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allb-W995/B3-transfected CHO cells exhibited membrane ruffling
and abnormal cytoplasmic protrusions with the bulbous tips on
fibrinogen-coated surfaces (Figure 1G). indicating that the salt
bridge-disrupting mutations exert the same influence on the
integrin activation and cytoskeletal events. Abnormal clustering of
oIIbB3, which was reported in ITGB3 L718P mutation,'® was not
observed in these cells or in platelets spread on immobilized
fibrinogen (supplemental Figure 1). It is worth noting that macro-
thrombocytopenia-associated /7GB3 mutations in the ectodomain
and the cytoplasmic membrane-proximal region have different
properties in terms of outside-in signaling and bleeding tendency.%'0

Finally, to determine the functional consequences of R995W
mutation on platelet production, we coexpressed allb and B3 in
mouse fetal liver cells by retroviral transfer and differentiated them
into megakaryocytes (Figure 1H). There was an early increase and
decrease in the percentage of proplatelet formation-positive mega-
karyocytes in allb-W995/B3-transfected megakaryocytes. The
number of proplatelet tips was decreased, and the size of the tips
increased. These results are consistent with thrombocytopenia and
the increased platelet size in patients, indicating that the stimulation
of mutant oIIbB3 leads to abnormal proplatelet formation. How-
ever, not all /TGA2B- and ITGB3-activating mutations are associ-
ated with macrothrombocytopenia. Patients with homozygous
ITGB3 C549R or C560R mutation inducing constitutively active
allbB3 have a normal platelet count and size,2* suggesting
different molecular mechanisms for the induction of abnormal
proplatelet formation.

«IIbB3 has not been implicated in an abnormal platelet count or
morphology.® Our data support and extend the recent reports that
heterozygous, activating mutations in ITGA2B and ITGB3, in the
juxtamembrane region, cause macrothrombocytopenia.®!® We thus
propose that such mutations represent the etiology of a subset of
congenital macrothrombocytopenias. It is also probable that ho-
mozygosity causes Glanzmann thrombasthenia, as demonstrated in
the original report of macrothrombocytopenia-associated ITGA2B
R995Q mutation.®” The creation of a knock-in mouse model and/or
use of an in vivo megakaryocyte infusion model® should clarify
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the mechanism underlying the production and processing of giant
platelets.
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Abstract

Background Intrahepatic cholangiocarcinoma (ICC) is
rising in clinical importance due to the increasing incidence
worldwide, poor prognosis, and suboptimal response to
therapies. New effective therapeutic approaches are needed
for improvement of treatment outcome. A recent study
showed that sorafenib, a multikinase inhibitor that acts
predominantly through inhibition of Raf kinase and vas-
cular endothelial growth factor (VEGF) and platelet-
derived growth factor (PDGF) receptors, exhibited potent
antitumor activity in a preclinical model of cholangiocar-
cinoma cells.

Method We tested the in vitro and in vivo antitumor
activity of sorafenib against human ICC cell lines.
Results  Treatment of ICC cells with sorafenib resulted in
inhibition of proliferation and induction of apoptosis in the
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cell lines. In the cells treated with sorafenib, phosphory-
lation of mitogen-activated protein kinase kinase (MEK)
and mitogen-activated protein kinase (MAPK) and also
interleukin-6-induced phosphorylation of signal transducer
and activator of transcription 3 (STAT3) were inhibited in
a dose-dependent manner. Down-regulation of the anti-
apoptotic protein myeloid cell leukemia-1 (Mcl-1) paral-
leled the reduced phosphorylation of STAT3. However,
sorafenib induced no significant change in the cell cycle
distribution and the expression levels of cyclin D1 and
p27Kipl in the cells. For the in vivo antitumor activity, oral
administration of sorafenib significantly inhibited the
growth of subcutaneous tumors established in immunode-
ficient mice at doses of 10, 30, and 100 mg/kg. Moreover,
administration of sorafenib (30 mg/kg) to animals with
peritoneally disseminated ICC resulted in significantly
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prolonged survival compared with that of untreated ani-
mals (76 vs. 43 days in treated and vehicle-treated mice,
respectively).
Conclusion These results indicate that sorafenib is a
potent agent that may provide a new therapeutic option for
human ICC.

Keywords Cholangiocarcinoma - Molecular targeting
therapy - Multi-tyrosine kinase inhibitor - Antitumor
activity - Preclinical study

Abbreviations

Ab Antibody

AKT/PKB Protein kinase B

cC Cholangiocarcinoma

IH Intrahepatic

IL-6 Interleukin-6

JAK Janus kinase

MAPK Mitogen-activated protein kinase

Mcl-1 Myeloid cell leukemia-1

MEK Mitogen-activated protein kinase kinase

STAT Signal transducer and activator of
transcription

Introduction

The incidence and mortality rates for intrahepatic cholan-
giocarcinoma (ICC) have been steadily increasing world-
wide, with notable increases being reported in the USA, the
UK, and Asia including Japan [1, 2]. Known risk factors
are primary sclerosing cholangitis, liver fluke infestations,
and hepatolithiasis [2]. Recent studies suggested that
chronic hepatitis C infection and non-alcoholic steatohep-
atitis, especially when combined with cirrhosis, also con-
tribute to cholangiocarcinogenesis in the intrahepatic bile
ducts [3]. However, the reason for the increasing incidence
of ICC remains unclear.

Despite advances in tumor biology, diagnostic imaging,

adjuvant therapies, and surgical techniques, the survival of

ICC patients remains dismal [4, 5]. Without early resection,
these tumors invade adjacent vascular structures and liver
parenchyma, extend along the bile duct epithelia, metas-
tasize to the lymph nodes, and disseminate into the peri-
toneal space. The mainstay of treatment for ICC is
complete resection with negative surgical margins. Under
these circumstances, however, the role of adjuvant therapy
is not well defined, and the benefits of palliative chemo-
therapy or chemoradiation for patients with unresectable
disease have not been established. An effective new
approach against this aggressive disease is urgently needed.

@ Springer
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Recently, a number of multi-targeted tyrosine kinase
inhibitors have been developed and used in clinical trials
for cancer therapy [6]. Sorafenib (BAY43-9006, Nexavar)
is an oral multikinase inhibitor that was developed as a
c-Raf kinase inhibitor. It also targets several other Raf
kinases as well as receptor tyrosine kinases such as
vascular endothelial growth factor receptor (VEGFR) and
platelet-derived growth factor receptor (PDGFR) [7].
Sorafenib has shown potent antitumor activity in vitro and
in vivo in a broad range of malignancies including renal
cell, hepatocellular, breast, colon, pancreas, and ovarian
carcinomas [8, 9]. On the basis of the results of the SHARP
study [10], sorafenib was approved for treatment of unre-
sectable hepatocellular carcinoma (HCC) cases. A phase II
trial of single-agent sorafenib in patients with advanced
biliary tract carcinoma has been conducted [11]. In addi-
tion, sorafenib was recently reported to exert in vitro
antitumor activity against human cholangiocarcinoma
through blockage of growth factor-induced activation of
the mitogen-activated protein kinase (MAPK) pathway and
cell cycle arrest [12]. Sorafenib therefore merits further in
vitro and in vivo evaluations to explore the mechanisms
and molecular pathways involved in the observed antitu-
mor activity in a panel of human ICC cell lines.

In this study, the in vitro and in vivo tumor activity of
sorafenib was assessed in preclinical models using human
ICC cell lines with focus on (1) the molecular mechanisms
responsible for the observed tumor growth inhibition and
apoptosis induction and (2) whether ICC is targeted in vivo
in animals bearing subcutaneously (s.c.) growing xeno-
grafted tumors or peritoneally disseminated ICC tumors.
Treatment with sorafenib resulted in inhibition of MEK
and MAPK phosphorylation as well as interleukin-6-
induced phosphorylation of signal transducer and activator
of transcription 3 (STAT3) in ICC cells. Down-regulation of
the anti-apoptotic protein myeloid cell leukemia-1 (Mcl-1)
paralleled the reduced phosphorylation of STAT3.
Administration of a tolerable dose of sorafenib induced
significant regression of established ICC tumors and sig-
nificantly improved the survival of animals with dissemi-
nated tumors.

Materials and methods
Cell line and animals

The experiments were performed on 8 human ICC cell
lines: YSCCC and HuH-28 from RIKEN Cell Bank
(Ibaraki, Japan), HuCCT-1 from the Health Science
Research Resources Bank (Osaka, Japan), KMC-1 and
KMCH-1 [13, 14] from Dr. M. Kojiro (Kurume University
School of Medicine, Kurume, Japan), CCKS-1 [15] from
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Dr. Y. Nakanuma (Kanazawa University Graduate School,
Kanazawa, Japan), and KKU-100 and KKU-M214 [16, 17]
from Dr. B. Sripa (Khon Kaen University, Thailand). In
addition, PLC/PRF/5, a human hepatocellular carcinoma
cell line, was obtained from the American Type Culture
Collection (Rockville, MD). CCKS-1 cells were cultured in
RPMI 1640 medium and other cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% heat-inactivated fetal calf serum (Invitrogen, Carls-
bad, CA, USA) in a humidified atmosphere with 5% CO; at
37°C. To establish KKU-100 cells expressing luciferase
(KKU-100-luc), an Xhol-BamHI fragment containing a
full-length luciferase cDNA was inserted into the corre-
sponding site of GCDNsamIRES/EGFP [18], which was
referred to as pGCDNsamLucl/E. The vector was con-
verted to the corresponding retrovirus by transduction into
293gpg as described elsewhere [19]. KKU-100 cells were
infected with retrovirus GCDNsamLucl/E. The expression
level of luciferase was confirmed by using a luciferase
assay reagent (Promega, Madison, WI, USA). Four-week-
old female BALB/c nu/nu athymic mice were purchased
from Sankyo Labo Service (Tokyo, Japan). All animal
experiments were approved by the Institutional Animal
Care and Use Committee of Tokyo Women’s Medical
University.
Sorafenib (NexavarTM)

Sorafenib tosylate was provided by Bayer Schering Pharma
(Leverkusen, Germany). For in vitro administration,
sorafenib was dissolved in dimethyl sulfoxide (DMSO) to a
concentration of 10 mmol/LL and further diluted to an
appropriate final concentration in fresh media. In all
experiments, the final DMSO concentration did not exceed
0.1%, thus not affecting cell growth. For in vivo adminis-
tration, sorafenib was dissolved in Cremophor EL/ethanol
(50:50; Sigma Cremophor EL, 95% ethanol) and handled
as described previously [7].

Cell viability assay

The in vitro effect of sorafenib on growth inhibition of ICC
cell lines was determined by a cell viability assay using a
WST-8 reduction assay kit (Dojin Laboratories, Tokyo,
Japan) according to the manufacturer’s instructions. Cells
were plated at 5,000 per well in 96-well microtiter plates
and incubated overnight. On the following day, various
concentrations of sorafenib were added to the wells and the
cells were incubated for an additional 72 h. WST-8 was
added and cell viability was determined by reading optical
density values from a microplate reader at an absorption
wavelength of 450 nm. All assays were performed twice.
The ICsy value, at which 50% cell growth inhibition
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compared with that of the DMSO control was obtained,
was calculated.

Annexin V apoptosis assay

Cells were cultured in 6-well plates at 3 x 10> cells per
well. On the following day, the cells were treated with
sorafenib at concentrations of 0, 5, 10, and 15 umol/L for
24 or 48 h. After the treatment, both detached and attached
cells were collected and apoptotic cells were detected by
using an Annexin V-FITC Apoptosis Detection Kit
(Beckman Coulter). The cells were stained with Annexin
V-FITC and propidium iodide (PI) according to the man-
ufacturer’s instructions. The apoptotic fraction was iden-
tified as Annexin V-positive and PI-negative cells using a
FACS Calibur (Becton—Dickinson, San Jose, CA, USA).
All assays were performed in quadruplicate.

Terminal dUTP nick-end labeling (TUNEL) assay

Cells were cultured on chamber slides and allowed to
adhere overnight, and they were then treated with sorafenib
at concentrations of 0, 5, 10, and 15 pmol/L. for 24 h.
Apoptosis of the cells was evaluated on the basis of the
TUNEL assay using the Dead End Fluorometric TUNEL
System (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. All assays were performed in
quadruplicate.

Cell cycle analysis

Cells were cultured in 6-well plates at 3 x 10° cells per
well. On the following day, the cells were treated with
sorafenib at concentrations of 0, 3, 10, and 15 pmol/L for
24 h. After the treatment, the cell nuclei were isolated
using CycleTest PLUS DNA Reagent Kit (Becton—Dick-
inson). The DNA was stained with PI according to the
manufacturer’s instructions. The stained DNA was ana-
lyzed by a FACS Calibur and the DNA content was
quantified using ModFit software (Verity Software House,
Topsham, ME, USA). All assays were performed in
quadruplicate.

Immunoblot analysis

After treatment, whole-cell lysates were prepared as pre-
viously described [20]. Aliquots of cell lysate were loaded
on 4-12% gradient sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) gel, electrophore-
sed under reducing conditions, and transferred onto a
poly(vinylidene diftuoride) (PVDF) membrane. Blots were
probed with an antibody raised against MAPK, phospho-
MAPK (Erk1/2) (Thr®®%Tyr*®*), MEK, phospho-MEK
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(Ser?®!), STAT3, phospho-STAT3 (Tyr’®), AKT, phospho-
AKT (Ser473), Mcl-1, Bcl-xl, caspase-3, cyclin-dependent
kinase inhibitor p27*'P' (Cell Signaling Technology Inc,
Beverly, MA, USA), cyclin-dependent kinase cyclin D1
(Abcam, Cambridge, MA, USA), or pf-actin (Sigma-
Aldrich, St. Louis, MO, USA). Proteins were visualized on
HyperﬁlmTM using an ECL/western blotting system (GE
Healthcare, Piscataway, NJ, USA) according to the man-
ufacturer’s instructions. f-Actin was used as the internal
control. In some experiments, KKU-100 and KMCH-1
cells were treated with 5 or 10 umol/L sorafenib for 24 h.
In the last 10 min of the incubation period with the drug,
cells were stimulated with IL-6 (10 ng/ml). The cell
lysates were prepared in the same way as described above
and subjected to immunoblotting for STAT3, pSTAT3, and
Mcl-1.

Subcutaneous xenografted ICC tumor model

An s.c. xenografted model injected with KKU-100 cells was
prepared as previously described [20]. Sorafenib was
administered orally once daily for 21 days at doses of 10,
30, and 100 mg/kg body weight. Treatment was initiated
when tumor volumes reached median sizes of
140-180 mm® with 8 mice per group. Body weights and
tumor volume were measured twice weekly starting on
the first day of treatment. Tumor size was measured
using Vernier calipers and tumor volume was calculated
as 0.5 x longest diameter x width®. The percentage of
tumor inhibition was calculated according to the formula
[1 — (T/O)] x 100, where T and C represent the mean
tumor volumes of the treatment group and the control
group, respectively. In some experiments, animals with
tumors measuring 150-300 mm® in size were administered
sorafenib orally once daily for 5 days at doses of 30 and
100 mg/kg. Tumors were harvested 3 h after the last
treatment and either homogenized in lysis buffer for
immunoblot analysis or fixed in paraformaldehyde and
paraffin-embedded. Immunohistochemical staining of
tumors was done with a monoclonal Ab raised against
CD31 (Abcam). TUNEL staining for tumor tissue was
based on the protocol of the Dead End Colorimetric
TUNEL System (Promega). The tissue sections were
viewed at x 100 magnification and images were captured
with a digital camera. Four fields per section were analyzed,
excluding peripheral connective tissue and necrotic regions.
Microvessel density (MVD) in each field was defined as the
mean number of microvessels containing high levels of
CD31-stained microvessels. Percentage of apoptotic cells
was defined as TUNEL-positive cells among 1000 tumor
cells. Mean values of MVD and percentage of TUNEL-
positive cells in each group were calculated from three
tumor specimens.

@ Springer

Intraperitoneally disseminated ICC tumor model

An intraperitoneal (i.p.) dissemination model injected with
KKU-100-luc cells was prepared as previously described
[20]. Five days after tumor cell injection, establishment of
intraperitoneally disseminated ICC was confirmed by
injection of luciferin and imaging of photon emission. The
mice were randomized into 3 groups: vehicle control or
daily administration of sorafenib at 10 or 30 mg/kg with 8
mice per group. Mice were weighed twice weekly and
killed if they had lost more than 20% of body weight or
seemed moribund. The mice were treated for 46 days, and
photon counting was conducted one or two times a week.
Bioluminescence images were used to monitor the
dynamics of peritoneal tumor growth. Immediately before
imaging, 150 mg/kg of p-luciferin (Alameda, CA, USA)
was administered to mice by i.p. injection. After 15 min,
photons from whole bodies were counted using the IVIS
imaging system (Xenogen) in accordance with the manu-
facturer’s instructions. Total flux (photons/s) of emitted
light was used as a measure of the relative number of viable
tumor cells in the peritoneal tumor. Data were analyzed
using Living Image 3.0 software (Xenogen).

Statistical analysis

Values are given as mean + SD (standard deviation).
Statistical evaluations of data were analyzed using one-way
analysis of variance (ANOVA) followed by the Tukey—
Kramer test. The survival of animals in the peritoneal
dissemination model was analyzed using the Kaplan—Meier
method. Differences in the survival of animals in sub-
groups were analyzed by the log-rank test. A P value of
less than 0.05 was defined as statistically significant.

Results
Sorafenib inhibits proliferation of ICC cells

Treatment of ICC cells with sorafenib for 72 h resulted in
potent growth inhibition in a dose-dependent manner for all
of the 8 cell lines studied (Fig. 1). The ICsq of sorafenib
ranged from 3.8 to 10.3 pmol/L. KKU-100 was found to be
most sensitive and HuH-28 least sensitive to the drug. In
terms of the ICsq value, five of the 8 ICC cell lines studied
were comparable to PLC/PRF/S, a human HCC cell line
(ICs 7.0 £ 0.3 pmol/L).

Sorafenib induces apoptosis in ICC cells

Four ICC cell lines, KKU-100, KMCH-1, HuCCT-1, and
CCKS-1, were treated with sorafenib at concentrations of
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Fig. 1 In vitro growth inhibition of ICC cells cultured with sorafenib.
Eight ICC cell lines (5 x 10° cells) were cultured in DMEM or RPMI
1640 medium with various concentrations of sorafenib (0—10 pmol/L)
for 72 h at 37°C. Growth inhibition data are given as percentages of
the viability of cells cultured without the drug. The results are
presented as mean & SD of sextuplicate determinations. The assay
was repeated twice

5, 10, and 15 pmol/L for 24 and 48 h. In flow cytometry
analysis, the proportion of annexin V-positive and
Pl-negative cells was increased in a dose-dependent and
time-dependent manner for all of the 4 ICC cell lines
studied (Fig. 2a). Similar to the results of flow cytometry
analysis, in the TUNEL assay (Figs. 2b, ¢), the percentages
of TUNEL-positive cells in the 4 ICC cell lines were
1.9-3.8% without treatment and 4-8% with 5 pmol/L,
8-12% with 10 pmol/L, and 10-17% with 15 pmol/L
sorafenib treatment for 24 h.

Sorafenib induces no cell cycle arrest

Three ICC cell lines, KKU-100, KMCH-1, and HuCCT-1,
were treated with sorafenib at concentrations of 3, 10, and

15 pymol/LL for 24 h. The cell cycle analysis by flow
cytometry showed that the sorafenib treatment for 24 h did
not cause any significant changes in the cell cycle distri-
bution in these cells (Fig. 3). The cell cycle arrest, that is,
the increase in the G; phase and the decrease in the S
phase, was not observed in these cells (Fig. 3a). Supporting
this observation, the immunoblot analysis revealed that the
treatment did not induce any changes in the expression
levels of the cell cycle promoter cyclin D1 and the cell
cycle inhibitor p27%P! (Fig. 3b), both of which are
important for cell cycle regulation [21, 22].

Sorafenib inhibits the RAF/MEK/MAPK
signaling pathway in ICC cells

Following the observation that sorafenib inhibits the RAF/
MEK/MAPK signaling pathway in a number of tumors,
this inhibitory effect of the drug was investigated for 2
ICC cell lines, KKU-100 and KMCH-1. By treatment at
concentrations of 2.5-10 pmol/L, hyperphosphorylation of
MEK and MAPK was inhibited in these cells (Fig. 4a).
However, hyperphosphorylation of AKT, a signaling
molecule on the PI3 kinase pathway, was not inhibited
(Fig. 4a).

Sorafenib reduces STAT3 and Mcl-1 expression levels

In human cholangiocarcinoma cells, sorafenib was
recently shown to inhibit the JAK/STAT3 signaling axis
at the level of STAT3 phosphorylation, leading to down-
regulation of Mcl-1, an anti-apoptotic protein [23].
Therefore, this inhibitory effect of the drug was investi-
gated for KKU-100 and KMCH-1 cells. By treatment at
concentrations of 2.5-10 pmol/L, hyperphosphorylation of
STAT3 was inhibited in these cells (Fig. 4b). Expression
of the anti-apoptotic protein Mcl-1, but not that of Bcl-xL,
was potently down-regulated in the cells (Fig. 4b).
Moreover, cleavage of caspase-3, which is reportedly
found in apoptotic cells, was detected in cells treated at a
concentration of 10 pmol/L. These results are consistent
with the induction of apoptosis by sorafenib through a
down-regulation of Mcl-1, which may be independent of
the inhibitory effects on MEK/MAPK signaling. As
shown in Fig. 4c, in KKU-100 and KMCH-1 cells,
interleukin-6 (IL-6)-stimulated phosphorylation of STAT3
was inhibited by sorafenib at a concentration of 10 pmol/L.
Sorafenib also decreased Mcl-1 levels in the presence of IL-6
(Fig. 4c). Because the IL-6/STAT3 pathway is known to
control Mcl-1 transcription in human ICC [24], the inhibition
of IL-6-induced STAT?3 activation by sorafenib may be one
mechanism by which sorafenib exerts potent antitumor
activity against human ICC cells. '
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Fig. 2 Induction of apoptosis in ICC cells by sorafenib. a ICC cells
were treated with various concentrations of sorafenib (0-15 pmol/L)
for 24 and 48 h at 37°C. The apoptotic fraction identified as Annexin
V-positive and Pl-negative cells was determined by flow cytometric
analysis. b TUNEL staining was done for ICC cells (KKU-100,
KMCH-1, HuCCT-1, and CCKS-1 cells) treated with sorafenib
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for 24 h. Green nuclear staining indicates apoptotic cells. ¢ The
percentage of TUNEL-positive cells was quantified for each cell line.
Columns and error bars represent means of three independent
determinations and SD, respectively. Significant differences between
the DMSO controls and the treatment groups are indicated by
*P < 0.05or **P < 0.01. All assays were performed in quadruplicate
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Fig. 3 Effects of sorafenib on cell cycle distribution in ICC cells
(KKU-100, KMCH-1, and HuCCT-1). a ICC cells were treated with
various concentrations of sorafenib (0—15 pmol/L) for 24 h at 37°C.
After the treatment, the cell nuclei were isolated and stained with PIL.
The stained DNA was analyzed by flow cytometry, and then the DNA
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content was quantified. b Immunoblot analysis of cell cycle promoter
cyclin D1 and the cell cycle inhibitor p27%! in the cells. The cells
were treated with various concentrations of sorafenib (0-15 umol/L)
for 24 h
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Fig. 4 Effects of sorafenib on expression of cell signaling molecules
and apoptosis-related molecules in ICC cells (KKU-100 and
KMCH-1 cells). a Immunoblot analysis of cell signaling molecules,
MEK, MAPK, and Akt. The cells were treated with various
concentrations of sorafenib (0-10 umol/L) for 4 h. b Immunoblot
analysis of cell signaling molecule STAT3 and apoptosis-related
molecules, Mcl-1, Bcl-xL, and cleaved caspase-3, in the cells.

In vivo antitumor activity of sorafenib
against s.c. xenografted ICC tumors

Following the observation of potent antitumor activity in
vitro, the in vivo antitumor activity of sorafenib was
studied using s.c. tumor-bearing mice. As shown in Fig. 5a,
sorafenib inhibited growth of s.c. xenografted tumors at all
doses tested. Compared with the vehicle-treated group,
mice treated with 10, 30, and 100 mg/kg sorafenib showed
44,75, and 84% inhibition of tumor growth on day 16 after
the start of treatment, respectively (P < 0.001). No evi-
dence of toxicity, as determined by increased weight loss
relative to control animals or drug-related lethality, was
observed in any of the groups. As shown in Fig. 5b, in the
s.c. xenografted tumors of mice treated with sorafenib, the
expression levels of pMAPK and pSTAT3 and that of
Mcl-1 were decreased, whereas the level of cleaved cas-
pase-3 was increased. Moreover, MVD was significantly
decreased in tumor specimens from sorafenib-treated
groups compared with that in specimens from the vehicle-
treated group, as assessed by CD31 staining (Fig. 5¢).
Figure 5c also shows that sorafenib induced tumor cell
apoptosis as measured by TUNEL staining at both doses
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The cells were treated with various concentrations of sorafenib
(0-10 pumol/L) for 24 h. ¢ Immunoblot analysis of STAT3 and Mcl-1
in the cells with and without IL-6 stimulation in the sorafenib
treatment. The cells were treated with various concentrations of
sorafenib (0—10 pmol/L) for 24 h and then stimulated with IL-6 for
10 min. Each protein was normalized to f-actin

evaluated. The reduction in MVD and increase in TUNEL-
positive staining are quantified in graphs shown in Fig. 5d.
MVD was reduced from 28.8 counts/field in the vehicle-
treated group to 11.3 and 5 counts/field in the groups
treated with 30 and 100 mg/kg sorafenib, respectively.
TUNEL staining in the same samples was increased from
1.7% positive area in the vehicle-treated group to 8.7 and
11.6% positive areas in the groups treated with 30 and
100 mg/kg sorafenib, respectively.

In vivo antitumor activity of sorafenib against
peritoneally disseminated ICC tumors

To mimic the clinical aggressiveness of ICC, a peritoneally
disseminated tumor model was developed using immuno-
deficient mice that were inoculated with KKU-100-luc
cells into the peritoneal cavity. Five days after cell
implantation, establishment of peritoneally disseminated
ICC was confirmed using IVIS (Fig. 6a). After adminis-
tration of sorafenib, tumor volume in the intraperitoneal
cavity was assessed using the IVIS imaging system that
visualizes viable tumor cells as photon intensity (Fig. 6b).
The intensity of light-emitting signals is depicted according
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Fig. 5 In vivo antitumor activity of sorafenib against s.c. xenografted
tumors of ICC cells in mice. a Subcutaneous tumors were seeded in
immunodeficient mice using KKU-100 cells, as described in the
“Materials and methods”. Each group consisted of 8 animals. Tumor
volumes were measured two or three times a week, and tumor volume
(mm3) was calculated as 0.5 x longest diameter x width®. Tumor
volumes are presented as mean £ SD of 8 mice for each group. The
mice in vehicle-treated group had to be euthanized on day 16 due to
tumor burden. Significant differences between the treatment groups
and vehicle-treated group are indicated by *P < 0.01. A significant
reduction in tumor volume was observed in a dose-dependent manner
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in mice in the sorafenib groups 16 days after the start of treatment.
b Immunoblot analysis of MAPK, STAT3, Mcl-1, and cleaved
caspase-3 in the tumors. Each protein was normalized to f-actin.
Tumor samples from 3 representative animals from each group are
shown. ¢ CD31 staining and TUNEL staining in the tumors.
d Quantification of microvessel (assessed by CD31 staining) and
TUNEL-positive cells from immunohistochemical analysis of the
tumors. Columns and error bars represent means and SD of the values
of MVD and those of TUNEL-positive cells in each group,
respectively. Significant differences between the treatment groups
and vehicle-treated group are indicated by *P < 0.05 or **P < 0.01
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Fig. 6 In vivo antitumor a
activity of sorafenib against
peritoneally disseminated
tumors of ICC cells in mice.
Peritoneally disseminated
tumors were seeded in
immunodeficient mice using
KKU-100-1uc cells

(5 x 10° cells/mouse), as
described in the “Materials and
methods”. Each group consisted
of 8 animals. a Sequential in
vivo whole-body imaging of
tumor progression over time.
Bioluminescence images
facilitated real-time
visualization of tumor burden in
live animals. Panels depict three
representative mice from each
of the vehicle- and sorafenib-
treated (10 and 30 mg/kg body
weight) groups. Images were
captured every other day after
the treatment started. b Time
course of changes in
quantification of tumor
bioluminescence. Points
represent the mean area of
bioluminescence for live intact
animals in each treatment group
(n = 8 mice); error bars, SD.
Significant differences between
the treatment groups and

o

Color Bar
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vehicle-treated group are

indicated by *P < 0.01.

¢ Relationship between survival
outcome and sorafenib
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curves. The median survival

period in the vehicle group was
43 days, and the mean survival
periods in the groups treated
with sorafenib at doses of 10

and 30 mg/kg body weight were

55 and 76 days, respectively.

The difference was statistically

significant (P < 0.005)
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to the color bar in Fig. 6a. The blue area indicates small
amounts of tumor, whereas the red area indicates large
amounts of tumor. In stark contrast to the vehicle group
where the intensity and area of light emission increased
over time, those of the 10 and 30 mg/kg sorafenib-treated
groups decreased over time. On day 31 after the start of
treatment, the average photon intensity (total flux) was

120

significantly decreased in the treated groups compared with
that in the vehicle-treated group (P < 0.001). In addition,
as shown in Fig. 6¢, the median survival periods in the
treated groups at doses of 10 and 30 mg/kg were 55 and
76 days, respectively, which were significantly longer than
the survival period of 43 days in the vehicle-treated group
(P < 0.005).
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Discussion

Therapeutic options for ICC are unsatisfactory, and the
survival outcome is therefore poor. Effective therapeutic
approaches against this aggressive disease are urgently
needed. Sorafenib was recently approved for treatment of
advanced HCC on the basis of positive results of a large
phase III randomized clinical trial [10]. Following the
positive results for treatment of HCC, the efficacy of this
drug against human ICC, a more aggressive disease, was
evaluated in preclinical models in this study.

We demonstrated in the human ICC cell lines that
sorafenib blocks phosphorylation of MEK/MAPK, and
IL-6-stimulated phosphorylation of STAT3, causes down-
regulation of Mcl-1, inhibits tumor cell proliferation, and
induces apoptosis in vitro. However, in stark contrast to the
result of a recent study [12], sorafenib-induced cell cycle
arrest (i.e., arrest in the G phase) was not seen in any of
the human ICC cell lines that we utilized in this study, in
which induction of expression of the cell cycle inhibitor
p27%"P! and suppression of the cell cycle promoter cyclin
D1 were not observed. Consistent with the observation in
this study, a previous study [12, 25] reported that sorafe-
nib-induced cell cycle arrest was not seen in PLC/PRF/5, a
human HCC cell line, and EGI-1, a human ICC cell line.
Nevertheless, sorafenib exhibited robust in vivo antitumor
efficacy, including partial tumor regressions in both an s.c.
xenografted tumor model and a peritoneally disseminated
tumor model. Moreover, in animals treated with sorafenib,
a significant reduction in MVD (tumor angiogenesis)
measured by CD31 staining was observed in s.c. xeno-
grafted tumors. Collectively, these results provide evidence
that sorafenib may be an attractive agent for treatment of
ICC by simultaneously inhibiting both tumor angiogenesis
(VEGF and PDGF signaling) and tumor cell survival (RAF
kinase signaling-dependent and STAT3 signaling-depen-
dent mechanisms) rather than by inducing tumor cell cycle
arrest.

In ICC, inflammation-associated carcinogenesis is, in
part, mediated by dysregulated cytokine signaling path-
ways [26], which potentially can be therapeutically tar-
geted for treatment of this cancer. Members of the STAT
family are key signal transducers in cytokine and growth
factor signaling. STAT?3 has been shown to be an essential
signaling molecule in cholangiocarcinogenesis through its
transcriptional activity on genes regulating apoptosis,
proliferation, differentiation, and angiogenesis [27, 23].
One of the main activators of STAT3 in ICC cells is IL-6
via JAK [29]. IL-6 is a cytokine secreted by inflammatory
cells (i.e., macrophages) but also by ICC cells, where it
activates STAT3 by autocrine and paracrine mechanisms
[24, 30-32]. Activation of STAT3 transcriptionally targets
Mcl-1, an anti-apoptotic Bcl-2 family protein [24]. The
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results of this study support results recently reported by
Blechacz et al. [23] showing that sorafenib inhibits the
JAK/STATS3 signaling axis at the level of STAT3 phos-
phorylation, resulting in down-regulation of Mcl-1, thereby
sensitizing human ICC cells to apoptosis.

Sorafenib exhibited significant antitumor activity
against ICC tumors in the peritoneal metastasis model. In
the clinical course of ICC, peritoneal dissemination is a
very unfavorable development that frequently occurs in
patients with advanced ICC. Since systemic chemotherapy
using anticancer drugs has shown few significant benefits
for patients with advanced ICC (e.g., peritoneally dissem-
inated ICC) [33, 34], administration of sorafenib may be a
useful option.

In summary, this study showed that sorafenib induces
inhibition of the RAF/MEK/MAPK signaling pathway,
reduction of STAT3 phosphorylation, and down-regulation
of Mcl-1 protein level, all of which may contribute to the
pro-apoptotic effects of the drug and also to the pronounced
antivascular effects in in vitro and in vivo models using
human ICC cells. A recent preclinical study provided a
rationale for sorafenib’s suitability for combination therapy
with chemotherapeutic agents [12]. The results of this study
may provide a rationale for a monotherapeutic approach
against ICC by sorafenib or for the use of sorafenib in
combination with other chemotherapeutic agents, and the
results indicate the need for a phase II or I clinical trial.
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Abstract Edwardsiella tarda, a catalase-positive bacillus
widely distributed throughout nature, is generally suscep-
tible to trimethoprim/sulfamethoxazole. We describe oste-
omyelitis due to trimethoprim/sulfamethoxazole-resistant
E. tarda in a patient with chronic granulomatous disease
(CGD). Once E. tarda acquires antibiotic resistance,
infected CGD patients may develop severe infections with
unforeseeable consequences.

Keywords Chronic granulomatous disease -
Immunodeficiency - Edwardsiella tarda - Osteomyelitis -
Trimethoprim/sulfamethoxazole-resistant

Background
Edwardsiella tarda, which is a gram-negative, catalase-

positive bacillus widely distributed throughout nature, has
been reported to be a rare pathogen causing gastroenteritis.
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It also causes severe infections, such as liver abscess,
meningitis, cholangitis, and vertebral osteomyelitis [1-4].
Chronic granulomatous disease (CGD) is a rare inherited
disorder resulting from the inability of phagocytes to pro-
duce bactericidal superoxide anions. CGD patients are
highly susceptible to catalase-positive infections, including
fungal infections, as well as the development of granulo-
mas in the lungs, liver, kidneys, central nervous system,
and bone. Of 203 infections in 23 patients with CGD fol-
lowed at our center over a 21-year period, the frequency of
osteomyelitis was 7%, of lung infections 34%, and of
lymphadenitis 15% [5]. Aspergillus spp., Serratia spp., and
Staphylococcus aureus were reported as pathogens causing
osteomyelitis in patients with CGD [6, 7]. This is the first
case report of osteomyelitis caused by trimethoprim/sul-
famethoxazole-resistant E. tarda infection in a patient with
X-linked chronic granulomatous disease (X-CGD).

Case

A 17-year-old boy was diagnosed with X-CGD at the age
of 6 months; diagnosis was based on functional analysis
showing a failure of phagocytes to produce oxidases.
Prophylactic treatment with trimethoprim/sulfamethox-
azole has been administrated with interferon gamma ther-
apy after the diagnosis of CGD at the age of 6 months. He
has past medical history of liver abscess caused by
S. aureus, recurrent cervical adenitis, and enteritis, but has
not suffered from E. tarda previously. The patient’s
younger brother was also diagnosed with X-CGD, mani-
festing similar clinical features of recurrent infections.
After informed consent was provided, genetic analysis of
the patient and his brother identified a mutant version of
¢.1381delG in the CYBB gene, corresponding to X-CGD.
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Upon admission to our center, the patient had a 2-month
history of aching pain in his right lower leg, and had
developed severe pain with high fever. He had not been
treated with antibiotic therapy except for chronic admin-
istration of trimethoprim/sulfamethoxazole. Physical
examination was unremarkable except for a swollen right
lower leg. Hematological assessment revealed leukocytes
count 13,800/ul, erythrocyte sedimentation rate 107 mm/h,
and C-reactive protein 16.2 mg/dl. Serum (1 — 3)-beta-
glucan was slightly elevated to 6.4 pg/ml; however, cir-
culating galactomannan antigen by the Platelia Aspergillus
EIA test kit (Bio-Rad Laboratories, Hercules, CA, USA)
was less than 0.1 U/ml. Fat-suppressed, gadolinium-
enhanced T1-weighted magnetic resonance imaging dem-
onstrated a heterogeneous high-intensity area in the right
tibia and significant high signal intensity in the surrounding
soft tissue (Fig. 1). Osteomyelitis was diagnosed and
treatment was commenced using intravenous meropenem
1 g every 8 h and micafungin 200 mg every 24 h, which
targeted both catalase-positive bacteria and fungi that fre-
quently cause osteomyelitis in patients with CGD. Con-
cerned about the worsening of his condition before bone
marrow biopsy, we started the treatment immediately after
blood culture, urine culture, and hematological assessment
including serum (1 — 3)-beta-glucan had been done.

His inflammatory markers gradually reduced until day 6,
whereas he continued to have pain in his right lower leg.
Because his inflammatory markers elevated again during

Fig. 1 Fat-suppressed, gadolinium-enhanced T1-weighted magnetic
resonance imaging of the lower leg on admission. Heterogeneous
high-intensity area was observed in the right tibia and the surrounding
soft tissue

treatment, an operative procedure employing intramedullary
reaming and unroofing was performed on day 7 after the
initiation of treatment. Although no microorganisms were
isolated from the blood and urine cultures at admission,
drainage from the right tibia grew E. tarda that, by antimi-
crobial susceptibility testing, was sensitive to almost
all cephem and penicillin -antibiotics, and resistant to
trimethoprim/sulfamethoxazole. The minimal inhibitory
concentration (MIC) of E. tarda for trimethoprim/sulfa-
methoxazole was 152 pg/ml, measured by the BD Phoenix
Automated Microbiology System (Becton Dickinson,
Sparks, MD, USA) using NMIC/ID30 panels (Becton
Dickinson, Sparks, MD, USA) according to the manufac-
turer’s instructions. E. tarda was not isolated from stool
culture at day 10 after the initiation of treatment. Based on
the antimicrobial susceptibility testing, treatment with me-
ropenem and micafungin was replaced with intravenous
cefazolin 1 g every 8 h at day 14 after the initiation of
treatment. Despite a detailed medical history from our
patient, including his family history, possible contacts such
as lizards, reptiles, or fish, and past history of injury, we were
unable to identify the source of infection. After the surgical
procedure, parameters of inflammatory response as well as
pain in the right tibia improved by week 10 after treatments
with the appropriate antibiotics. He was discharged after a
total of 10 weeks of intravenous antibiotic therapy.

Discussion

Of 185,608 isolates identified at our center over the last
7 years, E. tarda has only been isolated from five clinical
specimens, including four isolates from stool cultures and
an isolate from a vaginal discharge, despite the fact that
E. tarda is an ubiquitous organism with a broad host range.
This suggests that the incidence of severe E. tarda infec-
tion in humans is very low. As shown in the present report,
trimethoprim/sulfamethoxazole-resistant pathogens may be
selected in patients with CGD, because of the routine
prophylaxis with this drug. Interestingly, the patient’s
brother with X-CGD, who lived with the patient, did not
show any clinical manifestations of E. tarda infection. The
brother had not been treated with antibiotic therapy except
for chronic administration of trimethoprim/sulfamethox-
azole; however, E. tarda was not isolated from his stool
culture at 4 months after the patient’s osteomyelitis, sug-
gesting that the infection did not spread and occurred
within the very limited area.
Trimethoprim/sulfamethoxazole therapy is known to be
effective for preventing for severe infections in a patient
with CGD [8], and is a broad-spectrum antimicrobial with
activity against Staphylococcus spp. and gram-negative
bacteria, including Serratia marcescens and Burkholderia
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spp. In general, E. tarda is susceptible to trimethoprim/
sulfamethoxazole, and an E. rarda isolate previously
identified at our center was also sensitive to it (data not
shown). Patients with CGD are given trimethoprim/sulfa-
methoxazole prophylactically, indicating that there have
been no cases of severe E. tarda infections reported in
CGD patients. However, once E. tarda has acquired
resistance, it could cause severe infections in patients with
CGD, even in the absence of additional predisposing fac-
tors. Previously, trimethoprim/sulfamethoxazole was
known to be a drug to which microorganisms hardly
developed resistance. However, the improper use of mul-
tiple antibiotics has made them resistant to trimethoprim/
sulfamethoxazole and resulted in treatment failure [9].
Others reported that 30% of Escherichia coli (E. coli)
isolates from patients with urinary tract infections were
resistant to trimethoprim/sulfamethoxazole [10]. Non-typhi
Salmonella, including Salmonella typhimurium and Sal-
monella enteritidis, have commonly become resistant to
trimethoprim/sulfamethoxazole in southern Africa [11].
A mechanism of resistance to trimethoprim/sulfamethox-
azole has not been clarified yet in E. tarda, whereas efflux
pumps have been considered as a central role of intrinsic
resistance to trimethoprim/sulfamethoxazole in Burk-
holderia cepacia that is commonly observed in patients
with CGD [12]. So far, there has been no report but for our
case that E. tarda with resistance to trimethoprim/sulfa-
methoxazole caused severe infection in a patient with
CGD. Since a recent study reported that the rate of anti-
microbial resistance has been increasing substantially [10,
11], it is important to keep in mind the prevalence of tri-
methoprim/sulfamethoxazole-resistant bacilli to maintain
appropriate prophylaxis for CGD patients.
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