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Figure 4. immunohistochemical detection of FAK
in normal pancreatic tissue. In nonnal pancreatic
tissue FAK staining was observed in the cytoplasm
of ductal cells and faintly in islet cells,

but not in acinar cells. The nuclei are
counterstained with Mayer's haematoxylin. The
scale bar is 200 pm.

Figure 5. Immunohistochemical
detection of FAK in

pancreatic adenocarcinoma.

In pancreatic cancer tissue, FAK
was expressed in the

cytoplasm and on the

plasma membranes of the
cancer cells.
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(A): x1000 (B).




100 ~
Logrank test: p =081
& 80 o
)
g ] FAK
‘ g 40 4 negative (n= 26)
g
V320 4
0 -

0 5 10 15 20 25 30 35 40 45
Months
Figure 7. Survival curves of the patients with pancreatic
cancer. There was no statistically significant difference in the
survival between patients with FAK-positive tumors and patients
with FAK-negative tumors (P = 0.81).

As a result, we found that there is a significant corre-
lation between FAK expression and tumor size in pan-
creatic cancer patients. It has been reported that
astrocytoma cells expressing FAK formed larger tumors
in nude mice than tumor cells derived from the parental
cell lines.'® Further, expression of a hyperactive mutant
of FAK, SuperFAK,'® in the breast cancer cell line re-
sulted in an increase in the size of tumors in nude mice.®
In addition, the FAK dominant negative, FAK-related non-
kinase (FRNK) expression inhibited the growth of human
carcinoma cells into tumors in nude mice.?® These re-
ports are consistent with our results and suggest that
greater tumor size might be associated with an increased
rate of cell proliferation by FAK expression.
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Figure 6. Heterogenous
expression of FAK in pancreatic
cancer tissues. Several

sections showed labeling

of the majority of cancer celis
{A), whereas in others only

a part of tumor area was

positive for FAK (B).

Original magnification; x 200.

Previous reports on different kinds of cancer have
shown that FAK expression correlated with survival
rate,”® although FAK was not a prognostic factor by it-
self in those studies. We showed that the survival curve
of FAK-positive and FAK-negative patients showed no
significant separation. It is well documented that the most
important prognostic factor in completely resected pa-
tients is nodal status;?'?2 however, other predictors of a
favorable outcome include a tumor size < 3 ¢m, negative
margins, well-differentiated tumors, and intraoperative
blood loss of less than 750 ml.?>*-2° Focal adhesion ki-
nase expression was significantly associated with tumor
size in our study, although it was not a prognostic pre-
dictor for survival of the pancreatic cancer patients.

Recent studies have demonstrated that suppression of
FAK by small interfering RNA (siRNA) enhanced the
chemosensitivity of pancreatic adenocarcinoma to gem-
citabine,?® promoted anoikis, and inhibited metastasis of
pancreatic cancer cells in vivo.?” These observations
suggest that FAK might be an important determinant of
malignant cellular behavior and could be a rational target
for therapeutic intervention in pancreatic cancer. We no-
ted, however, FAK was expressed in the normal pan-
creatic duct. It is not clear why normal pancreatic ductal
cells express FAK, although this might be an obstacle
when molecular target therapy for FAK would be con-
ducted in vivo.

In conclusion, this is the first report to show the rela-
tionship between FAK expression and the clinicopatho-
logical factors in pancreatic cancer. We have revealed
that FAK expression was related to tumor size in pan-
creatic cancer, but it was not related to other clinico-
pathological factors. Focal adhesion kinase expression
may not be a prognostic marker for pancreatic cancer



Table 2.
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Comparison between the expression of FAK and clinicopatho-
logical features of pancreatic cancer.

FAK-positive FAK-negative

Category (n = 24) (n=26) P Value
UICC* classification
systemn (6th edition)
Histological grade
Well-moderate 21 25 0.34
Poor 1
pT
1,2 4 5 >0.999
3,4 20 21
pN
0 7 6 0.751
1 17 20
pM
0] 18 23 0.281
1 6 3
Stage
1 1 3 0.375
2 12 13
3 5 9
4 6 3
JPSt classification
system (5th edition)
Tumor size
<4 cm 15 25 0.004
24 cm 9 1
Lymphatic invasion
- 2 4 0.669
+ 22 22
Portal venous
system invasion
- 5 5 >0.999
+ 19 21
Nerve invasion
(intrapancreatic)
- 2 1 0.602
+ 22 25
Nerve invasion
(extrapancreatic)
- 11 12 >0.999
+ 13 14
Arterial invasion
- 21 23 >0.999
+ 3 3
Anterior serosal invasion
- 17 17 0.767
+ 7 9
Retroperitoneal invasion
- 11 12 >0.999
+ 13 14

*Union Internationale Contra Cancrum (International Union

Against Cancer).

tJapan Pancreas Society.

patients, but it could be a molecular target for therapeutic
intervention in these patients.
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In vivo antitumor effect of the mTOR inhibitor CCI-779 and gemcitabine in
xenograft models of human pancreatic cancer
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Mammalian target of rapamycin (nTOR) is considered to be a
major effector of cell growth and proliferation that controls pro-
tein synthesis through a large number of downstream targets. We
investigated the expression of the phosphatidylinositol 3'-kinase
(P13K)/mTOR signaling pathway in human pancreatic cancer
cells and tissues, and the in vive antitumor effects of the mTOR
inhibitor CCI-779 with/without gemcitabine in xenograft models
of human pancreatic cancer. We found that the Akt, mTOR and
p70 S6 kinase (S6K1) from the PI3K/mTOR signaling pathway
were activated in all of the pancreatic cancer cell lines examined.
When surgically resected tissue specimens of pancreatic ductal
adenocarcinoma were examined, phosphorylation of Akt, mTOR
and S6K1 was detected in 50, 55 and 65% of the specimens,
respectively. Although CCI-779 had no additive or synergistic
antiproliferative effect when combined with gemcitabine in vifro,
it showed significant antitumor activity in the AsPC-1 subcutane-
ous xenograft model as both a single agent and in combination
with gemictabine. Furthermore, in the Suit-2 peritoneal dissemi-
nation xenograft model, the combination of these 2 drugs achieved
significantly better survival when compared with CCI-779 or gem-
citabine alone. These results demonstrate promising activity of the
mTOR inhibitor CCI-779 against human pancreatic cancer, and
suggest that the inhibition of mTOR signaling can be exploited as
a potentially tumor-selective therapeutic strategy.

© 2005 Wiley-Liss, Inc.

Key words: pancreatic cancer; mTOR; CCI-779

Pancreatic cancer is the fifth leading cause of cancer-related
death in most western countries.’ Since it is difficult to detect this
disease at an early stage and because pancreatic cancer shows
resistance to almost all available chemotherapy and radiation regi-
mens, the Qrognosis remains dismal with a 5-year survival rate
under 10%.~ Currently, the only active agent for advanced pancre-
atic ductal adenocarcinoma (PDA) appears to be gemcitabine, a
DNA chain terminator. Even with this drug, however, the objec-
tive response rate is less than 20%.* Until recently, the resistance
of this cancer has generally been attributed to increased expression
of detoxification mechanisms such as P-glycoprotein or antioxi-
dants or to alterations of drug-metabolizing enzymes. Although
these “classical” mechanisms are detectable in pancreatic cancer,
there is no compelling evidence that their importance is greater
than that in more responsive cancers,® and so such mechanisms
may not explain the high level of drug resistance seen in pancre-
atic cancer patients.

The mammalian target of rapamycin (mTOR) is one of the
effectors regulated vie the phosphatidylinositol 3'-kinase (PI3K)/
Akt signaling pathway and it plays a central role in cell survival
and proliferation.> mTOR is a 289 kDa serine-threonine kinase
that consists of 2,549 amino acids, and appears to modulate cellu-
lar signals in response to mitogenic stimuli and various nutrients,
especially amino acids. In mammalian cells, growth factors (such
as IGF, EGF and VEGF) regulate mTOR signaling through the
PI3K/Akt pathway.'s'6 Intriguingly, ras shows mutation in more
than 90% of PDAs, and it also positively regulates Akt.” This
pathway involves phosphatase and tensin homologue deleted from
chromosome 10 (PTEN), 3-phosphoinositide-dependent kinase-1
(PDK1) and tuberous sclerosis complexes-1 and -2 (TSC-1 and -2).
p70 S6 kinase (S6K1) and 4E-binding protein 1 (4E-BP1) are 2
major downstream targets of mTOR. These substrates bind to reg-
ulatory-associated protein of mTOR (Raptor) and are activated by
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phosphorylation of certain residues.® In turn, S6K1 phosphorylates
the 40s ribosomal S6 protein, leading to the translation of mRNAs
bearing a 5'-TOP tract. Hypophospholyrated 4E-BP1 binds avidly
to elF4E, inhibiting the formation of the eIFAE complex and cap-
dependent initiation of translation. After being hyperphosphory-
lated by mTOR, 4E-BP1 releases elFAE and promotes cap-
dependent protein synthesis.

Rapamycin is a macrocyclic lactone that causes cell cycle arrest
in G1 phase and apoptosis of many normal cells and tumor cells,>™"*
It is well known that rapamycin forms a complex with FK506-
binding protein (FKBP), and specifically inhibits mTOR activity
through the binding of this complex to the FKBP rapamycin-bind-
ing domain of mTOR, although the details of the mechanism by
which this complex acts are still unclear. CCI-779 is a novel
water-soluble synthetic rapamycin ester that is more stable in vivo
than rapamycin, and is currently being developed for the treatment
of patients with cancer.

Dysregulation of mTOR signaling occurs in a wide variety of
human tumors, and can lead to increased susceptibility to mTOR
inhibitors.”>™"® Since activation of Akt has been reported in pan-
creatic cancer'”?! and since the mTOR-S6K 1 signaling pathway
is constitutively activated and is essential for proliferation of pan-
creatic cancer cells in vitro,”>* mTOR (which lies downstream of
the PI3K/Akt pathway) might be a promising objective of novel
molecular targeting therapy for pancreatic cancer. In addition,
recent studies have revealed that CCI-779 showed antitumor activ-
ity against advanced refractory renal cell carcinoma in a random-
. 24 . .
ized phase I study™ and human multiple myeloma cells in a xen-
ograft model® These considerations also provide a rationale for
using the mTOR inhibitor CCI-779 to treat pancreatic cancer.

The aims of this study were to investigate whether or not mTOR
signaling is activated in PDA tissues and pancreatic cancer cell
lines, as well as whether or not CCI-779 (an mTOR inhibitor) has
an antiproliferative effect in animal models of human pancreatic
cancer as a single agent and in combination with gemcitabine.

Material and methods
Antibodies

Rabbit anti-Akt (no. 9272), anti-mTOR (no. 2972), anti-S6K1
(no. 9202), anti-4E-BP1 (no. 9271), anti-phospho-Akt (Serd73,
no. 9277), anti-phospho-PDK1 (Ser241, no. 3061), anti-phospho-
GSK3 (Ser9, no. 9336), anti-phospho-mTOR (Ser2448, no. 2971),
anti-phospho-S6K 1 (Thrd421/Ser424, no. 9204) and anti-phospho-
4E-BP1 (Thr70, no. 9455) were purchased from Cell Signaling
Technology, Inc. (Beverly, MA). Mouse anti-PTEN (clone 6H2.1,
no. ABM2052) was purchased from Cascade Bioscience (Win-
chester, MA). Mouse anti-B-actin (cat. no. A-5441) was obtained
from Sigma (St. Louis, MO).
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Tissue samples

Formalin-fixed, paraffin-embedded tissues were obtained from
the Department of Surgery and Basic Surgical Science at Kyoto
University (Kyoto, Japan) between January 1994 and December
2000. These specimens were harvested from 20 patients with inva-
sive PDA and were collected after informed consent was given, in
accordance with institutional guidelines.

Immunohistochemical analysis

Serial sections (4-pm thick) were deparaffinized in 3 changes of
xylene, rehydrated in descending concentrations of ethanol, and
washed 3 times for S min each with double distilled water. After
rehydration, the sections were heated in a microwave oven in
10 mM sodium citrate buffer (pH 6.0) for 1 min at full power fol-
lowed by 9 min at medium power, and then incubated for 10 min
at room temperature (RT) in 1% hydrogen peroxide in methanol
to block endogenous peroxidase activity. Next, the sections were
incubated for 60 min at RT with 10 mM phosphate-buffered saline
(PBS) (pH 7.4) containing 5% normal goat serum, followed by
overnight incubation at 4°C with the primary antibody diluted
1:50 to 1:100 in 10 mM PBS containing 5% normal goat serum.
Then the sections were washed 3 times for 5 min in PBS and incu-
bated for 60 min with horseradish peroxidase-conjugated anti-rab-
bit immunoglobulin G (Envision Kit, DakoCytomation, Kyoto,
Japan) as the secondary antibody. The serial sections were stained
for assessment of p-AKT, p-mTOR and p-S6K1 expression. Nega-
tive controls were done using nonspecific rabbit IgG as the pri-
mary antibody. The expression of each phosphorylated molecule
was classified into 3 grades: 0 = undetectable, 1 = weak staining
and 2 = strong staining. The proportion of positive cancer cells
was also classified into 3 grades: O = none, 1 = 1-49% and 2 =
50-100%. Then the staining intensity score was multiplied by the
score for positive cells to obtain the overall score. Specimens with
a score of >2 were regarded as positive, while specimens with a
score <1 as negative. Evaluation of immunostaining was per-
formed by 2 investigators (D. I. and K. F.).

Cell lines and culture conditions

Six human pancreatic cancer cell lines were used. AsPC-1,
BxPC-3 and Panc-1 cells were obtained from the ATCC (Rock-
ville, MD). KMP-3 and KMP-4 were cell lines established in our
depanment,% while Suit-2 cells were kindly provided by Dr.
Tomoda (National Kyushu Cancer Center, Fukuoka, Japan). Cells
were maintained in the following media during incubation at 37°C
in a humidified atmosphere of 5% CO,. AsPC-1 cells and BxPC-1
cells were cultured in RPMI 1640 medium (Gibco-BRL, Grand
Island, NY) with 10% fetal bovine serum (FBS) (Gibco-BRL).
KMP-3 cells and KMP-4 cells were cultured in an equal mixture
of RPMI 1640 and F-12 nutrient medium (HAM) (Gibco-BRL)
with 2% FBS. Panc-1 cells and Suit-2 cells were cultured in
DMEM (Gibco-BRL) with 10% FBS. Each medium contained
100 units/m! of penicillin and 0.1 mg/ml of streptomycin.

Agents

CCI-779 was kindly provided by Wyeth-Ayerst Reseach Labo-
ratories (Princeton, NJ) and gemcitabine was obtained from Eli
Lilly (Bad Homburg, Germany). CCI-779 was stored as a dry
powder at —20°C and dissolved in ethanol on the day of use.
Gemcitabine was stored as a 50 mg/ml solution in sterile PBS at
—20°C.

Cell proliferation assay

Cells (1.5 X 10*/ml) were seeded into 24-well tissue culture
dishes. After overnight incubation with complete medium, the
cells were cultured under serum-starved conditions for 24 hr. Then
the cells were treated with various concentrations of CCI-779
alone or combined with gemcitabine in the presence of 10% FBS.
After 48 hr, the number of cells was counted using a cell counter
(Coulter Z1; Beckman-Coulter, Fullerton, CA).
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Western blot analysis

Cells were incubated with 20 nM CCI-779 or vehicle for 6 hr
after culture with serum starvation for 24 hr. Then the cells were
lysed in RIPA buffer containing 50 mM HEPES (pH 7.0), 250 mM
NaCl, 0.1% Nonidet P-40, 1 mM phenylmethylsulfonylfluoride,
and 20 pg/ml gabexate mesilate, followed by incubation on ice for
10 min. Subsequently, the lysate was sonicated for 10 sec. The
extracts were cleaned by centrifugation at 15,000 rpm for 10 min
at 4°C and the supernatants were harvested. The protein concentra-
tion was measured by a protein assay (cat. no. 23223, 23224;
Pierce, Rockford, IL). Next, the lysates were resuspended in 1 vol
of gel loading buffer containing 50 mM Tris—HCI (pH 6.7), 4%
SDS, 0.02% bromophenol blue, 20% glycerol and 4% 2-mercap-
toethanol. After heating at 95°C for 5 min, the extracted protein
was subjected to western blotting as described previously.”’ In
brief, 30-pg aliquots of protein were size-fractionated to a single
dimension by SDS-PAGE (8-15% gels) and transblotted onto a
0.45-pm polyvinylidene difluoride membrane (IPVH304F0; Milli-
pore, Billerica, MA) using a semidry electroblot apparatus (Bio-
Rad, Richmond, CA). The blots were then washed 3 times in Tris-
buffered saline with 0.1% Tween-20 (TBST) and incubated for
1 hr at room temperature in blocking buffer (Block Ace; Dainip-
ponseiyaku, Osaka, Japan). Subsequently, the blots were immuno-
blotted with an appropriate primary antibody for 1 hr at room tem-
perature or overnight at 4°C. Unbound antibody was removed by
washing the membrane 3 times for 10 min each with TBST, after
which the membrane was incubated with a horseradish peroxi-
dase-conjugated secondary antibody for 1 hr at room temperature.
Reaction products were detected by the enhanced chemilumines-
cence system (Amersham, Buckinghamshire, UK) and membranes
were treated with enhanced chemiluminescence reagents accord-
ing to the manufacturer’s protocol and were exposed to X-ray film
for 5-120 sec.

Animal study

The animal study was performed in accordance with the guide-
lines for animal experiments of Kyoto University. To create the sub-
cutaneous xenograft model, athymic female nude mice (4-6 weeks
old) were subcutaneously inoculated with 1 X 10® AsPC-1 cells in
100-pl of Hank’s Balanced Salt Solution (HBSS) (Gibco-BRL)
containing 20% matrigel (BD Biosciences, Bedford, MA). Tumor-
bearing animals were divided into the following 5 treatment
groups: (i) CCI-779 (1 mg/kg, 5 times/week for 2 weeks), (if)
CCI-779 (10 mg/kg, 5 times/week for 2 weeks), (iii) gemcitabine
(125 mg/kg, 2 times/week for 2 weeks), (iv) CCI-779 + gemcita-
bine (10 and 125 mg/kg for 2 weeks) and (v) vehicle alone (con-
trol). Each group consisted of 10 animals. CCI-779 and gemcita-
bine were administered intraperitoneally and treatment was started
when subcutaneous tumors reached 20 mm® in size. Tumor size
was measured weekly with calipers and the volume was calculated
by the following formula: tumor volume = (length X width?)/2.

For the peritoneal dissemination xenograft model, 1 X 10° Suit-
2 cells in 250-pl sterile PBS were injected into the intraperitoneal
cavity of nude mice. After injection, the mice were divided into the
following 5 treatment groups:(/) CCI-779 (10 mg/kg, 5 times/week
for 1 week), (if) CCI-779 (20 mg/kg, 5 times/week for 1 week),
(ifi) gemcitabine (125 mg/kg, 2 times/week for 2 weeks), (iv) CCI-
779 + gemcitabine (20 mg/kg, 5 times/week for 1 week and
125 mg/kg, 2 times/week for 2 weeks) and (v) vehicle alone (con-
trol). Each group consisted of 5 animals. Treatment was initiated
3 days after the injection of Suit-2 cells, and survival was measured
from the date of injection. i

Statistical analysis

Results are presented as the mean * SEM for quantitative
experiments. For statistical analysis of differences between the
groups, one-way ANOVA was performed and statistical signifi-
cance was considered to be present at p < 0.05. Each experiment
was performed at least 3 times independently. Survival was calcu-
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FiGure 1 — Immunohistochemical staining of phospho-Akt (Serd73, no. 9277) («, d and g), phospho-mTOR (Ser2448, no. 2971) (b, e and h)
and phospho-p70S6K (Thr421/Ser424, no. 9204) (¢, f and i) in specimens of pancreatic ductal adenocarcinoma (PDA). The upper panel (a, b
and ¢, serial sections) represents the sections of PDA specimens regarded as negative. The middle panel (d, e and f) shows typical photomicro-
graphs of positive sections of PDA specimens. The lower panel (g, /1 and /) shows expression of these 3 molecules in serial sections of PDA.
Strong cytosolic staining for p-Akt, p-mTOR and p-p70S6K is seen. The nuclei were counterstained with Mayer’s hematoxylin (original magni-

fication: X400).

lated by the Kaplan—Meier method, and differences between each
group were evaluated with the log-rank test.

Results

Expression of mTOR pathway-related molecules
in PDA tissue specimens

To examine the role of the mTOR signaling pathway in human
pancreatic cancer, we performed immunohistochemical analysis
of tissue specimens from PDAs. Expression of p-Akt (Serd73), p-
mTOR (Ser2448) and p-S6K1 (Thrd21/Serd24) was observed in
50, 55 and 65% of the specimens, respectively (Fig. 1d-1f). Stain-
ing was mainly seen in the cytoplasm. As shown in Figure 1g-1/,
positive expression of p-Akt was associated with positive expres-
sion of p-mTOR and p-S6K1 in serial sections of the same speci-
men. There was a significant correlation among the expression of
these 3 molecules (p-Akt vs p-mTOR: p = 0.0013, p-mTOR vs
p-S6K1: p = 0.045 and p-mTOR vs p-S6K1: p = 0.0004, respec-
tively). When the expression of these molecules was compared
with various clinicopathological features (pT, pN, pM, UICC
Stage, tumor size and histological grade), however, there were no

significant associations. There was also no statistical correlation
between the expression of these molecules and survival.

Expression of mTOR pathway-related molecules
by pancreatic cancer cell lines

Next, we performed western blot analysis to examine the expres-
sion of mTOR pathway-related molecules by pancreatic cancer cell
lines. As previously reported,”® PTEN (a negative regulator of
PI3K) was not expressed by KMP-3 and KMP-4 cells. However,
the other molecules, including Akt, mTOR, S6K1 and 4E-BP1,
were expressed by all of the cell lines examined (Fig. 24).

We also examined the phosphorylation of these molecules after
24 hr of serum starvation. Phospho-PDK1, which phosphorylates
Akt, showed almost equal expression in all of the cell lines. With
respect to phospho-Akt, which reflects loss of PTEN expression, its
expression was much stronger in KMP-3 and KMP-4 cells than in
the other cell lines. Interestingly, mTOR was almost equally phos-
phorylated in all of the cell lines, a result that was inconsistent with
p-Akt expression. Furthermore, phosphorylation of S6K1 and 4E-
BP1 was also observed in all of the cell lines. On the other hand,
the pattern of phospho-GSK expression, which is another target of
Akt, was the same as that of phospho-Akt expression (Fig. 26).
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FIGURE 2 — (a) Western blot analysis of mTOR signaling pathway-
related proteins in pancreatic cancer cell lines. Twenty micrograms of
total protein extracted from cells starved of serum for 24 hr was
applied to each lane. Akt, mTOR, p70S6K and 4E-BP1 were ex-
pressed at almost equivalent levels by all of the cell lines. PTEN
expression was not detected in KMP3 and KMP-4 cells. Representa-
tive results from 3 independent experiments are shown. (b) Western
blot analysis of the phosphorylation of mTOR signaling pathway-
related proteins in pancreatic cancer cell lines. The phosphorylation
site and catalog number of each protein are as follows: phospho-Akt
(Ser473, no. 9277), phospho-PDK1! (Ser241, no. 3061), phospho-
GSK3 (Ser9, no. 9336), phospho-mTOR (Ser2448, no. 2971), phos-
pho-S6K1 (Thr421/Ser424, no. 9204), and phospho-4E-BP1 (Thr70,
no. 9455). Twenty micrograms of total proteins was applied to each
lane. All of the proteins examined were phosphorylated in all of the
cell lines even after 24 hr of serum starvation. Reflecting the loss of
PTEN expression, Akt was strongly phosphorylated in KMP-3 and
KMP-4 cells. Representative results from three independent experi-
ments are shown.

Effect of CCI-779 alone and combined with gemcitabine
on cultured pancreatic cancer cells

These results suggested that the mTOR signaling pathway
might be constitutively activated in PDAs. Therefore, we next
examined the growth-inhibitory effect of a specific mTOR inhibi-
tor, CCI-779, on cultured pancreatic cancer cells. After serum star-
vation for 24 hr, 6 pancreatic cancer cell lines were cultured for
48 hr with complete growth medium containing increasing con-
centrations of CCI-779. KMP-3 (a PTEN-deficient cell line) and
AsPC-1 showed a high sensitivity to CCI-779 (ICso = 2 and
20 nM, respectively), while Suit-2 cells had the highest resistance
(ICs50 > 500 nM) (Fig. 3, Table I).

We also examined suppression of the phophorylation of S6K1
by CCI-779 treatment. As shown in Figure 4, phosphorylation of
S6K1 was inhibited in all of the cell lines by treatment with 20
nM CCI-779 for 6 hr. In AsPC-1 cells, the phospho-specific band
of S6K1 was decreased by 88% after CCI-779 treatment when
compared with that after vehicle treatment. In Suit-2 cells that
were resistant to this drug, however, p70S6K phosphorylation was
only decreased by 39% (Fig. 4). From these data, AsPC-1 and
Suit-2 cells were chosen as representative sensitive and resistant
cells to CCI-779 for further experiments.

Before we performed in vivo experiments, the growth inhibitory
effect of CCI-779 combined with gemcitabine was examined
in vitro using AsPC-1 and Suit-2 cells. Our preliminary study
demonstrated that AsPC-1 cells were resistant to gemcitabine,
while Suit-2 cells were sensitive (data not shown). As shown in
Figure 5, combination therapy had neither a synergistic nor an
additive effect on both cell lines.

Antitumor activity of CCI-779 in xenograft models

The antitumor effect of CCI-779 was also examined using
AsPC-1 and Suit-2 xenograft models. After inoculation of 1 X 108
cells into the right flank (AsPC-1) or the peritoneal cavity (Suit-2)
of nude mice, CCI-779 and/or gemcitabine was administered by
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® 80 - KMP-4
wn
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Ficure 3 — Growth-inhibitory effect of CCI-779 on pancreatic can-
cer cell lines. Cells were cultured in the serum-free medium for 24 hr,
followed by incubation with various concentrations of CCI-779 for 48
hr and the number of viable cells was counted. Data represent the
mean *= SEM of triplicate determinations from 1 of 3 representative
experiments.

TABLE 1~ SUMMARY OF EXPRESSION PATTERNS OF mTOR RELATED
MOLECULES AND THE EFFECTS OF CCIL-779 IN PANCREATIC CANCER
CELL LINES

AsPC-1  BxPC-3 KMP-3 KMP-4 Panc-1 Suit-2

PTEN + + - - + +
p-Akt + + T4+ ++++ A+
p-mTOR  +++ +++ ++ + ++  ++
p-p70S6K  + + + + + ++
p-4EBPL  +4+  ++  ++ ++ + ++

ICso (nM) 20 >200 2 100 100 >500

intraperitoneal injection. In the AsPC-1 subcutaneous xenograft
model, CCI-779 was able to delay tumor growth as single agent
(Fig. 6). Treatment with a low dose of CCI-779 significantly
decreased tumor volume by 74% after 35 days (p = 0.037) and
treatment with a high dose of CCI-779 also significantly decreased
tumor volume by 68% when compared with the control (p =
0.009). Consistent with the in vitro results, no growth inhibition
was observed in the mice treated with gemcitabine alone. Interest-
ingly, treatment with a combination of CCI-779 and gemcitabine
caused a synergistic decrease of tumor volume by 41% when com-
pared with the control (p = 0.0002). In addition, the combination
therapy resulted in a significant decrease of tumor volume even
when compared with the CCI-779 alone as well as the gemcitabine
alone (p = 0.0042).

In the Suit-2 intraperitoneal xenograft model, our preliminary
study revealed that untreated mice died of peritoneal dissemina-
tion after approximately 7 weeks with bloody ascites. All of the
mice in the control and CCI-779 monotherapy group died within
45 days, and there were no significant differences among the
groups (Fig. 7). Consistent with the high in vitro sensitivity to
gemcitabine, the mice treated with gemcitabine alone showed sig-
nificantly longer survival time than untreated mice or CCI-779-
treated mice (p = 0.0198 and 0.0026, respectively). Interestingly,
just as in the AsPC-1 model, mice treated with a combination of
CCI-779 and gemcitabine showed the best survival, In fact, 2 of
the 5 mice given combination therapy survived for more than 100
days, and no tumor was seen in the peritoneal cavity when the
mice were killed for autopsy on day 107.

Discussion

The present study demonstrated that the signaling pathways reg-
ulating mTOR are frequently activated in pancreatic cancer, and
that a rapamycin derivative (CCI-779) could inhibit tumor growth
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Ficure 4 — Western blot analysis of the phosphorylation of S6K in
pancreatic cancer cells after treatment with CCI-779. Twenty micro-
grams of total protein extracted from untreated cells or cells treated
with 20 nM CCI-779 was applied to each lane. The inhibitory rate was
calculated by densitometry (ATTO, Osaka, Japan). A representative
result from 3 independent experiments is shown.
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Ficure 5 — Growth-inhibitory effect of combined treatment with
CCI-779 and gemcitabine in (a) AsPC-1 and (b) Suit-2 cells. Since
AsPC-1 cells were sensitive to CCI-779 and resistant to gemcitabine,
they were treated with increasing concentrations of CCI-779 and a
fixed concentration of gemcitabine (10 nM) for 48 hr. In contrast to
AsPC-1 cells, Suit-2 cells were incubated with a fixed concentration
of CCI-779 (20 nM) and increasing concentrations of gemcitabine for
48 hr, since these cells were resistant to CCI-779 and sensitive to gem-
citabine. As shown in both graphs for AsPC-1 and Suit-2 cells, no
additive or synergistic effects were found for both cell lines. Data rep-
resent the mean = SEM of 9 determinations from 3 representative
experiments,

in xenograft models as a single agent as well as combined with
gemcitabine.

It is well known that ras mutation can be detected in more than
90% of pancreatic cancers and that ras protein binds and activates
the catalytic subunit of PI3K.?**° Recent studies have revealed
that the genes encodmg the catalytic subunit of PI3K and Akt are
amplified in various human cancers, including pancreatic can-
cer.'?213 Interestingly, Hu er al. have demonstrated that trans-
fection of mutant K- or N-ras genes mto multiple myeloma cells
confers a high sensitivity to CCI-779."* Furthermore, it has been
reported thdt Akt regulates the sensitivity of tumors to mTOR
inhibitors.>® These studies lead to the hypothesis that mTOR and
its downstream targets, which are considered to be essential for
cell survival and proliferation through regulation of protein syn-
thesis, might be activated in pancreatic cancer, and suggest that
the inhibition of mTOR signaling could block tumor growth.

First, we examined the expression and constitutive phosphoryla-
tion of molecules from the mTOR signaling pathway in pancreatic
cancer tissues and cell lines. Using specific antibodies, immuno-
histochemical analysis revealed that pospho-Akt, phospho-mTOR,
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FiGure 6 — Suppression of the growth of subcutaneous xenografts
of AsPC-1 cells by CCI-779, gemcitabine, or a combination of both
agents. Athymic mice bearing AsPC-1 xenografts were divided into 5
treatment groups. Open triangles indicate the day of CCI-779 adminis-
tration and open circles indicate gemcitabine administration.

G- CClLow
-B- CCl High

-&- Gern
-3- CCI + Gem
- control

Survival

n=5

. ys cantrol

Days

Ficure 7 — Kaplan—Meier plot showing the survival of Suit-2-bear-
ing mice after treatment with CCI-779, gemcitabine, or a combination
of both agents. Suit-2 cells were injected intraperitoneally into athy-
mic mice. Three days after injection, the mice were divided into 5
treatment groups and drug administration was initiated.

and phospho-S6K1 were expressed in at least half of the PDA
specimens examired (50, 55 and 65%, respectively). Western blot
analysis also demonstrated that the Akt/mTOR signaling pathway,
including the downstream effectors S6K1 and 4E-BP1, was consti-
tutively activated in all of the pancreatic cancer cell lines exam-
ined. These data suggested that the mTOR signaling pathway
might play a role in the development of pancreatic cancer and that
mTOR inhibitors might be active against pancreatic cancer.

Next, we used a cell proliferation assay to examine the in vitro
growth inhibitory effect of CCI 779 against 6 pancreatic cancer
cell lines, lncludmg 2 PTEN-deficient cell lines (KMP-3 and
KMP-4 cells***®). Although PTEN protein has been suggested to
have multiple important functions pelmmmg to cell cycle regula-
tion and survival, its best chamctenzed role is related to regulation
of the PI3K/Akt signaling pathway.*! Recently, Neshat et al. have
shown tlmt CCI 779 inhibits the hyperproliferation of PTEN-defi-
cient cells.* Also, the administration of CCI-779 to PTEN hetero-
Zygous mice, Wthh devclop multiple neoplasms, attenuates tumor
development.* PTEN is a well-known negative regulator of PI3K,
and acquired mutations of the PTEN gene have been reported in
several tumors®; however, PTEN mutation occurs rarely in pa-
tients with pancreatic cancer.*® In this study, we demonstrated that
KMP-3 and 4 cells were PTEN-deficient cells and were sensitive
to CCI-779 (ICsp: 2 and 100 nM, respectively) in spite of the rela-
tively minimal suppression of S6K1 phosphorylation in both cells.
We consider that PTEN status is also associated with the sensitiv-
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ity of CCI-779 in KMP-3 and 4 cells besides S6K1 dephosphory-

lation.

Recent work has suggested that S6K1 activity may be an appro-
priate marker for mTOR-interacting agents.>"® It has been
reported that rapamycin dephosphorylates S6K1 and inhibits the
proliferation of pancreatic cancer cell lines such as BxPC-3, Panc-
1 and MiaPaCa-2.7%%* Consistent with these data, the suppression
of S6K1 phosphorylation was maximum (88%) in AsPC-1 cells
and was lowest (39%) in Suit-2 cells, which were highly sensitive
and resistant to CCI-779, respectively, suggesting that suppression
of S6K 1 phosphorylation was correlated with the inhibitory effect
of CCI-779 on pancreatic cancer cells (Fig. 4). With respect to 4E-
BP1, another major downstream target of mTOR, CCI-779 had no
effect on its phosphorylation in this study (data not shown). Inter-
estingly, it has been shown that the treatment of nude mice bearing
a CCI-779-sensitive breast cancer cell line (MDA-468) with CCI-
779 results in marked inhibition of tumor tissue S6K1 activity,
which is identical to the inhibition seen in peripheral blood mono-
nuclear cells (PBMCs).>” This suggests that PBMCs may be an
adequate surrogate tissue for measuring S6K1 activity in vivo. In
the clinical setting, it may be very useful to assess the pharmaco-
dynamic effects of CCI-779 by using an S6K1 assay of PBMCs.
From these data, we considered that the S6K1 activity should be
regarded as a suitable surrogate marker of biological effect for an
mTOR inhibitor, CCI-779.

We hypothesized that constitutively elevated levels of phos-
phorylated mTOR in pancreatic cancer cells could protect against
apoptosis induced by chemotherapy agents and contribute to drug
resistance. Therefore, the inhibition of mTOR phosphorylation by
CCI-779 may enhance the sensitivity of pancreatic cancer cells to
gemcitabine. To clarify this hypothesis, the effects of combined
therapy with CCI-779 and gemcitabine were investigated in vitro
and in vivo. From the results shown in Figure 3, we chose AsPC-1
and Suit-2 cells as CCI-779-sensitive and -resistant cells, respec-
tively. In the in vitro proliferation assay, AsPC-1 was resistant and
Suit-2 was sensitive to gemcitabine treatment as a single agent,
unlike their susceptibility to CCI-779. As shown in Figure 5, com-
bined therapy with CCI-779 and gemcitabine did not have a syner-
gistic effect on both cell lines. Although numerous studies have
demonstrated that rapamycin and its derivatives could induce
apoptosis in various cancer cell lines,*® the mechanisms of anti-
proliferative effects of CCI-779 in vitro in this study remain
unclear. To elucidate the mechanisms, further investigation is now
on-going in our laboratory. Next, the in vivo antitumor activity of

CCI-779 as a single agent or combined with gemcitabine was
examined. Since it is well known that many patients with PDA die
from peritoneal dissemination, we studied an in vivo Suit-2 perito-
neal dissemination model as well as an AsPC-1 subcutaneous
model. Consistent with the data from our in vitro proliferation
assay, CCI-779 showed an antitumor effect in the AsPC-1 subcu-
taneous model but not the Suit-2 peritoneal dissemination model,
whereas gemcitabine showed the reverse activity as a single agent.
Combined therapy with CCI-779 and gemcitabine led to delayed
tumor growth in the AsPC-1 subcutaneous model and longer sur-
vival in the Suit-2 peritoneal dissemination model when compared
with single agent therapy, suggesting that a synergistic effect
might be obtained in the clinical setting.

This discrepancy between the susceptibility to combination
therapy in vitro and in vivo is interesting. It was recently reported
that rapamycin has a potent antiangiogenic effect by decreasing
the production of vascular endothelial growth factor (VEGF).%
El-Hashemite er al. have also reported that the loss of TSC-1 and
TSC-2, which are upstream negative regulators of mTOR, induces
VEGF production via activation of mTOR.*' With respect to the
relationship between VEGF and pancreatic cancer, we have previ-
ously shown that VEGF may play an important role in tumor
angiogenesis.*? Recently, it has been reported that treatment of -
rapamycin suppressed primary and metastatic liver tumor growth
by the inhibition of tumor angiogenesis in an orthotopic model of
AsPC-1, one of pancreatic cancer cell lines.> Intriguingly, in this
model, combination treatment of rapamycin and anti-VEGF anti-
body 2C3 further improved the antitumor effects compared with
single treatment of rapamycin or 2C3. Moreover, other investiga-
tors have demonstrated synergistic growth-inhibitory effects by
combined treatment of gemcitabine and rapamycin in another
orthotopic model of 1.3.6pl pancreatic cancer cells.** They have
revealed that rapamycin induced apoptosis of endothelial cells and
tumor vessel thrombosis in this model and suggested that combin-
ing rapamycin with other cytotoxic drugs could be a feasible ther-
apy of pancreatic cancer. From these data, we speculate that an
antiangiogenic effect of CCI-779 might be involved in the mecha-
nism of its synergistic antitumor activity in this study.

In conclusion, mTOR and related molecules are frequently acti-
vated in pancreatic cancer, and an mTOR inhibitor (CCI-779)
inhibits the proliferation of certain pancreatic cancer cells in vitro
and shows a synergistic effect with gemcitabine in vivo. These
data suggest that mTOR might be a promising objective of novel
molecular targeting therapy for pancreatic cancer.
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ABSTRACT

Background/Aims: The great majority of pancreat-
ic cancers are unresectable due to local invasion
and/or distant metastasis. The treatment options for
such patients include bypass operation, celiac plexus
block, radiation therapy (RT), chemotherapy and
immunotherapy. RT is divided into intraoperative
radiation therapy (IORT) and external radiation
therapy (ERT). Appropriate palliative treatment
remains controversial.

Methodology: Our experience with palliative treat-
ments including bypass operation, celiac plexus block
and RT (IORT and ERT) was retrospectively
reviewed in 31 Japanese patients with unresectable
locally advanced pancreatic cancer.

The 31 patients consisted of seven with no RT, six
with ERT alone, seven with IORT alone and 11 with
both IORT and ERT. Gastrojejunostomy was per-
formed in 25 patients and biliary bypass was done in
29 patients for the therapeutic or prophylactic pur-
pose.

Results: No patients developed gastroduodenal
obstruction or jaundice until death. Imaging findings
after the treatment showed a decrease in tumor size

in 11 of the 18 patients examined, an increase in four
and no change in the other three. Of 19 patients com-
plaining of back pain before the operation, the pain
had disappeared in 12 but persisted in the other
seven after the operation. No patients developed
back pain after the treatment. Of the 12 patients
with pain relief, nine had both RT and celiac plexus
block, two RT alone and the other neither RT nor
celiac block. Cumulative 0.5-year and 1.0-year sur-
vival rates in the group with RT(-), ERT alone, IORT
alone IORT and ERT and IORT were 42.9%, 100%, -
100%, 100% and 0%, 33.3%, 57.1% and 45.5%,
respectively. The survival curve of the RT(-) group
was significantly worse than that of the ERT alone
group (P=0.0029), IORT alone group (P=0.0101)
and IORT and ERT group (P=0.0109). The survival
curves of the three RT groups were similar.
Conclusions: RT significantly prolonged survival of
patients with unresectable locally advanced pancre-
atic cancer and combined palliative treatments
including bypass operation, celiac plexus block and
RT (ERT or IORT) are recommended for such
patients.

INTRODUCTION

Despite the recent progress in diagnostic and ther-
apeutic modalities, pancreatic carcinomas are usually
detected at advaiced stages, with the resectability rate
being about 30% (1-4). The great majority of pancre-
atic cancers are unresectable due to local aggressive-
ness, distant metastases and/or peritoneal dissemina-
tion. Patients with advanced pancreatic carcinoma
develop obstructive jaundice, nausea and vomiting due
to biliary and duodenal obstruction. Back pain is usu-
ally a sign of neural plexus invasion. Palliative treat-
ment for locally advanced pancreatic carcinoma
includes chemotherapy, radiation therapy, biliary and
gastrointestinal bypass operation and celiac plexus
block. The Gastrointestinal Tumor Study Group

Hepato-Gastroenterology 2005; 52:1605-1612
© H.G.E. Update Medical Publishing S.A., Athens-Stuttgart

(GITSG) studies showed that for locally unresectable
disease, both 5-fluorouracil chemotherapy and radio-
therapy prolonged the survival and relieved the back
pain (5,6). Combined therapy of radiation and 5-fluo-
rouracil (FU) has been the standard treatment in
locally unresectable pancreatic cancer. Intraoperative
radiation therapy (IORT) permits high dose delivery
to tumors while reducing radiation exposure to nor-
mal tissues by direct shielding or operative mobiliza-
tion from the treatment field. However, the survival
benefit by the presence or absence of radiation thera-
py (RT) and the methods of radiation (external radia-
tion therapy (ERT), IORT, or ERT and IORT) and the
usefulness of bypass operation and celiac plexus block
remain controversial. In this communication, we ret-
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FIGURE 1
Percutaneous
cholangiegraphy
shows hepatico-
cholecysto-
jejunostomy and
stenosis of the
distal common
bile duct caused
by pancreatic
head cancer.

rospectively reviewed our experiences with palliative
treatment of unresectable locally advanced pancreatic
carcinoma.

METHODOLOGY

This series is composed of 31 Japanese patients
with unresectable locally advanced pancreatic cancer
which were judged as unresectable only because of
local invasion by laparotomy. Hepatic metastasis or
peritoneal dissemination was absent. The diagnosis of
adenocarcinoma was verified by needle biopsy during
laparotomy and/or cytology of the pancreatic juice dur-
ing preoperative ERCP. All of them underwent bypass
operation with or without RT at the Department of
Surgery I, Kyushu University Hospital, Fukuoka,
Japan, from April, 1991 through March, 2002. The
clinical charts were reviewed concerning the following

factors; age, sex, preoperative red and white blood cell
counts, lymphocyte count, platelet count, hemoglobin,
preoperative serum levels of total protein, albumin,
total cholesterol, fasting blood sugar, carcinoembryon-
ic antigen (CEA) and carbohydrate antigen (CA19-9),
pancreatic function diagnostant test (PFD) value,
presence or absence of diabetes mellitus based on the
criteria set by the 1985 World Health Organization
study group on diabetes mellitus (7), American Society
of Anesthesiologists Score (ASA score) (8), operative
procedures, location of pancreatic cancer, size of
tumor, degree of histological differentiation, stage fol-
lowing the General Rules of Pancreatic Cancer pub-
lished by the Japan Pancreas Society (9), the use of
IORT, ERT, and celiac plexus block (20mlL: of 99.9%
ethanol injection into the celiac plexus), operation
time, intraoperative blood loss, postoperative compli-
cations, postoperative peripheral red and white blood
cell and lymphocyte counts, hemoglobin, platelets,
postoperative serum levels of total protein, albumin,
total cholesterol, fasting blood sugar, CEA, and CA19-
9, total hospital stay and postoperative hospital stay.
They were divided into four groups; seven patients
without RT, six with ERT alone, seven with IORT
alone and 11 with both IORT and ERT. Gastroje-
Jjunostomy was performed in 25 of the 31 patients but
not in the other six. Biliary drainage was performed in
29 of the 31 patients; choledochoduodenostomy in one,
choledochojejunostomy in three, hepaticocholecystoje-
Junostomy (Figure 1) in 14, hepaticojejunostomy in
10, and hepaticojejunostomy and cholecystojejunosto-
my in one. Obstructive jaundice was evident in 19 of
the 29 patients and not in the other 10. Celiac plexus

T e

RT(+) Statistical

RT(-) ERT alone IORT alone IORT+ERT significance
No. of patients 7 6 T 11
Age (yrs) o 69.3+3.5! 62.7+4.3 59.7x3.1 57.1+2.6! L P=0.0120
Sex (M/F) o 52 3/3 6/1 8/3 NS
Preoperative
Total protein (g/dL) 5.9+0.3! 6.6+0.3 65+03  6.6x0.1! 1. P=0.0158
Albumin (g/dL) 3.3x0.21 3.7+0.2 3.7+0.2 3.6+0.1! L, P=0.0085
Red blood cells (104/ul)  342.7+27.6 384.5+:29.6 387.4+18.8 390.0+27.6 NS
Hemoglobin (g/dL) ~ 10.5+8.81 11.8+0.8 11.9+0.6 124x0.31 1. P=0.0228
White blood cells (nL) ~ 7074.3+849.5  5203.3+412.8 5087.1+£574.6 6382.7+607.4 NS
Lymphocytes (uL) 959.8+176.7 1118.0x127.5 1257.8+98.1 1480.0+176.7 NS
Platelets (104/uL) 26.8x2.71 17.5+1.8t 22.1x4.2 47.6+23.2 1 P=0.0180
FBS (mg/dL) 155.4+27.8 117.2x15.0 146.7+25.7 118.2+9.4 NS
Cholesterol (mg/dL)  146.1x12.9 164.8+22.3 120.0£8.0 140.8x£12.9 NS
CEA (ng/mL) 4.3+€2.0 1.2+04 1.4x0.2 2.3%0.7 NS
CA19-9 JU/mL) 4849.4+3215.3 523.7+186.4! 1088.5+73.9 122.0+39.5! t. P=0.0139
PFD (%) 59.3x4.0 54.1+13.2 57.4+10.0 61.9+4.0 NS
DM (No/Bor/Yes) 21055 3/0/3 2/1/4 3/6/2 NS
ASA score o NS
11 ) 4 B 3 6 9
111 3 3 1 2

RT: radiation therapy; ERT: external radiation therapy; IORT: intraoperative radiation therapy; M: male; F: female;
FBS: fasting blood sugar; CEA: carcinoembryonic antigen; CA: carbohydrate antigen; PFD: pancreatic function
diagnostant test; DM: diabetes mellitus; Bor: borderline; ASA: American Society of Anesthesiologists;

NS: not significant.
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block was done in 16 of the 31 patients and not in the  other four did not.
other 15. Of the 16, 12 complained of back pain relat- IORT was done in 18 patients with 6 to 15-MeV
ed to pancreatic carcinoma before operation and the electron beams. The IORT field set by the use of treat-

RT(-) ERT alone IORT alone IORT+ERT significance
No. of patients 7 6 7 11
Site of origin NS
Head 7 5 7 9
Body 0 1 0 2
Size of tumor (cm) 4.3+0.4 3.6+0.7 4.0x£0.2 4.7+0.5 NS
Degree of differentiation NS
Well 0 0 1 7
Mod 3 3 4 2
Poor 0 1 0 1
NA 4 2 2 1
Gastrojejunostomy NS
GdJ 3 - 2 6 8
GJ (PT) 3 1 0 2
None 1 3 1 1
Biliary bypass NS
CD 0 0 1 0
CJ 2 0 1 0
HCJ 1 5 2 6
HJ 4 0 3 3
HJ,CJ 0 1 0 0
None 0 0 0 2
Operation time (min) 249+26 319+24 595181 39329 NS
Intraoperative bleeding (g) 471137 866236 844125 69183 - NS
Stage NS
111 1 0 0 0
IVa 6 6 7 11

Well: well differentiated; mod: moderately differentiated; poor: poorly differentiated; NA: not available; GJ: loop
gastrojejunostomy without partial transection of the stomach; GJ (PT): loop gastrojejunostomy with partial transection
of the stomach; CD: choledochoduodenostomy; CJ: choledochojejunostomy; HCJ: hepaticocholecystojejunostomy; Hd:
hepaticojejunostomy; Stage: following the General Rules of Pancreatic Cancer published by the Japan Pancreas
Society, Kanehara publisher, Tokyo, Japan, 1996; NS: not significant.

5 SRR

RT(+) Statistical

RT(-) ERT alone IORT alone IORT+ERT significance
No. of patients 7 6 7 11
At discharge - 3
Total protein (g/dL) 6.320.3 6.20.1 6.2:+0.1 6.0+0.2 NS
Albumin (g/dL) 3.2+0.2 3.2+0.2 3.2+0.1 3.4x0.1 NS
Red blood cells (104/pL) 393.7x45.6 338.3+27.5 349.0+13.4 332.7x11.7 NS
Hemoglobin (g/dL) 11.2+0.4 10.5+0.7 10.8+0.4 10.8%0.4 NS
White blood cells (uL) 8852.9+2294.0 6818.3:1438.5 5764.3+732.3 4962.7x703 .4 NS
Lymphocytes (uL) 1818.3+287.21.2 972.3+131.613 1142.0+195.44 587.8+103.72.34 1, P=0.0317, 2: P=0.0014
8, P=0.0494, 4:.P=0.0268
Platelets (104/uL) 32.8+4.9 23.6+3.2 31.1+5.0 24.4x2.1 NS
FBS (mg/dL) 161.6+34.4 131.2+16.8 103.4x8.5 111.1+£11.2 NS
Total cholesterol (mg/dL}  137.7+10.6 124.0=9.7 110.9+6.5 129.8+x114 NS
CEA (ng/mL) 3.5x1.5 1.3£0.3 1.2+04 1.2x0.3 NS
Decline of CEA (ng/mL) -11x17 0.3+0.3 0.5+0.4 1.2+0.6 NS
CA19-9 (IU/mL) 6063.7+£5265.2 279.4+114.4! 313.2+153.32 54.3+21.312 L. P=0.0095, 2: P=0.0426
Decline of CA19-9 (IU/mL) -68.1:589.6 482.6+249.71 952.8+857.3 25.0+16.6¢ 1 P=0.0061
Total hospital stay (days) 52.1+7.1 67.8£22.8 66.6+6.1 75.3+74 NS
Postoperative hospital 32.0£3.3 32.3x13.2 33.0£5.1 49.9+6.7 NS
stay (days)

RT: radiation therapy; ERT: external radiation therapy; IORT: intraoperative radiation therapy; FBS: fasting blood sugar;
CEA: carcinoembryonic antigen; CA: carbohydrate antigen; NS: not significant.




1608 Hepato-Gastroenterology 52 (2005) K Yamaguchi, K Kobayashi, Y Ogura, et al.

X-rays in 17 patients. At the time of ERT, drip infu-
FIGURE 2 sion of 5-FU (250mg) was done immediately prior to
tCo?nn:)%lgepdhy ERT. Presence or absence of IORT was decided by the
shows a referred physician’s opinion of IORT and the patient’s
pancreatic head physical condition and ERT was given as far as the
carcinoma (a) patient’s postoperative conditions permitted.
and a decrease in Tmaging [ultrasonography (US), computed tomog-
size of the tumor  raphy (CT) and/or magnetic resonance imaging
ggeTr (lg)RT and (MRID)] after the treatment was obtained in 18
' patients. The clinical outcome was updated as of June
30, 2002. The follow-up period ranged from 32 days to
685 days with a mean of 324x163 days. Thirty
patients died of pancreatic cancer and another patient
was alive for threé months at the time of this writing.
Half-year, 1-year and 1.5-year cumulative survival
rates were calculated and the differences were exam-
ined by the log-rank test. Survival curves were mea-
sured by the Kaplan-Meier method and the difference
of the curves was examined by the generalized Wilcox-
on test.

The values were expressed as mean =*standard
deviation. The mean value was examined by the chi-
square test and the distribution of patients was exam-
ined by the Student’s ¢ test. A p-value less than 0.05
was considered statistically significant.

RESULTS
Clinicopathologic Features

The 31 patients consisted of seven with no RT, six
ment applicators of 7-10cm in diameter covered the with ERT alone, seven with IORT alone and 11 with
tumor plus a more than 1-cm margin. The IORT dose  both IORT and ERT (Table 1). The mean age was
was 15-30 (22.3+5.2) Gy. Postoperatively, ERT (6-50, 69.3, 62.7, 59.6, and 57.1 years, respectively. The
38.2+3.4) Gy at 1.5-2.0 Gy/fraction was given by 6-MV  Male/female ratio was 5/2, 3/3, 6/1, and 8/3. Preopera-

RT(+) Statistical
RT() ERT alone IORT alone IORT+ERT significance
No. of patients 7 6 7 11
Complication NS
GI bleeding 1 0 0
Anastomosis obstruction 0 0 0 1
Liver abscess 0 0 1 0
Change of size by imaging NS
Decrease in size o 0 3 4 4 NS
Increase in size 0 1 1 2
No change in size 0 1 0 2
Celiac plexus block NS
Yes o 1 1 7 Q
No B 6 5 0 4 .
Effect of celiac plexus block NS
Yes ) B 1 1 7 5
No 0 0 0 2
Mean survival (days) 178.6+30,7123  390.5+52.8! 369.3+63.82 350.4+30.73 1 P=0.0042, 2: P=0.0195, 3: P=0.0281
Curmulative survival rates
0.5_years 42.9% 100% 100% 81.8%
1.0 year 0% 33.3% 57.1% 45.5%
1.5 years 0% 16.7% 14.3% 9.1%
2.0 years 0% 0% 0% 0%

RT: radiation therapy; ERT: external radiation therapy; IORT: intraoperative radiation therapy; GI: gastrointestinal; NS: not
significant; Cumulative survival rates: RT(-) vs. ERT alone: P=0.0029; RT(-) vs. IORT alone: P=0.0101; RT(-) vs. IORT+ERT:
P=0.0109.
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tive complete blood cell counts and serum chemistry
were not different among the four groups, excluding
total protein, albumin, hemoglobin, platelets and
CA19-9.

Operative Features

Of the 31 pancreatic carcinomas, 28 were located
in the head of the pancreas and the other three in the
body (Table 2). The mean diameter of the tumor in
each group was 4.3cm, 3.6cm, 4.0cm, and 4.7cm. The
majority of pancreatic carcinomas were well to moder-
ately differentiated adenocarcinoma. Of the 31
patients, 30 were in stage IVa and the other in stage
III. Gastrojejunostomy without partial transection of
the stomach was done in 19 patients and with partial
transection in the other six. Biliary drainage was per-
formed in 29 patients; hepaticocholecystojejunostomy
in 14, choledochojejunostomy in three, choledochoduo-
denostomy in one, hepaticojejunostomy in 10, hepati-
cojejunostomy and choledochojejunostomy in the
other. The ASA score, operation time and intraopera-
tive blood loss were not different among the four

groups.

Postoperative Features

Complete blood cell counts and serum chemistry
were not different among the four groups, excluding
the white blood cell and lymphocyte counts (Table 3).
The decline of CEA and CA19-9 were -1.1ng/mL and -
68.1 IU/mL (RT (-) group), 0.3ng/mL and 483 TU/mLe
(ERT alone group), 0.5ng/mL and 958 IU/mL (IORT
alone group), and 1.2ng/mL and 25 ITU/mLa (IORT and
ERT group), respectively (2 P=0.0061). Postoperative
hospital stay in each group was 32 days, 82, 33 and 50.

Complications and Effects of Treatment

During treatment, one patient without RT and
two with IORT and ERT developed gastrointestinal
bleeding (Table 4). Transient anastomotic obstruc-
tion was evident in one patient with IORT and ERT
and liver abscess in one with IORT alone. One of the
25 patients underwent gastrojejunostomy for the
treatment of vomiting due to duodenal obstruction by
pancreatic cancer but the other 24 patients did pro-
phylactically. None of the 31 patients developed vom-
iting due to cancerous invasion after the treatment.
Nineteen patients underwent biliary bypass operation
for the therapeutic purpose and the other 10 for the
prophylactic purpose. After the treatment, none of
these patients developed jaundice due to tumor inva-
sion to the biliary tree. No patients underwent reoper-
ation for obstruction of gastrojejunostomy or biliary
bypass.

Imaging findings immediately after the treatment
showed a decrease in size (Figure 2) in 11 of the 18
patients examined, an increase in four and no change
in the other three. Of 19 patients with back pain
before the operation, the pain disappeared in 12 but
persisted in the other seven (Table 5 and Figure 3).
No patients developed back pain after the treatment.
Of the 12 patients in whom back pain disappeared,

FIGURE 3
Alteration of back
pain related to 19 -—7-—>
pancreatic

carcinoma before 12

and after the No
treatment.

Pain

Yes

Before treatment After treatment

7

12

FIGURE 4
Survival curves of N
24 patients with
RT and of seven
without RT.

A\ 24 patients
with RT, A:
seven without RT.
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nine had both RT and celiac plexus block, two had RT
alone and the other had no RT or celiac block. Mean
survival of the RT(-) group was 178.6+30.7 daysabe
ERT alone 390.5+52.8 days® IORT alone 369.3+63.8
daysb and IORT and ERT group 350.4+30.7 dayse (&:
P=0.0042, b: P=0.0195, ¢: P=0.0281). Cumulative 0.5-
year survival rates were 42.9% in the RT(-) group,
100% in ERT alone group, 100% in IORT alone group,
100% in IORT and ERT group, respectively (Figure
4), The 1.0-year survival rate in each of these groups
was 0%, 33.3%, 57.1%, and 45.5%, respectively. The
survival curve of the RT(-) group was significantly
35 T

s1 2 TABLES Chann i

related to pancreatic cancer

NotoNo YestoNo Yesto Yes
RT(-), Block(-) 2 1 2
RT(-), Block(+) 1 0 1
RT(+), Block(-) 6 2 1
RT(+), Block(+) 3 9 3

RT: radiation therapy; Block: celiac plexus block.
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worse than that in the ERT alone group (P=0.0029),
IORT alone group (P=0.0101), and IORT and ERT
group (P=0.0109). The survival curves of the three RT
groups were similar not different (Figure 5).

DISCUSSION

Experience with palliative treatments including
bypass operation, celiac plexus block and RT (IORT
and ERT) was retrospectively reviewed in 31 with
unresectable locally advanced pancreatic cancer. The
results obtained are as follows;

1. Therapeutic or prophylactic biliary and gas-
trointestinal bypass yielded satisfactory results.

2. Satisfactory pain relief was obtained by IORT
and/or celiac plexus block.

3. RT produced survival benefits, whichever the
type of radiation (IORT alone, ERT alone, or IORT
and ERT) may be.

Initial experience with radiation therapy for pan-
creatic cancer showed that the disease is relatively
unresponsive to radiotherapy. However, the GITSG
studies showed that radiotherapy and 5-FU
chemotherapy in a relatively non-aggressive regimen
prolonged the survival following apparently curative
resection (10,11). Recently, the European Organiza-
tion for Research and Treatment of Cancer (EORTC)
(12) showed that the benefit of the combination ther-
apy was small and routine use of adjuvant chemora-
diotherapy was not warranted as a standard treat-
ment for cancer of the head of the pancreas. In this
series, the survival curve of the RT (+) group was
more favorable than that of the RT (-) group, although
the number of patients was small and this was not a
prospective randomized study.

IORT permits delivery of high dose irradiation to
tumors while reducing the exposure of normal tissues
by direct shielding or operative mobilization from the
treatment volume (13). Techniques of IORT for pan-
creatic cancer were initially developed in Japan during
the early 1970s. Experiences at the Massachusetts
General Hospital in early 1980s (14) suggested that
IORT enhanced survival in selected patients with local-
ly advanced but non-metastatic disease. However, sub-
sequent investigations by a variety of institutions
including the Mayo Clinic failed to establish any con-
clusive evidence that IORT significantly prolonged the
survival of unresectable pancreatic cancer patients
(15,16). A prospective multi-institutional study carried
out by the Radiation Therapy Oncology Group (RTOG)
(17) showed an 8-month median survival, similar to
conventional therapy. In our series, the effects of radi-
ation therapy were compared by the methods of radia-
tion (ERT alone, IORT alone and ERT and IORT). RT
had survival benefits in patients with unresectable
locally advanced pancreatic cancer and there was no
difference of survival by the way of radiation.

Major adverse effects of RT are occurrence of
pseudoaneurysm, upper gastrointestinal bleeding and
liver abscess at the early phase and bone fracture at
the late phase probably due to organic stenosis or
occlusion of the artery and proliferation of fibrous tis-

sue around the artery (18,19). In this series, these
early complications were evident in five patients, four
of whom had had RT. No late complications occurred
because of short survival. Some reported increased
occurrence of liver metastasis (20) and peritoneal dis-
semination after IORT and others claimed that IORT
was not effective to control liver metastasis (21,22). In
this series, the survival rate was better in patients
with RT than in patients without RT.

Jaundice is the dominant symptom in patients
with biliary obstruction by carcinoma of the pancreat-
ic head. The symptoms associated with prolonged bil-
lary stasis (malnutrition, coagulopathy, pruritis,
hepatic failure, renal dysfunction, angiocolitis) are
commonly resolved or relieved by biliary drainage.
Palliation is frequently the only feasible treatment in
these patients due to the biological aggressiveness of
the tumor characterized by the early infiltration to
adjacent tissues. Biliary-enteric bypass is associated
with less morbidity or mortality than celiotomy alone
(23). Hugueir et al. (24) reviewed retrospective multi-
center experiences of 2,493 patients with pancreatic
cancer. They mentioned that cholecystoenteric bypass
(n=237) was associated with higher postoperative
mortality (20% vs. 14%), lower long-term morhidity
(26% vs. 35%) and shorter survival time (means: 3.2
vs. 5.2 months) in comparison with choledochoenteric
bypass (n=1,770). Choledochoduodenostomy
(n=1,159) and choledochojejunostomy (n=611) had
similar rates of postoperative morality (14% vs. 13%),
morbidity (26% vs. 27%), recurrent jaundice (8% and
7%} and mean survival time (5.4 vs. 5.0 months). They
consequently recommended choledochoenterostomy.
To ensure a safe, effective and long-lasting biliary-
drainage, it is imperative that the proximal biliary
limb or channel for the enteric anastomosis is func-
tional, accessible, and secreted bile can enter the gut
freely. In this series, we usually utilized hepaticoc-
holecystojejunostomy proposed by Koga et al. (25) and
obtained favorable patency of the anastomosis.

Less than 5% of patients with carcinoma of the
pancreas present with duodenal obstruction. Howev-
er, many patients develop duodenal obstruction as the
tumor grows up, reaching 50% in some series (26).
The probability of developing duodenal obstruction
after biliary bypass alone has been reported to be 15%
to 34% (23,24,27). In contrast to bilicenteric anasto-
mosis, there are some negative arguments that poten-
tial morbidity of prophylactic gastrojejunostomy out-
weighs the need, gastrojejunostomy fails to relieve
functional gastric-outlet obstruction, and prophylactic
gastrojejunostomy is frequently associated with
delayed gastric emptying, delaying discharge and/or
causing significant other complications (28). Recently,
Lillemoe et al. (29) performed a prospective random-
ized trial and demonstrated that prophylactic gastro-
jejunostomy significantly decreased the incidence of
late gastric outlet obstruction. The conduct of prophy-
lactic gastrojejunostomy at the initial surgical proce-
dure does not increase the incidence of postoperative
complications or extend the length of hospital stay
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(29). In this series, only one patient had gastric outlet
obstruction and the other 24 patients underwent pro-
phylactic gastroenterostomy. Loop gastrojejunostomy
was performed using two different methods. In one
method, the proximal jejunal loop was anastomosed to
the posterior aspect of the stomach in an antecolic
fashion. In the other, the stomach was partially tran-
sected in the body portion and the jejunal loop was
anastomosed to the transected site to prevent bleeding
by passage of the meal through the infiltrated duode-
num. In both procedures, jejunocjejunostomy was per-
formed immediately below the gastrojejunostomy. No
patients necessitated additional operation to relieve
gastric outlet obstruction, but three developed upper
gastrointestinal bleeding and one anastomotic
obstruction, which might be related to radiation. They
were satisfactorily managed by medical treatment.
There was no difference between the two methods of
gastrojejunostomy in terms of postoperative bleeding
and development of obstruction.

The pain in advanced pancreatic carcinoma is per-
sistent, overwhelming and incapacitating. Potentially
useful modalities to control pain include antitumor
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Abstract: Local recurrence is a major cause of death of patients who have undergone
resection for pancreatic cancer. To reduce the incidence of local recurrence, a new
drug-infusion device, which is fixed on resected tissues immediately after surgery, was
devised for trans-tissue, sustained local delivery. The drug-infusion device proposed here
has the following functions: tight adhesion of the device on resected tissues, sustained drug
infusion to the tissue, drug reloading, and easy removal from the body after use. The
fabricated prototype experimental device, described here, was a thin infusion pouch made
of a thin elastomer film (segmented polyurethane), which is connected to an elastomeric
tube for drug reloading. The suppressive effect of the device delivering the anticancer
agent, gemcitabine (GEM), was examined using subcutaneous tumor-bearing athymic
mouse. A low-dose, local sustained GEM delivery using the device significantly suppressed
the tumor growth and regrowth after surgery. The preliminary model experimental result
appears to provide a promising therapeutic procedure for increased survival rate of the
patients undergoing surgery for pancreatic cancer. © 2004 Wiley Periodicals, Inc. J Biomed
Mater Res Part B: Appl Biomater 73B: 203-207, 2005

Keywords: local recurrence; cancer; local drug delivery; infusion device; trans-tissue

INTRODUCTION

The survival rate of patients who have undergone surgery for
pancreatic cancer is still very poor (8-25%),""* because most
patients who undergo resection have a high incidence of
relapse of cancer.”™® Local recurrence caused by residual
cancer cells after surgery is one of the most frequent types of
relapse. The optimum timing of treating for a local recurrence
must be immediately after surgery, and the therapy should
continue for an extended period so that residual cancer cells
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do not establish a solid mass. To this end, we proposed and
developed trans-tissue, local delivery systems of anticancer
drugs, proteins, or gene-encoding adenoviral vectors using an
in situ photocured, tissue adhesive gelatin gel or gene-trans-
duced cell sheet, all of which were applicable to resected
surfaces immediately after surgery.””'* One shortcoming of
the systems mentioned above is that, irrespective of systems
developed, the delivery period is limited and they do not
possess a drug-reloading function.

To overcome this shortcoming, a drug-reloadable and detach-
able infusion device was developed. Figure 1 shows the sche-
matic of trans-tissue drug delivery from the newly developed,
tissue-adhered infusion device that was fixed on the resected
tissue with biodegradable sutures. The device is composed of an
elastomeric pouch having a laser-abladed microporous film on
the tissue-facing side, nonporous elastameric film on the peri-
otoneal cavity-facing side, and an elastomeric tube connected to
the pouch, which is guided to an extracorporeal site [Figure
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