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Abstract

Background—PG11047 is a novel conformationally restricted analog of the natural polyamine
spermine that lowers cellular endogenous polyamine levels and competitively inhibits natural
polyamine functions leading to cancer cell growth inhibition. The activity of PG11047 was
evaluated against the PPTP’s in vitro and in vivo panels.

Procedures—PG11047 was evaluated against the PPTP in vitro panel using 96 hour exposure at
concentrations ranging from 10 nM to 100 uM. It was tested against the PPTP in vivo panels at a
dose of 100 mg/kg administered by the intraperitoneal (IP) route weekly for 6 weeks.

Results—In vitro PG11047 demonstrated a concentration-response pattern consistent with
cytostatic activity. The median relative ICsq for PG11047 was 71 nM. Cell lines of the Ewing
sarcoma panel had a lower median relative ICg value compared to the remaining cell lines in the
panel, while cell lines of the neuroblastoma panel had a higher median relative 1Csg value. In vivo
PG11047 induced significant differences in EFS distribution compared to control in 5 of 32
(15.6%) of the evaluable solid tumor xenografts and in 0 of 7 (0%) of the evaluable ALL
xenografts. The single case of tumor regression occurred in an ependymoma xenograft.

Conclusions—Further pediatric development of PG11047 will require better defining a target
population and identifying combinations for which there is a tumor-selective cytotoxic effect. The
regression observed for an ependymoma xenograft and the exquisite sensitivity of some Ewing
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sarcoma cell lines to the antiproliferative effects of PG11047 provide leads for further preclinical
investigations.
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INTRODUCTION

PG11047 is a novel conformationally restricted analog of the natural polyamine spermine
that lowers cellular endogenous polyamine levels and competitively inhibits natural
polyamine functions leading to cancer cell growth inhibition [1,2]. The polycationic
polyamines spermidine and spermine are essential for eukaryotic cell growth. Early attempts
at targeting polyamine synthesis and catabolism pathways focused on inhibition of ornithine
decarboxylase (ODC), which is required for cellular proliferation. Polyamine biosynthesis
begins with the conversion of ornithine to putrescine by ODC, and this is a rate-limiting step
in polyamine biosynthesis. 2-difluoromethylornithine (DFMO, eflornithine) is an enzyme-
activated irreversible inhibitor of ODC, which has been extensively studied for cancer
chemoprevention and treatment. DFMO is effective in the treatment of African
trypanosomiasis and has been approved by FDA for this indication [3-5]. A placebo-
controlled randomized cancer chemoprevention trial evaluating DFMO given with sulindac
in persons with a history of resected adenomas demonstrated a marked reduction in recurrent
adenomatous polyps for those receiving DFMO and sulindac [6]. However, DFMO has
shown limited effectiveness as an anticancer treatment [7,8], although there was a trend for
benefit in a randomized trial for patients with anaplastic gliomas receiving DFMO with
standard chemotherapy [9]. The limited efficacy of DFMO in the therapeutic setting may
reflect an inability to maintain the high DFMO concentrations necessary to maintain ODC
inhibition and polyamine depletion, as well as compensatory mechanisms that blunt the
effects of DFMO-induced polyamine depletion.

PG11047-induced depletion of endogenous polyamines involves feedback inhibition of
polyamine biosynthetic enzymes as well as induction of the polyamine metabolizing
enzymes spermidine/spermine N1-acetyltransferase (SSAT) and spermine oxidase (SMO)
[2]. The ability of PG11047 to bind to nucleic acids with avidity, but with modified
function, likely contributes to its antiproliferative/cell killing actions [2]. PG11047 inhibits
proliferation of a range of cancer cell lines, including breast cancer, prostate, non-small lung
cell cancer, and small cell lung cancer cell lines [1,10,11]. PG11047 demonstrated in vivo
tumor growth inhibition against prostate cancer and NSCLC xenografts [10,12].

The polyamine pathway is a downstream target for known oncogenes, and inhibition of
polyamine synthesis can disrupt the action of those genes. Of relevance to pediatric cancers,
MYC and MYCN activate transcription of ODC [13-17]. Furthermore, disabling ODC
abolishes MY C-induced suppression of the CDK inhibitors p21(Cipl) and p27(Kip1l),
thereby impairing MYC’s proliferative response [18]. Based on interest in polyamine
function as a therapeutic target and on the strength of the preclinical data supporting
PG11047 as a potent modulator of polyamine synthesis, catabolism, and as an agent able to
inhibit cancer cell growth in vitro and in vivo, the PPTP evaluated this agent to gain insight
into its utility against pediatric tumors.

Pediatr Blood Cancer. Author manuscript; available in PMC 2012 August 1.
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MATERIALS AND METHODS

In vitro testing

In vitro testing was performed using DIMSCAN, a semiautomatic fluorescence-based digital
image microscopy system that quantifies viable (using fluorescein diacetate [FDA]) cell
numbers in tissue culture multiwell plates [19]. Cells were incubated in the presence of
PG11047 for 96 hours at concentrations from 10 nM to 100 uM and analyzed as previously
described [20]. Absolute 1C5q values represent the concentration of PG11047 that reduces
cell survival to 50% of the control value, while relative 1Csq values represent the PG11047
concentration that reduces cell survival by 50% of the maximum PG11047 effect [21].
Relative In/Out (1/0)% values represent the percentage difference between the Y, value
and the estimated starting cell number and either the control cell number (for agents with

Y min > starting cell number) or 0 (for agents with Y i < estimated starting cell number).
Relative 1/0% values range between 100% (no treatment effect) to —100% (complete
cytotoxic effect), with a Relative 1/0% value of 0 being observed for a completely effective
cytostatic agent.

In vivo tumor growth inhibition studies

CB17SC scid ™~ female mice (Taconic Farms, Germantown NY), were used to propagate
subcutaneously implanted kidney/rhabdoid tumors, sarcomas (Ewing, osteosarcoma,
rhabdomyosarcoma), neuroblastoma, and non-glioblastoma brain tumors, while BALB/c nu/
nu mice were used for glioma models, as previously described [22]. Human leukemia cells
were propagated by intravenous inoculation in female non-obese diabetic (NOD)/scid ™~
mice as described previously [23]. Female mice were used irrespective of the patient gender
from which the original tumor was derived. All mice were maintained under barrier
conditions and experiments were conducted using protocols and conditions approved by the
institutional animal care and use committee of the appropriate consortium member. Ten
mice (solid tumors) or 8 mice (leukemia models) were used in each control or treatment
group. Tumor volumes (cm?3) [solid tumor xenografts] or percentages of human CD45-
positive [nCDA45] cells [ALL xenografts] were determined as previously described [24] and
responses were determined using three activity measures as previously described [24]. An
in-depth description of the analysis methods is included in the Supplemental Response
Definitions section.

Statistical Methods

The exact log-rank test, as implemented using Proc StatXact for SAS®, was used to
compare event-free survival distributions between treatment and control groups. P-values
were two-sided and were not adjusted for multiple comparisons given the exploratory nature
of the studies.

Drugs and Formulation

PG11047 was provided to the PPTP by Progen Pharmaceuticals, through the Cancer
Therapy Evaluation Program (NCI). PG11047 was formulated in sterile water for injection,
and it was administered at a dose of 100 mg/kg weekly by the intraperitoneal route.

RESULTS

PG11047 in vitro testing

Table | shows the relative and absolute ICgq values and Y i, values for the 23 cell lines of
the PPTP in vitro panel. PG11047 demonstrated treatment to control (T/C) concentration-
response curves with non-zero plateaus at higher concentrations. Plateau Y mjn values
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exceeded those expected for a completely effective cytostatic agent for 20 of 23 cell lines, as
demonstrated in Table | by the Relative 1/0% values exceeding 0 for these 20 cell lines. This
is a typical pattern of response observed for cytostatic agents using the T/C endpoint and is
illustrated by the response of the ALL cell line NALM-6 to PG11047 (Figure 1). The
median relative ICsq for PG11047 across the entire panel was 71 nM. Cell lines of the
Ewing sarcoma panel had a lower median relative 1Csq value (<22 nM) compared to the
remaining cell lines in the panel, while cell lines of the neuroblastoma panel had a higher
median relative ICsq value (575 nM). The ratio of the median relative 1Csq of the entire
panel to that of each cell line is presented in Table I and Figure 1. Higher ratios are
indicative of greater sensitivity to PG11047 and are shown by bars to the right of the
midpoint line. The greater sensitivity of the Ewing sarcoma cell lines (TC-71 through
CHLA-258) and the lesser sensitivity for the neuroblastoma cell lines (NB-1643 through
CHLA-136) is illustrated in Figure 1.

PG11047 in vivo testing

PG11047 was evaluated in 45 xenograft models. Fifty-two of 854 mice died during the study
(6.1%), with 1 of 424 in the control arm (0.2%) and 51 of 430 in the PG11047 treatment arm
(11.9%). Six tumor lines were excluded from analysis due to toxicity greater than 25
percent. Excluded xenografts were from the rhabdoid tumor (1 of 3), Wilms tumor (1 of 3)
Ewing sarcoma (1 of 5), rhabdomyosarcoma (2 of 6), and ALL (1 of 8) panels. A complete
summary of results is provided in Supplemental Table I, including total numbers of mice,
number of mice that died (or were otherwise excluded), numbers of mice with events and
average times to event, tumor growth delay, as well as numbers of responses and T/C
values.

PG11047 induced significant differences in EFS distribution compared to control in 5 of 32
(15.6%) of the evaluable solid tumor xenografts and in 0 of 7 (0%) of the evaluable ALL
xenografts. For those xenografts with a significant difference in EFS distribution between
treated and control groups, the EFS T/C activity measure additionally requires an EFS T/C
value of > 2.0 for intermediate activity and indicates a substantial agent effect in slowing
tumor growth. High activity further requires a reduction in final tumor volume compared to
the starting tumor volume. PG11047 induced tumor growth inhibition meeting criteria for
intermediate activity in 1 of 29 (3.4%) evaluable solid tumor xenografts, the Ewing sarcoma
xenograft CHLA-258 (Figure 2). No solid tumor xenografts met criteria for high EFS T/C
activity. Intermediate EFS T/C activity was not observed for any of the evaluable ALL
xenografts (0 of 7).

The only xenograft achieving an objective response was BT-36 from the ependymoma panel
(Figure 2). This xenograft is slow-growing, which may explain why the p-value for the
control versus treated EFS distribution was not significant for this xenograft. Among the
remaining xenografts, the best response in the solid tumor panels was PD2 (progressive
disease with growth delay) which was observed in three xenografts (Figure 2), one each
from the Ewing sarcoma (CHLA-258), the neuroblastoma (NB-1771), and the osteosarcoma
(OS-1) tumor panels. In the ALL panel, the best response was PD2, which was observed in a
single xenograft. The in vivo testing results for the objective response measure of activity are
presented in Figure 3 in a “heat-map’ format as well as a ‘COMPARE’-like format, based on
the scoring criteria described the Supplemental Response Definitions section. The latter
analysis demonstrates relative tumor sensitivities around the midpoint score of 5 (stable
disease).

Pediatr Blood Cancer. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

DISCUSSION

PG11047 showed an activity pattern consistent with cytostasis against the cell lines of the
PPTP in vitro panel. The Ewing sarcoma cell lines appearing somewhat more sensitive and
the neuroblastoma cell lines somewhat less sensitive than the remaining cell lines studied.
The cytostatic pattern of response observed for the PPTP cell lines is consistent with that
recently described for breast cancer, colon cancer, and lung cancer cell lines [10,11,25].
There was a wide concentration range over which the PG11047 half-maximal effect was
observed, ranging from less than 10 nM to greater than 1 uM. The three most sensitive cell
lines with ECsgq values less than 10 nM included two of the four Ewing sarcoma cell lines
evaluated as well as an ALL cell line. This exquisite level of sensitivity is not observed in
most adult cancer cell lines [1,10,11], but has been noted for select lymphoma cell lines (L.
Marton, personal communication). The cellular basis for this high sensitivity has not been
identified.

The in vivo antitumor activity observed for PG11047 against the PPTP childhood cancer
models consisted of regression in a single ependymoma xenograft and tumor growth
inhibition in selected other xenografts. The degree of tumor growth inhibition was modest,
with a single xenograft showing more than a two-fold increase in time to event. Tumor
growth inhibition is also described for adult cancer xenografts [10,12]. The ependymoma
xenograft for which a regression was observed grows slowly, which resulted in there not
being a significant difference between the treated and control groups in EFS distribution.
Because of this, further testing is required to define the effectiveness for PG11047 for this
and other ependymoma xenografts.

There has been substantial interest in the role of inhibitors of polyamine synthesis for
neuroblastoma [26]. MYCN-amplified neuroblastoma shows coordinate deregulation of
multiple polyamine enzymes, including ODC, resulting in enhanced polyamine biosynthesis
[15,16]. Further supporting a role for the polyamine pathway in neuroblastoma, DFMO
treatment blocks the proliferative response of MYCN-amplified neuroblastoma, and when
started at birth delays the onset of tumor development in neuroblastoma-prone genetically
engineered mice [15,16]. Delaying DFMO treatment of genetically engineered mice until
after tumor onset produces a small, but significant, extension in the time to tumor
progression and death [15]. The combination of DFMO plus standard chemotherapy agents
extends survival beyond that achieved with chemotherapy alone [15]. There are similarities
between the activity of DFMO that has been described for neuroblastoma and that described
in this report for PG11047. Both agents induce a cytostatic response associated with cell
cycle arrest [11,16,17], and the in vivo activity of each agent is modest when treatment is
initiated after tumor onset [15]. Transitioning the strategy of polyamine depletion into an
effective treatment for neuroblastoma will require the identification of combination
therapies that selectively deprive cancer cells of major compensatory pathways, leading to
cytotoxic activity with a favorable therapeutic window [26].

PG11047 is under clinical evaluation in adults with cancer. The agent has generally been
well tolerated [2]. It is currently in a phase 1b trial (Clinical Trial Identifier: NCT00705874)
in which it is given in combination with one of seven different approved drugs, including
conventional cytotoxic agents (e.g., cisplatin and gemicitabine) and molecular targeted
agents (e.g., sunitinib, bevacizumab, and erlotinib). Further pediatric development of
PG11047 will require better defining a target population and identifying combinations for
which there is a tumor-selective cytotoxic effect. The regression observed for an
ependymoma xenograft and the exquisite sensitivity of some Ewing sarcoma cell lines to the
antiproliferative effects of PG11047 provide leads for further preclinical investigations.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

PG11047 in vitro activity. Top panel: The median relative ICsq (ECsgp) ratio graph shows the
relationship between the relative ICgq values for the cell lines of the PPTP in vitro panel.
Each bar represents the ratio of the median relative ICsq for the entire cell line panel to the
relative ICsq value of the indicated cell line. Bars to the right represent cell lines with higher
sensitivity, while bars to the left indicate cell lines with lesser sensitivity. Bottom panel:
Representative dose response curve for the NALM-6 (ALL) cell line.
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CHLA-258

Figure 2.

PG11047 activity against individual solid tumor xenografts. Kaplan-Meier curves for EFS,
median relative tumor volume graphs, and individual tumor volume graphs are shown for
selected lines: CHLA-258, BT-36, NB-1771, and OS-1. Controls (gray lines); Treated (black
lines).
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Figure 3.

PG11047 in vivo objective response activity, left: The colored heat map depicts group
response scores. A high level of activity is indicated by a score of 6 or more, intermediate
activity by a score of > 2 but < 6, and low activity by a score of < 2. Right: representation of
tumor sensitivity based on the difference of individual tumor lines from the midpoint
response (stable disease). Bars to the right of the median represent lines that are more
sensitive, and to the left are tumor models that are less sensitive. Red bars indicate lines with
a significant difference in EFS distribution between treatment and control groups, while blue
bars indicate lines for which the EFS distributions were not significantly different.
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