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Abstract

Background—Despite the utility of antiangiogenic drugs in ovarian cancer, efficacy remains 

limited due to resistance linked to alternate angiogenic pathways and metastasis. Therefore, we 

investigated PG545, an anti-angiogenic and anti-metastatic agent which is currently in Phase I 

clinical trials, using preclinical models of ovarian cancer.

Methods—PG545's anti-cancer activity was investigated in vitro and in vivo as a single agent, 

and in combination with paclitaxel, cisplatin or carboplatin using various ovarian cancer cell lines 

and tumour models.
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Results—PG545, alone, or in combination with chemotherapeutics, inhibited proliferation of 

ovarian cancer cells, demonstrating synergy with paclitaxel in A2780 cells. PG545 inhibited 

growth factor-mediated cell migration and reduced HB-EGF-induced phosphorylation of ERK, 

AKT and EGFR in vitro and significantly reduced tumour burden which was enhanced when 

combined with paclitaxel in an A2780 model or carboplatin in a SKOV-3 model. Moreover, in the 

immunocompetent ID8 model, PG545 also significantly reduced ascites in vivo. In the A2780 

maintenance model, PG545 initiated with, and following paclitaxel and cisplatin treatment, 

significantly improved overall survival. PG545 increased plasma VEGF levels (and other targets) 

in preclinical models and in a small cohort of advanced cancer patients which might represent a 

potential biomarker of response.

Conclusion—Our results support clinical testing of PG545, particularly in combination with 

paclitaxel, as a novel therapeutic strategy for ovarian cancer.
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Introduction

Significant progress in understanding the molecular biology of epithelial ovarian cancer 

(OVCA), has not yet translated into improvements in disease outcomes. Most patients 

respond initially to therapy, however the majority relapse, making OVCA essentially 

incurable [1]. As a result, efforts are ongoing to identify novel agents that target the tumour 

microenvironment to impact angiogenesis, invasion and metastasis. While antiangiogenic 

therapy is emerging as a viable option for OVCA, other growth factors either remain 

functionally active or increase as a mode of resistance to anti-VEGF therapies [1]. The 

resistance mechanisms associated with the use of anti-VEGF therapies have been reported to 

include FGF-2 [2] and HB-EGF [3]. Therefore, a more effective treatment strategy would be 

to target key angiogenesis pathways simultaneously whilst reducing metastatic spread via 

inhibition of heparanase, an enzyme whose expression correlates with poor survival in 

metastatic gynecological adenocarcinomas [4] and may contribute to the proliferation and 

metastasis of ovarian cancer [5]. Heparan sulfate proteoglycans (HSPG) play an important 

role in modulating heparan sulfate-binding growth factor (GF) signaling and heparanase 

activity [6,7], in the extracellular matrix [8], and are implicated in angiogenesis and 

metastasis [9–11]. Thus, the development of therapeutics that inhibit these growth factors 

plus heparanase activity may have an advantage over existing antiangiogenic agents [12].

PG545 is a sulfated tetrasaccharide optimized for potency through the addition of a 

lipophilic moiety to attain potent in vivo activity, long plasma half-life and low 

anticoagulant potential [13,14]. It inhibits angiogenesis via inhibition of VEGF and FGF-2 

while preventing metastasis through blockade of heparanase [13,15]. PG545 inhibits in vivo 

angiogenesis, attenuates tumour growth and/or metastasis in various cancer models 

including lung, hepatocellular, prostate, colon, melanoma, pancreatic and head and neck 

cancers [16,17]. In a skin carcinogenesis model, PG545 inhibited the heparanase-dependent 

formation of tumour lesions providing further validation for the targeting of this enzyme in 

the development of cancer therapeutics [18]. It also reduced heparanase expression in a 
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model of metastatic breast cancer [17]. However, PG545 activity in OVCA has not yet been 

studied. This is particularly relevant as previous investigations supporting the efficacy of 

anti-angiogenic agents in OVCA [19–21] would suggest an additional treatment benefit 

could be achieved with dual targeting of the angiogenic (VEGF) and metastatic (heparanase) 

pathways. Therefore, the aim of this study was to investigate the activity of PG545 in 

OVCA by, firstly, studying its impact on ovarian tumour cell growth, cellular migration and 

invasion, secondly, further define the molecular downstream signaling effects of PG545, 

and, thirdly, explore the impact of PG545 as a single agent and in combination with 

cytotoxic therapy in OVCA preclinical models. Finally, a preliminary assessment of putative 

biomarkers for PG545 activity was performed by analyzing GFs and heparanase in the 

plasma samples from mice and a small cohort of advanced cancer patients treated with 

PG545 from a previous Phase I trial (ClinicalTrials.gov Identifier: NCT01252095). The 

safety and tolerability of intravenously-infused PG545 is currently being assessed in patients 

with advanced solid tumours (ClinicalTrials.gov Identifier: NCT02042781).

Materials and Methods

Cell Culture

SKOV3, OV202, A2780, and ID8 cells were cultured as previously described [22,23]. 

A2780 cells were obtained from Fox Chase Cancer Center and ID8 cells from Dr. Katherine 

Roby [24].

Growth Factors & Reagents

HB-EGF, HGF, FGF-2, VEGF, SDF-1, FGF-2, human recombinant VEGF165, stromal cell-

derived factor-1 were purchased from R&D Systems (Minneapolis, MN). PG545 was 

synthesized by Progen Pharmaceuticals (Brisbane, QLD, Australia). All drugs (PG545, 

cisplatin (Calbiochem, Millipore, Billerica, MA), carboplatin (50mg/5ml, Novaplus, 

Novation, Irvine, TX), paclitaxel (30mg/5ml, Hospira, Lake Forest, IL) were dissolved using 

cell culture medium for in vitro experiments and phosphate buffered saline (PBS) for in vivo 

studies.

Cell viability assays and in vitro drug combination assay between paclitaxel and PG545

To evaluate the effect of PG545, cisplatin and/or paclitaxel on cell viability, 3000 A2780 or 

SKOV3 cells in replicates of 5 were plated in a 96 well plate and treated with increasing 

concentrations of each drug for 48h. The MTT assay was performed as previously described 

(22). To determine the synergy between paclitaxel and PG545, cell viability was determined 

using MTT assay in A2780 cells. Briefly, IC50 of paclitaxel and/or PG545 alone were 

determined initially. To determine if PG545 acts synergistically with paclitaxel, constant 

ratio synergy studies were performed using the Chou-Talalay method and the combination 

index (CI) and dose reduction index (DRI) were calculated using CalcuSyn software 

(Biosoft, USA). CI values between 0.1-0.3 indicate extremely strong synergism, 0.3-0.7 

indicates strong synergism; 0.7-0.85, moderate synergism; 0.85-0.9, slight synergism; 

0.9-1.10, approximately additive effect and values above this indicate antagonism. The DRI 

is a measure of how much the dose of each drug may be reduced at a given effector level 

compared with the doses of each drug alone; values of greater than one indicate that the drug 
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dose can be reduced for the same affect and the larger the DRI the greater the dose reduction 

possible [25].

Wound Healing Scratch Assay

90% confluent 1×105 SKOV3 cells grown and maintained in 0.2% serum-containing 

medium were scratched with a 200μl pipette tip. Stimulatory growth factors (HB-EGF at 

50ng/ml, HGF at 50ng/ml, FGF-2 at 1ng/ml, VEGF at 10ng/ml, or SDF-1 at 50ng/ml) were 

added to the medium in the presence or absence of PG545 at 5μM. The rate of wound 

closure was calculated as previously described [23].

Fluorometric Invasion Assay

SKOV3 cells (1× 105) were seeded into FIA chambers (CORNING, Corning, NY). The 

outer chamber contained the chemo-attractant (fetal bovine serum and/or 50 ng/mL HB-

EGF). The chamber was incubated for 72hrs allowing cells to pass through the Matrigel 

layer onto the surface of a fluorescence-blocking membrane. Cells were labeled with 

calcein-AM solution (Life Technologies, Carlsbad, CA) for 60 minutes. Fluorescence of the 

invaded cells was then measured according to the manufacturer's instructions. SKOV3 cell 

invasion was measured with or without chemo-attractant in the presence or absence of 

PG545.

HB-EGF Induced Signaling by Western Blot Analysis

SKOV3 and OV202 cells were cultured in 0.2% serum containing medium for 12h. 50ng/ml 

HB-EGF was added with and without 5μM PG545 for 5, 10, 20, 40, and 60 minutes. Cell 

lysates were analyzed by Western blotting with antibodies from Cell Signaling (Danvers, 

MA): EGFR, phosphorylated EGFR (p-EGFR; Tyr1068), AKT, phosphorylated AKT (p-

AKT; Ser473), ERK, and phosphorylated ERK (p-ERK). Experiments were repeated three 

times. Densitometric analysis using Scion Image software was performed.

Tumour Models and Drug Administration

All animal protocols were reviewed and approved by the Institutional Animal Care and Use 

Committee of Mayo Clinic (ID8, the MIR Discovery and Imaging Services, Ann Arbor's 

(DIS-AA) Animal Care and Use Committee (A2780 s.c. model) and the University of 

Adelaide Animal Ethics Committee (SKOV3 model). The mice were housed in an 

appropriate pathogen-free facility and had ad libitum access to food and water, following all 

guidelines for the proper and humane use of animals in research. Female mice (C57/BL6, 

Crl:NU-Foxn1nu, SCID (C.B-17-Igh-1b-Prkdcscid) between the ages of 6-8 weeks were 

obtained from the NCI (Fredericksburg, MD), Harlan Laboratories (Indianapolis, IN), 

Charles River (Piedmont, NC) and University of Adelaide (SA, Australia). C57BL/6 mice 

were injected i.p. with 1×107 ID8 cells. Treatment commenced on Day 3 with 20mg/kg 

PG545 i.p. twice weekly or weekly (ID8).

In A2780 studies, PG545 was administered via the intravenous (i.v.) or subcutaneous (s.c.) 

route once tumours reached an estimated mass of approximately 140 mg s.c. after 

implantation of 30-60mg A2780 tumour fragments using an 11-gauge trocar needle or via 

s.c. injection of 1×107 cells. PG545 was administered s.c. or i.v. at 20mg/kg s.c. weekly 
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versus 7.5mg/kg i.v. twice weekly versus 15mg/kg i.v. once weekly. After 3 weeks of 

treatment tumour volume and overall survival was assessed.

To determine the efficacy of PG545 in combination, mice were treated with weekly 

paclitaxel alone (15mg/kg, i.v.), PG545 (20mg/kg, s.c.) or a combination of paclitaxel 

(15mg/kg, i.v.) followed two days later by PG545 (20mg/kg, s.c.). In the SKOV3 model, 

5×106 cells were injected s.c. and SCID mice were treated with single agent carboplatin at 

40mg/kg, PG545 (dose reduction from 20 to 10mg/kg after the first week), or PG545 plus 

carboplatin, once tumours reached a volume of 123mm3. Using the immunocompetent 

luciferase-expressing ID8 model, mice were injected i.p. with 5×106 cells. Treatment started 

at day 3: PG545 20mg/kg weekly for 10 weeks (i.p.). Weekly bioluminescent reporter 

imaging was performed to monitor the seeding of ID8-luc cells, using the Xenogen IVIS 200 

System. Twelve weeks after inoculation, all mice were sacrificed [20].

In the A2780 maintenance model, 1.25×106 cells were injected i.p. into SCID mice, 

treatments were given i.p. Mice were randomly assigned to 5 different treatment groups: a 

control group, a single PG545 group, a cisplatin and paclitaxel group, a cisplatin, paclitaxel 

and PG545 (with PG545 starting at day 3) group and cisplatin, paclitaxel and PG545 (with 

PG545 starting at day 10) group.

Preclinical Pharmacodynamic Assessment

VEGF was measured from samples obtained in the ID8 (ascites and plasma at day 60, and 4 

days following last PG545 treatment) and A2780 model (plasma, at times indicated in 

results section). Blood was collected in heparin coated tubes from three mice at necropsy. 

Plasma was obtained by separating cells by centrifugation. Ascites and plasma VEGF (ID8) 

was measured using a MesoScale Discovery ELISA (Rockville, MD). VEGF concentrations 

were measured in the plasma of nude mice (A2780 model) using a mouse ELISA kit ELISA 

kit (R&D Systems).

Preclinical Pharmacokinetic Assessment

PG545 concentrations in plasma were measured using a LC/MS assay as previously 

described [16]. For the 7.5mg/kg twice weekly i.v. dose and 15mg/kg once weekly i.v. dose, 

the sampling times were 10min, 30min, 2h, 4h, 8h, 24h, 48h and 96h post-dose. For the 

20mg/kg once weekly s.c. dose, the sampling times were 1h, 4h, 8h, 24h, 48h, 96h, 120h and 

168h post-dose. The pharmacokinetic parameters, Cmax (maximum plasma concentration), 

Tmax (time of maximum plasma concentration), t½ (half-life), and AUC (area under the 

concentration versus time curve) were derived from the mean plasma PG545 concentration 

versus time data using model independent methods.

Phase I Clinical Trial

Four patients with advanced solid tumours were treated with PG545 via s.c. administration 

in a Phase I study (NCT01252095). The trial was conducted in accordance with a Human 

Research Ethics Committee (HREC)-approved protocol and patient consent. Unexpected 

local injection site reactions halted the trial, plasma VEGF and heparanase levels were 
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measured using ELISA (R&D Systems and InSight Biopharmaceuticals). Blood samples 

were obtained pre-dose, 2h, 4h, 8h, 24h, 72, 96h, 120h and 168h post-dose.

Statistical Analysis

Two-tailed, unpaired Student's t-test and one-way ANOVA with Bonferroni correction or a 

Newman-Keuls multiple comparisons test as a post hoc test were used. Survival was 

analyzed by the Kaplan-Meier method. For analysis of survival data, the Log-rank (Mantel-

Cox) and Gehan-Breslow-Wilcoxon tests were employed to analyse the significance 

between individual survival curves which was reported following adjustment using the 

Bonferroni corrected threshold method for multiple comparisons. All statistical analyses 

were performed with Prism (GraphPad Software, La Jolla, CA).

Results

PG545 inhibits OVCA cell viability in vitro as single agent and in combination with 
chemotherapeutic agents

The potential of PG545 to synergise with the chemotherapeutic agents cisplatin and 

paclitaxel against OVCA cells was investigated using cell viability assays. Firstly, we 

showed that PG545 exhibited concentration-dependent growth inhibition (Supplementary 

Fig. 1A and D) in A2780 and SKOV3 cell lines. In combination with cisplatin or paclitaxel, 

PG545 at 10 μM increased the cytotoxic effect of cisplatin or paclitaxel over a range of 

concentrations in A2780 and SKOV3 cell lines (Supplementary Fig. 1B, C, E and F). The 

most pronounced effect was seen in the A2780 cells treated with paclitaxel and PG545 

(Supplementary Fig. 1C).

The concentrations for the combination experiment were determined based on the individual 

dose response assay with PG545 and paclitaxel in A2780 cells (Supplementary Fig. 1A and 

C). Paclitaxel exhibited 50% growth inhibition after 48h of treatment at 760 nM, while 

PG545 alone showed concentration-dependent growth inhibition at a range of 10-160 μM in 

A2780. The combined action of paclitaxel and PG545 at a constant ratio showed extremely 

strong synergy as the Combination Index (CI) values were 0.088 and 0.034 at 0.75 and 0.95 

fraction affected (Fa). The Fa variable denotes the relative completion of the biological 

process in question: in this case 0.75 indicates that tumour cell growth has been inhibited by 

75%. Of note, synergy was demonstrated across nearly the entire range of the drug 

concentrations and Fa values (Fig. 1A). The combination data were next analysed to 

determine the dose reduction indices (DRI) for PG545 and paclitaxel. DRI values greater 

than one indicate that the drug dose can be reduced for the same affect and the larger the 

DRI the greater the dose reduction possible. The results for PG545 and paclitaxel show high 

DRI for both compounds, particularly at the higher Fa (Fig. 1B). This has clinical 

significance because it suggests that the synergistic interaction between these two agents 

may allow their doses to be modulated downwards, thus diminishing toxicity.

PG545 Inhibits GF-Induced Cell Migration and Invasion in vitro

The effect of PG545 on GF induced migratory capacity of SKOV3 cells was measured using 

a scratch assay. Universally, PG545 significantly inhibited the migration of SKOV3 cells 
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regardless of the type of growth factor present (Fig. 2A and B). Similarly, PG545 

significantly inhibited HB-EGF-induced invasion of SKOV3 cells as assessed by the 

Fluorometric Invasion Assay. (Fig. 2C).

PG545 Modulates HB-EGF Induced Signaling in OVCA Cells

Serum starved SKOV3 and OV202 cells stimulated with HB-EGF showed phosphorylation 

of EGFR at Tyr 1068, AKT (ser473) and MAPK (p-ERK) in the absence of PG545. 

However, PG545 treatment resulted in a significant decrease in the activation, occurring 

within 5 minutes of PG545 exposure for p-EGFR and AKT in both cell lines and 10 minutes 

for p-ERK (Fig. 2D and E) respectively.

Effect of PG545 as a single agent in subcutaneous Preclinical Models of OVCA

To further assess PG545 dosing schedule and tumour response in mouse models, we injected 

A2780 cells subcutaneously. The control group was compared to three different treatment 

groups. The first group received 20mg/kg s.c. once a week for 3 weeks. The second 

treatment group received 7.5mg/kg i.v. twice a week for 3 weeks and the third group was 

treated with 15mg/kg i.v. once a week for 3 weeks. All treatment groups had significantly 

smaller tumours than the control group with volumes less than half that of the control group 

after 12 days of treatment (Fig. 3A). Median survival for all the treatment groups were 

significantly higher compared to the control group that had a median survival of 9 days (Fig. 

3B).

Combination Therapy Activity in subcutaneous models of A2780 and SKOV3

We further assessed the activity of PG545 in combination with standard OVCA 

chemotherapeutic agents: paclitaxel in the A2780 model and carboplatin in the SKOV3 

model. In the A2780 model, three treatment groups were compared to the untreated control 

group. The first group was treated with i.v. paclitaxel at a dose of 15mg/kg once weekly. 

The second group was treated with PG545 20mg/kg s.c. once weekly and the third group 

was treated with the combination of PG545 at 20mg/kg and paclitaxel. Two days post-

paclitaxel treatment, PG545 was administered and treatment continued for two weeks, after 

which, the first group treated with paclitaxel had an 11% Tumour Growth Inhibition (TGI) 

when compared to the control group. PG545 as a single agent demonstrated a statistically 

significant TGI of 48% compared to the control group. The combination of paclitaxel and 

PG545 had a statistical significant TGI of 79% when compared to the control group and 

when compared to the paclitaxel group (Fig. 3C).

Combination of PG545 (s.c.) and carboplatin (i.v.) was tested in the moderately platinum-

sensitive SKOV3 model comparing the vehicle control with three treatment groups: PG545 

dosed at 20mg/kg followed by 10 mg/kg (20/10mg/kg) once weekly, carboplatin 40 mg/kg 

once weekly and a combination of 20/10mg/kg PG545 and 40mg/kg carboplatin. By day 19, 

TGI was estimated at 40% for PG545 alone, 43% carboplatin alone and 58% for the 

combination. The PG545 group and PG545 in combination with carboplatin reached 

statistical significance (Fig. 3D).
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PG545 activity in syngeneic mouse model of ovarian cancer

Next, to determine in vivo anti-tumour activities of PG545 in an immune intact, site-

appropriate model system, PG545 was tested in the syngeneic immunocompetent 

intraperitoneal ID8 model. Treatment was started at day 3 after ID8 cell injection. The 

control group was compared to PG545 treatment group. The treatment group was treated 

with PG545 20mg/kg twice a week for the first week and then reduced to once a week for a 

total of 10 weeks. At 10 weeks, the abdominal circumference, ascites volume and 

macroscopic tumour weight were compared between each treatment group and the control 

group. Abdominal circumference was highest in the control group with a mean of 9.9cm and 

lower in the PG545 group with 7.4cm. Ascites volume was highest in the control group with 

12ml and lower in the PG545 group with 4ml. The control group had measurable 

macroscopic tumour at necropsy with a mean tumour weight of 0.16g, while there was no 

measurable tumor in the PG545 treated mice, all findings were statistically significant (Fig. 

4A). The ID8 cells were transfected with luciferase allowing the tumour burden to be 

visualized throughout the treatment. Fig. 4B confirms visually the findings of reduced 

tumour burden in mice treated with PG545 compared to the control group at 2 weeks of 

treatment and 9 weeks respectively.

Combination Maintenance Therapy Activity in an intraperitoneal A2780 model of ovarian 
cancer

To determine the potential role of PG545 as a maintenance drug, an A2780 i.p SCID mouse 

model was used. Ten mice were randomly assigned to 5 different treatment groups, 

including a control untreated group, PG545 group, cisplatin and paclitaxel group, cisplatin, 

paclitaxel and PG545 (with PG545 starting at day 3) group and cisplatin, paclitaxel and 

PG545 (with PG545 starting at day 10) group (Fig. 5A). The lowest median overall survival 

(OS), was observed in the control group with 23 days, followed by the PG545 only group 

with 43 days (Fig. 5B and C). The cisplatin paclitaxel group had a Median OS of 46 days. 

The maintenance PG545 groups had the best median OS with 58 days for the group that 

started PG545 at 10 days, while the median OS was not reached at 62 days for the group that 

started PG545 at day 3; the differences in median OS were statistically significant 

(p<0.001). The study was terminated at day 62 by which stage only 2/10 mice in the control 

group, 1/10 in the PG545 group, 3/10 in the cisplatin paclitaxel group. 3/10 in the PG545 

maintenance group starting at day 10 but 9/10 mice in the group starting PG545 at day 3 

survived and had no visible evidence of tumour formation. The anti-tumour activity 

correlated with significant reductions in tumour cell proliferation (as determined by Ki67 

staining), and microvessel density (as determined by CD31 expression) following 

administration of PG545 in combination with cisplatin and paclitaxel compared with either 

treatments alone (Figure S2).

PG545 modulates VEGF in vivo

In the ID8 syngeneic model, VEGF levels were elevated two-fold in the plasma of PG545-

treated mice, reaching borderline significance (p=0.06) (Fig. 6A). In contrast, the levels of 

VEGF in ascites were higher in the control mice compared to the PG545 treated animals 

(Fig S3). It is also noteworthy that the levels of VEGF in the ascites (400-700 pg/mL) are far 

Winterhoff et al. Page 8

Eur J Cancer. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



higher than in plasma (10-25 pg/mL). The effect of PG545 on plasma VEGF in the ID8 

model was further substantiated when similar findings were apparent in the A2780 model 

(Fig. 6B-D). In addition to modulating plasma VEGF, PG545 also modulated the 

concentration of plasma heparanase in the A2780 model (Fig. S4).

PG545 increases plasma levels of VEGF in patients with solid tumours

Four patients with recurrent solid tumours were treated with PG545 (either 25 or 50mg, s.c. 

once weekly). PG545 concentrations and the levels of various target proteins over time were 

measured in the plasma of these patients. Patient 003 with thyroid cancer (total treatment of 

2 weekly 50mg doses) exhibited a 2-fold increase in plasma VEGF levels after the first dose 

(Fig. 7A). In contrast, Patient 021 (total treatment of 7 weekly 25mg doses) with colon 

cancer had an increase in plasma VEGF levels peaking at 1.7-fold after the final dose (Fig. 

7B). Patient 022 (total treatment of 3 weekly 25mg doses) with pancreatic cancer displayed 

a 1.8-fold increase in plasma VEGF levels after 28 days, returning to baseline after a further 

28 days without PG545 treatment (Fig. 7C). Finally, Patient 023 with melanoma (total of 8 

weekly 25mg doses) demonstrated a 3.5-fold increase of VEGF plasma levels after 22 days 

of treatment with PG545 (Fig. 7D). With the exception of VEGF in Patient 021, all of the 

analytes returned, approximately, to the pre-dosing baseline levels after PG545 

administration had ceased indicating that the perturbations were transient in nature. Similar 

results were observed with other target proteins of PG545 including FGF-2 (Fig. S5), HB-

EGF (Fig. S6) and heparanase (Fig. S7). Apart from HB-EGF in the thyroid and pancreatic 

patients, all other markers showed some response in all of the patients.

PG545 pharmacokinetic profile in tumour-bearing mice and advanced cancer patients

Plasma concentration versus time curves for the A2780 model and advanced cancer patients 

are represented in Figure 6 and Figure 7 respectively. A comparison of basic 

pharmacokinetic parameters in the A2780, SKOV3 models and advanced cancer patients is 

available in supplementary data (Table S1). Two key points are highlighted here. First, the 

A2780 data suggests that AUC (as opposed to Cmax) is the relevant measure of exposure to 

associate with anti-tumour activity because a low dose given i.v. twice-weekly exhibited 

similar efficacy to a high dose given i.v. (or s.c.) once-weekly. Second, assuming exposure 

is proportional with increasing dose levels, the data suggest that to achieve therapeutic levels 

in human subjects, the efficacious s.c. dose would be approximately 150mg (likely lower for 

i.v. dosing due to 100% bioavailability).

Discussion

Multiple clinical trials have demonstrated efficacy of the antiangiogenic drug bevacizumab, 

in the treatment of advanced OVCA [19–21]. However, despite initial responses, once 

bevacizumab treatment was stopped, most patients recurred which resulted in bad prognosis. 

Genomic and molecular complexity of epithelial OVCA and its ability to metastasise via 

multiple routes (intraperitoneal, hematogenous, lymphatic) might contribute to some of the 

resistance against single target anti angiogenic treatments, like bevacizumab [19–21,26]. 

Thus, current attempts are focusing on the development of anti-cancer therapy to determine 

the optimal combinations of stromal-targeting agents with conventional chemotherapy to 
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target multiple pathways and hallmarks of epithelial OVCA simultaneously [27,28]. PG545 

is now considered a regulator of the tumour microenvironment due to effects on multiple 

cell types and targets that constitute solid tumours [16,17,29] and is currently being 

investigated as a 1-hour intravenous infusion administered once-weekly in a Phase I trial in 

advanced cancer patients. Epithelial OVCA provides a particularly relevant target for PG545 

due to known activity of the VEGF and HB-EGF angiogenic pathways in the molecular 

pathogenesis of OVCA, as well as the high metastatic potential; both contributing to the 

high mortality of this disease [30]. Tang and colleagues showed anti-tumour activity of an 

HB-EGF inhibitor CRM197 in platinum-resistant ovarian cancer cells [31].

While PG545 demonstrated efficacy in solid tumours including melanoma, breast, colon, 

lung, liver and pancreas [13,15–17], but the activity of PG545 or its potential to inhibit 

VEGF and HB-EGF in OVCA has not been assessed. Independent of the type of GF used to 

stimulate the SKOV3 cells, exposure to PG545 resulted in the inhibition of cellular 

migration, invasive capacity and growth factor mediated signaling, providing support for the 

action of PG545 against GF. This complements previous in vivo data documenting the 

antimetastatic activity of PG545 in other tumour types [13,15–17] and confirming that the 

antiangiogenic/antimetastatic effects of PG545 are, at least partly, facilitated through its 

ultimate effects on signaling pathways including ERK/MAPK and AKT.

Regardless of the route of PG545 administration and the location of tumour (subcutaneous 

or intraperitoneal), single agent PG545 had significant anti-tumour activity in both the 

cisplatin sensitive A2780 and SKOV3 models. This anti-tumour activity was also 

demonstrated in the syngeneic immunocompetent ID8 mouse model, when once-weekly 

PG545 monotherapy completely inhibited tumour growth and significantly reduced ascites 

accumulation. Thus, our in vivo data demonstrates that single agent PG545 may exert 

comparable anti-tumour activity to standard chemotherapeutic agents used in the treatment 

of OVCA. In addition to its single agent activity, PG545 demonstrated synergy with 

paclitaxel in vitro, significantly reduced tumour growth when co-administered with 

paclitaxel (and carboplatin) in vivo, and significantly improved overall survival as a 

maintenance therapy following paclitaxel and cisplatin chemotherapy. These findings are 

particularly important as it highlights the potential utility for PG545 with paclitaxel or even 

in a maintenance setting as previously reported for bevacizumab with paclitaxel and 

cisplatin [32,33].

Plasma levels of VEGF, HB-EGF, FGF-2, which have all been linked to poor prognosis in 

ovarian cancer, and heparanase were increased in mice and patients treated with PG545 

(Supplementary Fig S4-7). This represents preliminary evidence of target modulation, 

especially in patients, considering the doses used could be considered sub-therapeutic (no 

RECIST responses were observed in the trial PG545101), when comparing exposure (AUC) 

levels of efficacious doses from the preclinical ovarian models which were 2-4 fold higher 

than those measured in patients (Table S1). Blocking the interaction of VEGF (or other 

growth factors) and heparanase with HS within the tumour microenvironment may lead to a 

liberation of free ligand into the plasma. This would prevent VEGF-induced activation of 

cellular signaling (possibly via downregulation of the ERK/MAPK pathway, based on our in 

vitro data) in tumour endothelial cells, inhibit heparanase-mediated degradation of the ECM 
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and would lead to increases in plasma levels of these HS binding proteins. Similar increases 

in plasma VEGF concentration have been observed following treatment with bevacizumab 

[34]. Modeling studies have attributed these increases to depletion of VEGF from the 

tumour interstitium which, consequently, prevents this population of VEGF molecules from 

promoting tumour growth [34]. The pharmacodynamic response to PG545 in animal studies 

revealed two peaks in plasma HS binding proteins: the first just after dosing which may be 

due to a response in peripheral blood (e.g. platelets) or vasculature, while the second peak 

may represent a consequence of target modulation within the tumour microenvironment.

Since the generation of malignant ascites in ovarian cancer has been largely attributed to 

increased vascular permeability resulting from expression of VEGF by tumour cells, it 

seems likely that PG545 inhibition of VEGF in the peritoneal cavity leads to the reduction in 

ascites volume seen in PG545-treated mice (Fig. 4B) and significantly reduced VEGF levels 

in the ascites, when compared to the control group (Fig. S3). Similar decreases of ascites 

have been seen in ovarian cancer patients treated with bevacizumab [35,36]. The apparent 

contradiction between the PG545-associated increased plasma VEGF and decreased ascites 

VEGF levels can be understood by examining the relative concentrations in these two 

compartments and how they affect each other. VEGF levels in ascites were over ten-fold 

higher than the levels found in plasma indicating that leakage of plasma into the 

intraperitoneal space will have little effect upon ascites VEGF concentration. The main 

driver of VEGF levels in ascites is that secreted by tumour, stromal and immune cells [37] 

and, therefore, it appears likely that PG545-mediated suppression of one, or a combination, 

of these cells is causing the reduced VEGF levels in ascites.

We present the first evidence for efficacy of PG545 in OVCA. Increased heparanase activity 

has been associated with enhanced angiogenic and metastatic properties in renal cell, 

melanoma and hepatocellular carcinoma [38–42]. Given the extreme metastatic capability 

and dependence upon the VEGF-signaling pathway in OVCA [41], PG545 may be 

considered an ideal drug candidate for testing in this cancer indication. Moreover, increasing 

evidence has suggested a critical role for HB-EGF in ovarian cancer progression [43] as a 

negative prognostic factor [44]. Furthermore HB-EGF might be involved in tumour 

resistance against paclitaxel [45]. Inhibition of HB-EGF has recently been shown to 

overcome chemoresistance in ovarian cancer models [31]. Our in vitro data shows PG545 

inhibits the migration and invasion of OVCA cells and decreased activation of the ERK/

MAPK pathway through modulation of HB-EGF induced signaling and preliminary results 

indicate that PG545 modulates plasma HB-EGF levels in some cancer patients 

(Supplementary Fig. S6). Importantly, in vivo data using PG545 against various OVCA cells 

in immune-compromised and in immunocompetent models demonstrated significant anti-

tumour activity of PG545 as a single agent and in combination with standard cytotoxic 

agents (platinum or taxane). More importantly, PG545 as a maintenance therapy 

significantly increases overall survival in these models.

This preclinical data provides a strong rationale to test PG545 as a single agent or in 

combination with standard chemotherapeutic agents, and in particular, paclitaxel in patients 

with OVCA.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. In combination with paclitaxel, PG545 showed synergy against A2780 cells.

2. PG545 inhibited signalling and reduced growth factor-mediated cell migration.

3. Efficacious alone or in combination with chemotherapies in A2780 and 

SKOV-3 models.

4. Increased survival in chemotherapy maintenance model has clinical 

ramifications.

5. Evidence of biomarker response in preclinical and clinical studies.
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Figure 1. 
Combination of PG545and paclitaxel against A2780 cells was analysed for synergy using 

the method of Chou-Talalay. A. The fraction affected (Fa) and Combination Index (CI) 

values were calculated and plotted using Calcusyn software after the combined action of 

Paclitaxel: PG545 (0.09375:7.125 μM) in A2780 cell for 48h. B. DRI for PG545 and 

paclitaxel was plotted against Fa.
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Figure 2. 
PG545 significantly inhibits migration and invasion of SKOV3 ovarian cancer cells by 

targeting growth factors. A and B. PG545 (5μM) significantly inhibited migration of 

SKOV3 ovarian cancer cells stimulated by each of the following HS binding growth factors: 

HB-EGF, HGF, FGF-2, VEGF165 and SDF-1. C. PG545 was also tested against HB-EGF-

dependent SKOV3 cell invasion and the compound was found to be a potent inhibitor of this 

process. NS: Not significant; *p<0.05, **p<0.01, ***p<0.001. D and E. After the SKOV3 

cells (D) or OV202 (E) were cultured in 0.2% serum containing medium for 12hrs, 50ng/ml 

HB-EGF was added with and without PG545 for the indicated times. Western blot analysis 

indicated diminished phosphorylation of EGFR, ERK and AKT. Total EGFR, ERK and 

AKT are shown for equal loading.
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Figure 3. 
Combination treatment using xenograft models. A. PG545 administered either s.c. or i.v. in 

the A2780 model. Treatment started on day 1 (n = 10/group) using 20mg/kg s.c. (1x/wk × 

3), 7.5mg/kg i.v. (2x/wk × 3) or 15mg/kg i.v. (1x/wk × 3) when the tumour mean volumes 

were 140mm3. Efficacy was determined from tumour growth inhibition (TGI) estimated at 

55%, 45%, and 55% for 20mg/kg s.c., 15mg/kg i.v. and 7.5mg/kg i.v., respectively on day 

12. All treatment groups were considered significant compared versus vehicle control 

(p<0.01). B. PG545 treated animals survived ~2.5 times longer compared to untreated 

controls (**p< 0.01, log-rank test). C. A2780 cells were injected s.c. and treatment started 

with paclitaxel once mean estimated tumour mass reached 136mg. Two days post-paclitaxel 

treatment, PG545 was administered and treatment continued for 3 weeks. Tumour Growth 

Inhibition (TGI) for paclitaxel, PG545 and the paclitaxel/PG545 combination group was 

11%, 48% and 79% respectively. D. SKOV3 cells were injected s.c. and treatment started at 

37 days when the average tumour volume was approximately 123mm3. Vehicle control and 

PG545 were administered once weekly, s.c. and carboplatin (40 mg/kg) was administered 

i.v. once weekly. The dose of PG545 was reduced from 20 to 10mg/kg after the first dose. In 

the groups receiving combination therapy, PG545 was administered two days after 

carboplatin. TGI at Day 19 was estimated at 40% for PG545 alone, 43% carboplatin alone 

and 58% for the combination. One mouse in the combination group was culled due to excess 

bodyweight on Day12 of the study. Otherwise, the combination was well tolerated (a 

combination arm using 60 mg/kg carboplatin led to TGI of 73% but also bodyweight loss in 

two mice which were culled in Day 12, data not shown). *=p<0.05, **=p<0.01 PG545 alone 

versus vehicle control, ### = p<0.001 PG545 and paclitaxel combination versus paclitaxel 

alone, and + = p<0.05, +++ = p<0.001 combination groups versus vehicle control.
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Figure 4. 
Significant anti-tumour activity of PG545 in the immunocompetent ID8 ovarian cancer 

model. Twenty mice were injected i.p. with 5×106 ID8 cells. Three days after inoculation, 

mice were randomized to two different groups of 10 mice/grp: 1. control (i.p. PBS), 2. 
PG545 20mg/kg/wk i.p. for 10 wks. Abdominal circumference (A), volume of ascites (B), 

and total excised tumour weight (C) was then calculated for each treatment group and 

compared to control *=p<0.05. D. Representative images of control and PG545-treated mice 

in week 2 and week 9 in ID8 tumour-bearing mice using the IVIS luminescence imaging 

system series 2000. Color bar shows photon intensity.
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Figure 5. 
Combination effect of PG545, cisplatin, paclitaxel in A2780 model. A. Fifty mice were 

injected i.p. with 1.25 ×106 A2780 cells and randomly assigned to 5 treatment groups. 

Treatment with drugs commenced on Day 3. Group 1: Vehicle control, Group 2: PG545 

20mg/kg twice a week starting at day 3 and maintained till the end of the study, Group 3: 

cisplatin 6mg/kg and paclitaxel 15mg/kg on days 3, 6 and 9 only. Group 4: Cisplatin and 

paclitaxel (days 3, 6 and 9) PG545 20mg/kg twice a week starting on day 10 and continued 

until the end of the experiment. Group 5: Cisplatin and paclitaxel (days 3, 6 and 9) PG545 

20mg/kg twice a week starting on day 3 and continued until the end of the experiment. B. 
Kaplan Meier survival curves reveal the significant enhancement of survival following 

treatment with PG545 alone, doublet therapy of paclitaxel/cisplatin or triplet therapy of 

PG545/paclitaxel/cisplatin on days as indicated. *=P<0.05, **=P<0.01. C. Median survival 

in days and number of mice alive at the end of the study are shown in the various treatment 

groups.
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Figure 6. 
Increased plasma VEGF is a putative pharmacodynamic marker following treatment via 

different routes of administration with PG545 in preclinical studies. Preliminary yet robust 

data were generated from the immunocompetent ID8 model and the immunodeficient A2870 

model. A. Plasma VEGF concentration was increased in the PG545- treated group (IP 

injection) versus control animals with borderline statistical significance (P=0.06). B-D. Time 

versus concentration profiles for PG545 (black triangles) was determined following 

administration of either via SC injection (20 mg/kg), or IV injection (7 or 15 mg/kg) led to 

increases in plasma VEGF concentration (open squares).
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Figure 7. 
Treatment with PG545 increases plasma VEGF levels in patients with solid tumours. 

Administration with weekly s.c. injections of PG545 leads to increases in plasma VEGF 

(white squares). PG545 plasma concentrations are indicated by the black circles. Patient 

Pt003 (thyroid) received 2 doses of 50mg of PG545 and the other three patients (colon, 

pancreatic, and melanoma) received 7, 3 and 8 doses of 25mg respectively. Dosing regimen: 

Pt003: days 0, 7; Pt021: days 0, 7, 14, 21, 28, 35, 42; Pt022: days 0, 7, 14; Pt023: days 0, 7, 

14, 21, 28, 35, 42, 49.
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