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Abstract

Purpose—Insulin-like growth factor 1 receptor (IGF-IR) has been implicated in the pathogenesis

of ovarian cancer. Ganitumab is an investigational, fully human monoclonal antibody against IGF-

IR. Here, we explore the therapeutic potential of ganitumab for the treatment of ovarian cancer.

Experimental Design—The effects of ganitumab were tested in vitro against a panel of 23

established ovarian cancer cell lines. The ability of ganitumab to inhibit IGF-I–, IGF-II–, and

insulin-mediated signaling was examined in vitro and in tumor xenografts using ovarian cancer

models displaying IGF-IR/PI3K/AKT pathway activation by two distinct mechanisms, PTEN loss
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and IGF-II overexpression. Drug interactions between ganitumab and cisplatin, carboplatin, or

paclitaxel were studied in vitro and in vivo.

Results—In vitro, growth inhibition varied significantly among individual ovarian cancer cell

lines. IGF-II mRNA and phospho–IGF-IR protein expression were quantitatively correlated with

response to ganitumab, and PTEN mutations conferred resistance to ganitumab. Ganitumab

potently inhibited baseline and IGF-I–, IGF-II–, and insulin-induced IGF-IR and IGF-IR/insulin

hybrid receptor signaling in vitro and in vivo. Synergistic and additive drug interactions were seen

for ganitumab and carboplatin or paclitaxel in vitro. Furthermore, ganitumab significantly

increased the efficacy of cisplatin in ovarian cancer xenograft models in vivo.

Conclusions—These observations provide a biologic rationale to test ganitumab as a single

agent or in combination with carboplatin/cisplatin and paclitaxel in patients with ovarian cancer.

Moreover, assessment of tumor expression of IGF-II, phospho–IGF-IR, or PTEN status may help

select patients with ovarian cancer who are most likely to benefit from ganitumab.

Introduction

Ovarian cancer is the leading cause of death from gynecologic malignancies in the

developed world (1). Despite radical surgery and initial high response rates to platinum-and

taxane-based chemotherapy, almost all ovarian cancer recurs at a median of 18 to 24 months

from diagnosis (2, 3). Advances in the understanding of the molecular pathogenesis of

ovarian cancer coupled with the development of novel, targeted therapies are needed to

improve patient outcomes. Alterations of the insulin-like growth factor 1 receptor (IGF-IR)

signaling axis are a common molecular finding in ovarian cancer and may be of potential

therapeutic utility (4).

The IGF-IR signaling axis is composed of 2 receptors, IGF-IR and the insulin receptor

(INSR); 3 ligands, IGF-I, IGF-II, and insulin; and 6 binding proteins that are believed to be

important regulators of IGF signaling by determining bio-availability of IGF-I and IGF-II

(5). Adding further complexity, 2 distinct splice variants of INSR (INSRA, INSRB) and

IGF-IR exist that can form various homo- and heterodimers (6–8).

In vitro and in vivo studies have shown that IGFIR, IGF-I, IGF-II, and IGF-binding proteins

are key regulators of ovarian follicular growth, selection, and cellular differentiation (9, 10).

Moreover, IGF-IR is expressed in most human ovarian cancers (11, 12). The strongest link

between the IGF-IR signaling axis and ovarian cancer comes from IGF-II. High levels of

IGF-II have been associated with disease progression and poor survival in patients with

ovarian cancer (13, 14). Recent genome-wide association studies have shown that genetic

variations of the IGF-II gene are associated with an increased risk of developing epithelial

ovarian cancer (15). IGF-II expression is subject to genomic imprinting, leading to

transcription from only the paternal allele. Loss of imprinting from relaxed control of the

maternal allele leads to increased expression of IGF-II in multiple tumor types, including

ovarian cancer (16, 17). Recent preclinical studies indicate that IGF-II can modulate

resistance of ovarian cancer cells to chemotherapeutic agents such as paclitaxel (18).

Together, these studies suggest that inhibition of the IGF/IGF-IR signaling pathway may be

a promising approach for the treatment of patients with ovarian cancer.
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Ganitumab is an investigational, fully human monoclonal antibody (IgG1) against IGF-IR

that inhibits the binding of IGF-IR and hybrid receptors to their endogenous ligands IGF-I

(IC50: 0.5 nmol/L) and IGF-II (IC50: 0.6 nmol/L; ref. 19). Here, we evaluate ganitumab as a

potential therapeutic agent for the treatment of ovarian cancer, either alone or in

combination with chemotherapy. We first tested the in vitro effects of ganitumab against a

panel of 23 ovarian cancer cell lines, representing all histologic subtypes of the disease.

Molecular markers for response prediction, including IGF-II expression, IGF-IR

phosphorylation, and PTEN mutations, were studied using gene expression profiling,

mesoscale discovery (MSD) assays, and sequencing. To more fully understand the

antiproliferative effects, we studied the ability of ganitumab to inhibit IGF-I–, IGF-II–, and

insulin-mediated signaling of IGF-IR homodimers and IGF-IR/INSR hybrids in ovarian

cancer models displaying IGF-IR/PI3K/AKT pathway activation by 2 distinct mechanisms

PTEN loss and IGF-II overexpression. Drug interactions between ganitumab and

chemotherapeutic agents commonly used for the treatment of ovarian cancer were studied

using in vitro and in vivo experiments. Our findings suggest that ganitumab could offer

benefit in combination with platinum agents and paclitaxel in a biomarker-selected group of

ovarian carcinomas.

Materials and Methods

Cell lines and reagents

The effects of ganitumab on growth inhibition were studied in a panel of 23 established

human ovarian cancer cell lines. Individuality of each cell line was checked by

mitochondrial DNA sequencing. Cell lines were passaged for fewer than 3 months after

authentication. Additional information on the cell lines is provided in Supplementary Table

S1. Platinum analogs carboplatin and cisplatin were obtained from Bristol-Myers Squibb

and PCH Pharmachemie, respectively. Paclitaxel was obtained from Mead Johnson/Bristol-

Myers Squibb. IGF-I, IGF-II, and insulin were obtained from Sigma.

Growth inhibition assays

Anchorage-dependent growth was assessed by plating ovarian cancer cell lines into 24-well

tissue culture plates at a density of 2 × 105 to 5 × 105 and growing the cells with or without

100 µg/mL (0.68 µmol/L) ganitumab. Cells were harvested by trypsinization on day 7 and

counted using a particle counter (Z1, Beckman Coulter Inc.). Experiments were performed

at least 3 times in duplicate for each cell line.

Additional experiments were performed with OV-90 and TOV-21G cells seeded in 96-well

plates in complete media with either 0.5 µmol/L ganitumab or human IgG1 (hIgG1).

Confluence measurements were performed in duplicate for each well at 4-hour intervals

over 5 to 7 days using an IncuCyte phase contrast optical imaging system (Essen

Instruments).

To study the inhibition of anchorage-independent growth, soft agar assays were performed.

A 0.5% agar solution (Difco Agar Noble, BD) was placed on the bottom of a 24-well plate.

Cells were seeded in quadruplicates at a density of 5 × 103 and mixed into a 0.3% agar top

Beltran et al. Page 3

Clin Cancer Res. Author manuscript; available in PMC 2014 August 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



layer that had been prepared with or without 100 µg/mL (0.68 µmol/L) ganitumab. Culture

plates were stored at 37°C, 5% CO2 for up to 5 weeks. Colonies were stained with Neutral

Red solution (Sigma-Aldrich) and counted by visual inspection. All assays were performed

at least 3 times in duplicate for each cell line.

Gene expression profiling

Microarray hybridizations have been previously performed in the 23 ovarian cell lines at

baseline using the Agilent Human 44 K array chip. The techniques used have been described

in detail elsewhere (20). The original data are available online with the GEO accession

number GSE26805.

Mutational analysis of PIK3CA, PIK3R1, KRAS, BRAF, and PTEN

The coding regions of the PIK3CA, PIK3R1, KRAS, BRAF, and PTEN genes in each cell line

were sequenced using next-generation sequencing (Personal Genome Diagnostics, Inc.). and

assessed for potential sequence alterations using approaches previously described (21).

TaqMan analysis of INSRA, INSRB, IGF-IR, and IGF-II expression

DNaseI-treated total RNA (20–40 ng) was used for the quantitative reverse transcription

PCR (qRT-PCR) assays by following the commercial instructions. In brief, the combination

of the primers and the TaqMan probe for each assay was added to the 1× ABI TaqMan one-

step RT-PCR master mix reagents containing RT mix (ABI/Life Technologies) at the ratio

of 2:1 (400:200 nmol/L). After 25 to 30 minutes of reverse transcription reaction at 50°C,

quantitative PCR was performed by running the program of heat activation of Taq DNA

polymerase at 95°C for 10 minutes followed by 40 cycles at 95°C for 10 seconds and 60°C

for 1 minute in ABI 7900 SDS system (ABI/Life Technologies). After normalization and

data analysis, the expression of the examined genes was determined relative to the

expression of the control gene HPRT1. Primer sets are shown in Supplementary Table S2.

Western blotting for PTEN and AKT

OV-90 and TOV-21G cells were cultured in 100-mm dishes in complete media. At 80%

confluence, cells were washed with cold PBS and lysed in 300 µL of radio-

immunoprecipitaion assay (RIPA) lysis buffer. The lysates were cleared by centrifugation,

and 10 µg of total protein was applied to a NuPage 4% to 12% Bis-Tris electrophoresis gel.

Total protein level was detected after transfer to a polyvinylidene difluoride membrane

using the following antibodies: (i) Cell Signaling Technologies #9552 for PTEN, (ii)

Biosource #44–621G for phospho-AKT, (iii) Cell Signaling Technologies #9272 for total

AKT, and (iv) Sigma #T7816 for β-tubulin. Primary antibody signal was detected with

horseradish peroxidase–conjugated secondary antibodies using Super Signal West Pico

detection reagent (Pierce Bio). Quantification was performed using a VersaDoc instrument

and Quantity One Software (Bio-Rad).

Flow cytometry for IGF-IR and INSR

OV-90 and TOV-21G cells were harvested and incubated with 1 µg phycoerythrin (PE)-

conjugated anti-human IGF-IR or anti-human INSR monoclonal antibodies (BD
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Pharmingen) at 4°C for 1.5 hours. Mean fluorescence levels were determined by flow

cytometry and converted to absolute levels of IGF-IR and INSR using Quantum microbeads

(Bangs Laboratories).

Multiplex ELISA assays

The levels of total and phosphorylated IGF-IR, INSR, IRS-1, AKT, S6 kinase, and GSK3β

protein expression were studied using MSD assays. To determine the effect of ganitumab on

baseline signaling of IGF-IR, INSR, and their downstream signaling intermediates in the

ovarian cancer cell line panel, cell lines were plated in 6-well tissue culture dishes and

cultured for 24 hours under standard conditions before treatment with 100 µg/mL (0.68

µmol/L) ganitumab for 1 hour. To determine the effect of ganitumab on ligand-induced

activation of IGF-IR, INSR, and AKT, OV-90 and TOV-21G cells were serum-starved for

24 hours and incubated with IGF-I, IGF-II (Sigma), or insulin (0–200 nmol/L, Amgen Inc.)

for 20 minutes. The experiments were repeated with fixed concentrations of ligands plus a

range of ganitumab concentrations (0–1 µmol/L). Cells were lysed in MSD complete lysis

buffer. Following centrifugation, the supernatant was collected, and the protein

concentration was determined using a bicinchoninic acid (BCA) assay, following the

manufacturer’s instructions. Ten micrograms of protein was added to the plate in duplicate

wells and incubated overnight at 4°C MSD 96-well multispot assays were carried out per the

manufacturer’s protocol, which has been described in detail elsewhere (22).

Multiple drug effect analysis

Multiple drug effect analysis using ganitumab in combination with carboplatin and

paclitaxel was performed as described previously (23). Combination index values were

derived from variables of the median effect plots, and statistical tests were applied to

determine whether the mean combination index values at multiple effect levels (IC20–IC80)

were significantly different from 1.0. In this analysis, synergy was defined as combination

index values significantly lower than 1.0, antagonism was defined as combination index

values significantly higher than 1.0, and additivity as combination index values equal to 1.0.

In vivo pharmacodynamic studies

Female, 4- to 6-week-old, athymic nude mice (Harlan Sprague Dawley Labs) were used in

all experiments. The laboratory housing the cages had a 12-hour light/dark cycle and met all

AAALAC specifications. All experimental procedures were performed in accordance with

IACUC and USDA regulations. Water and food were supplied ad libitum. OV-90 or

TOV-21G cells were injected subcutaneously (5 million per mouse). When the average

tumor size reached approximately 300 to 450 mm3, mice were randomly assigned into 4

groups (3 mice per group). Two groups of mice were pretreated with 1 µg ganitumab and 2

with 1 µg hIgG1 by intraperitoneal injection. After 6 hours, one ganitumab and one hIgG1

group received human IGF-I (15 µg) by intravenous injection. Control groups received 1×

PBS. Xenografts were collected 15 minutes after IGF-I challenge and snap frozen in liquid

nitrogen. Samples were homogenized and prepared as previously described (19).
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Detection of bromodeoxyuridine in ganitumab-treated xenografts

Bromodeoxyuridine (BrdUrd) detection in xenografts was performed as previously

described (24). Briefly, incorporation of BrdUrd in tumor sections was detected with a rat

anti-BrdU antibody (Accurate), a biotin-labeled rabbit anti-rat IgG secondary antibody

(Vector Laboratories), and Vectastain Elite ABC detection kit (Vector Laboratories).

Xenograft efficacy studies

Female nu/nu CD1 mice bearing established (~200 mm3) OV-90 or TOV-21G xenografts

were randomly assigned into 4 groups (10 mice per group) and treated intraperitoneally

twice per week with ganitumab (30, 100, or 300 µg/dose), hIgG1 (300 µg/dose), cisplatin

(2.5 or 4.0 mg/kg), or ganitumab plus cisplatin for the duration of the experiment. Tumor

volumes and body weights were measured twice per week using calipers and an analytical

scale, respectively.

Statistical analysis

Ganitumab dose–response experiments were analyzed by repeated-measures ANOVA

(RMANOVA) followed by the post hoc Scheffe test to compare reduction in tumor volume

in the ganitumab-treated groups versus the hIgG1 group. Combination studies using

ganitumab and cisplatin were analyzed using RMANOVA to compare the combination with

each agent alone. Changes in phospho–IGF-IR phos-pho-INSR, and phospho-AKT in the

pharmacodynamic assay were compared using the Student t test. Associations between

biomarkers and in vitro sensitivity (% growth inhibition) were analyzed using Spearman rho

correlation.

Results

Growth inhibition of ovarian cancer cell lines in vitro

The effects of ganitumab on human ovarian cancer cells were initially evaluated using a

panel of 23 established human ovarian cancer cell lines (Supplementary Table S1). These

cell lines were selected to be representative of a range of ovarian cancer subtypes.

Anchorage-dependent growth inhibition varied significantly between individual cell lines

when treated with 100 µg/mL (0.68 µmol/L) ganitumab and ranged between 45% in KK

cells to no significant growth inhibition in COLO704 (Fig. 1A).

Next, we studied the effect of ganitumab on anchorage-independent growth using soft agar

assays. Of the 23 tested cell lines, 16 ovarian cancer cell lines formed colonies in soft agar

(Supplementary Table S1). Again, the inhibition of colony formation varied significantly

between individual cell lines when treated with 100 µg/mL (0.68 µmol/L) ganitumab and

ranged between 90% in sensitive cell lines such as OV-90 or OVCAR-3 to no-growth

inhibition in resistant cell lines such as COLO704 (Fig. 1B).

There was no statistically significant correlation between the histologic subtype of the cell

lines and sensitivity to ganitumab (data not shown). However, following molecular

characterization of the IGF/IGF-IR signaling pathway in each of the 23 ovarian cancer cell

lines using gene expression profiling, multiplex ELISA assays, and sequencing of PIK3CA,
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PI3KR1, PTEN, KRAS, and BRAF, we were able to show that either anchorage-dependent or

anchorage-independent growth inhibition by ganitumab was correlated with increased

expression of phospho–IGF-IR (r = 0.47, P = 0.024 and r = 0.67, P = 0.005, respectively)

and its ligand IGF-II (r = 0.33, P = 0.122 and r = 0.65, P = 0.006, respectively). Conversely,

the presence of PTEN mutations conferred resistance to ganitumab (r = −0.57, P = 0.006

and r = −0.41, P = 0.118, respectively; Fig. 1 and Supplementary Table S3).

Molecular characterization of ovarian cancer cell lines

To better understand the effects of ganitumab, 2 cell lines with opposite phenotypes were

selected: OV-90 cells because they were responsive to ganitumab and TOV-21G because

they were relatively unresponsive to ganitumab. Using quantitative flow cytometry, we first

confirmed the number of cell-surface IGF-IRs and INSRs on OV-90 cells to be 30,500 per

cell and 1,600 per cell, respectively. In comparison, TOV-21G cells expressed only 1,600

IGF-IRs per cell and 900 INSRs per cell on the cell surface (Supplementary Table S4).

Analysis of PTEN and phospho-AKT expression by Western immunoblotting confirmed

that TOV-21G cells were PTEN-null and displayed increased basal phospho-AKT

expression levels relative to PTEN wild-type (WT) cell lines. In comparison, OV-90 cells

expressed robust levels of PTEN expression and an undetectable level of pAKT in the

absence of ligand stimulation (Supplementary Fig. S1).

Next we assessed IGF-II, IGF-IR, and INSRA expression in the OV-90 and TOV-21G cells

and xenografts using TaqMan analyses. Expression of IGF-II in relationship to the

housekeeping gene HPRT1 was highest in OV-90 cells (88.6× in the cell line and 8.8× in the

xenografts) and undetectable in TOV-21G cells, both of which are consistent with the gene

expression data. Expression of IGF-IR in relationship to the housekeeping gene HPRT1 was

higher in OV-90 cells (3.0× in the cell line and 2.5× in the xenografts) when compared with

TOV-21G cells (undetectable in the cell line and 0.2× in the xenografts). Finally, expression

of INSRA in relationship to the housekeeping gene HPRT1 was similar between OV-90

cells (0.4× in the cell line and 0.4× in the xenografts) and TOV-21G cells (undetectable in

the cell line and 0.5× in the xenografts; Supplementary Table S4).

Time-dependent effect of ganitumab on viable cell numbers

The effect of ganitumab on viable cell numbers was determined in OV-90 and TOV-21G

cells grown as adherent or nonadherent cultures in media containing 0%, 1%, or 10% serum.

Growth curves (percentage of cell confluence) were generated to evaluate the time-

dependent effect of ganitumab or hIgG1 on cell growth. Ganitumab treatment alone

consistently increased the cell doubling time of OV-90 cells by 2-fold (Fig. 2A). In contrast,

and consistent with the lack of effect of ganitumab on cell signaling in the TOV-21G cell

line, ganitumab did not significantly affect the doubling time of TOV-21G cells (Fig. 2B).

Interestingly, a slight tendency to a shorter doubling time was detected upon treatment of

TOV-21G cells with ganitumab.

Effect of ganitumab on ligand-dependent activation of IGF-IR, INSR, and AKT

In OV-90 cells, IGF-I and insulin activated IGF-IR at low concentrations but did not display

concentration-dependent activation. IGF-II, on the other hand, induced IGF-IR
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phosphorylation in a concentration-dependent manner (Fig. 3A). Ganitumab potently

inhibited basal and IGF-I–, IGF-II–, and insulin-induced IGF-IR phosphorylation in OV-90

cells.

Little to no change in IGF-IR phosphorylation was seen in TOV-21G cells following ligand

stimulation with IGF-I, IGF-II, or insulin. TOV-21G cells were refractory to ganitumab

inhibition of basal IGF-I–, IGF-II–, and insulin-induced IGF-IR phosphorylation (Fig. 3A).

In OV-90 and TOV-21G cells, all 3 ligands were able to induce potent INSR

phosphorylation in a dose-dependent manner (Fig. 3B). The level of INSR phosphorylation

in OV-90 cells was similar with each growth factor (INS, EC50 4 nmol/L; IGF-I, EC50 9

nmol/L; IGF-II, EC50 18 nmol/L), whereas insulin was most potent in TOV-21G cells (INS,

EC50 4 nmol/L; IGF-I, EC50 90 nmol/L; IGF-II, EC50 53 nmol/L; Fig. 3B; Supplementary

Table S5). In OV-90 cells, ganitumab inhibited IGF-I– and IGF-II–induced INSR

phosphorylation back to basal level albeit at higher concentrations (IGF-I, EC50 145 nmol/L;

IGF-II, EC50 155 nmol/L) than needed to inhibit IGF-IR (IGF-I, EC50 6 nmol/L; IGF-II,

EC50 4.5 nmol/L). Ganitumab only minimally inhibited insulin-induced INSR

phosphorylation in OV-90 cells (Fig. 3B). In the TOV-21G cell line, only IGF-I–induced

INSR phosphorylation was partially inhibited by ganitumab. IGF-II– and insulin-driven

signals were refractory to ganitumab (Fig. 3B).

The IGF-I– and IGF-II–induced phosphorylation of AKT in OV-90 cells paralleled that of

activation of IGF-IR. However, the potency of ganitumab to inhibit AKT activation

paralleled the inhibition of INSR phosphorylation (Fig. 3C), suggesting that most AKT

activation was mediated through hybrid receptors. Insulin did not induce additional AKT

activation in OV-90 cells, and ganitumab was not agonistic when used in the absence of

growth factors. Ganitumab did not inhibit the high basal level of activated AKT detected in

the TOV-21G cell line in the presence or absence of ligand (Fig. 3C).

Inhibition of IGF-I signaling in ovarian cancer xenografts

The contrasting effects of ganitumab on OV-90 and TOV-21G cells were further studied in

vivo using a xenograft pharmacodynamic assay. In mice bearing OV-90 xenografts,

administration of IGF-I (5 µg, intravenously) in the presence of control antibody (hIgG1) led

to a 5-fold stimulation of IGF-IR and AKT phosphorylation (Fig. 4A). Pretreatment of mice

with ganitumab led to a 50% inhibition of basal and 85% inhibition of IGF-I–induced IGF-

IR activation. Ganitumab also led to a 50% inhibition of basal and 70% inhibition of IGF-I–

induced AKT. Moreover, IGF-I also potently activated INSR expressed in OV-90 cells, and

ganitumab was not able to inhibit this activation (Fig. 4A).

Mice bearing TOV-21G xenografts were insensitive to administration of IGF-I, showing no

increase in IGF-IR, INSR, or AKT activation following injection of IGF-I. Treatment with

ganitumab had no effect on basal or IGF-I– induced levels of phosphorylated IGF-IR, INSR,

or AKT (Fig. 4B).
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Growth inhibition of ovarian cancer xenograft models

Treatment of mice bearing established OV-90 xenografts with ganitumab significantly

inhibited tumor growth in a dose-dependent manner. Ganitumab dosed at 30, 100, and 300

µg twice per week resulted in tumor growth inhibition of 42%, 100%, and 100%,

respectively. Statistical significance (P < 0.0001) was reached in the 100 and 300 µg groups

when compared with the hIgG1 group (Fig. 5A). Analysis of xenograft tissue remaining at

the end of the study showed that ganitumab potently (>90%) inhibited IGF-IR activation at

all 3 doses. Maximal inhibition was reached at the 100 µg dose. AKT inhibition was also

apparent in the ganitumab-treated xenografts with 50% inhibition observed at the 100 and

300 µg doses. No inhibition of INSR was observed (Fig. 5B).

To assess the mechanism of action of ganitumab in OV-90 xenografts, we studied changes

in apoptosis and proliferation by measuring caspase-3 expression and BrdUrd incorporation

in OV-90 xenografts following a single dose of ganitumab. Immunohistochemical analysis

of OV-90 xenografts showed that ganitumab treatment had no effect on caspase-3

expression (data not shown) but decreased BrdUrd incorporation at 24 hours post-dose (Fig.

5C).

Growth inhibition of TOV-21G xenografts by ganitumab was completely absent at any dose

(Fig. 5D). Consistent with the in vitro results, analysis of IGF-IR, INSR, and AKT activation

at the end of the xenograft study showed no effect (Fig. 5E).

Effects of ganitumab with chemotherapy in vitro and in vivo

Multiple drug effect analyses were performed to determine the nature of interactions

between ganitumab and the platinum salts carboplatin or paclitaxel, which are commonly

used for the treatment of primary and recurrent ovarian cancer. The cell lines that were most

responsive to ganitumab in anchorage-dependent assays (KK and OVCAR-5 cells) and in

anchorage-independent assays (OV-90 and OVCAR-3 cells) were examined. Synergistic

interactions were observed when ganitumab was combined with carboplatin in 3 of the 4 cell

lines examined {mean combination index values ranged between 0.39 [95% confidence

interval (CI), 0.24–0.54, P < 0.001] in OVCAR-5 cells and 1.01 [95% CI, 0.85–1.18, P =

0.862] in OVCAR-3 cells; Fig. 6A]. Synergistic interactions were also observed when

ganitumab was combined with paclitaxel in 3 of the 4 cell lines examined [mean

combination index values ranged between 0.41 (95% CI, 0.29–0.52, P < 0.001) in

OVCAR-5 cells and 0.67 (95% CI, 0.15–1.19, P = 0.175) in OVCAR-3 cells; Fig. 6A].

The efficacy of ganitumab in combination with the platinum salt cisplatin was further tested

against established OV-90 and OVCAR-3 xenografts (Fig. 6B and C). Cisplatin alone (4

mg/kg: OV-90 and 2.5 mg/kg: OVCAR-3) significantly inhibited tumor growth in both

models. The OVCAR-3 model displayed higher sensitivity to cisplatin treatment with a 2.5

mg/kg dose, twice per week, achieving better than 90% tumor growth inhibition. In the

OV-90 model, a 4 mg/kg dose of cisplatin was necessary to achieve 60% tumor growth

inhibition.

In contrast, the OVCAR-3 model was more resistant to the effects of ganitumab as a single

agent with the 300 µg/dose producing only 50% tumor growth inhibition, when only a 30
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µg/dose was necessary in the OV-90 model to achieve the same tumor growth inhibition

effect. Combination treatment in both models produced potent tumor growth inhibition

effects leading to cytostasis in the OV-90 model and tumor regression in the OVCAR-3

model. Analysis by RMANOVA confirmed that the efficacy achieved by the combination of

ganitumab and cisplatin was significantly better than the efficacy achieved with either agent

alone in the OV-90 (P < 0.001) and OVCAR-3 xenograft model (P < 0.001; Fig. 6B and C).

Discussion

Activation of the PI3K/AKT signaling pathway, leading to tumor cell survival and drug

resistance, has been shown to be common in human cancers (25). In ovarian cancer,

activation of this pathway occurs through activating PI3K mutations, PI3K overexpression,

AKT2 amplification, PTEN loss, and IGF-II overexpression (14, 26–28). These genotypic

changes lead to tumor cell proliferation, decreased apoptosis, and resistance to

chemotherapy (29). Agents able to reverse activation of the PI3K/AKT pathway represent a

promising new treatment strategy for ovarian cancer. Here, we have evaluated the ability of

ganitumab to reverse PI3K/AKT pathway activation and inhibit tumor growth. Our findings

suggest that ganitumab may be effective against ovarian cancer cells in which the

PI3K/AKT pathway has been activated by increased IGF-II expression and IGF-IR

signaling. In contrast, ovarian cancer cells in which activation of the PI3K/AKT pathway

occurs through deletion of the tumor suppressor gene PTEN and/or increased sensitivity to

insulin may be less sensitive to ganitumab. Similar observations have been made in the

treatment of colorectal cancer, where oncogenic activation of the EGF receptor (EGFR)

downstream effector KRAS can attenuate the efficacy of cetuximab and panitumumab, 2

monoclonal antibodies that target EGFR. Because cetuximab and panitumumab act by

blocking ligand-dependent activation of EGFR, these agents are not effective against

KRAS-mutant colorectal tumors (30).

Our data indicated a significant correlation between IGF-II expression and sensitivity to

ganitumab. OV-90 cells, which express IGF-II when grown in cell culture or as xenografts,

showed increased sensitivity to ganitumab. This degree of sensitivity, which is comparable

to that observed in SJSA-1 xenografts (also an IGF-II–expressing model; ref. 31), is also

likely driven by an IGF-IR/IGF-II autocrine loop. The ability of ganitumab to block IGF-II–

dependent AKT activation in the OV-90 cell line supports this hypothesis as activation of

AKT by IGF-II through INSR homodimers would otherwise render ganitumab less effective

against IGF-II treatment (19). Even though IGF-I expression did not significantly correlate

with sensitivity to ganitumab, a strong trend toward significance was observed in both

anchorage-dependent (P = 0.081) and anchorage-independent (P = 0.119) data sets. In

addition, the OVCAR-3 model displayed relative high IGF-I expression and was sensitive to

ganitumab. In an effort to further understand IGF-I and IGF-II expression in high-grade

serous ovarian cancers, we looked at 489 cases available in the TCGA database (12) and

another 174 cases from a Mayo Clinic cohort (Konecny and colleagues, manuscript in

preparation). The analysis showed that IGF-I was significantly higher in the mesenchymal

subtype, whereas IGF-II was higher in the differentiated molecular subtype. We hypothesize

that both of these subtypes, representing about 20% of high-grade serous cancers each, may

preferentially benefit from therapeutic interdiction of the IGF-IR signaling pathway.
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Consistent with other PTEN-null cell lines, we were able to detect high basal levels of

phospho-AKT in TOV-21G cells (32, 33). The inability of ganitumab to inhibit pAKT in

TOV-21G cells suggests that AKT signaling is IGF-IR/hybrid receptor independent. Our

signaling data, furthermore, showed that TOV-21G cells were most responsive to insulin

stimulation, but this signaling activity was completely refractory to inhibition by ganitumab.

Therefore, PI3K/AKT pathway activation in TOV-21G cells may depend on both insulin

stimulation and low expression of PTEN. Both attributes were associated with resistance to

ganitumab and may thus represent clinically useful exclusion criteria for anti–IGF-IR

therapy. Earlier reports suggest that increased expression of insulin and its receptor,

especially of the splice variant A, may be important predictors of resistance to IGF-IR

inhibitors (8, 34). Development of assays that would allow assessment and quantification of

IGF-IR and INSR receptor hybrids may enhance our ability to predict response to ganitumab

and other anti–IGF-IR antibodies (8). Moreover, with the emergence of high-throughput

molecular techniques, distinct molecular signatures have been identified in ovarian cancer

that may also aid in the future selection of patients that likely benefit from IGF-IR inhibition

(35, 36).

Platinum- and taxane-based chemotherapy has improved clinical outcomes in patients

diagnosed with ovarian cancer. However, primary or secondary resistance to these agents is

common (2, 3). The PI3K/AKT signaling pathway has been implicated in the development

of resistance to both platinum salts and taxanes (37). Preclinical studies have demonstrated

an activation of AKT signaling following treatment with paclitaxel or cisplatin (38).

Conversely, inhibition of AKT leads to increased cell death in ovarian cancer cells treated

with paclitaxel or cisplatin (39). Other preclinical studies have similarly shown that

increased activity of IGF-IR or increased expression of IGF-II was associated with

resistance to paclitaxel or cisplatin in ovarian cancer models (18, 40). Consistent with these

observations, our in vitro and in vivo findings indicate that ganitumab was able to

significantly increase the activity of carboplatin/cisplatin or paclitaxel in ganitumab-

sensitive ovarian cancer cell lines.

In summary, our preclinical evaluation of ganitumab in ovarian carcinoma models suggests

that inhibition of IGF-IR may be beneficial for a specific subset of patients diagnosed with

ovarian cancer. Tumors that are driven by IGF-II signaling through IGF-IR or hybrid

receptor signaling may be particularly sensitive to ganitumab. On the other hand, tumors that

display PTEN deletions and/or hypersensitivity to insulin holoreceptor signaling may likely

show resistance to ganitumab. Taken together, our findings support further clinical

evaluation of ganitumab as a single agent or in combination with chemotherapy in patients

with ovarian cancer. Most importantly, the assessment of functionally implicated response

predictors in these clinical trials may help to identify the patient subgroup most likely to

benefit from treatment with ganitumab.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

The insulin-like growth factor 1 receptor (IGF-IR) pathway is an important regulator of

tumor biology that has been implicated in the pathogenesis of ovarian cancer. Ganitumab

is an investigational, fully human monoclonal antibody against IGF-IR that blocks

binding of both endogenous IGF-IR ligands IGF-I and IGF-II. Here, we evaluate the

ability of ganitumab to reverse phosphoinositide 3-kinase (PI3K)/AKT pathway

activation and inhibit tumor growth. Our findings suggest that ganitumab may be

beneficial against ovarian cancer cells that use IGF-II expression in conjunction with

IGF-IR activity to activate the PI3K/AKT pathway. In contrast, ovarian cancer cells in

which activation of the PI3K/AKT pathway occurs through deletion of the tumor

suppressor gene PTEN and/or increased sensitivity to insulin will likely be resistant to

ganitumab.
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Figure 1.
The effects of ganitumab on human ovarian cancer cells were evaluated using a panel of 23

established human ovarian cancer cell lines. Cells were treated with 100 µg/mL (0.68

µmol/L) ganitumab, and anchorage-dependent and anchorage-independent growth inhibition

was assessed using 2-dimensional (2D) assays (A) and 3D soft agar assays (B), respectively.

Cell lines are ordered from low growth inhibition values to high growth inhibition values. C,

the IGF/IGF-IR signaling pathway was characterized in each of the 23 ovarian cancer cell

lines using the Agilent Human 44K gene expression profiling array chip, a Mesoscale
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multiplexed ELISA assay which measures total and phosphorylated proteins, and

sequencing of the PIK3CA, PIK3R1, PTEN, KRAS, and BRAF genes. Each of these markers

was assessed at baseline. The red and green matrices represent the expression patterns for

each gene. Brightest red indicates highest relative expression; brightest green indicates

lowest relative expression. A black square indicates the presence of a mutation and a white

square the absence of a mutation. In addition, we assessed the percentage of inhibition of

phosphorylation following 1-hour treatment with 100 µg/mL (0.68 µmol/L) ganitumab

compared with baseline levels, which is depicted as Δphospho-proteins. The red and white

matrices represent the differential expression patterns for each phosphorylated protein.

Brightest red indicates highest inhibition of phosphorylation. *, significant correlations

between growth inhibition and biomarkers.
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Figure 2.
The effect of ganitumab on cell growth in vitro. The growth of OV-90 (A) and TOV-21G

cells (B) in complete culture media was measured using IncuCyte technology, which

monitored cell confluency at 4-hour intervals. The percentage confluency was plotted versus

time in the presence of control hIgG1 or ganitumab.
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Figure 3.
Induction and blockade of growth factor–induced IGF-IR, INSR, and AKT signaling with

IGF-II, IGF-II, insulin, and ganitumab. A, ganitumab inhibited IGF-I–, IGF-II–, and insulin-

induced IGF-IR phosphorylation in OV-90 cells but not in TOV-21G cells. B, ganitumab

inhibited IGF-I–, IGF-II–, and insulin-induced INSR phosphorylation in OV-90 cells. Only

IGF-I–induced INSR phosphorylation was inhibited in the TOV-21G cell line. C, ganitumab

inhibited IGF-I– and IGF-II–induced AKT phosphorylation in OV-90 cells but not in

TOV-21G cells. Phosphorylated and total IGF-IR, INSR, and AKT levels were determined
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in serum-starved OV-90 and TOV-21G cells after 20 minutes of treatment with growth

factor ± ganitumab using Mesoscale multiplex assays. Mean data are plotted as

phosphoprotein signal divided by total signal without background subtraction ± SD.
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Figure 4.
Blockade of IGF-I–induced IGF-IR and hybrid receptor signaling in human ovarian cancer

xenografts by ganitumab. Mice bearing OV-90 or TOV-21G xenografts between 300 and

450 mm3 (n= 3 per group) were injected intraperitoneally with 1 mg ganitumab or hIgG1.

After 6 hours, IGF-I (5 µg) or 1× PBS was administered intravenously, and after 15 minutes,

xenografts were collected and analyzed for levels of phosphorylated IGF-IR, INSR, and

AKT. A, ganitumab inhibited IGF-IR and AKT but not INSR phosphorylation in OV-90

xenografts. B, ganitumab did not inhibit IGF-IR, INSR, and AKT phosphorylation in
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TOV-21G xenografts. Data, mean ± SEM. Student t test was used to determine whether

ganitumab significantly nhibited the activation of IGF-IR, INSR, or AKT when compared

with hIgG1 control. *, P < 0.01.
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Figure 5.
Efficacy of ganitumab in ovarian cancer models. Mice bearing about 200 mm3 OV-90 or

TOV-21G xenografts were randomly assigned into 4 treatment groups and treated

intraperitoneally twice per week with ganitumab (30, 100, or 300 µg/dose) or hIgG1 (300

µg/dose). Tumor volumes were measured twice per week using calipers. Data, mean volume

± SEM. A, ganitumab significantly inhibited OV-90 tumor growth (*, P= 0.041; ** ,P=

0.0001 vs. control hIgG1 group). B, level of phosphorylated/total IGF-IR, INSR, and AKT

in OV-90 xenografts at the end of the efficacy study. OV-90 xenografts were collected 6
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hours after the last dose of ganitumab (n= 2 per time point per group). Total and

phosphorylated receptor levels were measured using MSD multiplex assay. Data, mean ±

SD. C, inhibition of OV-90 cell proliferation by ganitumab. Mice bearing OV-90 xenografts

(~300 mm3) were treated with 1 mg of ganitumab or hIgG1 for 24 hours. Xenografts were

harvested, fixed in zinc formalin, embedded in paraffin, and processed for BrdUrd detection

by immunohistochemistry. Photomicrographs were taken at 200x magnification. D,

ganitumab did not inhibit TOV-21G tumor growth. E, ganitumab did not inhibit IGF-IR

signaling in TOV-21G xenografts.
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Figure 6.
Efficacy of ganitumab in combination with chemotherapeutic agents. A, multiple drug effect

analyses were performed to determine the nature of interactions between ganitumab and

chemotherapeutic agents commonly used for the treatment of primary and recurrent ovarian

cancer. Combination index values were derived from variables of the median effect plots,

and statistical tests were applied to determine whether the mean combination values at

multiple effect levels (IC20–IC80) were significantly different from 1.0. In this analysis,

synergy was defined as combination index values significantly lower than 1.0, antagonism
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as combination index values significantly higher than 1.0, and additivity as combination

index values equal to 1.0. B, mice bearing about 200 mm3 OV-90 or (C) OVCAR-3

xenografts were randomly assigned into 4 treatment groups and treated intraperitoneally

twice per week with ganitumab (300 µg/dose), hIgG1 (300 µg/dose), cisplatin (2.5 or 4.0

mg/kg), or a combination of ganitumab plus cisplatin: (OV-90, 30 µg/dose + 4.0 mg/kg;

OV-CAR-3, 300 µg/dose + 2.5 mg/kg). Tumor volumes were measured twice per week

using calipers. Data, mean volume ± SEM. B and C, ganitumab significantly enhanced the

efficacy of cisplatin in the OV-90 (*, P < 0.001, 30 mg/dose ganitumab + 4.0 mg/kg

cisplatin) and OVCAR-3 (*, P < 0.001, 300 mg/dose ganitumab + 2.5 mg/ kg cisplatin)

tumor models.
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