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1. Introduction

ABSTRACT

The anti-tumor activity of a newly developed Hsp90 inhibitor, NVP-AUY922 (AUYS22), against non-smali
cell fung cancer {NSCLC) was examined. Twenty-one NSCLC cell lines were used, the somatic alterations of
which were characterized. Cell proliferation was analyzed using a modified MTS assay. Expression of the
client proteins was assessed using Western blotting. The cell cycle was analyzed using flow cytometry.
The ICsp value of AUYS22 for the NSCLC cell lines ranged from 5.2 to 860 nM (median, 20.4 nM). Based
on previous data, cells with an ICsg of less than 50nM were classified as sensitive cells and 19 of the
21 NSCLC cell lines were judged to be sensitive. The 1Csq of five malignant pleural mesothelioma (MPM)
cell lines revealed that the MPM cells had a significantly higher 1Csp value (median, 89.2nM; range,
22.2-24,100 nM) than the NSCLC cells (p=0.015). There was significant depletion of both the total and
phosphorylated client proteins - EGFR, MET, HER2 and AKT - at low drug concentrations (50-100 nM)
in drug-sensitive cell lines. Cell-cycle analysis was performed for two sensitive cell lines, H1975 and
H838. Following AUY922 treatment, an increase in the sub-Gg-G, cell population, as well as appearance
of cleaved PARP expression, indicated the induction of apoptosis. In conclusion, AUY922 was effective
against most NSCLC cell lines, independent of the type of known molecular alteration, and appears io be
a promising new drug for the treatment of NSCLC.
) © 2011 Elsevier Ireland Lid. All rights reserved.

The heat-shock protein 90 {Hsp90) complex is a chaperone
protein that facilitates the refolding of unfoided or misfolded pro-

Lung cancer is associated with various types of molecular alter-
ation, including epidermal growth factor receptor (EGFR) mutation,
K-ras mutation, HERZ amplification and, as recently found, EMK4-
ALK gene fusion [1-3]. Improvements in our understanding of the
molecular alterations involved in lung cancer have brought sig-
nificant advancements in molecular-targeted therapy [4]. Among
these alterations, EGFR mutations, which are frequent alterations
in lung adenocarcinoma, are a predictive factor for the efficacy of
EGFR-tyrosine kinase inhibitors (EGFR-TKIs), such as gefitinib and
erlotinib {1,2]. These EGFR-TKIs have a marked anti-tumor effect
on NSCLCs with common EGFR mutations. However, acquired resis-
tance from, for example, a secondary EGFR T790M mutation or MET
amplification is a major problem that is responsible for treatment
failure [5-7].

# Corresponding author, Tel.: +81 86 235 7265; fax: +81 86 235 7269
E-mail address: toyooka®md.okayama-u.acjp (5. Toyooka).

0169-5002/% - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.Jungcan.2011.08.011

teins, It plays a pivotal role in cancer cell survival, as it stabilizes
a large set of proteins, so-called client proteins, many of which
are essential for apoptosis, cell-cycle regulation, proliferation, and
other characteristic properties of cancer cells [8,9]. in NSCLC,
HspB0 stabilizes oncogenic proteins such as EGFR, MET, HER2
and AKT [8,10]. We and some other studies have shown that gel-
danamycin (GM) and its analogues, the benzoquinone ansamycin
class (17 aliylamino-17demethoxygeldanamycin [17-AAG] and
17 dimethylaminoethylamino-17-demethoxygeldanamycin [17-
DMAG]), are effective against EGFR-tnutated cell lines, even those
that contain the EGFR T790M mutation that causes resistance (o
EGFR-TKI [11-14]. However, the results of clinical trials for 17-
AAG and 17-DMAG were somewhat disappointing[15-18] and new
potent HspS0 inhibitors have therefore been pharmacologically
designed and synthesized to offer improved efficacy and accept-
able toxicity. NVP-AUY922 (AlJY922)is one of these newly designed
small-molecule Hsp90 inhibitors based on the 4,5-diarylisoxazole
scaffold; it has a much higher affinity for Hsp90 than previous GM
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analogues [20]. AUY922 is bound to the ATP binding site of Hsp90a
at the N-terminal domain, and its X-ray crystal structure confirms
a crucial network of hydrogen bonding interactions. it exhibits the
tightest binding of any small-molecule Hsp90 ligand because the
eniropy of binding to Hspd0 is almost negligible. Indeed, preclinical
data from various types of human cancer have shown an anti-
proliferative effect of AUY922, with low nanomolar potency both
in vivo and in virro, with no major adverse effects being observed
in mice [20-24]. In these studies, AUY922 suppressed the client
proteins (EGFR, MET, HER2 and AKT) that participate in the pro-
gression of various cancer cells, and AUYS22 is considered to be a
promising agent for NSCLC. However, to our knowledge, the efficacy
of AUY992 has been reported in only one NSCLC cell line (A548) to
date [25], although Phase Il clinical trials for patients with advanced
NSCLC have recently started.

in this study, we examined the anti-tumor effect of AUY922
against NSCLC cell lines containing several known genetic alter-
ations, including EGFR mutations.

2. Materials and methods
2.1. Drugs and cell lines

AUY922 was obtained fromn Novartis (Nuremberg, Cermany)
and dissolved in dimethy! sulfide (DMSO) at stocked concentra-
tions of 10mM and stored at -20°C. Working dilutions were
always freshly prepared. Most of NSCLC and MPM cell lines used
in this study were established at two institutions. The prefix
NCi-H- (abbreviated as H-) indicates cell lines established at the
Mational Cancer Institute-Navy Medical Oncology Branch, National
Naval Medical Center, Bethesda, MD, and the prefix HCC- indicates
lines established at the Hamon Center for Therapeutic Oncology
Research, the University of Texas Southwestern Medical Center ar
Dallas, Dallas, TX. These cell lines were kindly provided by Dr. Adi F.
Gazdar (University of Texas Southwestern Medical Center at Dallas,
Dallas, TX, USA). A548 was purchased from American Type Culture
Collection (Manassas, VA). NCI-H3255 was provided from Dr. Bruce
Johnson (Lowe Center for Thoracic Oncology, Dana-Farber Cancer
institute, Boston, MA). PC-9 was provided from Immuno-Biological
Laboratories {Takasaki, Gunma, Japan). Gefitinib-resistant PC-8 cell
line (RPC-9) was provided from the Department of Hematology,
Oncology, and Respiratory Medicine, Okayama University Graduate
School of Medicine, Dentistry, and Pharmaceutical Sciences, Japan
{26]. All the cancer cell lines were maintained in RPMI 1640 (Invit-
rogen, Carlsbad, CA) supplementad with 10% fetal bovine serum.
All cell lines were incubated at 37 'C in a humidified atmosphere
with 5% COy.

2.2. Determination of ceil proliferation

Cell proliferation was determined by a modified MTS assay with
CeliTiter 96® AQueous One Solution Reagent (Promega, Madison,
WI). Cells were seeded on 96-well flat-bottomed tissue culture
plates (Becton Dickinson, San Jose, CA} ar a concentration of
3 x 103 ceilsjwell with complete culture medium and allowed to
adhere to the plate for 24h. Then the cells were incubated in
the presence of the drug of each concentration ranging from 0
{control) to 10uM of for another 72h at 37°C in a humidified
atmosphere of 5% CO; in air. After the treatment, 20 u.L of CellTiter
96% AQueous One Solution Reagent was dropped into each well
of plates, After the incubation of another 80 min, the optical den-
sities (ODs) of these samples were directly measured using an
immuno Mini N]-2300{Nalge Nunc International, Rochester, NYL A
reference wavelength at 480 nm was used to subtract background
contributed by excess cell debris, fingerprints and other nonspecific
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absorbance. The OD of control samples was regarded as 100 and
others were compared 1o the control. Each drug concentration was
distributed in 4-replicate wells and each experiment was repeated
thrice. The anti-proliferative activity of AUY922 was shown as ICsp,
which is the concentration of the drug required to inhibit cell pro-
liferation by 50%.

2.3. Western blot analysis and immunoprecipitation

Protein expression analysis was assessed by Western blot-
ting. The lysate was extracted and 20ug of total protein was
then separated by SDS-PAGE and transferred to polyvinylidene
fluoride (PVDF)} membrane. The membranes were incubated
with anti-EGFR, anti-phospho-EGFR (Ty1068), anti-Met (25H2),
anti-phospho-Met (3D7, Tyr1234/1235), anti-HERZ, anti-phospho-
HERZ2 (Tyr877}, anti-Akt, anti-phosphor-Akt {Ser473), anti-p44/42
mitogen-activated protein kinases {MAPK), anti-phosphor-MAPK
(Thr202/Tyr204), anti-Cyclin D1, anti-cdc2 and anti-cleaved poly
{ADP-ribose} polymerase (PARP) (Asp214) {19F4) antibodies (Cell
Signaling Technology, Beverly, MA), anti-Hsp90 (Novocastra, New-
castle, UK}, anti-Hsp70 (Stressgen Bioreagents, Ann Arbor, MI),
anti-CDK4 (C-22) (Santa Cruz Bistechnology, Santa Cruz, CA), anti-
Actin {used as loading control, Millipore, Billerica, MA) and then
with goat anfi-rabbif and goat anti-mouse IgG-HRP coupled to
horseradish peroxidase conjugated secondary antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA). After the incubation with
antibodies, the membranes were developed by ECL Plus Western
Blotting Detection Reagents (Amersham Biosciences UK Limited,
Buckinghamshire, UK.

2.4. Flow cytometric analysis

Cells were harvested and resuspended in PBS containing 0.2%
Triton X-100 and 1 mgfmL RNase for 5min at room temperature
and then stained with propidium iodide at 50 wg/mL to determine
subdiploid DNA content using a FACScan. Doublets, cell debris, and
fixation artifacts were gated out, and cell cycle analysis was done
using CellQuest version 3.3 software.

3. Results
3.1. Anti-proliferative effect of AUYS22 in NSCLC cell lines

The concentrations of AUY922 at ICsp in each cell line are shown
in Table 1 and Fig. 1. The molecular characteristics of NSCLC cell
lines are also described {Table 1). The ICsg values in the NSCLC cell
lines ranged from 5.2 to 860 nM, whereas those in the MPM cell
lines ranged from 22.2 to 24,100nM (p=0.015), indicating a sig-
nificant difference in AUY922 sensitivity between NSCLC and MPM
cell lines. For NSCLC, AUY922 exhibited a strong anti-proliferative
effect in cell lines with EGFR mutations that were either sensitive
to EGFR-TKI or that had acquired resistance to EGFR-TKI, sim-
ilar to the effects of GM analogues. Furthermore, AUY922 also
exhibited anti-proliferative effects on cell lines with wild-type
EGFR, a K-ras mutation, EML4-ALK fusion gene, or other genetic
alterations.

We aiso determinad the 1Csp value of the SKBR3 breast cancer
cell line to validate the [Csp value determined with our MTS assay
by comparing it with published data [22]. Our and previously pub-
lished ICsg values were 9.7 £3.5nM and 3.3 £0.9nM, respectively,
suggesting that the ICsp value measured using our system was not
remarkably different from the published data [22]. Thus, in accor-
dance with the published criteria, an ICsg value of less than 50nM
was regarded as being a sensitive cell line [22]. On the basis of this
criteria, 19 of the 21 NSCLC cell lines and two of the five MPM cell
fines were classified as being sensitive (p=0.034),
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Table 1
iCs; inhibition values for NVP-AUYS22 in NSCLL and MPM cell lings,
Cancer type Cell lines Histological subtypes AUYD22 Genetic alterations
Sensitivig? G50 (NM)

NSCLC PC-9 AD Sensitive 8.6 £ 0.5 EGFR mutation Exon1d del
HCC2835 AD Sensitive 892 =041 £xon15 del
HCCB27 AD Sensitive 169 = 04 Exon19 del
HCL2278 AD Sensitive 283 % 38 Exonid del
HCC4011 AD Sensitive 17.5 = 0.1 L858R
H3255 AD Sensitive 28.5 4 58 1L838R
RPC-H AD Sensitive 204 %14 Exoni8 del = T790M
H1975 AD Sensitive 52203 LES8R £T730M
H1650 AD Sensitive 235+£29 Exonld del. = PTEN del,
H1299 i Sensitive 324 =01 N-ras mutation
A545 AD Sensitive 183 +06 K-ras mutation
H2009 AD Sensitive 214 x08 K-ras mutation
H358 AD Sensitive 28.1 =41 K-ras mutation
H2170 3Q Sensitive 81203 HER2 amplification
H1648 AD Sensitive 9.6 =01 HERZ amplification
1818 AD Sensitive 238219 HERZ amplification
Calu3 AD Resistant 248 = 8.5 HER2 amplification
H1983 AD Sensitive 7.7 £02 MET amplification
H1385 AD Resistant 860 = 7.1 B-raf mutation
H2228 AD Sensitive 204 65 EMI4-ALK fusion gene variant EBa/bA20
H838 AD Sensitive 17.1 =06 None

MPM HZ11 Biphasic Sensitive 222+ 38
Ha80 Epithelial Sensitive 273 =338
H28 Sarcomatoid Resistant 83282
HP1 Biphasic Resistant 1070 £ 18
H2052 Epithelial Resjstant 24,100 = 4800

BC SKBR3 Sensitive 87 £33

NSCLC, non-smali cell lung cancer; MPM, malignant pleural mesothelioma; BC, breast cancer; AD, adenocarcinoma; LC, large cell carcinoma; SQ, squamous cell carcinoma.
3 Sensitivity: sensitive cell lines, ICsp value <50 nM; resistant cell ines, 105 value > 50 nM; del, deletion; NVP-AUY922 exhibited strong effects to most NSCLC cell lines

with EGFR and K-ras mutation or HER2 and MET amplification.
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Fig. 1. ICsp valuas of non-small cell lung cancer and malignant pleural mesothelioma
cell lines.

Two cell lines, H1395 and Calu3, were considered to be resis-
tant. H1395 contains a B-rof mutation as a known molecular
alteration, while Calu3 has a strong amplification of HER2 and
increased copy numbers of FGFR and PI3CA. However, the H2170
cell line, which also exhibited strong HER2 amplification and an
increased copy number of EGFR, was classified as a sensitive cell
line (ICsg =9.1 + 0.3), suggesting that amplification of HERZ or EGFR
is not the factor that causes resistance to AUY922.

3.2. Effects of AUY922 on molecular signature in NSCLC cell lines

Subsequent experiments focused on NSCLC The effect of
AUY922 on protein expression was examined according to con-
cenfration and exposure time in three sensitive cell lines (H1875,
AS548, and H838) and two resistant cell lines (H1395 and Calu3).
Cells were harvested 24 h after drug treatment in a concenfra-
tion gradient experiment (Fig. 2 and Supplementary Fig. 1). In
sensitive cell lines, the depletion of both the total and the phos-
phorylated client proteins, such as EGFR, MET, HERZ, AKT, and
Cyclin D1 (CCND1), was observed after treatment with 50nM of
ALY922. Suppression of phospho-MAPK (p-MAPK] but not total-
MAPK (t--MAPK) may be caused by down-regulation of its upstream
maolecules, which are the client proteins of HspS0. Although inhi-
bition of HspB0 activity with drugs is generally correlated with
Hsp70 protein levels after treatment [22,27], Hsp70 expression
increased in both sensitive and resistant cell lines. In terms of
the resistant cell lines, although expression of the client pro-
teins was not depleted after treatment with a high concentration
of AUY922 in Calu3 (ICsg=248nM), H1395 - another resistant
cell line (ICs5=850nM) - showead depletion of client proteins
after treatment with AUYS22 at a low concentration (Fig. 2 and
Supplementary Fig. 13

For exposure time analysis, each cell line except H1395
was treated with the AUY922 conceniration, which was five
times as high as each {Csp. H1395, the 1C5; of which was
850nM, was exposed to 100nM of AUY922. Although varia-
tion of protein depletion and recovery was observed according
to proteins or cell lines, decreased expression of the major-
ity of proteins was observed from 12 to 72h (Fig. 3 and
Supplementary Fig. 2). Of note, there was no major differ-
ence in the pattern of the protein expression profile time
course between sensitive cell lines and H1385-resistant cell
lines.
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Fig. 2. The profiles of protein expression under the treatment of different AUY922 concentrations for 24 h.

3.3, Effects of AUY922 on cell cycle and apoptosis of cell-cycle distribution after treatment of AUY922 was different

between two cell lines, sub-Go-G{ DNA content increased in a time-

We analyzed the cell cycle in two sensitive cell lines (H1975 dependent manner for both cell lines. Cleaved PARP also increased

and H838) to examine the impact of AUY922 on cell-cycle dis- with AUY922 treatment, indicating that AUY922 induced apoptosis
tribution, especially induction of apoptosis. Whereas the pattern in these two cell lines (Fig. 4).

H1975 A549 H83s8 H1395
AuY922(hr) o 12 4 4 . 0 12 24 48 T2 0 12 24 48 7 0 12 M 48 72
EGFR a8 - N 2 @ .- -
HER2 &, = ®»

CCND1 @ = gii Q §
2388 8=~

Hpoo @O DD PPYPODS v

MAPK

Hsp70 - @B DOOD® WP we W o WS W

Actin TP T DWW aPerepwwrns Y B BB

Fig. 3. The profiles of protein expression according to exposure time with AUY822. Each NSCLC cell line {H1975, A549, and H838) was treated with AUY922 of which
concentration was five times as high as each 1Css. H1385 was exposed to 100 nM of AUY922. )
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Fig. 4. The impact of AUYS22 on cell cycle distribution and induction of apoptosis. Using two sensitive cell lines, cell cycle distribution was analyzed using flow cyrometry
and cleaved PARP expression was examined using Western blotting. After treatment of AUYS22, sub-G,-G, DMA content increased in a time-dependent manner and cleaved

PARP also increased with AUYS22 treatment.

4, Discussion

In this study, we found that AUY922 had a strong anti-
proliferative effect on most NSCLC cell lines. Previous studies have
indicated that GM analogue Hsp80 inhibitors have an anti-tumor
effect on EGFR mutant NSCLC cell lines, including acquired TKI-
resistant NSCLC. This suggests that Hsp80 inhibitors are promising
agents for resistance to EGFR-TKI in the treatment of NSCLC [12].
However, a recent clinical trial for IPI-504, an analogue of 17-
AAG, failed to show its significant effectiveness for EGFR mutant
NSCLC patients [17]. On the other hand, IPI-504 showed response
to 2 of 3 NSCLC patients with EML4-ALK fusion gene. One of
the reasons is that enrolled patients with EGFR mutation had
been treated at least two prior EGFR-TKI agents, suggesting that
the biological features of these EGFR mutant fumors might be
different from those of untreated tumors with single oncogene
addicted status. In addition, cancer cell lines with EML4-ALK might
be more sensitive for 17-AAG than those with EGFR mutation
[17]. Unlike GM analogues inciuding 17-AAG, AUY992 exhib-
ited similar anti-tumor effect not only in EGFR mutant tumors,
but also in wild-type EGFR tumors with varicus molecular alter-
ations including K-ras mutation, EMI4-ALK fusion gene, or MET
or HERZ amplification. One reason is that AUY922 has a much
higher affinity for the N-terminal nucleotide-binding site of human
Hsp90 than other HspS0 inhibitors and can strongly suppress
the expression of many client proteins at low concentrations
[20].

Cell-cycle distribution was examined in two cell lines to assess
the induction of apoptosis, but the pattern of distributions was not
identical. Many client proteins of Hsp90 are thought to be involved
in the pathogenesis of cancers, The degree and manner of invelve-
ment of each client protein should vary according to the cancer
type, resulting in variation of the cellular response, such as cell-
cycle distribution and degree of apoptosis. This would account for
the difference in pattern of cell distribution and degree of apoptosis
even in the sensitive cell lines.

In our series, the two cell lines Calu3 and H1395 were regarded
as being resistant to AUY922. The client proteins in Calu3 were not

depleted with AUYS822 reatment as much. The fact that expres-
sion of Hsp70 was induced in Calu3 confirmed the inhibition of
Hsp90 with AUY922, which suggested that drug transporters or
metabolic activity might not be responsible for the resistance
of Calu3. The cause of preserved expression of client proteins
is unclear. In contrast, H1395 showed decreased expression of
the client proteins at a low concentration of AUY922, which was
similar to the response in sensitive cell lines. As early recovery
of client proteins under AUY922 treatment was related to drug
resistance in glioblastoma [28], we examined whether there was
a difference in the recovery time of depleted proteins between
sensitive and resistant cell lines. However, there was no differ-
ence between them in NSCLC and the mechanism of resistance
was unclear. One possible explanation for the observed resis-
tance is that although Hsp90 has many client proteins that are
generally essential for tumor proliferation and survival in the
majority of cancers, when cancer ceils do not depend on these
client proteins for survival, the inhibition of HspS0 may not be
effective. Of clinical relevance, this point may suggest that the
selection of patients suited to AUY922 treatment based on molec-
ular properties is difficult. Further investigation to identify the
factors that can predict sensitivity or resistance to AUY922 is nec-
essary. '

Qur resuits suggest that AUY922 is not effective in MPM com-
pared to NSCLC. Although the precise mechanism of resistance
is not clear, the molecular characteristics of MPM are different
from those of NSCLC {29,30]. Regarding the clinical use of AUY322,
Phase I/1l trials of intravenously administered AUY922 are currently
ongoing (http://clinicaltrials.gov/} for patients with various types
of cancer. From February 2011 to present, two interesting clinical
trials have begun for advanced NSCLC The NCT01124864 trial is for
patients who have received at least two lines of prior chemother-
apy. and the patients are stratified according to K-ras and EGFR
mutation status. The NCT01258089 trial is for patients with lung
adenocarcinoma with “acquired resistance” to EGFR-TKI, It is note-
worthy that our data strongly support the use of AUY922 for the
treatment of NSCLC patients with various somatic alterations or
with acquired resistance to EGFR-TKL
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In conclusion, our study suggests that AUYS22 is a potent can-
didate for the treatment of the majority of NSCLCs, independent of
the major known genetic alterations.
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Temsirolimus {CC-779), a recently synthesized analogue of rapa-
miycin, specifically inhibits mTOR and has been approved for dini-
cal use in renal cell carcinoma. Recent reports have indicated the
growth inhibitory effect of temsirolimus in some cancers Induding
non-small-cell lung carcinoma (NSCLC). In this study, we almead 1o
siplore the potental therapeutic use of temsivolimus as a treat-
ment for NSCLC, Using cultured NSCLC calls (2549, H1299, and
+1358), we determined the effect of temsivolimus on cell profifera-

tion and its antitumor affects on subcutanecus tumors, as well as .

its contribution to the survival of mice having pleural dissemina-
tion of cancer calls, mimicking advanced NSCLL Temsirolimus sup-
pressed proliferation of NSCLT cells in a dose-dependent mannar,
with an 1Cs of <1 ndi, Western blot analysis revesled that temsi-
rolimus treatment specifically inhibited the phosphoryiation of
mTOR and its downstream effectors In 1 h, sccompanisd by an
increased cell population In the Go/G, phase, but according 1o flow
cytometry, the el population did not increase in the sub-Gy
phasa. When NSCLC subcutaneocus tumor-bearing mice were tras-
tad with temsirolimus, tumor volume was significantly reduced
{tumor volume on day 35 vehide ws temsirolimus = 1229 ws
598 cm® P < 0.05), Furthermore, prolonged survival was cheerved
in pleural disseminated tumor-bearing mice with tensirclimus
treatment {median survival vehidde vs femsirolimus = 5335 vs
72.5 days; P < 0.055. These results suggest that temsivelimus
could be useful for NSCLC treatment, due o s antiproliferative
effact, and rould be a3 potential treatmem for advanced NSCLL,
giving prolonged survival, {Cancer 5d, doi: 10.1111/1.1348-7008,
20711.01887.2, 2071}

ung cancer is one of the most aggressive malignancies with

poor prognosis. It is estimated that more than 160 000 and
63 000 lung cancer patients in the USA and Japan, respectively,
die each year.""? A wide variety of new chemotherapy medi-
cines have been developed and introduced in clinical practice,
but the mortality rate has not been improved.” Recently, the
strategy of drug development has focused on targeting particular
molecules that are supposed to be critical for cancer progression.
Several molecules in the growth facior receptor pathway are
specifically targeted because those molecules are well recog-
nized as being aberrantly regulated in cancers. For example, epi-
dermal growth factor receptor (EGFR) and its downstream
molecules_are often upregulated due to gene amplification or
mutation;®* therefore, targeting EGFR is a major therapeutic
sirategy for non-small-cell lung carcinoma (NSCLC).® Gefiti-
nib is a well-known small molecule inhibitor that selectively
suppresses EGFR tyrosine kinase activity™ and has been
applied in the treatment of NSCLC.™ Several studies have
shown that gefitinib treatment has a drastic antitumor effect in 2
subset of NSCLC which had acquired certain types of EGFR

doi 10.1117/3.1349-7006.2011.01967
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mutation.®® Since the appearance of gefitinib, several selective
BGFR inhibitors have been developed. However, these drugs
only revealed a minimal effectiveness due to the aberrant
reguiation of molecules located downstream from the receptor
tyrosine kinase pathways including Ras-Raf-MAPK and phos-
phatidylinositol 3'-kinase (PI3K)-Akt."%*D Among them, mam-
malian target of rapamycin (mTOR) is one of the major
effectors regulated by the PI3K-Akt signaling pathway and plays
a central role in this stimulated growth."*' Moreover, there is
an upregulation of mTOR activity in many types of cancers
including NSCLC.9*'® Therefore, several compounds that
ss!ectiveig inhibit mTOR activity have been developed for clini-
cal use."®” Temsirolimus (CCI-779), an analogue of rapamy-
cin, was recently synthesized to specifically inhibit mTOR and
has provided prolonged survival of patients with renal cell carci-
noma. It was also reported that temsirvolimus showed a certain
antitumor effect on gther types of cancers including breast can-
cer, "™ glioblastoma,"” neurcendocrine carcinomas,®” and
mantle cell lymphoma.?V Moreover, temsirolimus has antitu-
mor_gffects in other diseases such as lymphangioleiomyomato-
sis.* Based on these observations, we questioned whether
temsirolimus treaiment could be a potential therapeutic option
for NSCLC. In this study, we evaluated the antiproliferative and
anfitumor effects of temsirolimus in NSCLC in vitro and in vivo,
with an assessment of its survival advaniage in an animal modsl
of advanced NSCLC.

Materials and Mesthods

Cell lines and cultures. Three cancer cell lines that were estab-
lished from human NSCLC {A349, H1299, and H338) were
used in this study. A549 was culiured in DMEM (Sigma-
Aldrich, 8t Louis, MO, USA) and HIZ99 and H358 were
cultured in RPMI-1640 medium (Sigma-Aldrich) at 37°C in
humidified air with 5% CO, These media were supplemented
with 10% FCS (Hyclone, Logan, UT, USA), 100 U/mL penicil-
lin and 100 mg/mL streptomycin (Sigma-Aldrich).

Reagents. Temsirolimus, commercialized as Tricel by Wyeth
K.K. (Madison, NJ, USA), was purchased from OZ International
{Tokyo, Japan). The temsirolimus was diluted to the final con-
cenfration with culfure media before an in vifro experiment.
When temsirolimos was used in vive, it was dissolved and
diluted to a final concentration of 10 mg/kg with 0.9% sodium
chloride.

Trypan blue exclusion assay. Cancer cells (5.0 x 10° per well)
were plated directly in 24-well dishes with culture medium.

*Ty whor corresponidence should be addressed.
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Afier the cells entered into an exponential growth phase, they
were treated with different concentrations of temsirolimus (0,
0.1, 1, 10, 100, or 1000 oM) for 48 h, stained with Trypan blue,
and the number of viable cells was counted using a hemacylo-
meter.

Apoptosis assay. Cells in apopiosis were determined by
TUNEL assay using a2 MEBSTAIN Apoptosis Idt I (MBL
International, Woburn, MA, USA) according o the manufac-
turer’s protocol. Briefly, cells (1.0 % 10% per well) were seeded
on Lab-Tek 8-well permanox chamber slides (Becton Dickinsor,
Franklin Lakes, NJ, USA) and were trealed with 10 aM/L
of temsirolimus or with an equivalent volume of diluted
DMSO (final concentration, 0.005%) a2z a control for 48 h
The TUNEL-positive cells were counted with a Huorescence
microscope.

cell cycle analysis by flow cytometry. For cell cycle analysis,
cancer cells were plated in six well tssue culture plates and trea-
ted with different concenirations of temsirolimus (0, 1, 10, or
100 nM/L). After a 24-h reatment, the cells were harvested and
stained with 20 mg/mL propidivm icdide. The DNA content
was analyzed with a fluorescence-activated cell sorter (FAC-
Scan; Becton Dickinson) using CellQuest software (BD Bio-
sciences, San Jose, CA, USA)L

Wastern blot analysis. Whole cell lysates and nuclear protein
were extracted using M-PER buffer (Thermo Fisher Scientific,
Rockford, 1L, USA) and NE-PER buffer (Thermo Fisher Scien-
tific) supplemented with protease inhibitors and phosphatase
inhibitors. The protein concentration of the collected supema-
tants was determined and equal amounts of protein were electro-
phoresed under a reducing condition in gradient polyacrylamide
gels (ATTO, Tokyo, Japan) and were then tramsferred onio
PVDF filter membranes (Millipors, Billerica, MA, USA). The
membranes were incubated with primary entibodies at 4°C over-
night, followed by incubation with secondary antibodies at room
temperature for 1 k. An Amersham BCL Plus Western Blotting
Detection System (GE Healtheare, Piscaiaway, NJ, USA) was
used for signal detection. The antibodies used for Western blot-
ting were phospho-mTOR (Ser2448), mTOR, phospho-p70 S6
kinase (Thr389), p70 56 kinase, phospho-86 ribosomal protein
(Ser235/236), and hydroxy-HIF-l1a (ProS564) (D43B3). All of
them were obtained from Cell Signaling Technology (Beverly,
MA, USA). B-Actin was obtained from Sigma-Aldrich. Horse-
radish peroxidase-conjugated rabbit ant-mouse igG was
obtained from Dako Cytomation (Glostrup, Denmark). Goat
anti-rabbit IgG was obtained from American Qualex Antibodies
(La Mirada, CA, USA).

Animal experiments. The protocol for the animal experiments
was approved by the Ethics Review Commitiee for Animal
Experiments of Okayama University (Okayama, Japan). Mice
used in this study were purchased from Clea (Tokyo, Japan).
A549 s.c. zenografis were producad on the backs of §-week-old
male BALB/c nu/nu mice by injecting 3 x 10° cells mixed with
Matrigel (BD Biosciences) at a [:l ratio. After 7 days, the
tumor-bearing animals were randomized info fwo groups that
consisted of seven mice each: (i) temsirolimus (10 mg/kg given
iv, once/week for 5 weeks); and (ii) saline alone as a vehicle
(given iv. once/wesek for 5 wesks). Tumor volume was mea-
sured weekly (length x width X height). To create the AS49
plenral dissemination model, 4 x 10° cancer cells were intratho-
racically injected into the pleural cavity of S-week-old male
BALB/c nw/nu mice. After 7 days, the animals were random-
ized into two groups that consisted of eight mice each; (i) temsi-
rolimus (10 mg/kg given Lp. once/week for 5 weeks); and (i)
saline alone as a vehicle. The drug was given once 2 week and
lasted until the mice expired. Each animal experiment was
repeated three times and the representative data is shown. The
dose and schedule of temsirolimus treatment (10 mg/ky/week)
in these animal experiments was decided based upon previous

where the ressarchers used a range of &

reports o2,
20 mg/kg/week,

immunohistochemistry. Surgically resected plenral membrang
tissues from mice with disseminated pleural tumors from 43545
cells were used for immunohistochemical study following pro-
cedures described previously. "™ Deparaffinized tissue sections
were tmmersed in methanol containing 3% hydrogen peroxide
1o block endogenous peroxide activity. An autoclave preireai-
ment in citrate buffer was done for antigen retrieval, After incu-
bation with a blocking buffer the sections were freated with an
anti-phospho-mTOR rabbit mAb (Cell Signaling Techsology)
for 6 h at room ternperature followed by immuncbridging with
Avidin DH-biotinylated HRP complex (Nichirei, Toltyo, Japan).
Signal detection was done for 2-5 min using 3,3'-diaminobenzi-
dine tetrahydrochloride dissolved to 50 mM/L  Tris-HC
{pH 7.5) containing 0.001% hydrogen peroxide. The sections
were counterstzined with Mayer-hematoxylin. Monoclonal anti-
human mouse Ki-67 antibody (MIB-1; Dako Cytomation) was
used to calculate the Ki-67 labeling index by counting the num-
ber of positively stained cells per 1000 cancer cell nuclei for
each section.

Statistical analysis. Student’s ~test was used 10 compare data
between two groups. Data represent the mean £ 5D, Overall
survival was calculated wsing the Kaplan-Meier method and
compared by the log~rank test. P < 0.05 was considered statisti-

cally significant.

Resulis

inhibition of mTOR by temsivolimus suppresses ¢all growth of
NECLC cells. First, we examined how effective temsirolimus was
at inhibiting the proliferation of cultured NSCLC cells using a
Trypan blue exclusion assay. As shown in Figurs 1, temsiroli-
mus suppressed the call proliferation of A549, H1299, and H358
cells in a dose-dependent manner. The ICsp values were mea-
sured o examine the suppression of cell proliferation by temsi-
rolimus in NSCLC cell lines. The ICsp for AS40 cells was
0.76 nM and those for H1299 and H358 were 0.75 nM and
0.64 nM, respectively (Fig. 1). These data indicated that temsi-
rolimus effectively inhibited the viability of NSCLC cells at a
Iow concentration of <1 aM.

g

8

Celt viability (% of contral)
& 8

i} a1 % 10 190

Fig. 1. Temsirolimus suppresses cell profiferation of nonamali-celf
lung carcinoma cells in 2 dose-dependent manner, Cuttured calls were
treated with the indicated concentrations of temsirolimus for 48 h
and the number of visble cells was counted by the Trypan blue
exclusion method. The 10y values of A543, H1288, and H358 cells
were 0.76, 0.75, and 0.54 nM, respectively.
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Temsirolimus inhibited mTOR pathway in a dose- and time-
dependent manner. Next, in order to svaluate the effect of
temsirolimus on regulating activation in the mTOR pathway, we
examined the phosphorylation of mTOR and iis downstream sf-
fectors by Western blot analysis. As expecied, the treatment
with temsirolimus suppressed the activations of mTOR, p70
ribosomal S6 kinase, and $6 in a doss-dependent fashion in
A349 (Fig. 2A). This inhibitory effect occurred after 1 h, and
lasted at least 4 h (Fig. 2B). Similar results were obtained in
another NSCLC cell line, H1299 (Fig. 2C,D). Furthermore, we
assessed the sxpression status of cell cycle markers including
p21%%1 p275°! "and cyclinD1, whose expression is often modi-
fied by the inactivation of p70 S6 kinase and $6.”7 Interest-
ingly, p21°?' was apparently induced by temsirolimus
treatment, but we did not observe any change in cyclinDl or
p275°! (Fig. S1). Because the upregulation of p21°%" is known
to contribute to cell cycle arrest, these data suggest that the inhi-
bition of the mTOR pathway using temsirolimus is a promising
strategy to diminish the proliferation of NSCLC cells.

Temsirolimus treatment leads to G, cell cycle arrest but not
cell death. Our next question was whether temsirolimus irsat-
ment is lethal to NSCLC cells. In order to answer this guestion,
we carried out flow cytometry to analyze the cell cycle distribu-
tion in A549 and H1299 cell lines under temsirolimus treatment.
Interestingly, temsirolimus treatment increased the cell popula-
tion in the Gy/G, phase, but not in the sub-Gy phase, which
accounted for dead cells (Fig. 3). Purthermore, when we exam-
ined the amount of apoptosis by TUNEL assay, we did not
observe a significant number of apoptotic cells {data not shown).
Taken together, these results suggested that temsirolimus sup-
pressed NSCLC cell proliferation by its cytostatic effect, not by
cytotoxicity.

Temsirclimus reduces s.c. tumor growth of NSCLC cells. Next,
we investigated the effect of temsirolimus on in vivo tumor
growth. A349 sc. xenografts were made. When 10 mg/kg
temsirolimus was given weekly i.v. to the mice bearing the s.c.

tumor, a significant delay of s.c. tumor growth was observed on
day 335 (mmor volume: vehicle vs temsirolimus = 1239 vs
698 cm®; P < 0.05) (Fig. 4). None of the mice died of drug-
induced toxicity and no other significant adverse events were
observed. Moreover, during the observation pericd (up to
35 days after cell inoculation), there was no significant change
in body weight in either group (data not shown).

Temsirolimus tresiment prolonged survival of mice with
disseminated pleural tumors of NSCLC cells. As shown above, we
found that temsirolimus had a cytostatic effect on NSCLC ceils
and showed a delay of s.c. tumor growth. Based on thess resulis,
we predicted that a major advantage of temsirolimus treatment
would be an improvement in the survival of patients bearing
NSCLC tumors, similar to renal cell carcinoma.®® To investi-
gate the effect of temsirolimus on survival, we made 2 pleural
dissemination animal model by injecting A549 cells into the
iniraplenral cavity, to mimic an advanced clinical stage of
NSCLC. A weekly Lp. injection of 10 mg/kg temsirolimus sig-
nificantly prolonged the survival period of these pleural dissemi-
nated tumor-bearing mice (median survival: vehicle s
temsirolimus = 53.5 vs 72.5 days; £ < (.05) (Fig. 5A,B).

Macroscopic observation by opening the thoracic cavity of
the mice showed that temsirolimus treatment obviously reduced
the number and the volume of pleural disseminated tumors on
day 21 after the inoculation of A549 cells in the thoracic cavity
(Fig. 5C,D), although tumors were recognized in a bilateral tho-
racic cavity regardless of temsirolimus treatment. This result led
us to speculate that temsirolimus reduced the growth of pleural
disseminated fumors, leading to the prolonged survival of the
tumor-bearing mice. Furthermore, immunchistochemical analy-
sis revealed that phosphorylation of mTOR was strongly sup-
pressed in the turnor tissues of the temsirolimus-treated mice
(Fig. 3E.F).

The immaunohistochemical analysis for Ki-67 using dissemi-
nated pleural tumor tissues revealed a significant decrease in the
number of proliferating cells (determined by calculating the

(A} Taemgirnseons 25 0 {B8) Termsirotimus 1008
e 8¢ 3 ® e el Temei) 8 838 5% 1 2 3
wToR S HTOR
PpaasE PPTOBIK  smemy
PTRBEK prOSH Y SRR s SET v i
B
85
Actin
{6) Temuinoliaus 240
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Fig. 2. Temsirolimus suppresses the activation of
mTOR and its downsiream effectors. Whole call
lysates of A543 (A,B) and H1299 (C.D} non-small-cell
fung carcinoma cells that were treated with the
indicated concentrations of temsirolimus were used
for Western blot to determine the inhibitory affecs
on mTOR and #s downsiream effeciors in dose-
dependent (A,0) and time-course (8,0} studies.
p-mTOR, phospho-mTOR; pp70 58K, phosphe-p70
56 kinase; p-36, phospho-36 ribosomal protain.
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Fig. 4. Temsirolimus reduceé the growth of sc. tumors of AS49 nonsmallcell lung carcinoma cells. AS49 cells were incculated s.c. in the
dorsurn of nude mice {day 0} and Lv. injections of sither temsirolimus (10 mg/kg) or saline as 3 vehicle were started from day 7 and mmim{ed
onca a week {A). Tumor volume was measured as a cubs (Jength x width x height) and was tracked for up to 5 weeks (B). The representative

data were taken from thres independent axperiments.

Ki-labeling index, defined in Materials and Methods) in the tis-
sues freated with temsirolimus (femsirolimus, 0.106 % 0.019;
control, 0.191 = 0.044; P < 0.05) (Fig. 52A). However, temsi-
rolimus treatment did not increass the incidence of apoptosis
in the tumor tssses, as checked by immwnchistochemistry
for cleaved caspase-3 (temsirolimus, 0.004 =+ 0.002; control,
0.004 = 0.002; P > 0.05) (Fig. 52B). These resulis were similar
to our in vizre data, supporting our conclusion that the primary
effect of temsirolimus is antiproliferative rather than cylotoxic.
Thus, the advantage of in vive temsirolimus treatment was fo
provide prolonged survival in advanced NSCLC fumor-bearing
mice by suppressing tumor growth.

inhibition of mTOR by temsirolimus suppresses the action of
hypoxia indudble factor fe (HIRio) Finally, we assessed the
inhibition of mTOR by temsirolimus in NSCLC cells and
wumors, Because recent reports have shown that the action of
HIF-1¢, a major transcriptional activator for anzgiggeﬁesis and
oncogenes, is regulated by the mTOR pathway,™ and is there-
fore inhibited by temsirolimus in virro and in vivo,”~% we also
determined the effect of temsirolimus on the expression staius of
HiF-1g in the nuclei, where activated HIF-1g normally manslo-
cates.®? Temsirolimus treatment suppressed the translocation of
HIiP-14 1o the nucleus in all of NSCLC cells (Fig. 834). As HIF-
12t is known to play a critical role in cell proliferation and angio-
genesis,®? this inhibition of HIF-1u action by temsirolimus
should at least partially contribute to its antiproliferative effect.

Regarding the antiangiogenic effect of temsirolimus by nega-
tively regulating HIF-1q, we additionally determined the expres-

sion of vascular endothetial cell growth factor (VEGF), a known
transeriptional target of HiF-1o. In culiured NSCLC cells, the
amount of VEGF protein secreted in the culiure medinm was
suppressed by temsirolimus treatment in 2 dose-dependent man-
ner (Fig. 83B.,C), Similarly, the production of VEGF mRMNA
expression, especially the 572-bp form of VEGF, was decreased
in the plevral disseminated tumors of the mice that had temsirol-
imus freatrment (Fig. 83D} The inhibitdon of HIF-1o/VEGF-
mediated angiogenesis might also contribute to slowing tumeor
growth by temsirolimus treatment.

Discussion

Temsirolimus, an analogue of rapamycin, is a new molecular
targeted agent and was first approved for the treatment of renal
cell carcinoma. In terms of NSCLC, it was reported that inhib-
iting mTOR with rapamycin revealed a growth inhibitory effect
in some NSCLC cell lines.® Temsirolimus was developed as
an improved derivative of rapamycin,®® and our data indicated
its effectiveness by showing its potent inhibitory effect on csll
profiferation of cultured NSCLC cells at a low concentration
{as low as | aM). Concerning the antiproliferative effect of
temsirolimus, our results reproduced the results of a previous
report using rapamycin, which induced cell cycle arrest at the
G, checkpoint and inhibited cell g;mﬁfsratitm of murine
NSCLC without inducing apoptosis. ™ In this study, temsiroli-
mus suppressed the phosphorylations of p70 56 kinase and 56
{Fig. 2). As the action of p70 86 kinase and S6 is critical for
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Fig. 5. Temsirolimus prolongs the survival of
pleural disseminatad tumor-bearing mice. AS549
non-small-cell lung carcinoma cells were injected
into the thoracic cavity of mice {day 0) and Lp.
injections of either temsirolimus {10 mo/kg) or
saline as & vehicle were started from day 7 and
continued once a week (A} Cell survival periods
were tracksd to draw a3 survival curve by the
Kaplan-pMeier method (8). Representative Images of
macroscopic observation in the thoracic cavity on
day 21 are shown {C, vehide only; D, temsirolimus),
immunohistochemical  examination of resected
disseminated tumor tissues from the control mice
(€} and temsirelimus treated mice {F) was carried
oul to asssss - the expression  status of
shosphorylated mTOR {day 21). Each photograph
was tsken at high magnification (x300). The
experiment was repeated thres times and the
represeniative data are shown,

cell cycle progression,®* the cytostatic effect of temsiroli-
mus can be at least partially explained by the importance of
p70 56 kinase to cell cycle progression. Phosphatase and tensin
homolog deleted on chromosome 10 (PTEN) and Akl are also
interesting molecules related to cell proliferation signals. A
recent study using rapamycin®® showed that the inhibition of
mTOR by temsirolimus appeared to regain Akt activity (Fig.
81). According to a previous report,” PTEN was lost in
H1259 cells by its promoter methylation, whereas it remained
intact in A549 cells. Regardiess of their PTEN expression, our
data indicated the similar potent antiproliferative effects of
temnsirolimus on those cell lines (Fig. 1)
Using an animal model of pleural dissemination, a condition
for human lung cancer patienis with one of the worst survival
_rates, we observed that temsirolimus reduced the growth of both
s.c. tumors and pleural disseminated tumors of NECLC cells,
and that the treatment significantly prolonged the survival of
mice bearing disseminated pleural tumors (Fig. 5). It is nowwor-
thy that the dose and schedule of temsirclimus treatment in this
study followed those currently in clinical use for renal cell carci-
noma, with no apparent adverse effects in the mice. Because this
regimen has also been tolerated in several clinical studies for
other cancers,”’*" temsirolimus treatment might safely provide
prolonged survival for advanced NSCLC patients, possibly due
to its cytostatic effect.
One immunohistochemical study showed ithat there were
differences in mTOR signaling activation depending on hisic-
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Patients and methods: In this phase Il, double-blind, placebo-controlled study, 172 patients with metastatic CRC
were randomised to receive once-daily cediranib (20 or 30 mg) or placebo, each combined with modified FOLFOX6
(mFOLFOX86). The primary objective was comparison of progression-free survival (PFS).

Results: The comparison of cediranib 20 mg versus placebo met the primary objective of PFS prolongation [hazard ratio
=0.70 (95% confidence interval 0.44~1.11), P = 0.167], which met the protocol-defined criterion of P < 0.2. Median PFS
was 10.2 versus 8.3 months, respectively. The PFS comparison for cediranib 30 mg versus placebo did not mest the
criterion. The most common adverse events (AEs) in the cediranib-containing groups were diarrhoea and hypertension.
Conclusions: Cediranib 20 mg plus mFOLFOX6 met the predefined criteria in terms of improved PFS compared with
placebo plus mMFOLFOX8. Cediranib 20 mg was generally well tolerated and the AE profile was consistent with

previous studies.

Key words: cediranib, colorectal cancer, mFOLFOX8, placebo, progression-free survival

introduction

In Japan, the incidence of colorectal cancer (CRC) has increased
nearly fivefold in the last 25 years, owing primarily to changing
Japanese dietary habits, which are becoming increasingly similar
to those of Western countries. In 2008, there were 101 656 new
cases of CRC in Japan and 43 349 deaths attributed to this
disease [1]. CRC is now the second most common malignancy in
Japan and is predicted to become the most common by 2015.
Fluorouracil (5-FU) was one of the first chemotherapies used for
the treatment of CRC, and the combination of 5-FU with
leucovorin and oxaliplatin (FOLFOX) has improved outcomes.
Treatment with these components (plus irinotecan in some
regimens) can provide a median overall survival (OS) of up to
20 months, compared with ~6 months with best supportive care
[2]. Japanese clinical guidelines recommend FOLFOX as
standard treatment of metastatic colorectal cancer (mCRC) [3].
To reduce toxicity associated with the FOLFOX regimen,

a number of modifications have been tried [4, 5]; the current
standard is modified FOLFOX6 (mFOLFOXG6).

Inhibition of the vascular endothelial growth factor (VEGE)
signalling pathway with bevacizumab has demonstrated
additional clinical benefit in CRC when used with 5-FU-based
regimens in the first-line setting in mCRC [6, 7]. Cediranib
is an oral highly potent VEGF tyrosine kinase inhibitor (TKI)
that inhibits all three VEGF receptors [8, 9]. Cediranib is
suitable for once-daily dosing and has demonstrated
antitumour activity during early phase clinical evaluation in
patients with advanced cancer [10]. Further studies
demonstrated that cediranib was generally well tolerated as
monotherapy [11-15] and in combination with various
anticancer agents at doses <30 mg/day [16-21].

The efficacy of cediranib in combination with chemotherapy
has been investigated in two phase 11T studies—HORIZON II
[22] and HORIZON III [23]—in Western patients with
previously untreated mCRC. Two cediranib doses were initially
selected for investigation in the HORIZON programme: 20
(lowest biologically active dose) and 30 mg/day (maximum dose
suitable for chronic dosing in combination with chemotherapy).
The decision to investigate cediranib 20 and 30 mg/day doses in
this study was taken before an end-of-phase IT decision from the
HORIZON programme to proceed with only the 20 mg/day
dose. As such, this two-part phase I/IT study, which mirrored
HORIZON I, investigated cediranib, at the same doses used
initially in the Western studies, plus mPOLFOX6 in Japanese

934 | Kato et al.

patients with previously untreated mCRC (ClinicalTrials.gov
identifier NCT00494221; AstraZeneca study code
D8480C00039). The phase I part of this study demonstrated that
both doses of cediranib were generally well tolerated in
combination with mFOLFOX6 [24]. Here, we report the results
of the randomised, double-blind, phase II part of this study,
which assessed the efficacy of cediranib (20 or 30 mg/day) plus
mFOLFOX6 compared with mFOLFOX6 alone.

patients and methods

eligibility

Eligible patients were aged 218 years with histological or cytological
confirmation of carcinoma of the colon or rectum. Patients required
chemotherapy for stage IV (metastatic) disease, had a World Health
Organisation (WHO) performance status (PS) of zero or one, and one or
more measurable lesions according to the RECIST (version 1.0). Any
adjuvant oxaliplatin or 5-FU therapy must have been completed >12 and >6
months, respectively, before study entry. Patients with brain or meningeal
metastases were considered eligible if they were clinically stable and had not
required corticosteroid treatment of 10 days. Exclusion criteria included
prior systemic therapy for metastatic disease and prior therapy with
monoclonal antibodies or small molecule inhibitors against VEGF or VEGF
receptors, including bevacizamab and cediranib.

study design

This phase II, randomised, double-blind, placebo-controlled study assessed
the efficacy of first-line treatment with cediranib plus mFOLFOX6
compared with mFOLFOX6 alone. Patients were randomised 1 : 1: 1 to
receive once-daily cediranib (20 or 30 mg) or placebo, each in combination
with 14-day treatment cycles of mFOLFOX6 (oxaliplatin 85 mg/m* 1V, day
1; leucovorin 200 mg/m? IV, day 1; 5-FU 400 mg/m” IV bolus, day 1 and
then 2400 mg/m? continuous IV infusion over 46 h). Patients were
stratified at randomisation according to a two-level liver function covariate
[based on baseline albumin and alkaline phosphatase (ALP) levels] and
WHO PS (0 versus 1). Randomised treatment was continued until objective
disease progression (as defined by RECIST) or until the occurrence of
toxicity, death, withdrawal of patient consent or other discontinuation
criteria. RECIST measurements were made using computed tomography or
magnetic resonance imaging scans; clinical assessment of these scans was
conducted by the study investigators.

The primary objective was to determine the efficacy of cediranib plus
mFOLFOX6é compared with mFOLFOX6 alone by assessment of
progression-free survival (PFS). Secondary objectives included comparison
of OS, objective response rate (ORR: complete response + partial response),
duration of response, change in tumour size and assessment of the safety
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and tolerability of cediranib plus mFOLFOX6. An exploratory end point
was to investigate the effect of treatment on soluble markers of angiogenesis
(VEGF and sVEGFR-2). VEGF and sVEGFR-2 were measured by enzyme-
linked immunosorbent assay of plasma samples from patients who
provided separate informed consent.

PES and ORR were determined from objective tumour assessments
(RECIST) carried out at weeks 6, 12, 18, 24 and then every 12 weeks until
disease progression or death. Adverse events (AEs) were recorded and graded
according to Common Terminology Criteria for Adverse Events version
3.0. The study was approved by each centre’s institutional review board and
was carried out in accordance with the Declaration of Helsinki, the
International Conference on Harmonisation/Good Clinical Practice,
applicable regulatory requirements and the AstraZeneca policy on Bioethics.

statistical analysis

Assuming a median PFS of 9 months in the placebo group, an 18-month
accrual period and a minimum 12-month follow-up, a total of 55

patients per group was required to have 80% power to detect a true PES
hazard ratio (HR) of 0.6 at two-sided significance level of P < 0.2 (one-sided
P < 0.1), which was considered appropriate evidence of activity for

a randomised phase II study [25]. The primary PFS analysis was conducted
using a log-rank test stratified by WHO PS (0 or 1) and a two-level baseline

liver function covariate (covariate 1 for baseline albumin < 3.5 g/l or ALP >
320 U/L; covariate 0 for all other values). PFS and OS were summarised by
treatment group using the Kaplan—-Meier method. The formal analysis was
conducted when ~105 progression events had occurred across the three
groups. No formal statistical analysis was carried out on safety data.

The results in the present study were relatively immature (65% of PFS
events versus 81% in HORIZON II) and the HR was favourable compared
with HORIZON II (HR = 0.84). Furthermore, there was a higher
proportion of patients with a PS of zero. Therefore, further analysis of
efficacy and safety outcomes was carried out when 81% of progression
events had occurred.

results

patienis

Between January 2008 and January 2009, 172 Japanese
patients were randomised to treatment with cediranib 20 mg
plus mFOLFOX6 (n = 58), cediranib 30 mg plus mFOLFOX6
(n = 56) or placebo plus mFOLFOX6 (n = 58) (Figure 1).
Patient characteristics were representative of the patient
population (Table 1). All patients were Japanese and 20%

Patients enrolled
n=93
Excluded n=21
Inclusion criteria not met n=17
Voluritary discontinuation n=3
Other n=1
Randomized
n=172
7 v 7
mFOLFOXS + cediranib 20 mg mFOLFOX6 + cediranib 30 mg mFOLFOX6 + placebo
n=58 (100.0%) n=56 (100.0%) n=58 {100.0%)
7 k4
Patients treated Patients treated Patients treated
n=58 (100.0%) n=56 (100.0%) n=58 {100.0%)
Discontinued cediranib Discontinued cediranib Discontinued placebo
n=40 (69.0%) n=44 (78.6%) n=40 (69.0%)
AEn=12 AEn=16 AE n=0
5 Worsened n=27 —$>| Worsened n=19 P Worsened n=37
improved n=0 Improved n=1 Improved n=0
Voluntary n=1 Voluntary n=7 Voluntary n=1
Cther n=0 Gther n=1 Other n=2
Discontinued mFOLFOX6 Discontinued mFOLFOX6 Discontinued mFOLFOX6
n=38 (65.5%) n=43 (76.8%) n=40 (69.0%)
AE n=3 AEn=4 AE n=0
—| Worsened n=32 2> Worsened n=33 3> Worsened n=37
Sufficient no. of cycles n=1 Sufficient no. of cycles n=0 Sufficient no. of cycles n=0
Improved n=0 improved n=1 Improved n=0
Voluntary n=2 Voluntary n=5 Voluntary n=1
Other n=0 Other n=0 Other n=2
Patients receiving cediranib Patients receiving cediranib Patients receiving placebo
at data cut-off n=18 (31.0%) at data cut-off n=12 (21.4%) at data cut-off n=18 (31.0%)
Patients receiving mFOLFOX6* Patients receiving mFOLFOX6* Patients receiving mFOLFOX6*
at data cut-off n=20 (34.5%) at data cut-off n=13 (23.2%) at data cut-off n=18 (31.0%)

*Patients may be receiving either 5-FU/lsucovorin or §-FU/leucovorin/oxaliplatin,

Figure 1. CONSORT diagram.
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were receiving antihypertensive treatment at baseline. Baseline
characteristics were generally well balanced across the groups,
although there were more female patients in the cediranib
30 mg group. Imbalances were noted in metastases at baseline,
time from initial diagnosis to randomisation, tumour grading,
baseline ALP and baseline liver function (Table 1).

At the protocolled data cut-off (13 October 2009), 65% (112)
of patients had progressed and 22% (38) had died. The most
common reason for discontinuation of placebo/cediranib was
worsened condition. At the second data cut-off (11 June 2010),
81% of patients had progressed and median OS follow-up was
19.0 months with 74 OS events.

Table 1. Patient demographics and baseline characteristics

Median age (range), years - L 63,5 (33-79)
Sex, n (%) S T
Male °38(65.5)
Female - : 20(34.5)
World Health Organisétion performance status, 1 (%) : L
0 SRR 44 (75.9)
1 ' ‘ Eaay ©14 (24.1)
Type of cancer, 1 (%) o
Colon : 39 (67.2)
Rectal 19 (32.8)
Tumout grading; n (%) :
Well: dlfferennated (Gl) 11.(19.0)
Moderately dlfferentiated (G2) 44 (75.9)
Poorly d erentmted (G3) . : 2 (3 4)
) uated,(G4) 17y
Unassessable (GX) : i Lo 0
Metastatic 51tes, (%) ‘ } ) o k ;
AR R e ~ . 32(552)

Metastase.s at basehne, 71(%) ;
Patlents w1 h liver only metastases at basehne '
ver and uther metastases at babelme

Paﬁents ‘w1th no hver mvolvement at basehne :

Priot ad;uvant therapy, n (%) ’ : : e iy
Yes: R S 13 (224)

Time from initial dlagnoszs to randomlbanon, n (%) Lol : -
<6 months - ' it © 36 (62.1)
6to <12 months 2 (34)

12 to’ ‘<24 moriths ,’6 (10. 3)
24 to <36 months 6(10:3)
>36 months 8 (13.8)

Baseline ALP, # (%) e
<320 U/l 31 (53.4)
>320 un- 27 (46.6)

Baseline liver furiction .
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afficacy

For the PES comparison of cediranib 20 mg versus placebo, the
HR was 0.70 [95% confidence interval (CI) 0.44-1.11],
two-sided P = 0.167 (Figure 2A), which met the protocol-
defined criterion for evidence of activity (P < 0.2). Median PFS
was 10.2 and 8.3 months, respectively. For the PFS comparison
of cediranib 30 mg versus placebo, the HR was 0.82 (95% CI
0.54-1.31), two-sided P = 0.261 (Figure 2B), which did not
meet the predefined criterion. Median PFS was 8.9 months in
the cediranib 30 mg arm. Predefined subgroup analysis of PFS
for both dose groups did not identify a particular patient

64.5 (40-82) 64.0 (36-80)
S 30 (53.6) 39 (67.2)
26 (46.4) 19 (328)
43 (768) 47 (81.0)
13 (23.2) 11 (19.0)
34 (60.7) 36 (62.1)
22 (39:3) 22 (37.9)
o (25.0) 16 (27.6)
- 38(679) 36 (62.1)
3(54) L 4(69)
B R OE R ¢ %)
0 A 17
29 (51.8) 28 (483)
127 (482) 30 (51.7)
w9 14
2 (3¢ 32(552)
12 (20.7)
;, 4"9{:(1‘6.'1)‘4‘ ' 8(138)
47 (83.9) 50 (862)
‘35//:(’67’.9) o 45 (77.6)
i  ran
10 (17.9) : 4(69)
S2(38) 3(52)
6(10.7) 5(8.6)
35.(625) 29 (50.0)
21 (375) 29 (50.0)
2069 30 (517)
34 (60.7) - 28(48.3)
37 Rt ,_'38
74.3 (56.6) 96.9 (100.7)

55.5 (312, 243.3) 546 (31.2, 508.1)

mFOLFOX6, modified FOLFOX6; ALP, alkaline phosphatase.
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Figure 2. (A) Progression-free survival (PFS) for patients who received cediranib 20 mg + modified FOLFOX6 (mFOLFOXS6) versus placebo + mFOLFOX6.
(B) PFS for patients who received cediranib 30 mg + mFOLFOX6 versus placebo + mFOLFOX6.

population that derived a differential PFS benefit from
cediranib versus placebo (supplemental Figure S1, available at
Annals of Oncology online).

The ORR was 53.4%, 69.6% and 53.4% in the cediranib
20 mg, cediranib 30 mg and placebo arms, respectively;
RECIST best response is summarised in Table 2. The median
best percentage changes in tumour size were —37.3%
(cediranib 20 mg), —43.4% (cediranib 30 mg) and —40.0%
(placebo). The median duration of response was 9.2
(cediranib 20 mg), 6.7 (cediranib 30 mg) and 7.1 months
(placebo) (Figure 3). At the primary analysis, there were

Volume 23| No. 4| April 2012

insufficient deaths (total = 38; 15, 9 and 14 in the cediranib 20
mg, cediranib 30 mg and placebo arms, respectively) to draw
conclusions on OS.

safety and tolerability

Overall, the most common AEs were diarrhoea and
hypertension (Table 3); neither caused discontinuation of
cediranib at the 20 mg dose. The incidence of AEs leading to
discontinuation of cediranib/placebo was higher in the
cediranib 30 mg group (27%) compared with the cediranib
20 mg (19%) or placebo (0%) groups; of these, only decreased
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Table 2. Best RECIST response

CR F - 0 , . 0 o ' : 2.(34)
PR L o 31(534) R C39(696) _29 (50.0)
Stable disease 26 weeks 24 (414) 14.(25.0) ' o 20 (34.5)

Progressive disease o 3(52) 1(18) 7(21)
Non-evaluable 0 236 i 0 -
mFOLFOX6, modified FOLFOX6; CR, complete response; PR, partial response.
i.0 o == Placebo + MFOLFOX6
i M% -~ Cediranib 20 g + mFOLFOX8
0.9+ : e Cediranib 30 mg + mFOLFOXS
0.8+
- 0.7+
8
b 0.6
Z 051
§ 0.4+ 1R T TR B
2
8 03- ,
0.2+
Median DoR
0.1 Placebo=7.1 months
: Cediranib 20 mg=9.2 months
o Cediranib 30 mg=6.7 months
T H T i i i ] ¥ T i 1
0 2 4 8 8 i 12 14 18 18 20
Time from first CR/PR {months)
Patients at rigk
Placebo 31 30 27 18 " 3 i 1 1 0 0
Cediranib 20 mg 3 30 27 22 14 8 4 2 1 0 0
Cediranib 30 mg 38 38 30 20 10 8 4 1 0 ] 0

Figure 3. Duration of response for patients who received cediranib 20 mg, cediranib 30 mg or placebo, each in combination with modified FOLFOXS6.

Table 3. AEs (frequency 230% in any group)

iyperbusion T R o o Boew
Decreased appetite o 43(any = el S 39 (67.2)
Fatigne o 39(67.2) T RN 40 (714) - 36 (62.1)

Peripheral neuropathy 27y " W ' 5)
Nausea

27.(482) ;
16 (286)

Mopecis
Epistags .1 R R 339) e A
Dyphosia  am@ms - LG 2064

AE, adverse event; mFOLFOX6, modified FOLFOX6; PPES, palmar—plantar erythrodysaesthesia syndrome (hand—foot syndrome).
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