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Abstract

Background and aims Interleukin-13 (IL-13) is an anti-
inflammatory cytokine produced in cells of hematopoetic
origin. It is not known whether pancreatic cancer cells
produce IL-13 or whether IL-13 can modulate pancreatic
cancer cell growth and influence the frequency of lymph
node metastases.

Materials and methods Cell growth and signaling were
analyzed by cell counting, colorimetric proliferation assays,
fluorescent-activated cell sorting, and in vitro kinase
activity assays. IL-13 expression and secretion were
determined by Northern blot analysis and enzyme-linked
immunosorbent assay, respectively. Localization of IL-13
and its transmembrane receptor (IL-4R) in primary pancre-
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atic ductal adenocarcinoma (PDAC) was characterized by
immunohistochemistry.

Results 11-13 enhanced the growth of ASPC-1, CAPAN-1,
and COLO-357 cells. This was associated with enhanced
p44/42 mitogen-activated protein kinase (MAPK) phoshor-
ylation. In contrast to p44/42 MAPK, phosphatidylinositol
3-kinase activity was also induced in IL-13-unresponsive
MIA PaCa-2, PANC-1, and T3M4 cells. All cells expressed
and secreted IL-13. Neutralizing IL-13 antibodies inhibited
the growth of ASPC-1 and CAPAN-1 cells. Immunohisto-
chemical analysis of resected primary ductal adenocarcino-
ma specimens revealed high levels of IL-13 in 30 of 70
cases and its transmembrane receptor (IL-4R) in 28 of 70
cases, respectively. Fifteen of 16 specimens (94%) exhibit-
ing high IL-13 and IL-4R coexpression had lymph node
metastases, while only 30 of the remaining 54 samples
(56%) had positive lymph nodes (p=0.0134).

Conclusion 1L-13 can act as an autocrine growth factor in
PDAC. Endogenous expression of IL-13 in conjunction
with IL-4R in the cancer cells seems to facilitate lymph
node metastasis.

Keywords Cytokine - Growth factor - Interleukin -
Pancreatic cancer - Metastatic spread

Introduction

Interleukin (IL)-13 is a secreted immunomodulatory cyto-
kine with anti-inflammatory functions [1-3]. It regulates the
expression of cytokines and adhesion molecules in several
cell types, including colon cancer cells [4-7]. Signaling is
initiated by binding to the IL-13 receptor «1 chain (IL-
13R«xl1), which by itself has a low affinity to IL-13 and has
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no intracellular signaling capacity [8] but which forms a
high-affinity receptor complex in association with the
transmembrane IL-4 receptor-a (IL-4R) chain [8, 9]. A
second IL-13 receptor chain termed IL-13Ra2 has also
been identified [10]. In contrast to IL-13Rxl, IL-13R«2
has a high affinity for IL-13 but appears to be a non-
signaling decoy receptor. Although cytokine receptors do
not exhibit catalytic tyrosine kinase activity in their
cytoplasmic domains, they associate with cytoplasmic
tyrosine kinases following ligand stimulation. Thus, IL-13
can lead to rapid activation of Janus and phosphatidylino-
sitol (PI) 3-kinases and to the rapid phosphorylation of
insulin receptor substrate (IRS) proteins [11, 12].

Pancreatic ductal adenocarcinoma (PDAC) is a lethal
malignancy with a poor prognosis, in part due to its
propensity to rapidly metastasize to lymph nodes and
adjacent tissues while exhibiting resistance immune mech-
anisms directed against cancer [13]. PDACs frequently
overexpress multiple growth factors and their receptors
[14], as well as downstream signaling proteins, such as
IRS-1 and IRS-2, which may also play an important role in
mediating mitogenic signaling [15, 16]. PDACs also over-
express a number of cytokines and chemokines, such as IL-
8 [17, 18]. Moreover, IL-4 is expressed and secreted by
cultured human pancreatic cancer cells and exerts mitogen-
ic effects via autocrine and paracrine mechanisms [19].
These cells also express IL-13Rxl and IL-4R [20].
Although IL-13 was originally discovered in activated
Th-2 lymphocytes and shares several biologic activities
with IL-4 [1, 2], its potential role in PDAC has not been
investigated despite the well-known proclivity of pancreatic
cancer to spread to lymph nodes early and to avoid immune
mechanisms directed against cancer. Accordingly, in the
present study, we sought to determine the effects of IL-13
on the growth and mitogenic signaling in cultured pancre-
atic cancer cells and to characterize IL-13 and IL-13
receptor expression in human PDAC.

We determined that IL-13 is expressed and secreted by
pancreatic cancer cells and enhances cell proliferation in
association with activation of p44/42 mitogen-activated
protein kinase (MAPK). We also demonstrated that high
expression of IL-13 and IL-4R in Ry-resected primary
PDAC is associated with an increased incidence of lymph
node metastases.

Materials and methods
Materials

The following were purchased: IL-13 enzyme-linked
immunosorbent assay (ELISA) kit and mouse monoclonal
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antibody against IL-13 from BioSource International
(Camarillo, CA, USA), Dako ABC kit for immunohisto-
chemistry from Dako Denmark (Glostrup, Denmark),
carrier-free neutralizing human IL-13 antibody (mouse
monoclonal, 32116) and mouse monoclonal antibody
against IL-4R from R&D Systems (Minneapolis, MN,
USA), human IL-13, anti-active MAPK (p-extracellular
signal-regulated kinase [ERK], E-4) mouse monoclonal
antibody, and human recombinant insulin-like growth factor
(IGF)-I from Sigma Chemical (St. Louis, MO, USA), and
rabbit polyclonal antibodies against IRS-1 and IRS-2 from
Upstate Biotechnology (Lake Placid, NY, USA).

Cell culture and growth assays

ASPC-1, CAPAN-1, MIA PaCa-2, and PANC-1 human
pancreatic cancer cells were purchased from American Type
Culture Collection (ATCC, Rockville, MD, USA). COLO-
357 and T3M4 human pancreatic cancer cells were a gift
from R.S. Metzgar (Duke University, Durham, NC, USA).
COLO-357, MIA PaCa-2, and PANC-1 cells were grown in
Dulbecco’s modified Eagle’s medium, whereas ASPC-1,
CAPAN-1, and T3M4 cells were grown in Roswell Park
Memorial Institute medium. All media were supplemented
with 8% fetal bovine serum, penicillin G (100 U/ml), and
streptomycin (100 pg/ml), termed complete medium. Cells
were maintained at 37°C in humidified air with 5% COx.

The colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) proliferation assay was
carried out as described previously [19]. Briefly, to assess
the effects of IL-13 and IGF-I on cell growth, cells were
cultured for 48 h in serum-free medium in the absence or
presence of the indicated substrates before analysis. To
assess the effects of neutralizing IL-13 antibodies on basal
growth, cells were cultured in complete medium for 48 h. A
CDS5 antibody was used as negative control (Oncogene
Science, Uniondale, NY, USA).

For cell counting, cells (75,000 per well for ASPC-1 or
CAPAN-1 and 50,000 per well for COLO-357 cells) were
seeded in 12-well plates. After 24 h, complete medium was
replaced by serum-free medium for the indicated times in
the absence or presence of IL-13. The medium was changed
daily, including the respective additions.

Cell cycle analysis

Flow cytometric analysis was performed by propidium
iodine using a CycleTest Plus kit according to the
manufacturer’s instructions and a FACScan (Becton Dick-
inson) analysis system equipped with a FACStation, MAC
PowerPC computer, and CellQuest acquisition software as
described [19].
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Mitogen-activated protein kinase phosphorylation

Cell extracts were prepared as described and subjected to
immunoblot analysis using phospho-specific p44/42
MAPK or anti-pan ERK2 antibodies [21]. To estimate the
magnitude of p44/42 MAPK phosphorylation, bands were
scanned and normalized to pan-ERK2. Densitometric
analysis was performed using Array Vision (Imaging
Research, Ontario, Canada).

Immunoprecipitation and PI 3-kinase activity assay

IRS immunoprecipitations and PI 3-kinase activity assays
were carried out as described [15]. Briefly, cells were
serum-starved for 18 h before the respective treatment.
Lysates (1,000 pg/1,000 pl) were incubated with the
respective primary antibody followed by precipitation with
protein A sepharose and immunoblot analysis.

For the determination of PI 3-kinase activity [15], immuno-
precipitates were sequentially washed followed by the in
vitro PI 3-kinase reaction using PI substrate (0.5 mg/ml) and
10 nCi/ul [y->*Pladenosine triphosphate for 5 min. Phos-
pholipids were separated by thin-layer chromatography and
exposed to films at —80°C using intensifying screens.

Preparation of the IL-13 ¢cDNA and Northern blot analysis

A 122-bp human IL-13 complementary deoxyribonucleic
acid (cDNA) fragment corresponding to nucleotides 336 to
457 of the human IL-13 c¢cDNA sequence (Genbank
accession: X69079) [1] was generated by reverse transcrip-
tase polymerase chain reaction from human placenta
ribonucleic acid (RNA). The 122 fragment was subcloned
into pBSK, and its authenticity was confirmed by sequenc-
ing. Northern blot analysis of poly(A)” RNA (2 ug) from
exponentially growing cells and human placenta was
carried out as described [20]. The IL-13 complementary
RNA probe was labeled with [x->*P]cytidine triphosphate
(CTP) using T7 RNA polymerase, and the [3-actin cDNA
probe was random-primed labeled with [«->*P]deoxy-CTP.

IL-13 ELISA

Total cell lysates (75 pg in 100 pl of lysis buffer) and
100 ul conditioned medium were used for the IL-13
ELISA. For the preparation of the conditioned medium,
subconfluent cells were incubated in six-well plates for 48 h
in serum-free medium containing the proteinase inhibitors
aprotinin (50 pg/ml), benzamidine (10 pg/ml), leupeptin
(10 ng/ml), and pepstatin A (10 pg/ml). After collection of
the cell supernatant and centrifugation for 10 min at 1,000x g,
100-pl aliquots were used for the IL-13 sandwich ELISA

carried out according to the protocol of the manufacturer
(BioSource International). In our study, the interassay
variability was less than 36%, and the intraassay variability
was less than 7%.

Tissue samples and immunohistochemistry

Primary tumor specimens from 70 patients with Ry-resected
PDAC were evaluable for IL-13 and IL-4R staining.
Clinical and pathological information was obtained from
the hospital tumor registry. The study was approved by the
Ethics Committee of the University of Ulm (nr. 105/98).

Formalin-fixed and paraffin-embedded 5-um sections
were stained using the streptavidin—peroxidase technique
using a Dako ABC kit as described [22]. After deparaffi-
nization and blocking endogenous peroxidase activity, the
sections were incubated for 20 min at 23°C with 1% normal
horse serum and for 24 h at 4°C with the specific
monoclonal antibodies against human IL-13 (1:500) and
IL-4R (1:4,000). Bound antibodies were detected with
biotinylated horse universal secondary antibodies and
streptavidin—peroxidase complex, using diaminobenzidine
tetrahydrochloride as the substrate. Sections were counter-
stained with Mayer’s hematoxylin. Omission of primary
antibodies did not yield any immunoreactivity.

All sections were examined independently by two
observers (Formentini, Kornmann) blinded to both clinical
and pathological data. Protein expression in the tumor cells
was quantified using a visual grading system based on the
intensity of staining from 0 to 3 [22]. The highest staining
intensity found in tumor cells was used for classification.
According to the staining intensity, cancers were classified
as low- (0+1) or high- (2+3) expressing tumors. Staining
intensity was judged in 73% and 76% of the cases similarly
into 0, 1, 2, or 3 for IL-13 and IL-4R, respectively. The
remaining cases were examined a second time together to
obtain a final classification.

Statistical analysis

Results for cell growth and cell cycle are shown as mean+
SEM or mean+SD. When indicated, Student’s ¢ test or rank
sum test were used for statistical analysis. Absolute and
relative frequencies were calculated and compared using
the Chi-square or Fisher exact test. Overall survival time
was defined as the time from the day of operation to death
(failure) or until data evaluation for the patients being alive
or lost to follow-up (censored). Kaplan—Meier plots were
drawn, and the survival of the subgroups was analyzed
using the log-rank test. Univariate analysis of survival was
performed using SPSS software (Chicago, IL, USA). p<
0.05 was taken as the level of significance (two-sided).
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Results
Effect of IL-13 on pancreatic cancer-cell proliferation

IL-13 exerted a dose-dependent increase in the growth in
ASPC-1, CAPAN-1, and COLO-357 cells. At a maximally
effective concentration of 5 nM, IL-13 increased cell
growth by 33% (2% SEM) and 35% (2% SEM) in
ASPC-1 and COLO-357 cells, respectively, after 48 h. In
the most responsive CAPAN-1 cells, the stimulatory effect
was further increased at 10 nM IL-13 to 51% (4% SEM)
after 48 h. To validate the results of the MTT assay and to
characterize its effects during longer incubation periods,
cell counting was performed in the absence and presence of
5 nM IL-13 for up to 4 days (Fig. 1).

IGF-I is a well-characterized mitogenic growth factor
[14, 15]. The effects of IL-13 and IGF-I on proliferation
and cell cycle were compared next. IGF-I and IL-13
enhanced proliferation in all three cell lines in the MTT
assay after 48 h in association with increased S-phase cell
fraction and reduced percentage of cells in Go/G; (Fig. 1).
CAPAN-1 cells showed best response to proliferation but a
relatively low fraction of cells in the S-phase after 24 h.
Most CAPAN-1 cells may have passed the S-phase already
after 24 h. IL-13 also increased the percentage of cells in G,
in CAPAN-1 and COLO-357 cells.

In contrast to ASPC-1, CAPAN-1, and COLO-357 cells,
IL-13 did not alter the growth of MIA PaCa-2, PANC-1, or
T3M4 pancreatic cancer cells. IL-13-induced proliferation
did not depend on IL-13 or IL-4 receptor expression.
Relative expression levels of the six cell lines were
determined earlier [20] and are summarized in Table 1.

Fig. 1 Effect of IL-13 and IGF-I on cell growth and cell cycle. a IL- p

13 time course (cell counting). ASPC-1 (circle), CAPAN-1 (square),
and COLO-357 (triangle) cells were seeded in 12-well plates and
grown overnight in complete medium followed by serum-free medium
for the indicated times in the presence or absence of IL-13 (5 nM).
Medium was changed daily. Results are the means+SEM of triple
determinations from three separate experiments. Asterisk, p<0.05
compared to respective untreated controls. b IL-13 and IGF-I MTT
assay. Indicated cells were incubated for 48 h in the absence or
presence of 5 nM IL-13 (open bars) or IGF-I (solid bars). Results are
the means£SEM of quadruple determinations from three separate
experiments. Asterisk, p<0.05 compared to respective untreated
controls. ¢ Cell cycle analysis. Cells were serum-starved for 24 h
and then incubated in the presence or absence of IL-13 (5 nM, open
bars) or IGF-1 (5 nM, solid bars) for 24 h prior to analysis using a
FACScan analysis system. Effects on cell cycle distribution are shown
as relative difference of cell cycle fraction in percent compared to
corresponding untreated controls and are means+SD of at least five
separate experiments. Asterisk, p<0.04 compared to untreated controls
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Effect of IL-13 on p44/42 MAPKs

P44/42 MAPKs mediate mitogenic signaling of several
growth factors [5, 14, 19]. IL-13 and IGF-I enhanced p44/
42 MAPK phosphorylation in ASPC-1, CAPAN-1, and
COLO-357 cells (Fig. 2). Densitometric analysis of
multiple experiments (n=5) revealed an average increase
in p44/42 MAPK phosphorylation by IL-13 of 98%, 82%,
and 55% in ASPC-1, CAPAN-1, and COLO-357 cells,
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Table 1 Expression of IL-13 and IL-4 receptor chains and the effect of IL-13 on cell proliferation in cultured human pancreatic cancer cell lines

Cell lines ASPC-1 CAPAN-1 COLO-357 MIA PaCa-2 PANC-1 T4M4
Growth enhancement ++ - ++ - — _
IL-13Ra1? +++ ++ ++ ++ R +
IL-13Ra2° - - + _ _
IL-4R* +++ ++ +++ + ++ +++

# Semiquantitative mRNA expression levels of the IL receptor chains were adopted from [20].

respectively. IL-13 did not enhance p44/42 MAPK phos-
phorylation in MIA PaCa-2, PANC-1, and T3M4 cells
(Fig. 2). In contrast, IGF-I (Fig. 2) also enhanced p44/42
MAPK phosphorylation in IL-13-unreseponsive cells, indi-
cating that the failure of IL-13 to activate MAPK in these
cells was not due to a defective p44/42 MAPK cascade.

Effect of IL-13 on phosphatidylinositol 3-kinase activity

PI 3-kinase has also been implicated in cytokine-induced
mitogenic signaling of several hematopoietic cell lines
followed by strong tyrosine phosphorylation of IRS-1 and
IRS-2. IL-13- and IGF-I-induced tyrosine phosphorylation
of IRS-1 and IRS-2 in all six cell lines (data not shown).
Furthermore, IL-13 enhanced PI 3-kinase activity in the
responsive, as well as in the unresponsive, cell lines

(Fig. 3).
Expression of IL-13 in human pancreatic cancer cell lines
In view of the mitogenic effects of IL-13 in several of our

cell lines, we investigated whether these cells express this
cytokine. Northern blotting revealed the presence of the

ILA3 - + - - 4+ - -+ -
IGFd - - + - - 4+ - - +
M . e =l o-MAPK
WD, | ——— ERK-2
ASPCA1 CAPAN-1 COLO-357
ILA3 - + - - 4+ - -+ -
IGFd - - + - - + - . +
- = .. & pwarK

o e e @ FRK-2
MIA PaCa-2 PANC-1 T3M4

Fig. 2 Effects of IL-13 and IGF-I on p44/42 MAPK phosphorylation.
Indicated cells were serum-starved for 18 h and then incubated for
5 min in the absence (minus sign) or presence (plus sign) of 1L-13
(5 nM) or IGF-I (5 nM). Immunoblot analysis of total cell lysates was
carried out with a phospho-p44/42 MAPK antibody (p-MAPK). To
confirm specificity and equal loading, membranes were stripped and
reprobed with a pan-ERK-2 antibody (ERK-2)

1.4-kb IL-13 messenger RNA (mRNA) transcript [1] in all
six cell lines (Fig. 4). IL-13 protein was detectable in total
cell lysates and in conditioned medium by ELISA,
indicating that these cells secrete IL-13 (Fig. 4).

Effects of neutralizing IL-13 antibodies on cell growth

The effects of a neutralizing IL-13 antibody on basal cell
growth were determined next. Incubating ASPC-1 and
CAPAN-1 cells with increasing concentrations of the IL-
13-neutralizing antibody inhibited cell growth in a dose-
dependent manner (Fig. 5). The effects were small but
reproducible. By contrast, the basal growth of COLO-357
cells, which released highest levels of IL-13 into the
medium, was not altered (Fig. 5a). Preincubation of IL-13
(5 M) with the neutralizing IL-13 antibody (10 pg/ml)
significantly reduced the mitogenic activity of IL-13 in
CAPAN-1 cells (Fig. 5b). The neutralizing IL-13 antibody
(10 pg/ml) failed to alter the growth of the three IL-13-
unresponsive cell lines (data not shown). Additionally, a
CDS5 control antibody (10 pg/ml) did not alter the growth
of any of the six cell lines (data not shown).

ASPC-1
CAPAN-1
COLO-357
MIA PaCa-2
PANC-1
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Fig. 3 The effect of IL-13 on IRS-2 associated PI 3-kinase activity. PI
3-kinase activity of IRS-2 immunoprecipitates from the indicated cells
was determined after serum starvation and incubation (5 min) in the
absence (minus sign) or presence (plus sign) of IL-13 (5 nM). The
origin of the spotted samples and the migration of the phosphorylated
phosphatidylinositol substrate (Pl) are marked
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mRNA expression. Northern blotting of poly(A)" RNA (2 ug per
lane) from the indicated cells was carried out using a human IL-13
riboprobe. (3-Actin was used as a loading control. Ribosomal RNA
markers are shown on the /efi. b Protein expression. Cell lysates were
subjected to a IL-13 sandwich ELISA. Results are shown as IL-13
protein concentration per microgram of cell lysate and are means=SD
of three separate experiments. ¢ IL-13 secretion. Cells were cultured
for 48 h in serum-free medium supplemented with proteinase
inhibitors. Medium was harvested and subjected to IL-13 ELISA.
Results are shown as IL-13 protein concentration in 1 ml of
conditioned medium
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Fig. 5 Effects of IL-13-neutralizing antibodies on pancreatic cancer
cell growth. Results are shown as means+SEM of quadruple
determinations from at least three separate experiments. a Basal cell
growth. ASPC-1 (solid circle), CAPAN-1 (solid square), and COLO-
357 (solid triangle) cells (10,000 per well) were grown in 96-well
plates for 24 h in complete medium and then incubated for 48 h in the
absence or presence of increasing concentrations of carrier-free
neutralizing IL-13 antibody. Asterisk, p<0.05 compared to control. b
IL-13-stimulated growth. CAPAN-1 cells were incubated in serum-
free medium for 48 h in the absence or presence of 10 pg/ml
neutralizing IL-13 antibody (MA4B), 5 nM IL-13 (/L-13), or the
combination of both (MAB+ IL-13) preincubated for 60 min at 37°C.
Asterisk, p<0.05 compared to IL-13 alone
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IL-13 and IL-13 receptor expression in pancreatic
cancer tissues

Immunohistochemical analysis was performed to determine
the localization of IL-13 and its transmembrane receptor
chain (IL-4R) in pancreatic cancer tissues. IL-13 immuno-
reactivity was not present in normal ductal, acinar, and islet
cells (data not shown). Faint IL-4R immunoreactivity was
present in some acinar, ductal, and islet cells of the normal
pancreas (data not shown). High IL-13 and IL-4R immu-

Fig. 6 IL-13 and IL-4R expres-
sion in human pancreatic cancer
tissue samples. Moderate to
strong IL-13 (a, ¢) and IL-4R
(b, d) immunoreactivity was
observed in ductal-like cancer
cells in 30 of 70 and 28 of 70
samples, respectively. No clear
IL-13 but IL-4R immunoreac-
tivity was present in the nerve
structures, as depicted by
arrowheads (a, b). The arrows
(a, b) indicate the areas of
magnification for IL-13 (¢) and
IL-4R (d). IL-13 reactivity
appeared in a fine granular
pattern in the cytoplasm of the
cancer cells (¢). In most
samples, no or only faint IL-13
(e) and IL-4R (f) immunoreac-
tivity was present. Original
magnification: a, b, e, f, x50;
¢, d, X200

noreactivity was present in the ductal cancer cells in 43%
(30 of 70) and 40% (28 of 70) of the primary PDAC
samples, respectively (Fig. 6).

Patient characteristics are summarized in Table 2. Anal-
ysis of IL-13 and IL-4R levels revealed that high IL-13 and
IL-4R immunoreactivity was associated with positive
lymph node involvement (Table 3). No significant differ-
ences in survival were observed among the subgroups with
median survival times ranging from 16 to 19 months.
However, long-term survival (more than 3 years) was not
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Table 2 Characteristics and clinical treatment of patients with
pancreatic cancer enrolled in IL-13 and IL-4R immunohistochemical
analysis

Characteristics Patients (n=70)
Median age (years) 64 (34-77)
Age

<60 23

>60 47
Gender

Male 32

Female 38
Histology

Ductal adenocarcinoma 70
Stage (UICC)

1 5

I 20

111 45
Histologic grade

1 8

2 33

3 27

4 2
Operative procedures

Pancreatoduodenectomy 60

Distal pancreatectomy 7

Total pancreatectomy 3
Adjuvant treatment

None 14

Intravenous chemotherapy 19

Intra-arterial chemotherapy 15

Intra-arterial chemotherapy +radiotherapy 19

Not stated 3

observed in any of the 16 patients whose tumors exhibited
high IL-13 and IL-4R staining intensity. By contrast, the
3-year survival rate was 24% (13 of 54) in patients whose
tumors exhibited low levels of immunoreactivity for either
IL-13 or IL-4R (Table 3).

Discussion

IL-13 is an immunomodulatory and anti-inflammatory
cytokine that exerts direct influence on B cells and the
monocyte/macrophage population and is usually expressed
in activated Th-2 lymphocytes [1, 2]. Although IL-13 is
principally involved in the regulation of interactions
between hematopoietic cell types [3], it also modulates a
variety of functions in endothelial, mesothelial, and
epithelial cell types [4—7, 23]. In addition, cell lines derived
from Hodgkin’s lymphoma and Reed-Sternberg cells in
Hodgkin’s lymphomas express IL-13 and IL-13 receptors
and are growth-stimulated by exogenous IL-13 [24, 25]. IL-
13 receptors are also widely expressed in nonhematopoietic
tissues, including the heart, liver, skeletal muscle, ovary,
and pancreas [8, 19]. We previously reported that human
pancreatic cancer cell lines express various levels of the IL-
13Rxl, IL-13R«2, and IL-4R chains [20].

In the present study, we demonstrated for the first time
that IL-13 enhances pancreatic cancer cell proliferation and
that these cells express and secrete 1L-13. There was no
correlation between the level of expression of the IL-13
receptor chains and IL-13-induced cell proliferation. IL-13
also enhanced the proliferation of a prostate cancer cell line
[26] and inhibited apoptosis of HT-29 colon cancer cells in
a PI 3-kinase-dependent manner [27, 28]. In contrast, IL-13
inhibited both basal and estrogen-induced growth of
cultured human breast cancer cell lines [29, 30] and
anchorage-dependent and anchorage-independent growth
of renal carcinoma cells [31]. To our knowledge, renal cell
carcinoma cells are the only nonhematopoietic cell types
which have also been shown to express IL-13 mRNA. In
contrast to pancreatic cancer cells, however, these cells are
growth inhibited by IL-13 [31]. Taken together, these
observations indicate that IL-13 may exert divergent effects
on proliferation in different cancer cell types.

Table 3 Association of IL-13 and IL-4R expression with lymph node involvement and the 3-year survival rate

Staining intensity Number Lymph node Involvement p value Overall survival p value
Negative Positive <36 months >36 months

IL-13
Low (0+1) 40 19 21 0.036 32 8 0.967
High (2+3) 30 6 24 25 5

IL-4R
Low (0+1) 42 20 22 0.023 32 10 0.289
High (2+3) 28 5 23 25 3

IL-13 and IL-4R
At least one low 54 24 30 0.013 41 13 0.075
Both high 16 1 15 16 0
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Several lines of evidence in the present study suggest
that IL-13 has the potential to exert autocrine growth
stimulatory effects in some pancreatic cancer cell lines: (1)
IL-13 stimulated pancreatic cancer cell growth, (2) pancre-
atic cancer cells expressed IL-13 at the mRNA and protein
level and released IL-13 into conditioned medium, and (3)
anti-IL-13-neutralizing antibodies partially inhibited the
growth of two out of three cell lines that were growth-
stimulated by exogenous IL-13. Together with our obser-
vation that IL-13 was detectable in a great portion of
primary PDACs and the previous report that pancreatic
cancer cells express IL-13 and IL-4 receptor chains [20],
these results raise the possibility that IL-13 may act in an
autocrine manner to enhance the growth of pancreatic
cancer cells in vivo.

The p44/42 MAPK pathway is a key component in the
signal transduction of many mitogenic growth factors, such
as IGF-I and EGF. Activation of the MAPK cascade was
described for several cytokines, including IL-3, IL-4, IL-12,
and IL-13 [5, 32]. In the present study, we demonstrated
that IL-13 activated p44/42 MAPK in pancreatic cancer
cells. Two lines of evidence suggest that this activation was
associated with growth stimulation, rather than inhibition,
of apoptosis as reported for colon cancer cell lines [27, 28].
First, IL-13 resulted in a shift of cell cycle distribution
enhancing the fraction of cells in the S and G, phases.
Second, IL-13 failed to activate MAPK in the three cell
lines that were resistant to IL-13-mediated growth stimula-
tion. Third, UO126, an inhibitor of the p44/p42 MAPK
pathway, partially inhibited IL-13-induced growth stimula-
tion (unpublished results).

PI 3-kinase has also been implicated in the signal
transduction of many growth factors and cytokines that
regulate cell proliferation and survival [32-34]. IL-13
activated PI 3-kinase in HT-29 colon [27, 28] and, as
demonstrated in our study, in pancreatic cancer cells, in
which it also induced tyrosine phosphorylation of IRS
proteins. The IRS proteins may facilitate the coupling of the
IL-13 receptor complex to the signaling cascades regulated
by PI 3-kinase, as demonstrated for the IL-4R chain [12,
35, 36]. In the present study, IRS-2-associated PI 3-kinase
activity was enhanced by IL-13 in all six pancreatic cancer
cell lines. In view of the observations that tyrosine
phosphorylation of IRS-2 may lead to enhanced mitogenic
signaling [12] and that IRS-2 is overexpressed in pancreatic
cancer [15], it is possible that IRS-2 contributes to the
mitogenic signaling pathway that is activated by IL-13 in
pancreatic cancer cells by facilitating PI 3-kinase activation.
However, inasmuch as IL-13 only activated p44/42 MAPK
in the growth-responsive cells, it is probable that activation
of PI 3-kinase per se may not be sufficient to activate
mitogenesis in pancreatic cancer cells.

IL-13 can attenuate Thl cell-driven, cell-mediated
immune responses through its effects on the monocyte/
macrophage cells, causing downregulation of proinflam-
matory cytokines, like IL-1, IL-6, and tumor necrosis
factor-«, and chemokines, like IL-8 and MIP-1x, and
inhibiting antibody-dependent cellular cytotoxicity [3, 25].
IL-13 also acts on fibroblasts and has been shown to
mediate fibrosis in allergic asthma and Schistosoma
mansoni-induced hepatic fibrosis [37, 38]. In the present
study, immunohistochemical analysis of PDAC samples
revealed the presence of moderate to strong cytoplasmic
IL-13 immunoreactivity in the cancer cells within the
tumor mass in 40% of the samples. Although there was no
clear association between IL-13 protein expression and
patient prognosis in this group, our analysis revealed that
coexpression of IL-13 and IL-4R was associated with a
68% higher frequency of lymph node metastases. This
observation raises the possibility that IL-13, in addition to
exerting direct effects on pancreatic cancer cell prolifera-
tion in the presence of IL-4R, may contribute to the
inhibition of immune mechanisms directed against pancre-
atic cancer, thereby facilitating tumor spread. Several lines
of evidence support this possibility. Thus, IL-4R and signal
transducer and activator of transcription 6 (STAT6)
knockout mice resisted tumor recurrence, whereas IL-4
knockout mice exhibited tumor recurrence [39]. However,
injection of soluble IL-13 receptors into the IL-4 knockout
mice suppressed tumor recurrence, whereas the loss of
natural killer T cells in CD1 knockout mice resulted in
decreased IL-13 production and also induced resistance to
tumor recurrence [39], indicating that IL-13 may be an
essential player in this process. Furthermore, studies with
STAT6 knockout mice indicated that metastasis is partially
dependent on IL-13 and interferon-y [40]. A cytotoxin
coupled to IL-13 moreover showed potent antitumor
activity in human pancreatic tumors engineered to over-
express IL-13 receptor chains [41]. Together, these
observations underscore the importance of IL-13 as an
important suppressor of cancer-directed immunosurveil-
lance and raise the possibility that pancreatic cancer cell-
derived IL-13 may also act in a paracrine manner to
downregulate tumor immunosurveillance, thereby facilitat-
ing metastasis. In view of the potential autocrine growth-
promoting role of IL-13 in pancreatic cancer cells and its
role in immunomodulation, it is possible that modalities
which use this pathway [41] or interrupt this autocrine loop
[42] may have a therapeutic potential in PDAC in the
future.
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