2796

Endoneurium

e

M

Fat Muscle

Lipolysis Protein degradation

~—— Weight loss ~—

i

Perineurium

Neural invasion — ...

s
i

Neural invasion promotes cancer cachexia

. Glial activation in spine .

st

£ o= ﬁfq{

Hypertrophic change of glia

—

o

Figure 1. Summarizing scheme of the relationships among N-inv in pancreatic cancer, glial activation in the spinal cord and systemic
cachectic changes. N-inv mediates cachectic changes via neural routes including spinal cord glia.

states that severe radiological PVST corresponds to a deterio-
rating systemic condition such as cachexia. Cachexia includes
BW loss, loss of muscle and/or fat mass, fatigue, anorexia, ane-
mia, hypoalbuminemia and an elevated circulating level of C-
reactive protein (CRP), an inflammatory marker.?® The corre-
lation between cachectic factors and PVST reinforces the pos-
sibility that cachexia is caused by N-inv in pancreatic cancer.

The physiological effects of N-inv can be investigated using
animal models. We established a murine model of N-inv by
injecting Capan-1 cells, a human pancreatic cancer cell line,
into murine sciatic nerves.”' Intraneural Capan-1 cells form a
ductal shape and continuously invade sites proximal to the
injected portion of the sciatic nerve, but not peripheral sites.*'
These morphological characteristics of the experimental N-inv
tumors mimic human pancreatic cancer. Our N-inv model
should therefore be suitable for evaluating the physiological
effects of N-inv in pancreatic cancer. Experimental cancer
cachexia is defined as BW loss without a reduction in food
intake in the presence of a small tumor mass.”* Because our
mouse model meets this definition, the N-inv model is consid-
ered a suitable model of experimental cancer cachexia.

The aim of our study was (1) to evaluate the physiological
effects of N-inv and (2) to investigate the role of spinal cord
glial activation by N-inv in cachexia using clinical data from
patients with pancreatic cancer and the N-inv model.

Material and Methaeds

Ethics committee approval

The animal experiments were carried out in accordance with
the Guidelines of the Animal Care and Use Committee of

the National Cancer Center. The human studies were
approved by the National Cancer Center Ethics Committees,
and only patients from whom written informed consent was
obtained were examined.

Study protocols of human pancreatic cancer

A validation study of radiological N-inv compared to histo-
logical N-inv was performed in four autopsy cases (two
women, two men; median age, 71.5 years; range, 67-89; pri-
mary tumor sites in the pancreatic head/body and tail, 1/3)
in 2006. The pancreas and abdominal aorta with CeA and
SMA were resected en bloc by one investigator (S.M.). The
entire tissue block was sectioned at a right angle to the ab-
dominal aorta at intervals of 5-10 mm. The gross appear-
ance was recorded. The thoracic and lumbar spinal cords
were harvested and cut into segments by two investigators
(S.M. and A.O.). Radiological N-inv was assessed using CT
(SOMATOM definition: Siemens, Munich, Germany or
Agquilion: Toshiba, Tokyo, Japan) within 2 months before
the autopsy. Images were obtained in the portal phase with
a 5-mm slice thickness. The criteria for radiological N-inv
on the CT images were (1) PVST around the SMA and the
CeA and (2) PVST contiguous with the primary pancreatic
tumor. The degree of radiological N-inv was classified as
high or low N-inv according to the severity of PVST
around the SMA and the CeA. Low radiological N-inv was
defined as PVST that encircled neither the SMA nor the
CeA completely. The complete encirclement of PVST
around the SMA or the CeA was defined as high radiologi-
cal N-inv. The definition and dlassification of radiological
N-inv were evaluated by comparing the radiological and

Int. J. Cancer: 131, 2795-2807 (2012) ® 2012 UICC



Imoto et al.

histological findings around the SMA and the CeA in the
autopsy cases. The CT findings were evaluated by one in-
vestigator (A.L) under the guidance of another investigator
(S.M).

Radiological N-inv and the presence of cachexia were then
compared in 50 patients (29 women, 21 men; median age,
66.5 years; range, 44-85; primary tumor sites in the pancre-
atic head/body/tail, 22/23/5) with pathologically confirmed
advanced pancreatic cancer who were treated at National
Cancer Center Hospital East, Japan between June 2008 and
November 2009. None of the patients had received any previ-
ous anticancer treatment and were scheduled to undergo
chemotherapy. Patients with liver metastasis were excluded.
BW, body mass index (BMI), blood samples and CT images
were obtained before initiating chemotherapy. Serum
noradrenaline levels were determined with high performance
liquid chromatography (HPLC) at SRL, Japan. Patients were
assigned to either a high or low N-inv group according to
the above definition of radiological N-inv on the CT images.

Cells

Two human pancreatic cell lines, Capan-1 and BxPC-3, were
obtained from the American Type Culture Collection
(ATCC). Cancer cells were propagated and subcultured
according to the recommended protocol of the ATCC. The
cells were used within 2 months after resuscitation of frozen
aliquots, and were incubated at 37°C in an atmosphere of 5%
CO, in air. Cancer cells were authenticated on the basis of
viability, growth and morphology.

Mouse model

Male severe combined immunodeficiency (SCID) mice (Clea
Japan, Tokyo, Japan; n = 61; 9-week-old) were housed in a
light- and temperature-controlled room and fed standard
food ad libitum (irradiated CMF; Oriental Yeast, Tokyo,
Japan). According to a previous report,”’ the N-inv model
was induced in eight and seven mice using Capan-1 and
BxPC-3 cells, respectively. Briefly, 2.5 x 10 cancer cells were
injected into the sciatic nerve. To investigate the effects of
sham operation and subcutaneous tumors, the phosphate-
buffered saline group (PBS, n = 4 each) and the subcutane-
ous tumor group (SC, n = 8, n = 7, respectively) were pro-
duced by injecting 2.5 pl PBS into the sciatic nerve and by
subcutaneous injection of 2.5 x 10% cancer cells in 100 pl
Matrigel (Becton, Dickinson and Company, Franklin Lakes,
NJ) into the left flank, respectively. The sciatic nerve was
ligated at a site 5 mm proximal to inoculation using a 3-0
silk thread (Alfresa Pharma, Osaka, Japan) in the PBS mice
(n = 4) and the N-inv mice with Capan-1 cells (n = 5). For
controls, nonligated PBS mice (n = 3) and N-inv mice (n =
5) were used. Propentofylline (PPF), a inhibitor of glial acti-
vation,® at a dose of 10 mg/kg (Sigma, St. Louis, MO) or the
saline vehicle (n = 3/treatment) was administered to N-inv
mice with Capan-1 cells by intraperitoneal (i.p.) injection.
Treatment was initiated 3 days before cancer cell injection
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and was continued daily until the end of the experimental
period. Food intake 3 or 4 days per week was measured, and
the mean intake per day was recorded.

All mice were deeply anesthetized with ip. injections of
pentobarbital sodium (50 mg/kg) during surgery and were
euthanized at 6 weeks after surgery with an overdose of pen-
tobarbital sodium (150 mg/kg, i.p.). After taking blood sam-
ples from the posterior vena cava as well as samples of bilat-
eral epididymal fat tissue, bilateral greater pectoral muscle
and thoracic/lumbar spinal cord (the 13th thoracic spinal
cord [Th13]/the first lumbar spinal cord [L1]), the tumors
were harvested and weighed. Serum noradrenaline levels were
determined with HPLC (dilution of 1-1/10, SRL).

Real-time RT-PCR

Quantitative real-time RT-PCR was performed as previously
described.** The primer sequences are shown in Supporting
Information Table 1. The target mRNA level was normalized
to the GAPDH level in each sample for standardization. The
standardized ratio was converted into fold change of the
mean standardized ratio of the experimental control group
for normalization, and this normalized level was recorded. In
the autopsy cases, the standardized mRNA ratio of Th10 was
rated against that of L1 for personalization, and this person-
alized mRNA level was recorded.

Histological analysis

The resected specimens obtained from the animals and au-
topsy tissues were fixed with 4% paraformaldehyde and 10%
formaldehyde, embedded in paraffin and cut into serial 3-pm
thick sections. The sections were stained with hematoxylin
and eosin (HE) and evaluated using light microscopy.

Quantification of adipocyte size

To quantify adipocyte size, HE-stained sections of fat tissue
were analyzed using an ECLIPSE E1000 microscope (Nikon)
equipped with a digital camera (DXMI200F, Nikon). The
mean size of adipocytes was calculated according to a previ-
ous report.”® Briefly, the number of adipocytes was counted
in four random parts per section at a magnification of 100x,
and the mean area of adipocytes was calculated.

Immunohistochemical (IHC) analysis

After deparaffinization, the sciatic nerve sections were
immersed in proteinase K (DAKO, Glostrup, Denmark) for
1 min, and incubated with an antibody against human cyto-
keratin AE1/3 (1/100, DAKO, Glostrup, Denmark) over-
night at 4°C. Spinal cord sections (6 pym thick) were treated
with microwave heating in 0.01 M citrate buffer or a high
pH buffer after deparaffinization. Then, the slides were
incubated with an antibody against mouse GFAP (1/2000,
Millipore, Billerica, MA), an antibody against human GFAP
(1/1000, Dako, Glostrup, Denmark) or an antibody against
ionized calcium binding adaptor molecule 1 (Iba-1, 1/1000,
Wako, Osaka, Japan) at 4°C overnight. The sections were
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incubated in a 0.1% Luxol Fast Blue (LFB) solution at 56°C
for 20 hr. The gray matter was divided into four parts (ip-
silateral dorsal horn, ipsilateral anterior horn, contralateral
dorsal horn and contralateral anterior horn) as shown in
Supporting Information Figure 5. The summed areas of
GFAP- or Ibal-immuno-positive cell bodies within each
area were measured using the Automeasure function of
Axio Vision 4.7.1. (Carl Zeiss, Oberkochen, Germany).
Then, the positive cell area ratio (summed area of target
protein immuno-positive cell bodies/measured area) was cal-
culated. The positive cell area ratios were normalized by
converting them into fold change of values of the experi-
mental control groups. Similar to mRNA analysis, L1 was
used as an internal control for personalization in the au-
topsy cases. The mean of the normalized positive cell area
ratios in the Th13 ipsilateral dorsal horn or the personal-
ized positive cell area ratios in the Th10 bilateral dorsal
horn were recorded.

Microarray analysis

For microarray analysis, we used GeneChip Mouse 420 2.0
arrays (Affymetrix, Santa Clara, CA, http://www.affymetrix.-
com). Target cRNA was generated from 100 ng total RNA
from each sample using Two-Cycle Target Labeling and Con-
trol Reagents (Affymetrix). The procedures for target hybrid-
ization, washing and staining with signal amplification
were conducted according to the supplier’s protocols (http://
www.affymetrix.com/support/technical/manual/expression_
manual.affx). The arrays were scanned with a GeneChip
Scanner 3000 (Affymetrix), and the intensity of each feature
of the array was calculated using GeneChip Operating Soft-
ware v1.1.1 (Affymetrix). The mean intensity was standardized
to the target intensity, which was set to 1,000, to reliably com-
pare variable multiple arrays. The values were log transformed
and median centered. GeneSpring (Agilent Technologies, Santa
Clara, CA, http://www.agilent.com) and Excel (Microsoft, Red-
mond, WA, http://www.microsoft.com) were used for gene
selection. Overexpressed genes (more than twice as high as in
PBS) in L1 of N-inv mice (Capan-1) compared to those in the
PBS and SC mice were selected. Thirty-five genes are shown in
Supporting Information Table 2. All the microarray data have
been deposited in a MIAME compliant database, GEO; the
accession number SuperSeries GSE34189.

Statistical analysis

A two-tailed unpaired Student’s i-test was used to evaluate
differences in the various parameters. A p value <0.05 was
considered significant. Statistical analysis was performed
using the Statview-J 5.0 package, Windows version (SAS).

Results

N-inv and cachexia in patients with pancreatic cancer

PVST encircling the SMA and the CeA on CT images is
regarded clinically as extrapancreatic N-inv.'® The degrees of
N-inv and cachexia were assessed using PVST around the
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SMA and the CeA on CT images and clinical data from 50
patients with advanced pancreatic cancer. Patients with or
without PVST encircling the SMA or CeA were assigned to
the low N-inv group (Fig. 24) or the high N-inv group (Fig.
2b), respectively. Before chemotherapy, the percentage of
patients with high N-inv was 48.0% (n = 24). At that time,
BW and the BMI were low in the high N-inv patients (mean
BW, 51.7 kg, 95% CI, 48.1-55.3, p = 0.1655; mean BMI, 20.5
kg/m®, 95% CI, 19.4-21.7, p = 0.0396), compared to low N-
inv patients (mean BW, 553 kg, 95% CI, 51.5-59.2; mean
BMI, 22.4 kg/m* 95% CI, 21.0-23.8) (Fig. 2c). The levels of
plasma CRP and noradrenaline tended to be high in the high
N-inv group (mean CRP, 1.02 mg/dl, 95% CI, 0.21-1.82, p =
0.1227; mean noradrenaline, 448.1 ng/dl, 95% CI, 336.9-
559.3, p = 0.0711), compared to the low N-inv group (mean
CRP, 0.40 mg/dl, 95% CI, 0.14-0.65; mean noradrenaline,
326.3 ng/dl, 95% CI, 225.0-407.6).

N-inv and activation of spinal cord astrocytes

in patients with pancreatic cancer

Two autopsy cases without PVST around the SMA on CT
images showed no N-inv around the SMA upon histological
analysis. In contrast, two other autopsy cases in which PVST
completely encircled the SMA were found to have severe
extrapancreatic N-inv around the SMA. Damage to spinal
nerves leads to activation of spinal cord astrocytes and
microglia,"*** which can be identified by the expression of
GFAP and Iba-1, respectively. Activated astrocytes showed
hypertrophy and a larger GFAP-positive area. GFAP-positive
cells in the spinal cords of the N-inv cases showed thickened
branches and enlarged cell bodies, compared to the non-N-
inv cases (Fig. 2d). Quantification of these morphological
phenomena in the ipsilateral dorsal horn showed that the
GFAP- and Iba-1-positive areas in N-inv patients were larger
(4.2-fold, 2.0-fold, respectively) than those in the spinal cords
of non-N-inv patients (Fig. 2e). These results were consistent
with upregulation of GFAP (2.1-fold) and Iba-1 (5.8-fold)
mRNA in the spinal cord as observed with real-time RT-PCR
analysis (Supporting Information Fig. 2).

Cachectic changes in the N-inv model

Pancreatic cancer cells in the left sciatic nerve of SCID mice
formed a spindle tumor that extended proximally (Fig. 3a)
and formed a ductal shape (stained by HE and cytokeratin
AE1/3, Figs. 3b and 3c¢). N-inv mice resulting from injection
of two pancreatic cancer cell lines, Capan-1 and BxPC-3,
were produced. Compared to Capan-l-injected mice, mice
given PBS (n = 4) and SC (n = 8) gained BW from 3 weeks
later until the end of the experiment (6 week), compared to
their original weights (Fig. 3d and Supporting Information
Table 3). However, the BWs of the N-inv mice (n = 8)
decreased from 3 to 6 week. The BW loss in the N-inv mice
was obvious at 5 week (—0.3 = 1.5 g) and 6 week (—0.5 =
0.7 g), compared to the BW in the PBS (1.4 * 1.1 g, p <
0.05; 1.8 = 0.7 g, p < 0.01, respectively) and SC mice (1.4 =
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Figure 2. Body composition and spinal cord glial activation in patients with pancreatic cancer. (a) Patients with PVST that encircled neither
the SMA and nor CeA completely were assigned to the low N-inv group. Scale bar: 10 mm. (b) High N-inv was defined as PVST encircling
the SMA or CeA completely. The white arrowheads indicate the area of PVST. Scale bar: 10 mm. (c) The physical and clinical data before
chemotherapy were compared between the low N-inv (7 = 26) and the high N-inv patients (n = 24). (d) Spinal cord sections showing {HC
and LFB staining obtained from autopsy tissues of patients with pancreatic cancer. The GFAP-pasitive cells in patients with extrapancreatic
N-inv (n = 2) had thickened branches and enlarged cell bodies, compared to patients without extrapancreatic N-inv (7 = 2). Top, scale
bar: 50 pm. Bottom, scale bar: 10 pm. () GFAP-positive and Ibal-positive cell areas in the bilateral dorsal hom of Th10 and L1 were
quantified. L1 was used as an internal standard. The ratios of Th10 to L1 are presented as the fold changes to non-N-inv patients. *p <
0.05, **p < 0.01. Median, 5th, 25th, 75th and 95th percentiles are presented as vertical boxes with error bars representing the lower and
upper 5% margins. The results are expressed as the means * standard deviations. SMA, superior mesenteric artery; SMV, superior
mesenteric vein; Ao, aorta.
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Figuie 3. Cachectic changes in the N-inv model. {(a) Macroscopic images of the left sciatic nerve in N-inv mice (Capan-1) at 6 week.
Pancreatic cancer cells formed a spindle tumor (arrow head). Black curved line shows original left sciatic nerve. Scale bar: 5 mm. (b)
Histological images of invasive pancreatic cancer cells were obtained at the level of the broken line in (a). Pancreatic cancer cells formed a
ductal shape (arrow head) along the nerve bundle. Scale bar: 100 pm. (¢) The same section as (b) was stained with cytokeratin AE1/3, an
epithelial marker. Scale bar: 100 pum. (d and e) chronological BW changes from the original weight in PBS (n = 4 each), SC(n =8, n =7,
respectively), and N-inv mice with Capan-1 cells (n = 8) (d) and BxPC-3 cells (n = 7) (e). *p < 0.05, **p < 0.01 vs. PBS mice; tp < 0.05,
+1p < 0.01 vs. SC mice. () Total BW changes from the original weight at 6 week. **p < 0.01 vs. PBS mice, $1p < 0.01 vs. SC (BxPC-3)
mice, &p < 0.05 vs. N-inv (BxPC-3) mice, $p < 0.05, vs. SC (Capan-1) mice. (g and h) IHC images for GFAP (g) and Ibal (h) in Th13 were
taken from PBS and N-inv (Capan-1) mice at 6 week. Top, scale bar: 50 um. Bottom, scale bar: 10 pm. ( and /) Quantification of the GFAP-
positive and Ibal-positive cell area ratio in the ipsilateral dorsal homn relative to the N-inv in Th13 in mice given Capan-1 () and BxPC3 (})
cells. *p < 0.05, **p < 0.01. The ratios are presented as the fold changes relative to the PBS group. Data are expressed as the means *
standard deviation.
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Figure 4. Cachectic features of the N-inv model (Capan-1). (g and f) Epididymal fat tissue, greater pectoral muscle and tumors were
harvested and weighed at 6 week. (b) HE stained sections of epididymal adipose tissue from PBS (n.= 4), SC (n = 8) and N-inv (n = 8)
mice at 6 week were assessed with light microscopy. Scale bar: 50 um. Adipocyte size, as determined by the sectional area, of N-inv mice
was smaller than that in PBS and SC mice. (¢) Adipocyte size in epididymal adipose tissue was quantified. (d) mRNA expression of Fhxo32
in muscle and SAA1 in liver at 6 week is shown. (e) The serum noradrenaline level at 6 week was measured with HPLC. *p < 0.05, **p <
0.01. mRNA expression of target genes normalized to GAPDH is presented as fold change to PBS mice. The results are expressed as the

means * standard deviations.

0.8 g, p < 005 1.6 £ 0.9 g, p < 0.01, respectively). The BW
of N-inv mice given BxPC-3 cells (n = 7) did not increase
after 4 week, and the gain in BW (1.4 * 0.9 g) was very
small at 6 week, compared to that of mice given PBS (n = 4,
25+ 05gp<005and SC (n=17,27 = 1.1 g p < 0.05)
(Fig. 3e). N-inv mice given Capan-1 cells exhibited a marked
BW loss at 6 week, compared to N-inv mice given BxPC-3
cells (p < 0.05) (Fig. 3f). No differences in food intake were
observed among the three experimental groups for either
Capan-1 or BxPC-3 cells (Supporting Information 1 and
Table 4).

Microarray analysis using spinal cords of N-inv mice

At the beginning of the evaluation of spinal cords from N-
inv mice, microarray analysis was performed using the first
lumbar cord (L1) from PBS, SC and N-inv mice with Capan-
1 cells at 6 week (n = 2 each) (Supporting Information Table
2). Overexpressed genes in the N-inv mice at L1 included
galanin, prodynorphin (PDYN) and GFAP. These genes are
known to be upregulated in the spinal cord after injury to
the spinal nerve.**5 The mRNA levels of these three genes
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evaluated with real-time RT-PCR at 6 week were higher in
the spines of N-inv mice (n = 2) than those in the PBS (n =
2) and SC (n = 1) mice (Supporting Information Fig. 4). The
damage caused by N-inv may be responsible for the elevation
of galanin, PDYN and GFAP.

Activation of astrocytes in the spinal cords of N-inv mice

Next, spinal cord glial activation was investigated with IHC
and RT-PCR analyses. GFAP-positive cells in the spinal cords
of N-inv mice with Capan-1 cells exhibited thickened
branches and enlarged cell bodies, compared to mice given
PBS (Fig. 3g). The GFAP-positive area in the N-inv mice was
2.2-fold larger than that in the spinal cords of PBS mice (p <
0.01) and 1.6-fold larger than that in the spinal cords of SC
mice (p < 0.05) (Fig. 3i). Morphological features of Ibal-pos-
itive cells in the spinal cords did not show evident difference
among three groups (Fig. 3h). Ibal-positive area was not sig-
nificantly different among the PBS, SC and N-inv mice.
These results were consistent with the mRNA expression of
GFAP and Tbal in the spinal cord (Supporting Information
Fig. 2). In contrast, no obvious differences were observed in
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the GFAP-positive areas among the three experimental
groups given BxPC-3 cells (Fig. 3).

Cachectic features of the N-inv model

Further investigations were done with N-inv mice given
Capan-1 cells, which produced stronger cachectic changes.
The epididymal fat and pectoralis muscles were weighed at 6
week. The N-inv mice showed a loss of both fat and muscle
weight compared to these parameters in SC mice (p < 0.0,
<0.01, respectively) (Fig. 4a and Supporting Information Ta-
ble 5). Between the N-inv and PBS mice, the weight loss in
the N-inv mice was evident in the fat (p < 0.05) and tended
to be lower in the skeletal muscle, but the difference was not
statistically significant (p = 0.095). The adipocytes were
smaller in the N-inv mice compared to the PBS (p < 0.05)
and SC mice (p < 0.01) (Figs. 4b and 4c).

Upregulation of mRNA for a marker of muscle atrophy,®’
F-box protein (Fbxo) 32, was seen in muscle of N-inv mice,
compared to the PBS (p = 0.111) and SC mice (p = 0.283)
(Fig. 4d). The mRNA level of uncoupling protein (UCP) 2,
which is elevated in muscle tissue during cachexia,”® was ele-
vated in the muscles of N-inv mice, compared to the PBS (p
== 0.178) and SC mice (p = 0.148) (Supporting Information
Fig. 3). The inflammatory response is represented by the
mRNA level of serum amyloid A (SAA) in the liver. The
SAA1 mRNA expression level in the N-inv mice was higher
than that in the PBS (p < 0.05) and SC mice (p < 0.01) (Fig.
4d). The serum level of noradrenaline in the N-inv mice was
significantly higher than that in the PBS (p < 0.05) and SC
mice (p < 0.05) (Fig. 4e). The tumor weight was similar
between the N-inv and SC mice at 6 week. The mean tumor
weight in the N-inv mice was 0.37 = 0.19 g, corresponding
to 1.78% of the BW (Fig. 4f). BxPC-3 cells formed intraneu-
ral tumors that were smaller than those formed by Capan-1
cells (0.13 = 0.09 g, data not shown).

Ligation of the nerve route in N-inv mice

We ligated the proximal nerve to disrupt the connection
between the N-inv and the CNS in N-inv mice given Capan-
1 cells (Ligated N-inv mice or N-inv + ligation, #n = 5). The
BW changes in the ligated N-inv mice were similar to those
in ligated PBS mice (1 = 4), which were ligated at a site
proximal to the PBS injection (Fig. 5a and Supporting Infor-
mation Table 3). The BW loss in the N-inv mice (n = 5)
and the increased BW of the PBS mice (n = 3) were repro-
ducible. The BWs of the N-inv mice were markedly low at 5
week (—1.6 = 1.1 g) and 6 week (—2.0 = 1.3 g), compared
to the PBS (2.0 = 0.9 g p < 0.01; 2.9 * 08 g p < 0.01),
ligated PBS (1.0 = 0.5 g, p < 0.01; 0.7 = 09 g, p < 0.01)
and ligated N-inv mice (1.0 * 1.1 g, p < 001; 08 £ 11g,p
< 0.01, respectively). No significant differences were seen in
food intake among the four groups during the observation
period (Supporting Information Fig. 1 and Table 4). The acti-
vation of astrocytes in N-inv mice was reproducible in the
experiments with ligation (Figs. 5b, 5¢ and Supporting Infor-
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mation Fig. 2). Hypertrophy, increased size of the GFAP cell
area, and increased GFAP mRNA expression were observed
in the N-inv mice and these GFAP changes were attenuated
by the ligation of the sciatic nerve proximal to the N-inv.
Compared to the N-inv mice, the ligated N-inv mice had
higher fat weights (p < 0.05) and muscle weights (p = 0.136)
(Fig. 5d and Supporting Information Table 5). The adipocyte
size in ligated N-inv mice was Jarger than that in N-inv mice
(p < 0.05) (Fig. 5e). The mean mRNA levels of Fbx032 and
UCP2 in the ligated N-inv mice tended to be lower than
those in the N-inv mice (p = 0.177, p = 0.288, respectively)
in muscle tissue (Fig. 5f and Supporting Information Fig. 3).
The upregulation of SAA1 mRNA as a result of N-inv was
significantly suppressed by ligation (p < 0.01). The mean tu-
mor weight of the N-inv mice was 0.49 * 0.09 g, which was
similar to that in the other N-inv mice (Figs. 4f, 5¢ and Sup-
porting Information Table 5). Ligation provided a 76.3%
reduction in tumor weight, compared to the N-inv mice.

PPF treatment in vivo

Spinal cord astrocytic activation is reportedly suppressed by
ip. injection of PPE.'**® The hypertrophy of GFAP-labeled
astrocytes observed in the spinal cords of saline-treated N-
inv mice with Capan-1 cells (n = 3) was attenuated in the
spinal cords of PPF-treated N-inv mice (n = 3) (Fig. 6b).
The GFAP-positive area in the spinal cord of PPF-treated N-
inv mice was 44.1% smaller than that of saline-treated N-inv
mice (Fig. 6¢). PPF administration caused a 23.4% reduction
in the mRNA expression of GFAP (p = 0.089) (Supporting
Information Fig. 2). The BW of the PPF-treated N-inv mice
had not decreased after 2 week, but the BW of the saline-
treated mice began to decrease after 5 week. A significant dif-
ference in BW was observed between the saline-treated and
PPF-treated N-inv mice at 6 week (Fig. 6a and Supporting
Information Table 3). Food intake was similar in the two ex-
perimental groups (Supporting Information Fig. 1 and Table
4). The PPF-treated N-inv mice had a higher muscle tissue
weight (p = 0.0152), compared to saline-treated N-inv mice.
The differences in fat mass and tumor weight were not sig-
nificantly different between the saline and PPF-treated N-inv
mice (Fig. 6d, 6g and Supporting Information Table 5). The
mean size of adipocytes in PPF-treated N-inv mice was simi-
lar to that in saline-treated N-inv mice (Fig. 6e). Fbxo32 and
UCP2 mRNA levels in the muscles of PPF-treated N-inv
mice were markedly reduced, compared to levels in saline
mice (p = 0.0792, p < 0.05) (Fig. 6f and Supporting Infor-
mation Fig. 3).

Discussion

N-inv mice and patients with severe N-inv show a BW loss.
Subcutaneous tumors and intraneural injection of PBS did
not impact weight loss in mice. Intraneural tumors, but not
extra-neural tumors or the manipulation of an intraneural
injection, led to the reduction in body mass. A wasting con-
dition with elevated inflammatory status is recognized as

Int. J. Cancer: 131, 2795-2807 (2012) © 2012 UICC
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Figure 5. Ligation of the nerve route in N-inv mice (Capan-1). (@) Ligation of the sciatic nerve at a site proximal from the site of inoculation
was performed in PBS (n = 4) and N-inv (7 = 5) mice. Nonligated PBS (n = 3) and N-inv (n = 5) mice were used as controls. BW changes
from the original weight were plotted weekly. *p < 0.05, **p < 0.01 vs. PBS group; ¢p < 0.05, ©¢p < 0.01 vs. ligated PBS group; 1ip <
0.01 vs. ligated N-inv group. (b) The hypertrophic features of the GFAP-pasitive cells in the N-inv mice in Figure 3g were reproducibly observed
in the N-inv mice at and were attenuated in the ligated N-inv mice. Top, scale bar: 50 pm. Bottom, scale bar: 10 pm. (¢) Quantification of the
GFAP-positive and lbal-positive cell area ratio in the ipsilateral dorsal horn relative to the N-inv in Th13 was performed. (d and g) Fat, muscle
and tumors were harvested and weighed at 6 week. (e) Adipocyte size in epididymal adipose tissue was calculated. (ff mRNA expression of
Fbx032 in muscle and SAA1 in liver at 6 week is shown. *p < 0.05, **p < 0.01. mRNA expression of target genes normalized to GAPDH is
presented as fold changes to PBS group. The results are expressed as the means * standard deviations.
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Neural invasion promotes cancer cachexia

Figure 6. Effects of PPF in N-inv mice. (@) PPF (10 mg/kg) or the saline vehicle (n = 3/treatment) was administered to N-inv mice (Capan-1)
by i.p. injection. The BW changes were then measured weekly. (b) IHC for GFAP in Th13 spinal cord dorsal horns showed that relatively
thick GFAP-positive cells were seen in the saline group, but these cells were slimmer in the PPF group. Top, scale bar: 50 um. Bottom,
scale bar: 10 um. (¢) The GFAP-positive and Ibal-positive cell area ratios in the ipsilateral dorsal horns of N-inv were quantified. (d and g)
The weights of the fat, muscle and tumors in each group at 6 week are shown. (e) Mean adipocyte size in epididymal fat was quantified.
(H mRNA expression of Fbxo32 in muscle and SAA1L in liver at 6 week was evaluated using real-time RT-PCR. *p < 0.05. Positive cell area
ratios and mRNA expression of target genes normalized to GAPDH are presented as the fold changes relative to the saline-treated N-inv
group. The results are expressed as the means = standard deviations.
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cachexia.® Elevated SAAl mRNA expression in liver and
increased levels of circulating CRP were observed in N-inv
mice and in patients with pancreatic cancer with high N-inv,
respectively. Our study revealed that N-inv was a novel factor
that induces cachexia in pancreatic cancer.

Cachexia involves catabolic changes in fat and muscle.’
The body tissues that were decreased in N-inv mice were adi-
pose and muscle tissue. Catabolic changes in muscle were
reported after denervation or suppression of the activin re-
ceptor IIB in muscle due to upregulation of Fbx032, a ubig-
uitin-protein ligase specific to muscle’”***' The increased
mRNA level of Fbxo32 in the pectoral muscle in N-inv mice
indicates the activation of muscle catabolism by N-inv. The
loss of BMI, a good index of body fat,” in the high N-inv
patients reinforced the idea that atrophy of adipose tissue
was due to N-inv. Small lipid droplets and loss of fat mass
were observed in N-inv mice. Noradrenaline induces lipolysis
via adrenaline receptors and was elevated in the plasma of
N-inv mice and the high N-inv patients.**** These phenom-
ena may indicate that lipolysis was due to N-inv. Anorexia is
prevalent in patients with cachexia,' and this disorder affects
lipid and amino acid metabolism.* Starvation results in fat
and muscle catabolism.*>® The food intake in N-inv mice was
similar to that in PBS and subcutaneous tumor model mice.
The wasting condition of N-inv mice was independent of
starvation. Experimental cachexia is preferably induced by a
small amount of tumor (<5% of BW)* because the burden
rarely exceeds 5% of the BW in patients with cancer.’” In
our N-inv mice injected with Capan-1 cells, the mean tumor
weight was 1.78% of the BW. N-inv mice are a good model
for cachexia regarding catalytic changes that are independent
of calorie intake and that involve a small tumor burden.

Many studies have established that sciatic nerve ligation
causes astrocytic activation in the spinal dorsal horn,*®*
whereas our ligation experiment showed no obvious differen-
ces in the GFAP-positive areas between the PBS mice and
ligated PBS mice. The difference in the observation period
may be one possible explanation for this complication. Spinal
cord astrocytes expression by sciatic nerve ligation was higher
on 7 days than on 3 or 17 days in Andreea’s study, suggest-
ing that the peak of astrocytic activation by ligation was
around day 7. Our observation period was much longer (42
days after ligation) than others and might be the phase after
peak of astrocytic activation by sciatic nerve ligation. The
persistent astrocytic activation in N-inv mice was likely due
to repeated stimulation by tumor, compared to single stimu-
lation by ligation.

N-inv mice injected with Capan-1 cells exhibited a
marked BW loss and activation of spinal cord astrocytes
compared to those injected with BxPC-3 cells. The differen-
ces between Capan-1- and BcPC-3-treated mice were a longer
N-inv distance of Capan-1 cells than that of BxPC-3 cells,”*
mutations in KRAS and SMAD4, and many other factors.*’
We focused on the reaction of the host to N-inv and exam-
ined the status of astrocytic activation. The degree of astro-
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cytic activation is mediated by damage to the peripheral
nerve."® The spinal cords of human autopsy cases with N-inv
also showed activation of spinal cord astrocytes compared to
those without N-inv. The coexistence of N-inv and spinal
cord glial activation was observed in both experimental and
clinical N-inv. The activation of spinal cord astrocytes in N-
inv mice was suppressed by ligation at a site proximal from
the N-inv. The ligation of the sciatic nerve disrupted the
transmission of the injury signal from the N-inv to the spinal
cord. The neural damage signal caused by N-inv may medi-
ate activation of astrocytes.

Systemic administration of PPF, a pan-phosphodiesterase
(PDE) inhibitor, to N-inv mice suppressed the activation of
spinal cord astrocytes and the loss of BW and skeletal muscle
weight. PDE inhibitors downregulate the activation of astro-
cytes and microglia'®”® and induce hypertrophy of skeletal
muscle.” Another PDE inhibitor, pentoxifylline, failed to
improve the appetite and BW loss in patients with cancer
cachexia,*” and the hypertrophic effect in muscle due to the
PDE inhibitor was limited in cancer cachexia. Therefore, pre-
vention of the wasting condition in N-inv mice by the PDE
inhibitor implied a direct effect of PDE inhibition in muscle
and an indirect effect due to suppression of astrocytic
activation.

Mean relative level of SAA1 mRNA in PPF-treated group
(5.2 * 7.0) tends to be higher than that in saline-treated
group (0.2 = 0.0). Each values of SAA1 mRNA level in PPF
group were extremely varied. We think this issue is difficult
to discuss at present and interpret there is no significant dif-
ference between hepatic SAA1 mRNA level of PPF and vehi-
cle group in our study. If hepatic SAAI level truly tends to
be elevated in PPF mice, a direct effect of PPF on hepatocyte
is possibly associated with. The expressions of SAA1 mRNA
and protein synthesis in hepatocytes are known to be mainly
induced by inflammatory cytokines, such as IL-1, TNFo and
TL-6.4%% Upregulation of SAA1 mRNA expression in PPF-
treated N-inv mice may be due to a direct effect of PPF on
hepatocyte, because increased intracellular cAMP leads to ele-
vation of IL-6 production in hepatocyte.*” The levels of cyto-
kine and cAMP in hepatocyte were not examined in our
study. Additional examinations are required to solve this
issue.

The mechanism of astrocyte activation that subsequently
causes cachexia was not examined in our study. Sympathetic
activity may be a candidate. The mean level of blood nor-
adrenaline, which is known to correlate with systemic sympa-
thetic activity,*® was high in severe N-inv patients and N-inv
mice. Sympathetic activation induces lipolysis in adipose tis-
sue®® and muscle atrophy,”*' and thus causes BW loss.
Because efferent fibers from the spinal cord to peripheral tis-
sues include sympathetic nerves, spinal cord glial activation
may affect sympathetic activity via neural routes. Astrocyte-
derived cytokines are the other candidates. Astrocytic activa-
tion leads to the production and release of inflammatory
cytokines, such as IL-1B, IL-6 and TNF-o.’ IL-1 plays an
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important role in lipid metabolism.*® IL-6 and TNF-o are
known to stimulate lipolysis in adipose tissue*® Astrocyte-
derived cytokines are possible to induce lipolysis in adipose
tissue in N-inv mice.

Our study has some limitations. First, a wide variety of
effects of PPF made interpretation of our results complex.
The combined action of PPF as a PDE inhibitor and a trans-
porter of extracellular adenosine strengthens cyclic adeno-
sine-5',3' -monophosphate  (cAMP)  signaling.”  Systemic
administration of PPF to N-inv mice did not suppress the
weight loss in adipose tissue. Stimulation of intracellular
cAMP signaling leads to lipolysis in adipose tissue.”® The fail-
ure to gain fat mass may have been caused by the lipolytic
effect in adipose tissues, exceeding the downregulation of
activated astrocytes in the spinal cord. Furthermore, the in-
hibitory effect of PPF on spinal cord microglial activation
was not examined in this work, but should be investigated in
the future. Finally, the difference in BW changes between N-
inv mice and ligated N-inv mice was not evaluated under

Neural invasion promotes cancer cachexia

conditions of similar tumor weights. The reason for the
decrease in tumor weights in N-inv mice by ligation was not
examined in our study, but the reduction in intraneural
tumors likely improved the cachectic changes. Further studies
are required to examine the influences of ligation on the
environment around the tumor, including neurotrophic
factors.

In conclusion, our study showed (1) characteristics of
cachexia by N-inv in patients with pancreatic cancer and in
an experimental mouse model, (2) a relationship between N-
inv and spinal cord astrocytic activation vig a neural route in
patients with pancreatic cancer and the experimental mouse
model and (3) the anti-cachectic effect of suppression of spi-
nal cord astrocytic activation in the experimental model. This
is the first evidence that spinal cord astrocytes mediate cancer
cachexia via neural routes. In addition, the cachectic animal
model induced by N-inv has been established for the first
time. Future studies on N-inv and spinal cord glial activation
may provide insight into strategies for anti-cachectic therapy.
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Abstract

Purpose There i1s no standard regimen for gemcitabine
(Gem)-refractory pancreatic cancer (PC) patients. In a
previous phase II trial, S-1 was found to exhibit marginal
efficacy. Gem administration by fixed dose rate infusion of
10 mg/m?*min (FDR-Gem) should maximize the rate of
intracellular accumulation of gemcitabine triphosphate and
might improve clinical efficacy. We conducted the phase
I/IT of FDR-Gem and S-1 (FGS) in patients with Gem-
refractory PC.

Methods The patients received FDR-Gem on day 1 and
S-1 orally twice daily on days 1-7. Cycles were repeated
every 14 days. Patients were scheduled to receive Gem
(mg/m*/week) and S-1 (mg/m?/day) at four dose levels in
the phase I: 800/80 (level 1), 1,000/80 (level 2), 1,200/80
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(level 3) and 1,200/100 (level 4). Forty patients were
enrolled in the phase II study at recommended dose.
Results The recommended dose was the level 3. In the
phase II, a partial response has been confirmed in seven
patients (18%). The median overall survival time and
median progression-free survival time are 7.0 and
2.8 months, respectively. The common adverse reactions
were anorexia, leukocytopenia and neutropenia.
Conclusion This combination regimen of FGS is active
and well tolerated in patients with Gem-refractory PC.

Keywords Chemotherapy - Pancreatic carcinoma -
Second-line - Gemcitabine - S-1 - Salvage - Fixed dose rate
infusion

Introduction

Gemcitabine monotherapy or gemcitabine-containing
combination chemotherapy is the standard first-line therapy
for advanced pancreatic cancer. In the recent phase III
study, the first-line FOLFIRINOX regimen (5-fluorouracil,
leucovorin, irinotecan and oxaliplatin) led to a median
survival of 11.1 months compared with 6.8 months in the
gemcitabine group [4]. However, the FOLFIRINOX regi-
men was quite toxic (e.g., 5.4% of patients had grade 3 or 4
febrile neutropenia), and a survival benefit was shown only
among a highly select population with a good performance
status, an age of 75 years or younger, and normal or nearly
normal bilirubin levels [13]. Therefore, this combination
therapy was considered to be one of the treatment options
for patients in good general condition, and gemcitabine
remains the mainstay of care for patients with advanced
pancreatic cancer. However, after disease progression
during first-line gemcitabine-containing chemotherapy, the
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options for further anticancer treatment are limited. S-1 is
an orally administered anticancer drug that consists of a
combination of tegafur, 5-chloro-2,4-dihydroxypyridine
and oteracil potassium in a 1 : 0.4 : 1 molar ratio [27]. The
antitumor effect of S-1 has already been demonstrated in a
variety of solid tumors including pancreatic cancer [7, 11,
12,14, 20, 21, 25, 26, 32, 33]. In patients with chemo-naive
pancreatic cancer, an overall response rate of 21.1% was
achieved, and the median time-to-progression and median
overall survival period were 3.7 and 8.3 months, respec-
tively [32]. In gemcitabine-refractory metastatic pancreatic
cancer, our recent phase II study of S-1 yielded results that
demonstrated marginal activity including a response rate
of 15%, a median progression-free survival time of
2.0 months and a median overall survival time of
4.5 months, with a favorable toxicity profile [17]. In
addition, other reports also demonstrated marginal antitu-
mor activity [1, 28]. Gemcitabine administration via infu-
sion at a fixed dose rate of 10 rng/mz/min (FDR-Gem) has
been found to increase the intracellular drug concentra-
tions, compared with gemcitabine at a standard dose rate
infusion over a period of 30 min. A recent phase 1l study
of combination therapy consisting of FDR-Gem and
oxaliplatin (GEMOX) yielded results that demonstrated
activity in gemcitabine-refractory advanced pancreatic
cancer [5], although oxaliplatin is inactive against pan-
creatic cancer when used as a single agent [6]. The
increased intracellular concentrations of gemcitabine as a
result of FDR infusion and/or the synergistic effect of
gemcitabine and oxaliplatin may play an important role in
the antitumor effect of GEMOX. This finding is of
interest when considering the effect of combination
therapy consisting of FDR-Gem and some other agent that
exhibits a synergistic effect with gemcitabine in patients
with metastatic pancreatic cancer who failed standard
dose rate gemcitabine.

The inhibition of ribonucleotide reductase by gemcita-
bine is considered to enhance the effect of the 5-FU
metabolite 5-FAUMP by reducing the concentration of its
physiological competitor [10]. Preclinical studies have
demonstrated a synergy between gemcitabine and 5-FU in
tumor cell lines, including pancreatic cancer cells [3, 23].
S-1 is a fluoropyrimidine, and several phase II studies of
S-1 and gemcitabine combination therapy have yielded
results that demonstrated a promising activity in chemo-
naive advanced pancreatic cancer patients, including a
response rate of 32-48% and a median survival times of
7.89-12.5 months [16, 18, 19, 31].

Therefore, we conducted the present phase I/IT study to
determine the recommended doses of FDR-Gem and S-1
(FGS) to use for combination therapy and to evaluate the
toxicity and efficacy at the recommended doses in patients
with gemcitabine-refractory pancreatic cancer.
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Materials and methods
Eligibility criteria

The eligibility criteria were histologically proven pancreatic
adenocarcinoma with measurable metastatic lesions, disease
progression during gemcitabine-based first-line chemother-
apy, age 20 years or over, ECOG performance status of 0-2
points, more than 2-week interval between the final dose of
the prior chemotherapy regimen and study entry, adequate
bone marrow function (leukocyte count > 3,500/mm3,
neutrophil count > ],500/mm3, platelet count > 100,000/
mm3, hemoglobin concentration > 9.0 g/dL), adequate
renal function (serum creatinine level < 1.1 mg/dL) and
adequate  liver function (serum total  bilirubin
level < 2.0 mg/dl, transaminase levels < 100 U/L).
Patients with obstructive jaundice or liver metastasis were
considered eligible if their total bilirubin level < 3.0 mg/dL
and transaminase levels could be reduced to 150 U/L by
biliary drainage. The exclusion criteria were regular use of
phenytoin, warfarin or flucytosine, history of fluorinated
pyrimidine use, severe mental disorder, active infection,
ileus, watery diarrhea, interstitial pneumonitis or pulmonary
fibrosis, refractory diabetes mellitus, heart failure, renal
failure, active gastric or duodenal ulcer, massive pleural or
abdominal effusion, brain metastasis, and active concomi-
tant malignancy. Pregnant or lactating women were also
excluded. Written informed consent was obtained from all
patients. This study was approved by the institutional review
board of the National Cancer Center of Japan.

Treatment

Considering the patients’ quality of life, we adopted
biweekly schedule. Gemcitabine (Eli Lilly Japan K.K.,
Kobe, Japan) was administered by FDR intravenous infu-
sion of 10 mg/m*/min on day 1. S-1 (Taiho Pharmaceutical
Co., Ltd., Tokyo, Japan) was administered orally twice
daily on day 1 to day 7, followed by a l-week rest.
Treatment cycles were repeated every 2 weeks until dis-
ease progression or unacceptable toxicity occurred. If
blood examination revealed leukocytopenia < 2,000/mm”,
thrombocytopenia < 75,000/mm3, total bilirubin >
3.0 mg/dL, aspartate aminotransferase or alanine amino-
transferase level > 150 U/L, or creatinine > 1.5 mg/dL,
both gemcitabine and S-1 were withheld until recovery. If a
patient experienced dose-limiting toxicity (DLT), the dose
of gemcitabine and S-1 was reduced by one level in the
subsequent cycle. If a rest period of more than 15 days was
required because of toxicity, the patient was withdrawn
from the study. Patients were scheduled to receive gem-
citabine and S-1 at four dosage levels (Table 1). Two
dosage levels of S-1 were established according to the body
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Table | Dosage levels of gemcitabine and S-1

Dosagelevel Gemcitabine S-1

Level 0 600 mg/m/60 min Dosage A
Level [! 800 mg/m*/80 min Dosage A
Level 1 1,000 mg/m2/100 min Dosage A
Level 3 1,200 mg/m*/120 min Dosage A
Level ¢4 1,200 mg/mZ/IZO min Dosage B

* Starting dosage

surface area as dosage A, about 80 mg/m?*/day, and dosage
B, about 100 mg/m”/day (Table 2). At the first dose level
(level 1), gemcitabine was administered at a dosage of
800 rng/m2 administered as a 80-min infusion, and S-1 was
administered at dosage A. At the next dose level (level 2),
the gemcitabine dosage was increased to 1,000 mg/m*
administered as a 100-min infusion, and S-1 was admin-
istered at the same dosage. At the next dose level (level 3),
the gemcitabine dosage was increased to 1,200 mg,/m2
administered as a 120-min infusion, and S-1 was admin-
istered at the same dosage. At the final dosage level (Jevel
4), gemcitabine administered at the same dosage, and S-1
was administered at dosage B.

Study design

This study was an open-label, four-center, single-arm phase
V1T study performed in two steps. The objective of step 1
(phaseT) was to evaluate the frequency of DLT during first 2
cycles (4 weeks) and then use the frequency of DLT to
determine which of the four dosages tested to recommend
(Table 1). At least 3 patients were enrolled at each dosage
level. If DLT was observed in the initial three patients, up to
three additional patients were entered at the same dosage
level. The highest dosage level that did not cause DLT in 3
of the 3 or >3 of the 6 patients treated at that level during
the first two cycles of treatment was considered the maxi-
mum-tolerated dosage (MTD). DLT was defined as (1)
grade 4 leucopenia or grade 4 neutropenia or febrile
neutropenia, (2) grade 4 thrombocytopenia or thrombocy-
topenia requiring transfusion, (3) grade 3 or 4 non-hema-
tological toxicity excluding hyperglycemia and electrolyte
disturbances, (4) serum transaminases levels, y-glutamyl

Table 2 Dosage of S-1 (tegafur equivalent)

Body surface Dosage A Dosage B

area (m?) (=80 mg/m*/day) (=100 mg/m*/day)
<1.25 40 mg x 2/day 50 mg x 2/day
1.25—<1.5 50 mg x 2/day 60 mg x 2/day
>15 60 mg x 2/day 75 mg x 2/day

transpeptidase level and alkaline phosphatase level >10
times UNL, (5) serum creatinine level > 2.0 mg/dL and (6)
any toxicity that necessitated a treatment delay of more than
15 days. Toxicity was graded according to the Common
Terminology Criteria for Adverse Events (CTCAE) version
3.0. In step 2, the recommended dosages (RD) of FGS were
then administered, and the effect of this combination ther-
apy on objective tumor response was evaluated in patients
who were given the RD (phase II). The number of patients
to be enrolled in phase II was determined by using a
SWOG’s standard design (attained design) {8, 9]. The phase
I included the patients who received the RD in the step 1.
The null hypothesis was that the overall reésponse rate would
be <5%, and the alternative hypothesis was that the over-
all response rate would be >20%. The « error was 5%
(one-tailed), and the f error was 10% (one-tailed). The
alternative hypothesis was established based on the pref-
erable data in previous reports [5, 15, 24, 30, 34]. Interim
analysis was planned when 20 patients were enrolled. If
none of the first 20 patients had a partial response or com-
plete response, the study was to be ended. If a response was
detected in any of the first 20 patients, an additional 20
patients were to be included in a second stage of accrual to
more precisely estimate the actual response rate. If the
number of objective responses after completing the trial was
5 or more among the 40 patients, then we would reject the
null hypothesis and conclude that FGS was effective, and
we would proceed to the next large-scale study. The
severity of adverse events and progression-free survival and
overall survival were investigated as secondary objectives
in phase II.

Results
Patient characteristics

Between June 2006 and March 2009, 49 patients were
enrolled in this study. Fifteen patients (level 1: 3 patients,
level 2: 3 patients, level 3: 6 patients, level 4: 3 patients)
were enrolled into the phase I (STEP 1), and an additional
34 patients were enrolled into the phase II (STEP2) at dose
level 3. Table 3 shows the baseline characteristics of the
patients in step 1 and step 2. A total of the 40 patients who
were given the recommended dose, 6 patients and 34
patients who entered into the study at phase I and phase II,
respectively, were evaluated for efficacy and detailed
safety profile.

Phase I (STEP 1)

No DLT occurred during the first 2 cycles (4 weeks) at
level 1 or level 2. At dose level 3, three patients were
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Table 3 Patient characteristics

Characteristic Step 1 Step 2 Total at the recommended
dose (level 3)
Level 1 Level 2 Level 3 Level 4 Level 3
No. of patients 3 3 6 3 34 40
Age, years
Median 66 58 64 62 63.5 64
Range 55-69 51-58 48-71 52-70 40-80 40-80
Sex, n (%)
Male 1(33) 3 (100) 4 (67) 1(33) 19 (56) 23 (58)
Female 2 (67) 0 2 (33) 2 (67) 15 (44) 17 (48)
ECOG performance status, n (%)
0 2 (67) 2 (67) 5 (83) 2 (67) 22 (65) 27 (68)
1 1(33) 1(33) 1(17) 1(33) 12 (35) 13 (33)
Primary tumor, n (%)
Head 1(33) 2 (67) 2 (33) 2 (67) 17 (50) 19 (48)
Body/tail 2 (67) 1(33) 4 (67) 1(33) 17 (50) 21 (53)
Metastatic site, n (%)
Liver 3 (100) 3 (100) 6 (100) 1(33) 25 (74) 31 (78)
Lung 1(33) 0 0 2 (67) 7 (21) 7 (18)
Peritoneum 1(33) 1(33) 0 1(33) 11 (32) 11 (28)
Lymph node 0 2 (67) 0 0 11 (32) 11 (28)
Tumor stage at the start of prior treatment, 1 (%)
Locally advanced 0 0 0 1(33) 7 (21) 7 (18)
Metastatic 3 (100) 3 (100) 6 (100) 2 (67) 27 (79) 33 (83)
Prior treatment, n (%)
Gemcitabine alone 3 (100) 3 (100) 5 (83) 3 (100) 26 (76) 31 (78)
Gem + Axitinib 0 0 0 0 2 (6) 2(5)
Gem + Erlotinib 0 0 1(17) 0 6 (18) 7 (18)

evaluated first, and none developed DLT. Since all 3
patients experienced DLT at dose level 4 (grade 4 neu-
tropenia in two patients, grade 3 stomatitis in one patient),
3 additional patients were evaluated at dose level 3. A DLT
(grade 4 neutropenia) was experienced by 2 of the 3
patients in this additional cohort in dose level 3, and dose
level 3 was determined to be the MTD. Based on these
results, the RD was determined to be level 3.

Phase II (efficacy and safety profile in the 40 patients
treated at dose level 3)

In step 2, the RD of FDR-Gem and S-1 was administered to
an additional 34 patients, and a total 40 patients were
treated at dose level 3 to evaluate the objective tumor
response to this combination therapy. As of the date of the
analysis, the protocol treatment had been concluded in 39
of the 40 patients, and a total of 286 courses (median: 5
courses; range 1-31 courses) had been administered at
level 3. The actual mean weekly dose administered were
gemcitabine 545 mg/m*week (90.8% of planned dosage)
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and 90.1% of planned dosage of S-1. Dose reduction was
required in 10 patients because of grade 4 neutropenia (five
patients), grade 3 fatigue (1 patient), grade 2 fatigue with
grade 2 appetite loss (one patient), grade 2 nausea (two
patients) and grade 3 rash (1). The reasons for treatment
discontinuation in phase II were radiological disease pro-
gression (33 patients), clinical disease progression (two
patients), recurrent grade 4 neutropenia despite dose
reduction due to grade 4 neutropenia (two patients), grade
4 myocardial infarction (one patients) and patient request
to return to his distant hometown (one patient). All patients
who discontinued treatment because of adverse events
recovered from the toxicities after discontinuation. Twelve
patients received third-line chemotherapy after discontin-
uation of FGS: S-1 monotherapy in four patients, gemcit-
abine + S-1 combination therapy on another treatment
schedule in three patients, chemoradiotherapy with S-1 in
one patient and new molecularly targeted agents in four
patients who participated in a different clinical trial.
Twenty-two patients received best supportive care, the
other five patients transferred to another hospital, and no
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information is available about their treatment after dis-
continuation of FGS.

Toxicity

All patients in steps 1 and 2 were evaluated for toxicity. In
step 1, grade 3/4 non-hematological toxicity was observed
in two patients (grade 3 fatigue during the third course in
one patient, grade 3 stomatitis during the second course in
one patient). No grade 4 leukocytopenia was observed at
any dose level, but grade 4 neutropenia was observed in
one out of three patients at dose level 1, none of the three
patients at dose level 2, two of the six patients at dose level
3 and all three of the patients at dose level 4. Grade 3
thrombocytopenia was observed in one patient at dose level
2.

Table 4 summarizes the toxicities in the 40 patients who
received the RD (level 3). All 40 eligible patients were
assessable for toxicities, and FGS combination therapy at
the RD was generally well tolerated. The most common

toxicities were leukocytopenia (60%) and neutropenia
(60%), but most of these toxicities were tolerable and
reversible. Grade 4 neutropenia was noted as hematological
toxicity in five patients (13%). Grade 3 non-hematological
toxicities consisted of fatigue (one patient), vomiting (one
patient), rash (one patient) and liver abscess (one patient).
The patient who developed the grade 3 liver abscesses
recovered after appropriate treatment with intravenous
antibiotic alone. One female patient, who had hypercho-
lesterolemia and history of smoking of 30 cigarettes/day,
experienced a grade 4 acute myocardial infarction on day 1
of the third course of treatment, after gemcitabine had been
administered but before the start of oral S-1. Emergency
coronary angiography showed total occlusion of the left
anterior descending coronary artery. The patient recovered
from the cardiogenic shock due to myocardial infarction
after coronary stent implantation and appropriate supportive
treatment. S-1 monotherapy for the pancreatic cancer was
started about 1 month after the infarction. No other severe
or unexpected toxicities were noted in any of the patients.

Table 4 Treatment-related

Grade Grade 1-4 Grade 34

adverse events among the 40

patients who received the n

recommended dosages: highest

grade reported during the 1 2 3 4 n (%) n (%)

treatment period R .

Hematological toxicities
Leukocytes 11 4 9 0 24 (60) 9 (23)
Neutrophils 10 1 8 5 24 (60) 13 (33)
Hemoglobin 5 11 1 0 17 (43) 1(3)
Platelets 11 2 1 0 14 (35) 1(3)
Non-hematological )

toxicities
Aspartate 8 1 0 0 9 (23) 0 (0)
aminotransferase
Alanine aminotransferase 8 3 0 0 11 (28) 0O
Alkaline phosphatase 5 2 0 0 7 (18) 0(0)
Total bilirubin 3 0 0 0 3(8) 0 ()
Fatigue 15 2 1 0 18 (45) 1(3)
Nausea 13 4 0 0 17 (43) 0(0)
Vomiting 8 1 1 0 10 (25) 1(3)
Anorexia 19 6 0 0 27 (68) 0(0)
Stomatitis 4 0 0 0 4 (10) 0(0)
Alopecia 8 0 - - 8 (20) -
Diarrhea 7 2 0 0 9 (23) 0 (0)
Rash 3 4 1 0 8 (20) 1(3)
Hyperpigmentation 9 i - - 10 (25) -
Hand-foot skin reaction 1 2 0 0 3(8) 0 (0)
Watery eye 2 0 0 - 2 (5) 0 ()
Hoarseness 1 0 0 0 1(3) 0 (0)
Infection liver abscess 0 0 1 0 1(3) 1(3)
Myocardial ‘infarction 0 0 0 1 1(3) 13)
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Three patients died within 30 days after the final dose of the
study drug. All 3 of the deaths were attributed to disease
progression, and there were no treatment-related deaths.

Efficacy

It was possible to assess all 40 eligible patients who
received the RD for response. Thirty-four patients had died
by the completion of the follow-up period. There were no
complete responses, but a partial response was achieved in
seven patients (18, 95% confidence interval, 7.3-32.8%).
Stable disease was noted in 19 patients (48%) and pro-
gressive disease in 14 patients (35%). Tumor responses to
second-line FGS therapy are classified according to the
tumor responses to first-line gemcitabine in Table 5. Three
of 10 patients whose best response was progression disease
in first-line chemotherapy achieved partial response in FGS
therapy. The median progression-free survival time was
2.8 months. The median overall survival time after the start
of second-line therapy was 7.0 months (range 1.3-18.9+),

Table 5 Objective tumor response

Response (2nd line) n (%) Response (1st line)

PR SD PD
PR 7 (18) 1 3 3
SD 19 (48) 3 12 4
PD 14 (35) 2 9 3
Total 40 (100) 6 24 10

Response rate: 18% (95% CI: 7.3-32.8)
RECIST criteria

——— Median OS (after second-line chemotberapy): 7.0 months
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Fig. 1 Survival curves. Survival (n = 40). Progression-free survival
(dashed line) and overall survival time (solid line) curves of patients
with gemcitabine-refractory pancreatic cancer receiving systemic
chemotherapy with FGS
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and the 1-year survival rate was 18% (Fig. 1). The median
overall survival time after the start of first-line therapy was
13.9 months (range 5.2-31.4).

Discussion

In the last decade, several clinical trials (mainly phase II)
have been conducted in patients with advanced pancreatic
cancer after failure of first-line gemcitabine or a gemcita-
bine-based combination regimen. The results of a ran-
domized trial (n = 168) comparing fluorouracil and folinic
acid versus oxaliplatin, fluorouracil and folinic acid (OFF)
indicated that OFF improved progression-free survival and
overall survival as a second-line chemotherapy. The med-
ian progression-free survival time and median survival
time of OFF were 3 and 6 months, respectively [22]. In the
present study, FGS yielded a median progression-free
survival time of 2.8 months and a median overall survival
time of 7.0 months, similar to the data mentioned above.
Furthermore, the response rate of 18% in the present study
was above the pre-established boundary (objective
response in five or more of the 40 patients) required for the
regimen to be considered effective. However, the gap
between the median overall survival time and the median
progression-free survival time in the present study was
relatively large. Although the reason for this gap is
unknown, a bias arising from the selection of patients with
a good general condition or with a small tumor burden may
explain these findings.

‘Whether gemcitabine as an FDR infusion is active even
after progression during treatment with the standard
30-min administration of gemcitabine was the critical
clinical question examined in this study. Differentiating
between the relative roles of gemcitabine and S-1 in
overcoming tumor resistance is difficult. The efficacy and
survival data obtained in the present study seem to be better
than those of previous studies for oral fluoropyrimidine
monotherapy as a salvage chemotherapy for advanced
pancreatic carcinoma (Table 6) [1, 2, 17, 28, 29]. However,
since all the data were obtained in single-arm studies, a
randomized study is needed to make these suggestions
reliable. Furthermore, whether the combined regimen in
the present study is superior to other regimens, such as the
OFF regimen, remains an essential clinical question.

Safety and convenience as well as antitumor efficacy are
critically important issues with regard to second-line che-
motherapy. One patient experienced an acute myocardial
infarction. Although she had other risk factors, such as a
smoking habit and hyperlipidemia, a relation between
gemcitabine and the acute myocardial infarction cannot be
ruled out because gemcitabine had been administered on
the day of the infarction. The toxicity profile of FGS
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Table 6 Comparison between the current study and previous studies of oral fluoropyrimidine monotherapy as salvage chemotherapy for

advanced pancreatic carcinoma

Study References Phase Regimen n PR + CR (%) Median PFS Median OS
(months) (months)
Morizane et al. [12] I S-1 40 15 2.0 45
Abbruzzese et al. [29] I S-1 45 0 1.4 3.1
Sudo et al. [311 I S-1 21 95 4.1 6.3
Todaka et al. [32] Retrospective S-1 52 4 2.1 5.8
Boeck et al. [30] 1 Capecitabine 39 0 23 7.6
Morizane et al. Current study II FGS 40 18 2.8 7.0

therapy in the other patients was acceptable, and the most
common grade 1-4 adverse reactions were anorexia (68%),
leukocytopenia (60%) and neutropenia (60%), although
most episodes were tolerable and reversible. The safety
profile in this study suggests that FGS can be safely
administered to pancreatic cancer patients even in a sec-
ond-line setting, at least in select populations. The
biweekly schedule allows enough time to recover from
myelosuppression and non-hematological toxicities before
the following cycle, enabling patients to receive treatment
as scheduled. Actually, the relative dose intensities of
gemcitabine and S-1 in our study were high (90.8 and
90.1%, respectively). Furthermore, because of the biweekly
schedule, patients do not need to come to the hospital for
treatment as often compared with the first-line standard
schedule of gemcitabine therapy. Our new treatment
schedule may therefore improve the patients’ quality of life
during anticancer treatment.

We concluded that combination therapy consisting of
gemcitabine as a fixed dose rate infusion and S-1 (FGS)
provided a promising antitumor activity and tolerable
toxicity in patients with gemcitabine-refractory metastatic
pancreatic cancer. A larger randomized controlled trial is
needed to confirm the clinical benefits of FGS following
gemcitabine failure.
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