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The polyamine analog PG11047 potentiates the antitumor
activity of cisplatin and bevacizumab in preclinical models of lung
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Abstract

Purpose PG11047 is a polyamine analog currently in
Phase I trials for advanced cancer as a monotherapy and in
combination with a number of approved anti-cancer agents.
The use of polyamines as a target for antiproliferative
therapy is based on findings that cells synthesize poly-
amines excessively when induced to grow and that poly-
amine metabolism is frequently dysregulated in cancer. A
selective polyamine transport system provides access for
PG11047 into rapidly dividing cells to inhibit polyamine
biosynthetic enzymes, to induce the polyamine catabolic
enzymes spermidine/spermine N'-acetyltransferase (SSAT)
and spermine oxidase (SMO) which could subsequently
induce reactive oxygen species that contribute to tumor cell
responses to PG11047, and to function as a polyamine with
altered function when it binds to natural polyamine binding
sites. The objective of the present study was to assess the
antitumor effects of PG11047 alone and in combination with
approved anti-cancer agents.

Methods The antitumor efficacy of PG11047 as a single
agent, and in combination with cisplatin and bevacizumab,
was tested in models of lung (A549) and prostate (DU-145)
cancer, respectively.
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Results PG11047 significantly inhibited tumor develop-
ment in both lung and prostate cancer models when
administered as a single agent. In the lung cancer model,
PG11047 potentiated the antitumor effect of cisplatin.
Although potent activity was observed with PG11047 and
bevacizumab when administered as single agents in the
prostate cancer model, the combination arm significantly
enhanced antitumor activity compared with either agent
alone. In all experiments, PG11047 was well tolerated with
no adverse effects on bodyweight gain.

Conclusions The preclinical data support the rationale
for the current Phase I trials which are assessing PG11047
as a monotherapy and in combination with a number
of approved anti-cancer agents including cisplatin and
bevacizumab.

Keywords Polyamine analog - PG11047 - Cisplatin -
Bevacizumab - Cancer therapy

Introduction

Polyamines are small aminoalkyl polycations, necessary
for cell proliferation [1-3] that also influence transcription
[4], RNA stabilization, and translational frameshifting [5].
The interest in polyamines as a target for antiproliferative
therapy is based on several observations that cells synthe-
size more polyamines when induced to grow; that the
polyamine biosynthetic enzymes are coordinately regulated
with growth controls; that polyamine metabolism is fre-
quently dysregulated in cancers; and that polyamines are
essential for eukaryotic cell growth [6].

Polyamine analogs represent an emerging approach to
inhibition of polyamine biosynthesis in cells [7]. Mecha-
nisms by which polyamine analogs exert their intracellular
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effects include the induction of the polyamine catabolic
enzyme spermidine/spermine N1-acetyltansferase (SSAT)
and inhibition of polyamine biosynthetic enzymes, with
subsequent depletion of intracellular polyamine pools,
competition with natural polyamines for uptake, and the
displacement of natural polyamines from functional sites
related to the transcriptional regulation of genes and other
functions [6, 8]. Among the classes of synthetic polyamine
analogs that have been developed, are symmetrically
substituted, asymmetrically substituted, and conforma-
tionally restricted analogs. These classes demonstrate that
multiple biological activities and improved targeting abil-
ities can be attained with small changes in molecular
structure [6].

PG11047 is a conformationally restricted polyamine
analog, with a structure based on the symmetrically
alkylated analog N1, NI11-bis (ethyl) norspermine
(BENSpm), modified by the introduction of a double bond
into the central 4-carbon methylene chain [9, 10]. Anti-
proliferative activity of PG11047 has been reported against
human breast cancer cells and both small cell and non-
small cell lung cancer cell lines [11, 12]. PG11047 sig-
nificantly delayed the development of A549 xenografts in
nude nu/nu mice [12]. The known biochemical mecha-
nisms of the antitumor effects of PG11047 include the cell
type specific downregulation of orthinine decarboxylase
(ODC), the induction of SSAT and spermine oxidase
(SMO) activities, and the antizyme-mediated feedback
inhibition of polyamine uptake [6, 11, 13]. The generation
of reactive oxygen species, particularly hydrogen peroxide,
has been implicated in polyamine analog-induced, SSAT-
associated cytotoxicity [14], and many of the same analogs
that induce SSAT also induce SMO [15-17]. Thus, both
SSAT and SMO could be responsible for producing reac-
tive oxygen species that contribute to analog activity [6].

PG11047 is currently being tested in a Phase I clinical
trial in patients with relapsed or refractory cancers as a
single agent, and in a Phase Ib trial in combination with
bevacizumab (Avastin; Genentech), erlotintib (Tarceva;
OSI Pharmaceuticals), docetaxel (Taxotere; Sanofi-Aven-
tis), gemcitabine (Gemzar; Eli Lilly), SFU/Leucovorin,
cisplatin, or sunitinib (Sutent; Pfizer). The aim of the
present study was to determine the effect of PG11047 in a
non-small cell lung cancer model alone and in combination
with cisplatin, and in a prostate cancer model, alone and in
combination with bevacizumab. The effects observed here
are consistent with earlier reports of synergy or enhanced
antitumor activity when inhibitors of polyamines are used
in conjunction with established cytotoxic or antiangiogenic
agents. Synergistic activity was apparent when N1, N11-
bis-ethylnorspermine (BE-3-3-3), and cisplatin were used
together against murine cell lines L1210 leukemia and
B16F1 melanoma both in vitro and in vivo [18]. Enhanced
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antitumor effects have also been noted when bevacizumab
was used in combination with the irreversible inhibitor of
ODC, alpha-difluoromethylornithine (DFMO) [19]. These
data support the concept that polyamine analogs may
enhance the antitumor effects of agents such as cisplatin
and bevacizumab.

Materials and methods
Chemicals and drugs

The test article PG11047, formerly known as CGC-11047
(Lot AV773), was dissolved in 0.9% saline and filter
sterilized through a 0.2 pM membrane. Cisplatin
(cis-Diammineplatinum(II) dichloride; Lot # 014K0993)
was obtained from Sigma, St Louis, MO. Bevacizumab
(Avastin; Lot#M46866) was provided as a gift by Genen-
tech, CA.

Cell culture

Non-small cell lung cancer tumor cell line A549 obtained
from ATCC was grown in F12K media supplemented with
10% fetal calf serum. Prostate cancer tumor cell line DU-
145 obtained from ATCC was grown in DMEM media
supplemented with 10% fetal calf serum.

Animals

Male nude nu/nu Fox chase mice aged 4-5 weeks and
weighing 25-35 g were used in all studies (Source of
Animals Harlan, Madison, WI). The animals were housed
in micro isolator barrier cages with filtered top lids
(Allentown Caging) in a dedicated Animal Room at
Quintessence Biosciences throughout the study. The
housing complied with the Guide for the Care and Use of
Laboratory Animals, DHHS, (NIH) No. 85-23, revised
1985 and the Animal Welfare Act (9 CFR 3). Temperature
and humidity were recorded daily. The room was equipped
with an automatic timer and the animals received 12 h of
light and dark each day. Temperatures were maintained
from 68—74°F and humidity was maintained from 20-80%.
Animals were quarantined one to two weeks prior to the
treatment. Animals were fed ad libitum with 16% protein
rodent diet (2016S; Harlan/Teklad). The water used for this
study (Madison municipal water) was provided ad libitum.

Tumor model and drug treatment
Tumor cells were harvested by centrifugation at

1,200 RPM for 10 min at 4°C. One hundred microliters
of A549 cells (2.8 x 10°cells) or DU-145 cells
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(1.80 x 10° cells) were injected s.c. in the right rear dorsal
flank of each mouse using a 27 gauge syringe needle.
Tumors were allowed to reach approximately 75 mm® in
volume before the start of treatment. A sufficient number
of mice were implanted with cells so that tumors in a
weight range as narrow as possible could be selected for
the trial on the day of treatment initiation (day 15 after
tumor implantation). Those animals selected with tumors in
the proper size range were randomized and divided into the
various treatment groups so that the average tumor sizes for
each group were approximately equivalent. Tumors were
allowed to develop for a minimum of 60 days after tumor
implantation, except where the tumor on any animal
reached 2,000 mm?° in size or ulcerated. In this case, mice
were sacrificed prior to study termination.

The experiments were initiated to evaluate the efficacy
of PG11047 in combination with either cisplatin in nude
nu/nu Fox chase mice implanted with the human non-small
cell lung cancer tumor (A549) or with bevacizumab in
nude nu/nu Fox chase mice implanted with the human
prostate cancer tumor (DU-145). All treatments were ini-
tiated when all mice had established tumors approximately
75 mm® in size. Test agents were administered intraperi-
toneally (i.p.) as a bolus dose. The drugs were administered
once a week according to the following schedule:

e Cisplatin study: Days 15, 22, 29, 36, 43, 50, and 57
after implantation at doses of PG11047 (25 mg/kg/wk)
and cisplatin (1.5 mg/kg/wk).

e Bevacizumab study: Days 23, 30, 37, 44, 51, and 59
after implantation at doses of PG11047 (25 mg/kg/wk);
bevacizumab was administered twice a week (days
23, 27, 30, 34, 37, 41, 44, 48, 51, 55, 59, and 62) at
5.0 mg/kg.

The same doses were administered in the combination
groups. In these groups the test agents were administered
separately, the polyamine analog was administered first,
immediately followed by cisplatin or bevacizumab. The
control group was treated with a vehicle (sterile saline)
using the same treatment schedule. The animals were
observed for adverse clinical signs after each dose and once
daily thereafter throughout the course of the study. Body
weights and tumor volumes were obtained and recorded
prior to each dose and additional measurements were taken
once a week, typically 3—4 days after dosing. Morbidity
and mortality were monitored once daily following the
initial dose and continued throughout the course of the
study. The experiment was terminated 60 days after tumor
implantation, but not before.

The subcutaneous tumors were measured by caliper
measurements (mm) and the volume calculated using the
formula for an ellipsoid sphere: V (mm?) = L x W*/2
where L and W refer to the length and width dimensions

collected at each measurement. Animals were euthanized
by CO, asphyxiation according to Guide for the Care and
Use of Laboratory Animals, DHHS, (NIH) No. 86-23 and
the Animal Welfare Act (9 CFR 3). The antitumor activity
was assessed by the comparison of the median tumor
volume of the treated groups to the median tumor volume
of the control group and expressed as the Tumor Growth
Inhibition (TGI) using the equation:

TGl — (1 o ( VendtA — VistartTa )) x 100%
VendControl — VstartControl

Venara = Ending Tumor Volume of Test Agent treated
animal; Vg ra = Starting Tumor Volume of Test Agent
treated animal; Vi,qconwor = Ending Tumor Volume of
Control animal; V,nconwor = Starting Tumor Volume of
Control animal.

Statistics

The Mann—Whitney U Test is a statistical formula to
determine statistical significance between two data sets.
This method was used to calculate the significant effect
between the treatment groups with respect to tumor volume
and body weight.

Results
Clinical observations

No adverse clinical signs were observed in either treatment
group. There were no mortalities due to drug treatment
during the study.

Response to treatment

In the non-small cell lung cancer model PG11047 and
cisplatin significantly inhibited tumor development when
administered as single agents, exhibiting TGI values of 58
and 56%, respectively. When combined with cisplatin in
this model, these agents produced a significant additive
effect (Fig. l1a), increasing the TGI value to 86%, an
increase of 30% compared to cisplatin alone. No body
weight loss was noted in any of the treatment groups
(Fig. 1b).

In the prostate cancer model, a significant additive effect
was also observed between PG11047 and bevacizumab in
combination (Fig. 2a). Upon completion of the treatment
(day 65), TGI values were 76 and 95% for PG11047 and
bevacizumab, respectively. It is not known whether such
strong efficacy signals from the single agents masked the
optimal signal from the combination modality. Nonethe-
less, the significant additive effect of the combination
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Fig. 1 A significant additive
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group produced a TGI value of 103%, an increase of 8%
compared to bevacizumab alone. No body weight loss was
noted in any of the treatment groups (Fig. 2b).

Discussion

The relevance of polyamines in cancer is becoming
increasingly recognized as targets of this pathway are
identified. These targets include the rate-limiting enzymes
S-adenosylmethionine decarboxylase (AdoMetDC) and
ODC; and the catabolic enzymes such as SSAT and SMO,
as well as the polyamine transport system [6]. The chem-
ical structures of polyamine analogs exploit structural
similarity with the natural polyamines, so as to allow their
recognition and subsequent uptake by the polyamine
transporter, while the structural differences result in the
inhibition of other important and related protein targets.
This confers the added benefit of preventing the induction
of compensatory changes in metabolism such as those seen
with DFMO [20]. PG11047 is thought to downregulate
ODC expression, induce SSAT and SMO activities and
modulate the antizyme-mediated feedback inhibition of
polyamine uptake [6, 10, 13]. Whichever mechanism takes
precedence, the data reveal that PG11047, at a dose well
below its MTD, significantly reduces tumor growth in
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models of lung and prostate cancer. Importantly, significant
additive activity has been identified when PG11047 is used
in combination with cisplatin and bevacizumab.

The antitumor activity was assessed by the comparison
of the median tumor volume of the treated groups to the
median tumor volume of the control group. No adverse
clinical signs or mortalities were observed in any treatment
group. No body weight loss was noted in any of the
treatment groups during the study. At day 60, the TGI for
PG11047 treatment alone was 58% and cisplatin alone was
56%, whereas combination therapy increased TGI to 86%,
an increase of 30%. Thus, the data indicate there is a sig-
nificant additive effect with both test agents administered
in combination, compared to the individual compounds
alone.

The additive activity for the PG11047/bevacizumab
combination in the DU-145 model was significant but
perhaps not optimal, due to single agent activity being
highly potent with TGI values of 76% for PG11047 alone
and 95% bevacizumab alone. The impact of bevacizumab,
which only inhibits the tumor-derived vascular endothelial
growth factor (VEGF) and not mouse stromal VEGF [21],
was greater than expected in the DU-145 model. This is
possibly due to a low level of stromal VEGF in this par-
ticular model, making the tumor-derived VEGF the main
driver for tumor angiogenesis. Nonetheless, a TGI of 103%
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demonstrated that enhanced activity could still be achieved
when PG11047 was combined with bevacizumab. Further
studies may be warranted to fully appreciate the potential
for these two agents when administered in a combination
setting.

Encouraging preclinical data for polyamine analogs
alone and in combination with cytotoxic drugs support
their continued evaluation [22]. A number of chemother-
apeutic agents including platinum drugs such as cisplatin
and oxaliplatin or 5-fluorouracil have been identified as
compounds that exert a concerted effect on the polyamine
pathway, up-regulating the catabolic pathway enzyme
SSAT [22, 23]. The polyamine analog PG11047 induces
SSAT [6], thus providing a rationale for its combination
with cisplatin. As polyamines are essential for proliferation
of endothelial cells [24], it is envisaged that the combina-
tion of a polyamine analog with an angiogenesis inhibitor
could potently inhibit tumor angiogenesis. In support of
this hypothesis, CGC-11093, a polyamine analog struc-
turally related to PG11047, increased the anti-angiogenic
properties of bortezomib [25]. The combination effects
noted here, namely PG11047 with either cisplatin or bev-
acizumab, are currently being explored in the clinic in a
Phase 1b trial in advanced cancer patients. Other agents
under evaluation in the trial include gemcitabine, erlotinib,
sunitinib, S-flurouracil, and docetaxel. These preclinical
data support the current clinical strategy to examine the
utility of PG11047 in combination with cisplatin and
bevacizumab in advanced cancer.
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