absorbance was measured at 450 nm in each well using the
SpectraMax 340 spectrophotometer (Molecular Devices, LLC,
Sunnyvale, CA, USA). The IC, of Gem for each PaCa cell
line was determined by constructing dose-response curves.
Each PaCa cell line was passaged at the respective Gem ICj,
concentration for 2-3 weeks. After passage, the ICy, value of
Gem was again determined for each cell line and each cell
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line was passaged with the re-determined ICy, concentration
for 2-3 weeks. The process was repeated at increasing doses of
Gem until the cell lines demonstrated at least a 50-fold greater
Gem IC,, value than that of the respective parental cell line.
The resulting cell lines were resistant to 20 uM Gem.

Cell proliferation assay. Proliferation assays were conducted
using the Premix WST-1 Cell Proliferation Assay System
(Takara Bio, Inc.) according to the manufacturer's instruc-
tions. Briefly, Gem-R and Gem-sensitive (Gem-S) AsPC-1
or MIA PaCa-2 cells were seeded at 2x10°/100 pl in 96-well
plates and allowed to adhere overnight. Then, cultures were
provided with fresh medium containing various concentra-
tions (0-1,000 uM) of Gem. After 72 h of incubation, the
absorbance was measured at 450 nm in each well using the
SpectraMax 340 spectrophotometer (Molecular Devices,
LLC). To compare the proliferation of Gem-R and Gem-S
PaCa cells in the absence of Gem treatment, 2x10* cells were
seeded in 6-well plates and allowed to adhere overnight. After
24,48, 72 and 96 h of incubation, the cells were isolated after
treatment with 0.25% Trypsin-EDTA (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) and counted in four
microscopic fields (x100) using a compound light microscope.
This assay was also performed to investigate the effect of
IL-8 on the proliferation of Gem-R and Gem-S PaCa cells.
First, Gem-S MIA PaCa-2 cells were incubated with various
concentrations (0-100 uM) of Gem and with or without
100 ng/ml recombinant human CXCL8/IL-8 (R&D Systems,
Minneapolis, MN, USA) for 72 h. Second, Gem-R and Gem-S
PaCa cells were treated with IL-8 small-interfering RNA
(siRNA) or negative control siRNA (as described below) to
assess the effect of siRNA-mediated knockdown of IL-8. In
both cases, the cells were subjected to WST-1 proliferation
assays as described above.

siRNA-mediatedIL-8knockdown.We performed siRNA-medi-
ated knockdown of IL-8 in Gem-R PaCa cells using IL-8
siRNA(h) (cat. no. sc-39631; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA), Silencer Select Negative Control No. 1
siRNA (4390843) (Invitrogen; Thermo Fisher Scientific, Inc.),
Opti-MEM 1 reduced serum medium (Invitrogen; Thermo
Fisher Scientific, Inc.), and Lipofectamine® RNAIMAX trans-
fection reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturers' instructions. Briefly, Gem-R
MIA PaCa-2 cells were seeded in 6-well plates and allowed
to adhere overnight. Then, the cells were incubated with
transfection mixtures containing 10 nM IL-8 siRNA or nega-
tive control siRNA for 72 h. IL-8 expression was confirmed
in PaCa cells treated with IL-8 siRNA or negative control
siRNA by reverse-transcription quantitative polymerase chain
reaction (RT-qPCR) as described below. The IL-8 siRNA
(cat. no. sc-39631) oligonucleotides were 5'-GGGUGCAGA
GGGUUGUGGAGALt-3' (sense), and 5'-UCUCCACAACCC
UCUGCACCCtt-3' (antisense).

Total mRNA microarray analysis. Total mRNA from Gem-R
and Gem-S MIA PaCa-2 cells were isolated using the RNeasy
Plus Mini Kit (Qiagen, Inc., Valencia, CA, USA) according to
the manufacturer's instructions. The mRNA microarray exper-
iments were performed at the Takara Bio Dragon Genomics
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Center (Yokkaichi, Mie, Japan). Transcripts amplified from
the total mRNA were hybridized to the Affymetrix Human
Genome U133 Plus 2.0 Array (Affymetrix/Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
The results were analyzed using the Affymetrix GeneChip™
Command Console Software and Affymetrix Expression
Console Software (Affymetrix; Thermo Fisher Scientific, Inc.).

RT-gPCR. Total RNA was isolated from PaCa cells using the
RNeasy Plus Mini kit (Qiagen, Inc.), according to the manufac-
turer's instructions, and quantitated using the NanoDrop 1000
(Thermo Fisher Scientific, Inc.). Total RNA (1 ug) was
reverse-transcribed using the SuperScript III Platinum
Two-Step qRT-PCR Kit (Invitrogen, Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions, and 1 pl of
the product was used as a template for PCR. RT-qPCR was
carried out using TagMan Universal Master Mix and TagMan
Gene Expression Assays for IL-8 (Hs01553824_gl1) and
GAPDH (Hs99999905_m1) (Applied Biosystems; Thermo
Fisher Scientific, Inc.) with Chrome4 (Bio-Rad, Hercules, CA,
USA). The RT-qPCR conditions were as follows: an initial
incubation at 50°C for 2 min, followed by denaturation at 95°C
for 10 min and 50 cycles of 95°C for 15 sec and 60°C for 1 min.
The relative expression levels of IL-8 were normalized to the
expression of GAPDH in each sample using standard curve
method.

Cytokine array. The Human Cytokine Array Panel Array
kit (R&D Systems) was utilized according to the manufac-
turer's instructions. Gem-R and Gem-S AsPC-1 cells were
seeded at 1x10° in 60-mm dishes and allowed to adhere
overnight. Then, the culture medium was replaced with
1 ml RPMI-1640 containing 2% FBS. After 24 h, the cell
culture supernatant was centrifuged to remove particulates,
and 500 ul was used for each array. Images were captured
using the LAS-3000 imaging system (Fujifilm, Shizuoka,
Japan), with an exposure time of 10 min. Signal analysis was
performed using Multi Gauge software (ver3.0; Fujifilm,
Tokyo, Japan), with each signal normalized to the positive
controls.

Enzyme-linked immunosorbent assay (ELISA). All cell lines
were seeded at 2x10°/ml into a 24-well plate containing
medium supplemented with 10% FBS and cultured over-
night. Medium was exchanged the next day, and cells were
cultured for 48 h. The culture media were then collected and
centrifuged at 400 x g for 5 min to remove particulates and
frozen at -80°C until used for ELISA. The concentration of
IL-8 was measured using the Human CXCLS8/IL-8 Quantikine
ELISA kit (R&D Systems) according to the manufacturer's
instructions. The minimum detectable dose of this kit ranges
from 1.5 to 7.5 pg/ml.

Angiogenesis assay. To investigate the influence of Gem-R
PaCa cells on tube formation by human umbilical vein
endothelial cells (HUVECs), PaCa cell lines (Gem-R
AsPC-1, Gem-S AsPC-1, Gem-R MIA PaCa-2, or Gem-S
MIA PaCa-2), HUVECs and fibroblasts were co-cultured
using a double chamber method in 24-well plates, and
angiogenic activity was measured using an angiogenesis kit
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(cat. no. KZ-1000) (Kurabo Co., Osaka, Japan) according
to the manufacturer's protocols (21-23). Gem-R or Gem-S
PaCa cells (1x10* cells) were seeded into Transwell cham-
bers, consisting of polycarbonate membranes with 0.45-ym
pores, and allowed to adhere overnight. Transwell chambers
were then placed into the HUVEC/fibroblast co-culture
system and exchanged on days 4, 7 and 10. Cells were
cultured for 11 days, after which the HUVECs were stained
with an anti-CD31 antibody (Ab) using a tubule staining kit
(KZ-1225) (Kurabo Co.) according to the manufacturer's
protocol. Briefly, we fixed cells by iced 70% ethanol for
30 min at room temperature. We used phosphate-buffered
salts (-) with 1% bovine serum albumin as blocking reagent.
We added mouse anti-human CD31 antibody in the kit
diluted 4,000 times by blocking reagent as the primary
Ab and incubated for 60 min at 37°C. After incubation, we
washed plates by blocking reagent and added goat anti-mouse
IgG AlkP conjugate included in the kit diluted 500 times
by blocking reagent as the secondary Ab and incubated for
60 min at 37°C. The area of tube formation was measured
quantitatively in 15 different fields for each condition
using an image analyzer (Kurabo Co.). The assay allowed
quantitative evaluation of angiogenesis and examination of
tumor-stromal interactions. Using this same method, the
effects of an anti-human neutralizing CXCR2 Ab (10 pg/ml;
R&D Systems) on HUVEC tube formation in the presence
of PaCa cells were also assessed.

Statistical analysis. Differences between the means of two
samples were analyzed by unpaired t-tests. Multiple group
comparisons were performed by one-way analysis of vari-
ance (ANOVA) with a post hoc Bonferroni test for subsequent
comparisons of individual groups. A P-value <0.05 was
considered statistically significant. Mean values and standard
deviations (SDs) were calculated for experiments performed in
at least triplicate.

Results

ICs, values of Gem for PaCa cell lines. To determine the
concentrations of Gem needed to establish Gem-R PaCa cell
lines, we performed cell proliferation assays. The ICs, of Gem
for each PaCa line evaluated was determined by constructing
dose-response curves (Fig. 1A). The ICs, values of Gem after
72 h of treatment were 10.4, 179.2, 122.5, 716.1 and 850.6 nM
for AsPC-1, BxPC-3, MIA PaCa-2, Panc-1 and SW 1990 cells,
respectively (Fig. 1B).

Establishment of Gem-R PaCa cell lines. We incubated the
five PaCa cell lines with ICs, values of Gem and successfully
established two Gem-R PaCa cell lines from AsPC-1 and MIA
PaCa-2 cells. The 1Cs, values were 7,122.3 and 10.4 nM for
Gem-R and Gem-S AsPC-1 cells, respectively, and 12,614.3
and 122.5 nM for Gem-R and Gem-S MIA PaCa-2 cells,
respectively (Fig. 2). We investigated the biological differ-
ences between the Gem-S and Gem-R cell lines in subsequent
experiments.

Proliferation of Gem-S and Gem-R PaCa cell lines. To
compare cell proliferation between the Gem-R and Gem-S



IMAFUII et al: GEMCITABINE RESISTANCE ENHANCES ANGIOGENESIS VIA IL-8 IN PANCREATIC CANCER

A 120
—~ 100 —-—SW1980
g -=-PANC-1
§ 80 | —+BxPC-3
§ -=MIA PaCa-2
o
2 60 | -»-AsPC-1
(o]
[}
Z 40 |
m
&
20
0 i L i i
0 0.01 0.1 1 10 100 1000
Gemcitabine (uM)
B
PaCa cell line IC,, for Gem
AsPC-1 10.4 nM
MIA PaCa-2 122.5 nM
BxPC-3 179.2 nM
Panc-1 716.1 nM
SW 1990 860.6 nM

Figure 1. Effect of Gem on the proliferation of PaCa cell lines. (A) Five PaCa
cell lines (AsPC-1, MIA PaCa-2, BxPC-3, Panc-1 and SW 1990) were treated
with Gem at the indicated concentrations for 72 h, and the proliferation of
each cell line was determined using WST-1 assays. Values are expressed as
means + SD. (B) The ICs, values of Gem for each PaCa cell line are shown.
Gem, gemcitabine; PaCa, pancreatic cancer; ICs,, half maximal inhibitory
concentration.

PaCa cell lines, we performed proliferation assays. There
was no significant difference in proliferation between
the Gem-R and Gem-S cells of either line after 24-96 h of
culture (Fig. 3).

cDNA microarray analysis of Gem-S and Gem-R MIA PaCa-2
cells. To investigate comprehensive differences in mRNA
expression between Gem-S and Gem-R MIA PaCa-2 cells, we
used a cDNA microarray containing 54,765 probe sets. Of these
probes, 1,206 showed higher expression (cut-off value, 2-fold)
and 3,157 lower expression (cut-off value, 0.5-fold) in Gem-R
compared with Gem-S MIA PaCa-2 cells (Table I). Among the
genes with higher expression in the Gem-R cells, we focused
on IL-8 as we previously reported an important role of IL-8 in
PaCa angiogenesis (24).

RT-qPCR analysis of IL-8 mRNA expression in Gem-S and
Gem-R PaCa cell lines. RT-qPCR revealed higher expression
of IL-8 mRNA in Gem-R when compared with Gem-S cells
in both PaCa cell lines evaluated (P<0.01 in both AsPC-1 cells
and MIA PaCa-2 cells) (Fig. 4). The RT-qPCR results were
consistent with the cDNA microarray results.

Upregulated IL-8 secretion by Gem-R compared with Gem-S
PaCa cell lines. We examined differences in chemokine
secretion by Gem-R and Gem-S AsPC-1 cells using cytokine
arrays (Fig. 5A). The level of IL-8 was elevated in the culture
supernatants of Gem-R compared with Gem-S cells, with
signal intensity values of 0.44 and 0.32, respectively (Fig. 5B).
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Table I. cDNA microarray (54,675 genes).
Differentially expressed genes in Gem-R cells  No. of genes
Upregulated genes (>2-fold) 1,206
Downregulated genes (<0.5-fold) 3,157
Gem-R, gemcitabine resistant.
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Figure 2. Effect of Gem on the proliferation of Gem-R and Gem-S PaCa cell
lines. (A and B) Gem-R and Gem-S AsPC-1 (A) and MIA PaCa-2 (B) cells
were treated with Gem at the indicated concentrations for 72 h, and the
proliferation of each cell line was determined using WST-1 assays. Values
are expressed as means + SD. (C) The ICs, values of Gem in the Gem-R PaCa
cell lines. AsPC-1 (R), Gem-R AsPC-1 cells; AsPC-1 (S), Gem-S AsPC-1
cells; MIA PaCa-2 (R), Gem-R MIA PaCa-2 cells; MIAPaCa-2 (S), Gem-S
MIA PaCa-2 cells; Gem, gemcitabine; PaCa, pancreatic cancer; Gem-R,
gemcitabine resistant; Gem-S, gemcitabine sensitive; ICy,, half maximal
inhibitory concentration.

We next examined IL-8 protein secretion by PaCa cell lines
using ELISA (Fig. 5C). In both MIA PaCa-2 and AsPC-1
cell lines, IL-8 secretion was significantly enhanced in the
Gem-R compared with the Gem-S cell lines (P<0.01 for both
cell lines).
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Figure 3. Differences in proliferation between Gem-R and Gem-S cells. (A and B) Gem-R and Gem-S AsPC-1 (A) and (B) MIA PaCa-2 (B) cells were seeded
(2x10% cells) in 6-well plates and then collected after 0-96 h using 0.25% Trypsin-EDTA and counted in four microscopic fields (x100) using a compound
light microscope. Values are expressed as means + SD. NS, not significant. There were no significant differences in cell numbers between the Gem-R and
Gem-S cells of each cell line. AsPC-1 (R), Gem-R AsPC-1 cells; AsPC-1 (S), Gem-S AsPC-1 cells; MIA PaCa-2 (R), Gem-R MIA PaCa-2 cells; MIAPaCa-2
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chain reaction.

Effect of IL-8 administration on the proliferation of PaCa cell
lines. Gem-S PaCa cells were treated with or without IL-8 and
various concentrations of Gem and then assessed by WST-1
proliferation assay. There was no significant difference in the
proliferation of Gem-S MIA PaCa-2 cells treated with vs. not
treated with IL-8 administration at any Gem concentration
evaluated (Fig. S1).

Effect of siRNA-mediated IL-8 knockdown on the proliferation
of Gem-R PaCa cells. RT-qPCR confirmed successful
siRNA-mediated knockdown of IL-8 in Gem-R MIA PaCa-2
cells (P<0.01) (Fig. S2A). The effect of siRNA-mediated
knockdown of IL-8 in Gem-R MIA PaCA-2 cells was assessed
by WST-1 proliferation assays. There was no significant

difference in the proliferation of Gem-R MIA PaCa-2 cells
with vs. without IL-8 siRNA-mediated knockdown at any
Gem concentration evaluated (Fig. S2B).

Effects of Gem-R development and an anti-CXCR2 Ab on
HUVEC tube formation. To estimate the effect of Gem-R
on angiogenesis, we performed an in vitro angiogenesis
assay. HUVECs and fibroblasts were co-cultured with
PaCa cell lines, and the effects of an anti-CXCR2 Ab were
examined. Tube formation by HUVECs was significantly
enhanced by co-culture with Gem-R compared with Gem-S
PaCa cells (P<0.01 for both AsPC-1 and MIA PaCa-2 cells).
Moreover, the enhanced tube formation by PaCa cells was
inhibited by treatment with (+) the anti-CXCR2 Ab (P<0.05
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Figure 5. Differences in chemokine secretion between Gem-R and Gem-S PaCa cell lines. (A) Gem-R and Gem-S AsPC-1 cells were incubated for 24 h in
RPMI-1640 supplemented with 2% FBS. Secretion of chemokines from each cell line into the cell culture supernatant was measured by cytokine array. The
circles indicate the spots representing IL-8. (B) The analyses of IL-8 expression signals from the cytokine array results were performed using Multi Gauge
software, and each signal was normalized to that of the positive control. (C) Gem-R and Gem-S PaCa cell lines (AsPC-1 and MIA PaCa-2) were incubated for
48 h, and the cell culture supernatants were collected. IL-8 protein levels in the cell culture supernatant were measured by ELISA. Values are expressed as
means + SD. Differences in the means between two samples were analyzed by unpaired t-tests. "P<0.01. Gem, gemcitabine; PaCa, pancreatic cancer; Gem-R,
gemcitabine resistant; Gem-S, gemcitabine sensitive; IL-8, interleukin-8; ELISA, enzyme-linked immunosorbent assay.

for Gem-R MIA PaCa-2 cells and P<0.01 for Gem-R and
Gem-S AsPC-1 cells and Gem-R MIA PaCa-2 cells) (Fig. 6).

Discussion

In the present study, two main findings were confirmed.
First, the resistance of pancreatic cancer (PaCa) cells to
gemcitabine (Gem) was associated with increased inter-
leukin (IL)-8 production from PaCa cells. Second, an
anti-CXCR2 antibody (Ab), a neutralizing Ab for the main
receptor of IL-8, inhibited the increase in angiogenesis induced
upon acquisition of Gem resistance (Gem-R) in PaCa cells.
Therefore, regulation of the IL-8/CXCR2 axis modulates the
angiogenic activity and tumorgenicity of Gem-R PaCa cells.
Although chemotherapeutic strategies for PaCa are
advancing, the therapeutic effects are still insufficient.

Gem-based chemotherapy is one of the standard treatments for
patients with advanced PaCa. However, clinicians often find
that Gem-based treatment usually has good initial effects, but
that these effects often weaken shortly thereafter. One of the
reasons for this is acquisition of Gem-R. To improve the effect
of Gem chemotherapy on patient prognosis, a better under-
standing of the mechanism by which PaCa acquires Gem-R
and development of new therapeutic strategies to overcome
this resistance are required.

Previous studies have suggested several mechanisms of
Gem-R. Gem-R can be acquired via molecular and cellular
changes, including dysregulation of Gem metabolic pathways
[e.g., deoxycytidine kinase and ribonucleotide reductase
subunits M1 and M2 (25,26)] and key signaling pathways
[e.g., NF-xB (27,28), PI3K/Akt (28), MAPK, ERK1/2 (29),
HIF-1a (30)], increased expression of drug efflux pumps,
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Figure 6. Differences in tube formation by HUVECs co-cultured with Gem-R and Gem-S PaCa cells and the effect of an anti-CXCR2 Ab. (A-D) After
incubation of HUVEC:sS, fibroblasts and the PaCa cell lines [Gem-R and Gem-S AsPC-1 cells (A and B) and MIA PaCa-2 cells (C and D)] for 11 days using the
double-chamber method, HUVECs were stained with an anti-CD31 Ab. The tube formation area was measured using an image analyzer (magnification x40).
Controls were co-cultured without PaCa cells. Values are expressed as means + SD. Multiple group comparisons were performed by one-way analysis of
variance (ANOVA) with a post hoc Bonferroni test. "P<0.01, “P<0.05; NS, not significant. (B) (b-1) co-cultured without PaCa cells and CXCR2 Ab (-); (b-2)
co-cultured without PaCa cells but with CXCR2 Ab (+); (b-3) co-cultured with Gem-S AsPC-1 cells but without CXCR2 Ab (-); (b-4) co-cultured with Gem-S
AsPC-1 cells and CXCR2 Ab (+); (b-5) co-cultured with Gem-R AsPC-1 cells but without CXCR2 Ab (-); (b-6) co-cultured with Gem-R AsPC-1 cells and
CXCR2 Ab (+). (D) (d-1) co-cultured without PaCa cells and CXCR2 Ab (-); (d-2) co-cultured without PaCa cells but with CXCR2 Ab (+); (d-3) co-cultured
with Gem-S MIA PaCa-2 cells but without CXCR2 Ab (-); (d-4) co-cultured with Gem-S MIA PaCa-2 cells and CXCR2 Ab (+); (d-5) co-cultured with Gem-R
MIA PaCa-2 cells but without CXCR2 Ab (-); (d-6) co-cultured with Gem-R MIA PaCa-2 cells and CXCR2 Ab (+). CXCR2 Ab -, not treated with CXCR2
antibody; CXCR2 Ab (+), treated with CXCR2 Antibody. Gem, gemcitabine; PaCa, pancreatic cancer; Gem-R, gemcitabine resistant; Gem-S, gemcitabine
sensitive; CXCR2, C-X-C motif chemokine receptor 2; HUVECs, human umbilical vein endothelial cells; Ab, antibody. (B and D) Original magnification, x40.

activation of cancer stem cells (31), and epithelial-to-mesen-
chymal transition (32). However, a breakthrough clarifying the
mechanism of Gem-R or identifying the appropriate secondary
treatments have not been realized to date.

IL-8 is a pro-inflammatory factor belonging to the CXC
chemokine family that is secreted by various cells to activate
and recruit leukocytes to sites of infection and injury. Recently,
several studies have reported that IL-8 plays important roles
in cancer progression, angiogenesis and metastasis (33-35).
Moreover, we previously demonstrated that IL-8 is an impor-
tant component of the tumor microenvironment in PaCa, and
that PaCa cells expressing high IL-8 levels have greater liver

metastatic potential and angiogenic ability compared with PaCa
cells expressing low IL-8 levels (21,24). These results suggest
that IL-8 produced by PaCa cells regulates cancer progression
and metastasis and may be an important therapeutic target.
We also revealed that blockade of the IL-8/CXCR2 pathway
significantly inhibited PaCa tumor growth by preventing angio-
genesis, in vitro and in vivo (20). IL-8 activity occurs mainly
via interaction with its specific cell-surface G protein-coupled
receptor, CXCR2 (33,36,37). In our previous study, to inhibit the
IL-8/CXCR2 pathway, we used both an anti-CXCR2 neutralizing
Ab and a small-molecule inhibitor of CXCR2 (SB225002) (38);
both had similar effects.
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A previous study showed that IL-8 is related to Gem-R and
enhances the invasiveness of Gem-R PaCa (39). However, the
specific role of IL-8 in Gem-R PaCa has not been sufficiently
elucidated, particularly with respect to tumor angiogenesis.
We reported that IL-8 plays an important role in tumor
angiogenesis to affect PaCa metastasis and progression (40).
In addition, we successfully established Gem-R PaCa cell
lines and conducted comprehensive gene expression analyses.
Among the altered genes, we found that the expression of IL-8,
which was focused on in the present study, was increased in
the Gem-R cells. Therefore, it is reasonable to expect that
elucidating the mechanism of IL-8 involvement in the acqui-
sition of Gem-R in PaCa will be important for the future
development of PaCa treatments. Based on our previous and
present research findings, IL-8 was selected as the focus of the
present study.

CXCR?2 is a cell-surface chemokine G protein-coupled
receptor with seven transmembrane domains. CXCR2 has
been found on the surfaces of endothelial, epithelial, and
multiple tumor cells. Chemokines containing a Glu-Leu-Arg
motif, such as CXCLI, CXCL2, CXCL3, CXCL5, CXCL6,
and CXCL7 and IL-8, bind to CXCR2, and their interaction
with CXCR2 tends to enhance tumor angiogenesis (37).
High expression of CXCR2 showed an association with poor
prognosis in laryngeal squamous cell carcinoma, lung cancer,
clear-cell renal cell carcinoma, hepatocellular carcinoma, and
pancreatic ductal carcinoma (41). There is abundant evidence
on Gem-R and IL-8 (39,42 .43), but little is known concerning
the effect of Gem-R on IL-8-induced angiogenesis in PaCa.
The mechanisms underlying how Gem-R acquisition induces
IL-8 production in PaCa cells are not clear, but it was reported
that Gem promotes NF-kB activity in PaCa (42,44). As NF-«xB
regulates IL-8 production (40), we speculate that IL-8 produc-
tion in Gem-R PaCa cells is associated with NF-kB activity,
which is activated by Gem.

In the present study, to analyze the mechanism of Gem-R,
we successfully established two Gem-R PaCa cell lines. Based
on a comprehensive gene expression analysis, we found that
the expression of IL-8 was elevated in the Gem-R PaCa cell
lines. There was no significant change in proliferation between
Gem-R and Gem-S cells. However, our in vitro angiogenesis
assay indicated a significant increase in angiogenic activity
in Gem-R cells. In this assay, we used a HUVEC/fibroblast
co-culture system to assess the interactions between tumor
cells and the tumor microenvironment and clearly demon-
strated that an anti-CXCR2 Ab prevented the angiogenic
activity induced by Gem-R. These results suggest that upregu-
lation of IL-8 in Gem-R PaCa enhances angiogenesis via
interaction with CXCR2, and blockade of the IL-8/CXCR2
signaling axis effectively reduces angiogenesis. These find-
ings are consistent with previous studies that suggest that
IL-8 expression is enhanced by Gem treatment in response to
chemotherapy (42).

To determine whether the increase in IL-8 production
is the result vs. the initial cause of Gem-R acquisition, we
examined the effect of suppression or overexpression of IL-8
on Gem-R. As neither recombinant IL-8 nor IL-8 siRNA treat-
ment affected the proliferation of Gem-R cells compared with
Gem-S cells, we believe that the increase in IL-8 production
may be the result, rather than the cause, of Gem-R.
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In conclusion, we showed that acquisition of Gem-R
increased IL-8 production. This increase in IL-8 production
enhanced tumor angiogenesis in a co-culture environment
consisting of PaCa and stromal cells. Importantly, we also
demonstrated that blocking the IL-8/CXCR?2 signaling axis
using an anti-CXCR2 Ab affected Gem-R PaCa angiogenic
activity. Based on these results, the IL-8/CXCR?2 axis may be
a potential novel therapeutic target for Gem-R PaCa.
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