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Figure 1 Antibody responses to recombinant NY-ESO-1 protein as determined by ELISA. Sera from 13 patients in Cohort 1 (100-ug dose)
and 12 patients in Cohort 2 (200-pg dose) were collected at each vaccination, and serially diluted by 400, 1,600, 6,400, 25,600 and 102,400.
Reciprocal titers were determined based on the maximally diluted sera, which showed a higher OD (optical density of 450-500) value than the
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The disease progression-free survival time was 11 weeks
on average, with a median of 6 weeks and range of 4 to
52 weeks. In Cohort 1 (n = 13), patients who were vacci-
nated with 100 pg of CHP-NY-ESO-1 survived without
disease progression for 11 weeks on average, with a me-
dian of 6 weeks and range of 4 to 52 weeks. In Cohort 2
(n = 12) in which patients received the 200-ug dose,
the patients were progression-free for 10 weeks on average,
with a median of 8.5 weeks and range of 6 to 18 weeks
(Table 4). There was no difference between the two cohorts
(p = 0.748, Figure 2-A).

The overall survival time was 33 weeks on average,
with a median of 31 weeks and range of 4 to 72 weeks.
In Cohort 1 (n = 13), the patients survived for 25 weeks
on average, with a median of 23 weeks and range of 4 to
60 weeks. In Cohort 2 (n = 12), they survived for 41 weeks
on average, with a median of 41 weeks and range of 8 to
72 weeks (Table 4). The patients vaccinated with 200 pg of
CHP-NY-ESO-1 had statistically longer survival than those
who received the 100-ug dose (p = 0.050, Figure 2-B). Each
cohort included three patients who were vaccinated three
times or less because of early disease progression, and
were withdrawn from this study, respectively. Having
excluded those 6 patients, the patients vaccinated with
200 pg-vaccine still had longer survival than those with
100 pg-vaccinations (data not shown).

When the survival of patients who had responded
to previous therapies (n = 12) was compared to non-
responders (n = 13), the responders lived longer than the
non-responders after vaccination (p = 0.005, Figure 2-C).
The patients who never responded to previous therap-
ies and received the 200-pg dose (n = 6) significantly
lived longer than those who received the 100-ug dose
(n =7) (p = 0.029, Figure 2-D).

When the survival of patients who had tumors with a
maximal diameter of 30 mm or less, including non-
measurable lesions (n = 13) was compared with those with
diameters more than 30 mm (n = 12), the patients with
higher tumor burdens had shorter life spans (p = 0.021,
Figure 2-E). Among patients with higher tumor burdens,
patients who were vaccinated with the 200-pg dose (n = 4)
lived longer than those who received the 100-pug dose
(n = 8), (p = 0.037, Figure 2-F).

Using Cox proportional hazards models, the vaccine dose
and the responsiveness to previous therapy were independ-
ent factors that influenced the overall survival, which showed
p = 0.011 with HR 3.595 (95%CI 1.335-9.678) and p = 0.002
with HR 0.194 (95%CI 0.068-0.553), respectively. Also, the
vaccine dose and the tumors sizes including non-measurable
disease independently affected the overall survival, showing
p = 0.040 with HR 2.630 (95%CI 1.045-6.614) and p = 0.020
with HR 0.322 (95%CI 0.124-0.833), respectively.
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Table 4 Baseline clinical profiles and responses after CHP-NY-ESO-1 vaccinations

100 pg

200 ug

pt No. Response to *sum of tumor  Tumor  Time-to-progression Survival pt No. Response to *sum of tumor  Tumor  Time-to-progression Survival
previous therapies  diameters (mm) response (weeks) (weeks) previous therapies  diameters (mm) response (weeks) {(weeks)
(duration time, weeks) (BOR) (duration time, weeks) (BOR)
100-01 PR (4) NA PD 6 31 200-01 PR (29) 24 SD 17 70
100-02 SD 53 NE 4 6 200-02 NE 25 So 18 33
100-03 NE 144 NE 4 6 200-03 PR (32) 55 PD 6 37
100-04 PD 182 PD 5 17 200-04 PR (30) NA PD 6 50
100-05 CR (38) 101 NE 4 4 200-05 PR (32) NA PD 6 72
100-06 SD 69 PD 6 31 200-06 NE 32 SD 18 54
100-07 CR(15) 78 PD 6 29 200-07 NE 205 NE 6 8
100-08 NE 39 SD 18 23 200-08 PR(12) 16 SD 11 33
100-09 SD 18 PD 6 8 200-09 CR (96) 88 PD 6 45
100-10 CR (24) NA o 11 60 200-10 sD NA SD 12 48
100-11 SD 31 SD 12 20 200-11 SD NA NE 6 12
100-12 PR (9 NA NE 16 28 200-12 SD NA SD 12 33
100-13 PR (16) NA NE 52 59

*target lesions determined based on RECIST criteria.
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Figure 2 Kaplan-Meier survival curves of patients who were alive after the CHP-NY-ESO-1 vaccinations. A: Progression-free survival (PFS)
of patients assigned to Cohort 1 (100-ug dose, n = 13) or Cohort 2 (200-ug dose, n = 12). The probability of PFS of the patients who received
200 pg of the vaccine and those who received the 100-ug dose were similar (log-rank test, p = 0.748). B: Overall survival (OS) of patients assigned
to Cohort 1 or Cohort 2. The patients who received 200 pg of the vaccine survived longer than those who received the 100-ug dose. (log-rank
test, p = 0.050). C: OS of patients vaccinated with either 100 pg or 200 pg of CHP-NY-ESO-1 compared between patients who responded to
previous therapies and those who never responded. The patients who responded to previous therapies and were vaccinated with CHP-NY-ESO-1
survived longer than non-responders. (log-rank test, p = 0.0050). D: OS of patients vaccinated with 100 pg or 200 pg of CHP-NY-ESO-1 who never
responded to previous therapies. The patients who received 200 pg of the vaccine survived longer than those who received the 100-ug dose
(log-rank test, p = 0.029). E: OS of patients vaccinated with 100 pg or 200 pg of CHP-NY-ESO-1 compared with either baseline tumor burdens

of >30 mm (sum of the tumor diameters) or 30 mm or less including non-measurable lesions. The patients with a tumor burden higher than

30 mm had reduced survival compared to those with smaller burdens (log-rank test, p = 0.021). F: OS of patients who received 100 ug or 200 pg
of CHP-NY-ESO-1 who had baseline tumor burdens greater than 30 mm. The patients who received 200 ug of the vaccine survived longer than

J

This study was a phase 1 dose-escalating clinical trial
that examined two doses of the CHP-NY-ESO-1 vaccine
in esophageal cancer patients. The primary goals were
to evaluate the vaccine safety and immune responses
to the NY-ESO-1 antigen, and we further explored the
clinical effects on esophageal cancer patients with a
poor prognosis.

CHP consists of a hydrophobic polysaccharide pullulan
containing chemically introduced cholesterol groups, which
spontaneously aggregate to form nano-sized particles
that can contain antigen proteins. Using this system as
a vaccine, tumor antigen proteins delivered to antigen-
presenting cells can stimulate both antigen-specific
CD4+ T cells and CD8+ T cells. In a pre-clinical study,
dendritic cells pulsed with the CHP-NY-ESO-1 com-
plex could induce both NY-ESO-1-specific CD4+ and
CD8+ T cells [4]. Previous clinical studies using CHP-
HER2 and CHP-NY-ESO-1 vaccines have shown that

these vaccines can induce antigen-specific CD4" and
CD8" T cell immunity in cancer patients [5-7].

In the current study, we found that CHP-NY-ESO-1
was clinically safe and that the immune responses to the
NY-ESO-1 antigen, which were evaluated based on IgG
antibody titers, showed a dose-dependent effect between
the 100-pg dose and 200-pug. Furthermore, the survival
rates of patients who were vaccinated with the 200-pg
dose were superior to those who received the 100-ug
dose. The patients had recurrent or metastatic esopha-
geal tumors that exhibited clinical resistance to chemothe-
rapy or radiotherapy. The first 13 patients were enrolled
to Cohort 1, and the next 12 patients were included in
Cohort 2. As the clinical backgrounds of the two cohorts
were similar, it was reasonable to make a comparative
consideration.

As the previous NY-ESO-1 protein vaccine trials have
demonstrated, the toxicity of the CHP-vaccine was very
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mild. Grade 3 swallowing disturbances were seen, which
were likely related to the progression of esophageal cancer.
The other grade 3 events included diarrhea, which was not
related to the vaccine. The only related events were grade 1
skin reactions at the injection sites.

Previous vaccine trials have used recombinant full-length
NY-ESO-1 protein with various adjuvants. Melanoma
patients were divided into three cohorts that were vacci-
nated with 10 pg, 30 pg or 100 pg of the NY-ESO-1 protein
in combination with the saponin adjuvant ISCOMATRIX
[10]. The 100-pg dose of NY-ESO-1 induced more immune
responses than the other two doses. The responses were
evaluated based on IgG antibody titers and delayed-type
hypersensitivity (DTH) of skin reactions. In the CHP sys-
tem, a single 100-ug dose of CHP-NY-ESO-1 was exam-
ined with or without the adjuvant OK-432 [6,7,16]. These
reports suggested that the 100-pg dose of CHP-NY-ESO-1
is sufficient to induce immune responses. The current trial
was designed to determine whether the NY-ESO-1 protein
vaccine has potential dose-dependent effects on immuno-
genicity in patients with homogeneous backgrounds. By
assessing humoral immune responses in the cohorts that
received 100 pg and 200 pg of the vaccine, the responses
appeared in the early phases. We initially intended to
analyze antibodies using samples from patients who were
vaccinated for at least 4 cycles, as we thought it could take
at least 4 cycles to detect immune responses. In the overall
data acquisition, samples from all 25 patients were ana-
lyzed, which included sera from at least two vaccinations.
In conclusion, we found that the 200-ug dose was more
efficient than the 100-pg dose.

The other reports included vaccine studies using recom-
binant NY-ESO-1 protein in combination with Imiquimod
and CpG [17,18]. In these studies, the NY-ESO-1 protein
was given at doses of 100 pg, and 100 pg or 400 ug,
respectively. Based on the patients’ sera, the 400-pg dose
might have induced more antibody responses than the
100-pg dose, but this was not statistically analyzed. Com-
bined with these reports, the NY-ESO-1 protein might be
immunogenic at increasing doses of 10 pg, 30 pg, 100 pg
and 200 pg. Since dose-limited toxicity (DLT) was not ob-
served at the higher dose of 200 pg in this study, additional
dose increments might be acceptable to determine whether
higher doses can induce stronger immune responses.

In this study, we explored a long-term clinical outcome
of the NY-ESO-1 protein vaccine. This study was not
initially designed to detect a statistical significance of
the clinical effect between the 2 cohorts. Instead, we
made a comparison to find out if there might include
a positive signal for further clinical trials of this vac-
cine. The NY-ESO-1 protein vaccine with the adjuvant
ISCOMATRIX suggested that melanoma patients who
were vaccinated after standard therapy tended to have
fewer relapses [10], which were not statistically analyzed.
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The other studies reported that vaccinations with NY-ESO-
1-expressing poxvirus vectors and NY-ESO-1 overlapping
peptides both prolonged progression-free survivals in ovar-
fan cancer patients who did not have measurable disease
after standard therapy [19,20]. In this study, most of the pa-
tients developed disease-progression in 6 months, and there
was no difference between the patients vaccinated with
100 pg and 200 pg of the CHP-NY-ESO-1, as the previous
studies demonstrated that disease-progression occurs in the
early phase of vaccinations [12,21].

In contrast, we found that dose-dependent effects of
the CHP-NY-ESO-1 vaccine on overall survival of patients
with advanced/metastatic esophageal cancer. Analyzing
other clinical categories, both the baseline tumor sizes and
the tumor responsiveness to previous therapies were signifi-
cant factors influencing the overall survival. Using Cox pro-
portional hazards models, it was indicated that the tumor
sizes and the vaccine doses independently influenced the
survival. In the same way, the responsiveness to previous
therapies and the vaccine doses independently affected the
survival. Therefore, it is suggested that the higher dose of
CHP-NY-ESO-1 vaccine played a role in prolongation of
the overall survival in the esophageal cancer patients.

In addition, the higher-dose of the vaccine provided sig-
nificant survival benefit in patients who never responded to
the previous therapies or had larger tumor burdens than the
lower dose vaccinations. It is difficult to discuss why the pa-
tients with a poorer prognosis were more benefited from
the 200-ug dose of the vaccine than 100-pg. It might be
speculated that the dose-dependency clinical benefits were
more often observable in patients with a poorer prognosis,
because they might have needed more immune responses in
order to survive longer by preventing disease deterioration.

In the previous CHP-NY-ESO-1 vaccine study, which was
a phase 1 study that enrolled various types of NY-ESO-1-
expressing cancer patients, tumor regression was observed
in two out of four esophageal cancer patients [6]. However,
tumor shrinkage is rarely observed in cancer vaccine the-
rapies, although some disease stabilization is seen. This
study shows that clinical benefits, such as long-term survival,
can be detected if a clinical trial is designed in a comparative
way. The results were not compared to unvaccinated con-
trols, and it is not possible to directly determine the effects
of the vaccine, but is possible to reasonably interpret the
effects of immune response on the clinical outcomes.

Conclusions

The safety and immunogenicity of the CHP-NY-ESO-1
vaccine were confirmed in the patients with antigen-
expressing esophageal cancer. The 200-pg dose efficiently
induced antigen-specific immune responses and suggested
better survival benefits, even for patients with a poorer
prognosis. In future clinical trials, 200 pg will be the
recommended dose.
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The gastrointestinal stromal tumor (GIST) is the most com-
mon mesenchymal tumor of the digestive tract, and is char-
acterized by expression of the KIT (CD117) and/or DOG1
proteins. Most GISTs have oncogenic KIT or PDFGRA muta-
tions, which is a key factor in sporadic GIST pathogenesis
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and proliferation.'™ This knowledge has facilitated the devel-
opment of targeted therapies with tyrosine kinase inhibitors
and led to the revolutionary treatment with imatinib mesylate
(Glivecd®; Novartis Pharmaceuticals). Recent clinical trials
with advanced/unresectable GIST have shown that imatinib
produces objective responses in ~50% of patients, and dis-
ease stabilization (stable disease) in another 30-40%. The
corresponding 2-year overall survival rates range from 70 to
80%, indicating markedly improved patient outcomes com-
pared with anecdotal data from cytotoxic chemotherapy in
the preimatinib era.*-

Despite imatinib’s effectiveness, there remain several prob-
lems. First, GIST patients cannot stop taking the drug even if
complete response is obtained, because discontinuation inevi-
tably leads to reprogression and disease relapse.”® Second,
imatinib activity is limited by primary resistance to the drug
in ~15% of patients, and secondary resistance eventually
develops in more than 80% of patients.>® Secondary resist-
ance mainly occurs due to additional kinase domain muta-
tions, which are thought to develop in viable tumor cells
(persistent cells) during imatinib therapy. It is not yet known
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what mechanisms keep these persistent cells alive after shut-
down of KIT signaling by imatinib.

Phosphorylation of protein kinases in signaling pathways
is a key event in tumor cell survival and proliferation. Differ-
ential phosphoprotein analysis may provide clues to alterna-
tively activated pathways and/or substituted kinases that may
be activated after inhibition of main pathways, such as KIT.'
Recent advances in mass spectrometry-based phosphoproteo-
mics enable extensive profiling of serine-threonine kinases,
while tyrosine kinase analysis has remained challenging in
terms of quantity and quality. However, a recent method
coupling peptide-level antiphosphotyrosine immunoaffinity
purification with liquid chromatography (LC)-tandem mass
spectrometry (MS/MS) has provided reasonable profiling for
tyrosine phosphorylation.*

In the present study, we quantitatively measured the phos-
phoproteomic alterations induced by imatinib in a GIST-T1
cell line. We also examined the roles of some tyrosine kinases
that were activated in persistent tumor cells after imatinib
exposure.

Material and Methods

Cell lines

We previously established the human GIST cell line GIST-
T1, which has a 57-nucleotide (V570-Y578) in-frame deletion
in KIT exon 11.'2 The cell line identity was confirmed by
DNA fingerprinting through short tandem repeat profiling,
as previously described.'”®> GIST-T1-R was established from
GIST-T1 as an imatinib-resistant clone that arose from con-
tinuous culturing in 5 pM imatinib. The GIST-T1-R cells
GIST-T1-R2 and GIST-T1-R8 each exhibit imatinib ICs, val-
ues of ~30 pM, which is ~1000 times that of the GIST-T1
parent.

Reagents and antibodies

Imatinib and TAG372—selective tyrosine kinase inhibitors
for KIT and focal adhesion kinase (FAK), respectively—were
synthesized and provided by Novartis Pharmaceuticals (Basel,
Switzerland). The following primary antibodies were used:
anti-phospho-Src  Family (Tyr416) (1:1000), anti-phospho-
ERK and anti-ERK from Cell Signaling Technology (Danvers,
MA); anti-GAPDH from Santa Cruz Biotechnology (Santa
Cruz, CA); anti-phospho-FAK (Tyr397) from Biosource
(Camarillo, CA); anti-FAK from BD Transduction

Laboratories (San Jose, CA) and anti-phosphotyrosine (clone
4G10) from Upstate Biotechnology (Lake Placid, NY).
Detailed immunoprecipitation information is provided in the
Supporting Information Materials and Methods section.

Peptide synthesis

A tyrosine-phosphorylated peptide (NVPLyK) derived from a
trypsinized peptide sequence of yeast alpha-enolase was syn-
thesized at Sigma Aldrich (Milwaukee, WI) using standard
solid-phase peptide synthesis techniques and Fmoc chemistry.

Phosphopeptide immunoprecipitation

GIST-T1 cells were treated with 400 nM of imatinib for 0, 1,
6 and 24 hr. Tyrosine-phosphorylated peptides were purified
using Cell Signaling PhosphoScan pTyrl00 Kits (Beverly,
MA) following the manufacturer’s instructions with minor
modification. Detailed information is provided in the Sup-
porting Information Materials and Methods section.

iTRAQ labeling

After immunoprecipitation, peptides were dissolved in 9.8 M
Urea (5 pL) and 1 M TEAB (20 pL). Following the manufac-
turer’s protocol (Applied Biosystems, Foster City, CA), the
samples were labeled with the isobaric tags for relative and
absolute quantitation (iTRAQ) reagents as follows: GIST-T1
with reagent 114 (0 hr), GIST-T1 with reagent 115 (1 hr),
GIST-T1 with reagent 116 (6 hr) and GIST-T1 with reagent
117 (24 hr). The labeled peptide samples were then pooled
and desalted with Sep-Pak Light C18 Cartridges, and the
peptides were dried in a SpeedVac. The labeled peptide mix-
tures were purified and fractionated into 14 fractions
using strong cation exchange fractionation, as previously
described." ‘

Quantitative mass spectrometric analysis

Nano LC-MS/MS analysis and iTRAQ data analysis were per-
formed as described in the Supporting Information Materials
and Methods section.

Small interfering RNA transfection

Commercial FAK small interfering RNA (siRNA) and non-
specific siRNA were obtained from QIAGEN. Cells were
transfected with siRNA using Lipofectamine 2000 reagent
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(Invitrogen) following the manufacturer’s instructions. Selec-
tive silencing of FAK was confirmed by western blot analysis.

Generation of FYN knockdown cells

To generate stable FYN knockdown cell lines, GIST-T1 cells
were transfected with a commercial plasmid containing an anti-
FYN short hairpin RNA (shRNA Fyn, plasmid KHO00147N;
SABiosciences [Qiagen], Frederick, MD) using Lipofectamine
2000 (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions. The correctly transfected and expressing
cells were selected with 600 pg/mL G418 (Invitrogen). Stable
clones were maintained in 250 pg/mL G418. Three stable
GIST-T1-FYN shRNA cell lines were established, designated
B1, B2 and B3 cells. We also established a control cell line of
GIST-T1 stably transfected with the empty vector, which we
designated GIST-T1-C.

Measurement of ICs, after imatinib treatment

Cells were seeded in 96-well plates at 2000 cells/well (Costar;
Corning, Corning, NY) for 24 hr and then exposed to various
concentrations (0-40 uM) of imatinib for 72 hr. Cell prolifera-
tion was evaluated with the WST-8 [2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
" monosodium salt] assay (Cell Counting Kit-SF; Nacalai
Tesque) at the indicated post-treatment times. A microplate
reader Model 680 (Bio-Rad Laboratories, Hercules, CA) was
used to measure WST-8 absorption at a wavelength of 450 nm
with a reference wavelength of 630 nm. Growth rate was
expressed as the percentage of absorbance for treated cells vs.
control cells. Experiments were performed in triplicate in two
independent experiments, and the presented values are the
averages of all six wells.

Apoptosis assay

GIST-T1 cells were seeded in 6-well plates at a density of
3 X 10° cells per well and treated with imatinib and/or
TAG372 for 2 days. The cells were then washed with PBS,
and caspase-3 activity was detected using the caspase-3 fluo-
rometric assay kit (R&D systems, Minneapolis, MN) follow-
ing the manufacturer’s instructions. The presented values are
the means of three independent experiments.

Statistical analysis

Statistical analyses were performed using the Mann-Whitney
U-test or one-way analysis of variance (ANOVA), followed
by Scheffe’s test. One-way ANOVA followed by Dunnett’s
test was used for multiple comparisons.

Results

Quantitative phosphotyrosine proteomic analysis identifies
upregulation of FYN and FAK in imatinib-exposed GIST-T1
cells ;

GIST-T1 cells that possessed the activating mutation in exon
11 of KIT are sensitive to imatinib, with a K; value for imati-
nib of 20 nM. Time-dependent decreases in the tyrosine
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phosphorylation of KIT were observed when GIST-T1 cells
were treated with 400 nM imatinib for 0, 1, 6 and 24 hr
(Fig. 1a). These time-points were used for subsequent MS
analysis, with 0 hr used as a control.

By utilizing immunoaffinity enrichment of phosphotyro-
sine peptides with quantitative phosphoproteomic analysis
using iTRAQ technology combined with nano LC-MS/MS
analysis, we identified 171 tyrosine phosphorylation sites
spanning 134 proteins (Supporting Information Table S1).
After imatinib treatment, a total of 11 phosphotyrosine sites
spanning 11 proteins exhibited increases of >1.5-fold and 21
phosphotyrosine sites spanning 15 proteins showed decreases
of <0.3-fold (Table 1). As a representative protein, we con-
firmed a dramatic decrease in the tyrosine phosphorylation
levels of the KIT protein (Y609, Y703, Y747, Y823 and
Y936). In contrast, imatinib induced increased phosphoryla-
tion of FYN (Y420) and FAK (Y576). Phosphorylation of
FYN (Y420) upregulates tyrosine kinase activities, and phos-
phorylation of FAK (Y576) is critical for its maximal catalytic
activity.

To validate these results obtained from iTRAQ analysis,
we further examined the tyrosine phosphorylation of FYN
and FAK using western blotting. As shown in iTRAQ analy-
sis, western blotting confirmed that FYN (Y420) and FAK
(Y576) were time dependently phosphorylated (Figs. 1b and
2¢). When tyrosine phosphorylation in the activation loop
was measured for other Src family kinases, we found that
imatinib treatment did not increase tyrosine phosphorylation
of SRC, LYN, LCK or YES (Fig. 1b).

Inhibition of FYN or FAK enhances imatinib sensitivity of
GIST-T1 cells
To examine the functions of FYN in GIST-T1 cells exposed
to imatinib, FYN expression was stably suppressed using a
FYN shRNA plasmid. We cloned and established GIST-T1
B1, B2 and B3 cells, as well as GIST-T1 C cells transfected
with empty vector as a control (Fig. 1d). Compared with
GIST-T1 C cells, the FYN knockdown cell lines showed
significantly decreased ICs, values for imatinib (p < 0.05;
Fig. 1d). '
We also examined the role of FAK activation in imatinib
treatment. We repressed FAK expression using siRNA, and
we used a FAK inhibitor (TAG372) to inhibit FAK phospho-
rylation. Transfection of FAK siRNA reduced ICsq values for
imatinib (p < 0.05; Fig. le). When used with imatinib,
TAG372 further decreased cell survival in a dose-dependent
manner (Fig. 1f).

Inhibition of FAK improves imatinib sensitivity in GIST-T1-R
cells

Next, we examined FAK activation in imatinib-resistant cell
lines established from GIST-T1 cells. Eight imatinib-resistant
cell lines were established by incubation of GIST-T1 cells with
imatinib of gradually increased concentrations. Constitutive
phosphorylation of FAK was observed in two imatinib-resistant
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Figure 1. (a) Altered tyrosine phosphorylation levels detected by iTRAQ analysis were confirmed by western blotting. Imatinib treatment led
to reduced phosphotyrosine levels. (b) Imatinib treatment changed SRC family kinase phosphorylation levels. (¢) iTRAQ analysis showed that
FYN (Y420) and FAK (Y576) exhibited similar tyrosine phosphorylation. (@) Compared with in GIST-T1 C cells, the 1Csq for imatinib was signifi-
cantly reduced in all FYN knockdown GIST-T1 cells (B1, B2 and B3). (e) The ICsq for imatinib was reduced in GIST-T1 cells that were trans-
fected with FAK siRNA. () WST-8 assay showed the cell viability with imatinib and TAG372 treatment. Data are presented as means * SD.
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Table 1. Phosphotyrosine peptides that were increased or decreased by imatinib treatment, as quantlﬁed by iTRAQ analysis®

'Accessmn Number Sequence L s Descrlptlon : i Cosite 1 hr/o hr .6 hr/o hr® 24 hr/0 hr?

Greater than 1.5-fold increase of phosphorylated peptide at 24 hr compared wrth 0 hr

PO6241  LIEDNEYTAR _ Tyrosine-protein kinase Fyn Y420 0.845 2365 3641
P15880 AFVAIGDYNGHVGLGVK 40S ribosomal protem S2 Y133 2.138 ‘ 1.807 2.443
000401 " k k‘ \IIYDFIEK Lol Neural \llllskott Aldrlch syndrome E sz56 0768 1491 1.978

Q99623 MLGEALSKNPGYIK . Prohlbltln 2 k 'Y248 ‘ 1.446 1.778 k 1.726 k
P62829  NLYIISVK - nalprotein 123 Y38 2138 1348 1679
P18433 k WQEYIDAFSDYANFK “ Receptor- typetyrosine protein Y791' 1“.245 1.098 ’ 1.667
phosphatase alpha
- ‘En’d mic retrculum resident Y64 =
’ : : e 1 - protern 29 : L e
Q0'5397 YMEDSTYYK Focal adhesron kmase 1 Y570 1.043’ 0.893' 1.606
ANi28 iLDTSASSNGYQRPG‘SWAAK[i': Rho GTPa '\',thatmg protem 42 Y792 0599 0980 1'“;’5924'
P08758 LYDAYELK Annexin A5 Y94 1.043 1.399 1.581
P18669 HYGGLTGLNK Phosphoglycerate mutase 1 Y92 0930  2.583 1532
Less than O 3- fold reductlon of phosphorylated peptrde at 24 hr compared with O hr o
P10721 o lGSYlER Al ‘Mast/stem cell growth factor receptor ~~'Y747' ‘_0.6'49 e 0244 : O.291k.’ o
095490 SENEDIYYK Latrophllln 2 k \ Y1350 0.431 0.318 0.256 ’
Q:9:k2‘5,6:’9 g L LQEYHSQYQEK § kﬂPhosphatrdylmosrtol 3kinase regul f Y184 0433 0271 : 0255 -
b e gy torysubumt gamma; i : 5 { e .

P30040  FDTQYPYGEK 1640

P10721 QEDHAEAALYK Mast/stem cell growth factor receptor Y703 0.560 0.207 0.254
Kit

ieloni‘?’ o QlSESTN SNLANC“NRl rowth;fécto"'irece'ptor;,~“' 0244

‘Q92796 RDNEVDGQDYHFVVSR Drsks large homolog 3 Y673 0.5‘56' 0. 427~ . 0.241
QSXXA6  STIVYEILKR  Anoctaminl Y251 0508 0720 0235
Q00535 k IGEGTYGTVFK Cyclln dependent kmase 5 / Y15 1.877 ’ 0.821 0.232
Q06481 MQNHGYENPTYK o vrss o4z 4 0220

095297 INKSESVVYADIR Myelm proteln zero llke proteln 1 Y263 0.785 0.249 0.211
Q969M3 ,l_i,QYAGYD)”\SQQG_R’,‘ ~ Protein YIPF5 v 50;145;7 ¢ - 0195

014964 VVQDTYQIMK Hepatocyte growth factor regulated Y132 1.097 0.464 0.173
tyrosme kmase substrate

095207 SESWYADR  Myelin vaes 0563 0169 0166
Q92569 VQAEDLLYGKPDGAFL]R Phosphatrdylmosdol 3- kmase regula- Y373 1.186 0.176 0.130
tory subunlt gamma

s o

0.103
0072

0.055
0023

P16333 LYDLNMPAYVK Y112
Q12846 NUSSADWER  Syntaxind -
Q8N128 YQYAIDEYYR Protein FAM177A1 Y162

P10721 - e iﬂ' WEATAYGLIK e "'T,E;'Mast/stem cell growth factor receptor Y609

P10721 DIKNDSNYVVK Mast/stem cell growth factor receptor Y823 0.164 -4 -4
Kit

iisaarcadvaisd S e T e e

PS3778  QADSEMTGYWTR

The full list is provided in Supporting Information Table 1.

2The ratio of peptide derived from the iTRAQ reporter ion, as determined by iTRAQ analysis; 1 hr/0 hr, 6 hr/0 hr and 24 hr/0 hr refer, respectively,
to the value of each peptide at 1, 6 and 24 hr divided by the value of that peptide at 0 hr.

3A 0-hr value of 0 (i.e. below background) and a positive value at 1, 6 or 24 hr.

“A 0-hr positive value and a value of 0 (i.e. below background) at 1, 6 or 24 hr.
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GIST-T1 cell lines (GIST-T1-R2 and GIST-T1-R8), which had
imatinib ICs, values of 30 M, ~1000 times that of the GIST-
T1 parent cells (Fig. 2a). TAG372 dose dependently inhibited
FAK phosphorylation in GIST-T1-R2 (Fig. 2b), and signifi-
cantly reduced the imatinib ICsy values when both drugs were
used (Fig. 2c). Moreover, TAG372 induced apoptosis in GIST-
T1-R2 (Fig. 2d). These results indicate that imatinib treatment
induced activation of FYN and FAK in persistent GIST-T1 cells
and was associated with imatinib insensitivity and resistance.

Discussion

Imatinib is a selective tyrosine kinase inhibitor of KIT,
PDGFRA, ABL/BCR-ABL and CSF-1R, which was first used
to treat GIST in 2000. Since then, it has been a standard
treatment for advanced and/or recurrent GISTs.® Patients
with advanced GIST usually respond to imatinib; however,
most patients eventually experience disease progression with
the reactivation of KIT tyrosine kinase and its downstream
signaling pathways.'*'> Although imatinib has high activity
against GISTs, it cannot achieve complete eradication of
tumor cells in vivo or in vitro. Results of the BFR14 trial
showed that stopping imatinib treatment, even after complete
response, resulted in disease progression or recurrence.”® In
chronic myelogenous leukemia (CML), mathematical models
have indicated that secondary mutations might emerge after

FAK pY397
FAK
GAPDH

0<0.01 )
H i

0.01

40 4  p<0.01

Imatinib {Cag - (M)

CTAG3T2 (M) 0 250 500

Figure 2. (a) Constitutive phosphorylation of FAK was observed in GIST-T1-R cells (GIST-T1-R2 and GIST-T1-R8). (b) Constitutive phosphoryla-

| R | B
30 -
20 - | E
e B |

1000
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imatinib therapy;'® therefore, residual tumor cells may also
be a predisposing factor for acquired resistance to imatinib in
GIST.

To quantitate the alteration of tyrosine phosphorylation
levels induced by imatinib, we established quantitative tyro-
sine phosphoproteomic analysis. Using this technology, we
identified 171 different tyrosine phosphorylation sites in 134
proteins of GIST-T1 cells. As we were searching for alterna-
tive pathways that were activated after inhibition of KIT sig-
naling by imatinib, we pursued tyrosine kinases with
increased tyrosine phosphorylation. Our comprehensive
measures indicated that 11 tyrosine kinases exhibited tyrosine
phosphorylation increases of greater than 1.5-fold (Table 1).
The findings of the phosphoproteomic analysis were confirmed
by western blotting showing the tyrosine-phosphorylation of
KIT, FAK and other src-family kinases. SRC and LYN are
reportedly phosphorylated and activated in GIST after imatinib
treatment;'® however, in the phosphoproteomic and western
blotting analyses in the present study, we did not detect activa-
tion of SRC, LYN, YES, Lck or any other Src family kinases,
except for FYN and FAK. Activation of FYN and FAK is
reportedly involved in tumor proliferation and malignant
transformation.'”~*°

FYN appears to participate in cell growth and survival,
acting downstream of integrin and PI3K.'”?! Although the

TAG372
50 100 250 500 1000 (nM)

Caspase-3 activity
{A.UJmg of protein)

TAG372 (500 nld) -
Imatinib (10 uM} +

tion of FAK was observed in imatinib-resistant GIST-T1 cells (GIST-T1-R2), and TAG372 dose dependently inhibited this phosphorylation. (¢)
TAG372 reduced the ICso of imatinib and induced apoptosis in GIST-T1-R2 cells. (d) TAG372 induced apoptosis in GIST-T1-R2 cells. Data

are presented as means *+ SD.
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shRNA silencing of FYN induced additional cell death in
GIST-T1 cells during imatinib treatment, dasatinib (a SRC
family kinase inhibitor) had no effect in combination with
imatinib (data not shown). These results suggest the involve-
ment of FYN in alternative survival signaling pathways.

FAK is also a nonreceptor tyrosine kinase that is acti-
vated through autophosphorylation at Tyr*®” by integrin and
growth factor receptors; this is followed by subsequent acti-
vation of other functional phosphorylation sites to transduce
the signals to downstream pathways.***> FAK is reportedly
overexpressed in malignant GISTs and correlated with recur-

rence.'” Furthermore, FAK phosphorylation is associated

with imatinib-resistance of a KIT exon 17 mutation, but not
exon 11 mutation.”® This imatinib-resistance was diminished
by TAE226, which inhibits FAK and insulin-like growth
factor-1 receptor. Our findings showed that imatinib
induced time-dependent FAK activation in GIST-T1 cells
-with an imatinib-sensitive mutation of KIT exon 11. More-
over, FAK inhibition using either a FAK-specific TAG372
inhibitor or siRNA decreased the viability of GIST-T1 cells
under imatinib treatment. TAG372 also induced apoptosis
in imatinib-resistant cell lines with FAK activation. Taken
together, it appears that FAK activation may be a critical
survival signal of GIST cells under imatinib treatment, and
targeting FAK with imatinib may be a promising therapeutic
approach.
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When imatinib was removed, KIT was quickly rephos-
phorylated, and FYN and FAK were simultaneously dephos-
phorylated (data not shown), suggesting that alternative
pathway activation is functional during imatinib treatment,
and may not be accompanied with qualitative changes, such
as new mutations. FYN inhibition was accompanied with a
subsequent lack of FAK activation, while FAK inhibition
resulted in increased FYN phosphorylation, thus indicating
that FYN acted upstream of FAK. However, the critical
changes that induce FYN activation and subsequent FAK
phosphorylation remain unknown. Additional studies are
required to elucidate the FYN activation mechanisms and the
alternative pathways induced by imatinib, as well as their
association with acquired drug resistance.

In summary, here we found that imatinib induced
increased tyrosine phosphorylation of FYN and FAK in
GIST-T1 cells. Blockade of these tyrosine kinases might be a
potential target to overcome imatinib resistance. Additionally,
iTRAQ-based quantitative phosphotyrosine-focused proteo-
mic analysis appears to be a useful approach to screening for
phosphoproteins associated with drug resistance.
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Inhibition of angiopoietin 2 attenuates lumen formation
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Abstract. Anti-angiogenic therapy, inhibition of a co-operative
process with vascular endothelial cells and pericytes could be
an effective strategy to treat malignant tumours. Apart from
vascular endothelial growth factor (VEGF), angiopoietin 2
(Ang2) is a promising target of anti-angiogenic therapy.
Although inhibition of Ang2 has been shown to decrease
tumour size in preclinical and phase I trials, its mechanisms of
action remain largely unknown. To elucidate the mechanisms
of Ang2 inhibition, we have focused on differentiation of the
vessels as well as on growth of the vessels, especially in vivo.
LI-10, a selective Ang2 inhibitor was used. The in vitro effects
of Ang2 inhibition or addition of Ang2 using HUVECs were
also examined. Growth and differentiation of tumour-asso-
ciated vessels were investigated in xenografts derived from a
colon cancer treated by L1-10. Effects of VEGF inhibition were
also examined to discriminate Ang2-specific action on the
tumour-associated vessels. /n vitro studies showed that VEGF
enhanced proliferation and tube formation of HUVECs, and
caused a significant increase in Racl and CDC42 expression
when cultured in the collagen matrix gel, whereas neither Ang2
nor L1-10 affected in vitro behaviour of HUVECs or levels of
the proteins. /n vivo, on the other hand, we found that Ang2
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inhibition with treatment of L1-10 dose-dependently decreased
tumour growth. Furthermore, we found that L1-10 treatment
extends the tumour-associated vessels whilst it suppressed a
sound lumen formation. Histological analysis on xenografts
suggests that Ang2 inhibition could have disturbed in vivo
vascular differentiation. Our data provide a novel aspect that
Ang2 may play an essential role in in vivo vascular differen-
tiation, thus supporting a rationale for Ang2-targeted therapy
against colon cancer.

Introduction

Angiogenesis, a co-operative process with vascular endothelial
cells (ECs) and pericytes, is essential for tumour growth and
expansion because the blood vessels supply malignant cells
with sufficient oxygen and nutrition. Interruption of this process,
therefore, could be an effective strategy for preventing malignant
tumours. The putative angiogenic factor vascular endothelial
growth factor (VEGF) is the best known to be involved in the
growth and development of colorectal cancer (CRC) and its
hepatic metastases (1-3). Anti-VEGF monoclonal antibody, beva-
cizumab (BV) is already clinically feasible in combination with
conventional chemotherapies as the first anti-angiogenic drug
that is proven to bring better prognosis of patients with colorectal
cancer (CRC) in a phase I randomized controlled trial (4).
Besides VEGF, other important endothelial growth factors
are angiopoietins (Angs), which are ligands for the endothe-
liurg—speciﬁc tyrosine kinase receptor Tie2 (5). Angs play a role
in normal vascular development and in embryonic angiogenesis.
Among 4 subtypes (Angl, 2, 3 and 4), the best-characterized
are Angl and its natural antagonist, Ang2. Angl is widely
expressed in normal adult tissues, while Ang2 is expressed
primarily at sites of vascular remodeling, such as the ovaries,
uterus and placenta (5). Angiogenesis requires migration and
remodeling of ECs derived from pre-existing blood vessels and
regulation of the;perivascular microenvironment. Thus, Ang2
destabilizes pre-existing vessels by weakening interactions
between ECs and periendothelial supporting cells (PESCs)
(3), also called vascular pericytes. Angl subsequently acts, via
the Tie2 receptor, to remodel the primitive vessels and to help
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maintain and stabilize mature vessels (6). Recent preclinical
studies have shown that angiopoietin 2 may be another prom-
ising target against colon cancer through inhibition of either
Ang2 (7-9) or Ang2+Angl (9,10).

There are two aspects of angiogenesis, i.e. growth and
differentiation of the vessels. Although vascular growth
(EC proliferation) has been examined by estimating vessel
count and vessel size so far, little is known about vascular
differentiation, i.e., vacuole or lumen formation, especially
in vivo. In the present study, we investigated the effects of Ang2
on vascular growth and differentiation, in vitro and in vivo. We
first examined in vitro effects of Ang2 inhibition or addition
of Ang2 using HUVECs. Secondly we examined growth and
differentiation of tumour-associated vessels when xenografts
derived from a colon cancer were treated by the Ang2 inhibitor
L1-10. Effect of VEGF inhibition was alsc examined to
discriminate Ang2 specific action on the tumour-associated
vessels. Our data provide a novel aspect that Ang2 may play an
essential role in in vivo vascular differentiation, and therefore
support a rationale for Ang2-targeted therapy against colon
cancer.

Materials and methods

Cell lines. Human umbilical vascular endothelial cell (HUVEQC)
was purchased from Takara Bio Co. (Shiga, Japan). Human
colon cancer ceils (HCT116, DLD1, SW480) were purchased
from the American Type Culture Collection (Manassas, VA).
KMI12SM (11) was a kind gift from Professor T. Minamoto
{(Cancer Research Institute, Kanazawa University, Kanazawa,
Japan). Colon cancer cells were grown in DMEM supplemented
with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and
100 pg/ml streptomycin in 5% CO, at 37°C. HUVEC were
grown on MCDBI131 culture medium (Chlorella Inc., Tokyo,
Japan) supplemented with 10% FBS, antibiotics, and 10 ng/ml
basic fibroblast growth factor.

Attached collagen gel culture. HUVECs (2x10° cells/ml)
were cultured on 0.03% type I collagen (Cellmatrix I-A, Nitta
Gelatin Inc., Osaka, Japan) coated dishes. Collagen solu-
tion (0.3%) was diluted by Medium 199 (Life Technologies,
Carlsbad, CA) and reconstruction buffer (50 mM NaOH,
260 mM NaHCO,, 260 mM HEPES, according to the Nitta
Gelatin manual). After collagen coating, cell suspension was
seeded, then medium containing appropriate concentration of
reagent such as VEGF, Ang?2 and L1-10 was added, and 24 h
later, same volume of PBS, 1/25 volume of Collagenase N-2
(Nitta Gelatin Inc.) solution were added into the well, incubated
at 37°C with mild shaking. Suspension was spun down, pellet
was resuspended with same volume of PBS and 1/50 volume of
Collagenase N-2. After 10 min incubation at 37°C, pellet was
lysed and supernatant was used for western blot analysis (12).

Collagen gel matrix culture. [n vitro formation of tubular
structures by HUVEC was examined using collagen gel
matrix culture. Collagen gel (0.06%) layer was made (base
layer). Collagen gel (0.06%) suspended with HUVECs was
added onto base layer, and immediately polymerized at 37°C.
Medium containing appropriate concentration of reagent such
as VEGF, Ang2 or L1-10 was added. Twenty-four or 48 h later,
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HUVECs were harvested as mentioned above or observed
under an inverted microscope. Cell concentration of HUVECs
for western blot analysis and morphogenesis were 1x10° cells/
ml and 3x10° cells/ml, respectively.

Reagents and antibodies. Human recombinant VEGF and
mouse IgG was obtained from IBL Co. Ltd. (Gunma, Japan).
Ang2 was purchased from (R&D Systems, Minneapolis, MN).
The following antibodies were used at appropriate concentra-
tions as recommended by the manufacturers: antibodies for
angiopoietin 2 (C-19, Santa Cruz Biotechnology, Santa Cruz,
CA), VEGF (A20, Santa Cruz Biotechnology), Tie2 (H-176
for immunoprecipitation, C-20 for western blot analysis, Santa
Cruz Biotechnology), phosphorylated Tie2 (Tyr992, #4221, Cell
Signaling Technology, Danvers, MA), actin (Sigma-Aldrich,
St. Louis, MO), Racl (Cytoskeleton, Denver, CO), CDC42
{BD Biosciences, San Jose, CA), CD31 and o smooth muscle
actin (Dako, Glostrup, Denmark).

LI-10. L1-10, an Ang2 neutralizing peptibody (genetically-
engineered peptide-Fc fusion protein) was kindly donated by
Amgen Inc. (Seattle, WA). L1-10 is a specific inhibitor of angio-
poietin-2, and inhibits interactions between Tie2 in endothelial
cells and human or mouse angiopoietin-2 (7,13,14).

Binding activity of LI-10 to Ang2 was measured by ELISA.
Recombinant human angiopoietin-2 (R&D Systems) was
immobilized on a plate. After blocking with 1% BSA, 1 pM
recombinant human Tie2/Fc Chimera (R&D Systems) was
added, from 500 to 0.02 nM of L1-10 and recombinant
human IgGl Fc (R&D Systems). Molecular weight of L1-10
was assumed as 62.5 kDa and that of 1gG Fc was 26.6 kDa.
Anti-Tie2 monoclonal antibody (BD Biosciences) at 0.25 ug/
ml was added. After washing, 0.05 yg/ml anti-mouse IgG (Goat
IgG) Fab' conjugated with HRP (IBL Co. Ltd.) was added. Color
development was done by incubating with tetramethyl benzi-
dine solution for 30 min. Absorbance at 450 nm was measured
by microplate reader.

Western biot analysis. Western blot analysis was performed
as we described previously (12). Briefly, the protein samples
(25 pg) were separated by 10 or 12.5% PAGE followed by
electroblotting onto a polyvinylidene difluoride (PVDF)
membrane. The membrane was incubated with the primary
antibodies at the appropriate concentrations (1:100 for Ang2,
1:200 for VEGF and Tie2, 1:250 for CDC42 and 1:1,000 for
Racl actin and phosphorylated Tie2). The protein bands were
detected using the Amersham enhanced chemiluminescence
detection system (GE Healthcare, Buckinghamshire, UK).

To detect phosphorylated Tie2, lysates of HUVEC were
immunoprecipitated with an anti-Tie2 antibody (H-176, Santa
Cruz Biotechnology). Immunocomplexes were recovered
on Protein A-Sepharose (GE Healthcare) and separated by
SDS-PAGE, transferred to blotting membrane as described
above, then probed with anti-phosphorylated Tie2 antibody
#4221, Cell Signaling Technology).

Measurement of Ang2 and VEGF secretion in culture medium.
Each cell line was cultured until about 70% confluence in
DMEM supplemented with FBS. The medium was then
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Table I. Administration schedules of combination treatment.
Dose

Group Drug Route Interval (days) Early Late
Control IsG ip. 3 200 ug 150 ug
VEGF Anti-VEGF antibody ip. 3 200 ug 150 ug
Combination Anti-VEGF antibody ip. 3 200 ug 150 ug

L1-10 s.C. 2 5 mglkg 10 mgrkg

replaced with new medium without FBS, collected 24 h later,
and stored at -80°C. Ang2 and VEGF levels were analyzed
using the QuantikineHuman Angiopoietin-2 immunoassay
kit (R&D Systems) and the Human VEGF assay kit (IBL Co.
Ltd)), respectively.

Animals. Female 4-week-old athymic nude mice were
purchased from Nihon CREA Inc. (Tokyo, Japan) and were
housed under pathogen-free conditions in microisolator cages
with irradiated rodent chow and water available ad libitum.
The experimental protocol was approved by the Ethics Review
Committee for Animal Experimentation of Osaka University
School of Medicine.

Subcutaneous xenograft model. The most actively secreting
VEGF and Ang?2 cell line was KM12SM. KM12SM cells at
80-90% confluence was used in experiments. A total of 1x10°
cells (5x106 cells/0.1 ml DMEM without FBS) was subcutane-
ously inoculated in the right flank of each mouse. The doses
of each drug were based on the results of preliminary experi-
ments. Mice were randomly assigned to the groups.

Single agent treatment: L1-10 or anti-VEGF antibody
treatment was started immediately after inoculation. There
were four mice in each group. L1-10 was administered subcuta-
neously into the left flank skin at 2 mg/kg, 5 mg/kg every two
days. Anti-VEGF antibody (200 pg, IBL Co. Ltd.), was admin-
istered intraperitoneally every three days. Control groups for
each drug were administered mouse immunoglobulin (IgG)
in the same manner as the experimental group. Treatment was
continued for 18 days. Mice were sacrificed at day 20, and
tumours were harvested for histological examinations.

Combination treatment with early administration: L1-10
and anti-VEGF antibody injections were initiated immedi-
ately after inoculation. There were five mice in each group.
Anti-VEGF antibody (200 ig) was administered intraperito-
neally every three days. Combination group was administered
5 mg/kg of L1-10 subcutaneously every two days and 200 ug
of anti-VEGF antibody was administered intraperitoneally
every three days. Control group was administered 200 ug
of mouse IgG intraperitoneally every three days. Treatment
was continued to day 18. Mice were sacrificed at day 20, and
tumours were harvested for histological examinations.

Combination treatment with late administration: L1-10
and anti-VEGF antibody treatment were initiated 5 days after
inoculation. There were four mice in each group. Dose was
10 mg/kg for 1.1-10, 150 pg for anti-VEGF antibody, 150 pg
for IgG, and combination (L.1-10 and anti-VEGF antibody)

treatment was applied. Treatment was continued to day 31. At
day 34 mice were sacrificed.

Afterinoculation of KM12SM cells into nude mice, control
IgG, anti-VEGF antibody and L1-10 were administered as
summarized in Table L.

Evaluation of antitumour activity. Tumour size and body
weight were measured every two days. Tumour size was
measured by an electronic caliper. Tumour volume was
calculated according to the following formula: length
(mm) x width® (mm)/2. Mice were sacrificed at the final day of
experiment. Gross autopsy findings were noted.

Immunohistochemistry. Immunostaining was done as
described previously (3). Briefly, after deparaffinization, heat
antigen retrieval was done in 10 mM citrate buffer (pH 6.0) at
95°C for 40 min. The slides were then processed for immu-
nohistochemistry using the Vectastain Elite avidin-biotin
complex kit (Vector Laboratories, Burlingame, CA). Primary
antibodies were applied to sections at a dilution of 1:750 for
CD31 and incubated overnight at 4°C. For the negative control,
non-immunized immunoglobulin G (Vector Laboratories)
was used as a substitute for the primary antibody.
Double-staining of endothelial cells and pericytes was
performed with antji-CD31 antibody and anti-a-SMA anti-
body, respectively. First, CD31 staining which yields a brown
color was performed. After removal of the CD31 antibody by
thorough washing in 0.1 M glycine solution (pH 2.2) for 1 h,
mouse monoclonal anti-human SMA antibody at a dilution
of 1:200 was applied to the section for 2 h at room tempera-
ture. This step was followed by incubation with anti-mouse
secondary antibody conjugated with a dextran backbone
containing alkaline phosphatase (EnVision AP; Dako) for
30 min. Color development (deep pink) based on alkaline
phosphatase activity was achieved using fuchsin solution.

Image analysis. CD31-stained samples were used for image
analyses. Outer and inner contours of vessels at 100-times
magnification in one microscopic field were measured with
WinROOF program Ver.5.5.0 (Mitani Corporation, Fukui,
Japan). Outer contours were expressed as surface area of
vessel and inner contours were expressed as surface area of
lumen. A

Statistical analyses. Data are expressed as mean =+ SD.
Statistical analysis was performed using the StatView J-4.5
program (Abacus Concepts Inc., Berkeley, CA). The mean
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Figure 1. (A) Expression of Ang2 (83 kDa) and VEGF (42 kDa) in colon cancer cell lines. The colon cancer cell lines displayed intense expression of Ang2 and
VEGE Actin bands (42 kDa) served as aloading control of equal amount of the protein lysate. (B) Measurement of Ang2 and VEGF levels in the cultured medium.
ELISA showed various levels of Ang2 and VEGF in the culture medium of each colon cancer cell line. KM12SM was found to release high level of both Ang2 and
VEGF into the medium. Data are expressed as mean + SD from triplicate cultures.

turmour volume of each treatment group was compared by
Student's t-test. A p-value <0.05 was considered statistically
significant.

Results

Ang2 and VEGF expression in colon cancer cells. Western
blot analysis showed that HCT116, DLDI1, KM12SM and
SW480 colon cancer cell lines exclusively displayed intense
expression of both Ang2 and VEGF (Fig. 1A). ELISA showed
various levels of Ang2 and VEGF in the culture medium and
KM128M was found to release high level of both Ang2 and
VEGF (Fig. 1B).

Inhibition of binding affinity between Ang2 and Tie2 by
L1-10 peptibody. In vitro immunoreaction test indicated that
the L1-10 peptibody (L.1-10) blocked the binding of Ang2 and
Tie2 at more than 0.1 nM in a dose-dependent manner, while
addition of human IgGl Fc at various concentrations did not
affect Ang2-Tie2 binding affinity (Fig. 2A). To examine the
activation status of the Tie2 receptor, phosphorylation on
Tyr992 of the Tie2 receptor was examined using the HUVEC
with early exposure (15 min) by Ang2 or L1-10. Although Tie2
expression did not change, Ang2 inhibited phosphorylation of
Tie2 receptor at 200 ng/ml. This dephosphorylation by Ang2
was abolished with addition of T.1-10 at 30 ng/ml. (Fig. 2B).

Effects of VEGF, Ang2 and L1-10 on growth and tube forma-
tion of HUVECs. Addition of Ang2 or LI1-10 did not enhance
cell proliferation and tube formation of HUVECs (Fig. 3A
and B, upper panels). On the other hand, addition of VEGF at

25 ng/ml enhanced growth and it resulted in increased number
of tube formation of HUVECs (Fig. 3A and B, lower panels).

We then examined protein expression of Racl and CDC42
since these molecules are reportedly shown to be involved in
process of tube formation of HUVECs (15,16). As shown in
Fig. 3C, VEGF enhanced expression of both the Racl and the
CDC42 proteins, while Ang2 at various concentrations did not
affect the expression of the two proteins (Fig. 3C).

Ang?2 inhibition by LI1-10 treatment reduced tumour formation
in nude mice, Subcutaneous injection of L1-10 (at 2 mg/kg or
5 mg/kg) into different sites of KM12SM xenografts inhibited
tumour formation dose-dependently (Fig. 4A). In the 5 mg/kg
group, tumour formation was significantly inhibited from day 10
compared to that of control group. In the 2 mg/kg group, tumour
formation was inhibited in later phase of experiment period.
Histopathological examination of xenografts revealed that when
compared to control IgG treatment (Fig. 4Ba), tumour vessels
in L1-10 treated mice extended like a pine needle and lumen
formation was scarcely noted (Fig. 4Bb). Double staining for
CD31 and o-SMA showed that vascular endothelial cells were
tightly covered with pericytes in L1-10 treated group, whereas
only partial recruitment of pericytes was found in the control
group. In treatment with VEGF neutralizing antibody, tumour
vessels decreased and endothelial cells were relatively covered
with pericytes (Fig. 4Bc).

Image analysis for lumen formation. To evaluate lumen forma-
tion in each treatment, the contour of vessel or lumen was
traced using the image analysis software, and the vessel area
and the lumen area was estimated as described in Materials
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Figure 2. (A) Inhibition of binding affinity between Ang2 and Tie2 by L1-10 peptibody. Immunoreaction between recombinant human Ang2 and recombinant
human Tie2 Fc Chimera was measured by tracing Tie2 amount in the Ang2-Tie2 complex in 96-well plates. LI-10 decreased binding affinity of Ang2 and Tie2 at
more than 0.1 nM dose-dependently, while addition of human IgG1 Fc at various concentrations did not affect Ang2-Tie2 binding. (B) Tie2 phosphorylation status
on Tyr992 of Tie2 was examined. HUVEC were treated by Ang?2 alone {lanes 2 and 3) or Ang2 and L1-10 (lanes 4 and 5) at the indicated concentration for 15 min
at 37°C. Cell lysates were immunoprecipitated using anti-Tie2 antibody. Ang?2 inhibited phosphorylation of Tie2 at 200 ng/ml and LI-10 at 30 ng/ml recovered
inhibition of phosphorylation by Ang2. Molecular weight of both Tie2 and phosphorylated Tie2 was 140 kDa.

and methods. Treatment with anti-VEGF antibody signifi-
cantly decreased both vessel area and lumen area (p<0.01 for
both, Fig. 5A and B). On the other hand, L1-10 treatment at
5 mg/kg did not decrease vessel area (Fig. SA), but it signifi-
cantly decreased the lumen area (p<0.01, Fig. 5B). When the
ratio of lumen area to vessel area was calculated, there was a
significant decrease in L1-10 treatment group (p<0.01, Fig. 5C).

Combination treatment. Since the histopathological analysis
indicated that inhibition of either Ang2 or VEGF showed
different anti-vascular effect, we examined whether the two
treatments would produce enhanced tumour inhibitory effects.
After inoculation of KM12SM cells into nude mice, control
IgG, anti-VEGF antibody, and L1-10 were administered as
summarized in Table L.

Combination treatment with anti-VEGF and L1-10 admin-
istered from the day of inoculation significantly decreased
tumour volume compared to anti-VEGF treatment except
days 8 and 10 (Fig. 6A). When treatment started 5 days after
inoculation, combination treatment showed no significant
difference compared to anti-VEGF treatment (Fig. 6B).

Discussion

In this study, we found Ang2 inhibition exerts a superb effi-
cacy especially in vivo. Histological analysis on xenografts
planted in nude mice suggests that Ang2 inhibition could have
disturbed in vivo vascular differentiation, i.e., lumen forma-
tion. There are two important agpects on tumour angiogenesis,

that is, growth of vascular endothelial cells and vascular differ-
entiation. Compared to regulation of vascular endothelial cell
growth, the underlying mechanism on vascular differentiation
remains largely unknown. About three decades ago, Folkman
and Haudenschild observed vacuoles that penetrate from
one endothelial cell to another one by in vitro system (17).
Subsequent in vitro investigation gradually revealed that pino-
cytosis occurs via interaction of integrin-extracellular matrix
through CDC42 or Racl-dependent manner (18,19). It was
also demonstrated that several vacuoles, generating at 2-4 h
in a single HUVEC, undergo intra-cellular fusion, and later
at 24-483 h HUVECs make assembly body, resulting in lumen
formation, raising VE cadherin as a molecular basis (20). By
contrast, in vivo lumen formation has not been assessed for
a long time because direct observation is rather difficult on
the process of lumen formation that occurs profoundly in the
animal body. In vivo tube formation of the vascular endothelial
cells was reported for the first time in 2006, through observa-
tion of zebrafish by two-photon imaging system (21).

In this study, we employed Li-10 peptibody, the Ang2
selective inhibitor that showed 1,000-fold inhibitory selec-
tivity for Ang2 over Angl (7,13,14). We confirmed by ELISA
that L1-10 abolished in vitro binding affinity between Ang2
and Tie2 in a dose-dependent manner (Fig. 2A).

We further cgnfirmed that phosphorylation at Tyr992 of
Tie2 receptor, which had undergone dephosphorylation by
stimulation with the recombinant Ang2, is rescued by the addi-
tion of L1-10. (Fig. 2B). These data indicate that L1-10 indeed
blocks Ang2-Tie2 signal fransduction.
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Figure 3. [n vitro growth and tube formation of HUVECs. (A) Addition of Ang2 (at 50 and 200 ng/ml) or (B) L1-10 (at 200 and 400 p:g/ml) for 72 h did not affect
behaviour of HUVECs when cultured in the collagen matrix, in the absence of VEGF (V0). On the other hand, addition of VEGFE at 25 ng/ml (V25, lower panels)
enhanced cell proliferation and resulted in increased number of tube formation of HUVECs. (C) Protein expression of Racl (21 kDa) and CDC42 (22 kDa) after
treatment of VEGF or Ang2 for 48 h. VEGF treatment at 25 ng/ml enhanced expression of both Racl and CDC42, while Ang2 at various concentrations did not

affect the expression of the two proteins.

5

Previous reports on Ang2 inhibition in tumour cells
showed decreased tumour volume. These studies used the
Colo205 colon cancer cells (7-10,22,23) and other colon and

i

breast cancer cells (8), the LuCap23.1 prostatic cancer cells
(13) and U-87 glioma cells (24). The KM12SM colon cancer
cells employed display high levels of Ang2 and VEGF among

-738 -



INTERNATIONAL JOURNAL OF ONCOLOGY 43: 1447-1455, 2013

1453

*p«<.05

** 20,0036

12 16 20 (day)

Days after inoculation

tttttttttt

(mm3)
2000
—+—control igG
g 1600 —-#-L11-10 (2 mg/kg)
2 ~2~L1-10 {5 mg/kg)
> 1200
[+
g
= 800
&
[5-3
L
= 400
0
0 4 8
(a) Control

"

(b) 1110 treatment

Magnified View

Figure 4. Growth curve of KM12SM xenograft model. (A) Subcutaneous injection of L1510 (at 2 or 5 mg/kg) into different sites of KM12SM xenografts inhibited
tumour formation in a dose-dependent manner. (B) Histopathological examination of xenografts (a) control IgG treatment, (b) L1-10 treatment, (c) treatment
with anti-VEGF neutralizing antibody. Anti-VEGF antibody was administered into peritoneal cavity at 200 pg on days 0, 3, 6,9, 12, 15 and 18. Mice were
sacrificed on day 20. Double staining for CD31 (brown) and a-SMA (pink) was performed to label vascular endothelial cells and vascular pericytes, respectively.
Magnifications (left panel, right panel): (a) x100, x400; (b) x100, x200; and (c) x200, x400.

several CRC cells (Fig. 1) and produced abundant tumour
vessels in xenografts (Fig. 4). Moreover, the KM12SM cells
were initially isolated as highly metastatic cells that develop
marked spontaneous metastasis to liver (11) and shown to be
highly activated state in $ catenin/TCF oncogenic pathway
(25,26). We considered that this cell type with such aggressive

features could be a suitable material in evaluation of superb
efficacy of Ang2-targeted therapy.

In vitro studies showed that VEGF enhanced proliferation
and tube formation of HUVECs, and caused a clear increase
in Racl and CDC42 expression when cultured in the collagen
matrix, whereas neither Ang2 nor L1-10 affected in vitro
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