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Abstract

Purpose Imexon is an aziridine-derived iminopyrrolidone
which has synergy with gemcitabine in pancreatic cancer
cell lines. Gemcitabine is a standard therapy for pancreatic
cancer. We performed a phase I trial of imexon and gem-
citabine to evaluate safety, dose-limiting toxicity (DLT),
and maximum tolerated dose (MTD) in patients with
advanced pancreatic cancer.

Methods Patients with untreated locally advanced or
metastatic pancreatic adenocarcinoma received therapy in
sequential cohorts on regimen A (n = 19; imexon 200 or
280 mg/m? intravenously (IV) over 30 min days 1-5, 15—
19 and gemcitabine 800 or 1,000 mg/m? IV over 30 min on
days 1,8,15 every 28 days) or regimen B (n = 86; imexon
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280-1,300 rng/m2 IV over 30-60 min days 1, 8, and 15 and
gemcitabine 1,000 mg/m2 IV over 30 min on days 1, 8, and
15 every 28 days).

Results  One hundred five patients received 340 treatment
cycles (median 2, range 1-16). Patient characteristics:
median age 63, 61% male, ECOG PS 0/1 50%/50%, 93%
metastatic. DLT was abdominal cramping and pain, often
with transient, acute diarrhea. Best response was confirmed
partial response (PR) in 11.4%, 8.9% unconfirmed PR, and
48.1% with stable disease. There was a dose proportional
increase in imexon AUC across the doses tested with ter-
minal half life 69 min at the MTD and no alteration of
gemcitabine pharmacokinetics.

Conclusions The recommended phase II dose of imexon
is 875 mg/m* with gemcitabine 1,000 mg/m”. DLT was
acute abdominal pain and cramping. Encouraging antitu-
mor responses support further evaluation of this combina-
tion in advanced pancreatic cancer.

Keywords Gemcitabine - Imexon - Pancreatic cancer -
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Introduction

In 2008, it was estimated that there were 37,680 new cases
of pancreatic cancer and 34,290 deaths, making it the
fourth leading cause of cancer death in the United States
[1]. Systemic treatment options are limited and result in a
modest improvement in outcome. For over a decade,
gemcitabine has been the standard of care for the initial
treatment of advanced pancreatic cancer, with a modest
survival advantage over S-fluorouracil [2]. More recently,
the small molecule inhibitor of the epidermal growth factor
receptor, erlotinib, received approval in combination with
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gemcitabine for the treatment of advanced pancreatic
cancer. However, the magnitude of benefit for its addition
is quite small [3]. The use of gemcitabine alone or with
erlotinib results in a median survival of only 6 months for
advanced pancreatic cancer patients. Clearly, new therapies
are needed.

Imexon is an aziridine-containing iminopyrrolidone
which has demonstrated antitumor activity in vitro [4]. In
six pancreatic cancer cell lines, imexon induced apoptosis
and cell cycle arrest [S]. Synergy was noted between im-
exon and gemcitabine in human pancreatic cancer cell lines
and in mouse xenograft models. There was no increased
toxicity with the combination and the drugs could be
combined at full doses. Mechanisms for the antitumor
activity of imexon include thiol depletion with generation
of reactive oxygen species (ROS) resulting in oxidative
stress, mitochondrial damage, leakage of cytochrome c,
and apoptosis. The agent also causes reduction of HIF-1«
expression [6].

Cystine is a critical precursor for the biosynthesis of
glutathione, a primary redox molecule that protects cells
from internal ROS. Tumor cells have an increased sus-
ceptibility to oxidative stress caused by a buildup of ROS.
Imexon causes a decrease in intracellular glutathione,
either by direct binding and/or other pro-oxidant-based
pressure on glutathione levels. This initiates the accumu-
lation of ROS, loss of mitochondrial membrane potential
and apoptosis. Cystine, the most abundant thiol in the
plasma, is imported intracellularly to replenish glutathione
levels. Imexon initiates the depletion of cystine in vitro in
myeloma cells [7], in vivo in mice [8], and from plasma in
humans at doses greater than 750 mg/m? [9].

A phase I trial of imexon as a single agent has been
performed utilizing five consecutive daily doses every
other week [9]. Forty-nine patients were treated and
established an MTD of 875 mg/m” per day. Dose-limiting
toxicities (DLTs) were grade 3 abdominal pain and fatigue
and grade 4 neutropenia. Other common toxicities were
nausea, vomiting and constipation. Based on the favorable
safety profile of imexon and synergy with gemcitabine in
pancreatic cancer cell lines and xenograft models, we ini-
tiated this phase I trial to evaluate DLT and the MTD of the
combination in patients receiving first-line therapy for
advanced pancreatic cancer.

Materials and methods
Eligibility criteria
Patients eligible for this clinical trial had locally

advanced or metastatic adenocarcinoma of the pancreas
with no prior chemotherapy and at least one measurable
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lesion. Additional eligibility criteria included: ECOG
performance status 0-1, age >18, ANC >1,500 per
mrn3, WBC =>3,500 per mm3, platelets >100,000 per
mm°, hemoglobin >9.0 g/dL, serum creatinine <2.0 mg/
dL, ALT and AST <3 times the upper limit of normal,
and total bilirubin <2.0 mg/dL. A negative pregnancy
test for women of childbearing potential was required
and patients needed a G6PD level > the lower limit of
normal. Patients were excluded if they had received prior
chemotherapy for advanced pancreatic cancer (adjuvant
therapy was permitted), had brain metastases, life
expectancy of less than 2 months, congestive heart fail-
ure, unstable angina or myocardial infarction during the
prior 3 months, or respiratory insufficiency requiring
oxygen therapy.

The study was designed and conducted in compliance
with good clinical practice guidelines. The study protocol
was approved by the institutional review boards of the
participating institutions. Written informed consent was
obtained from all patients.

Study treatment

Patients were treated with intravenous gemcitabine over
30 min on days 1, 8, and 15 every 28 days with imexon at
escalating doses administered over 30-60 min for five
consecutive days every other week on days 1-5 and 15-19
every 28 days (regimen A). As the time commitment of
this regimen was not well accepted and laboratory inves-
tigation documented similar synergy with imexon admin-
istered weekly with gemcitabine, the protocol was
amended after 19 patients were enrolled. The remaining 86
patients were treated with imexon at escalating doses
administered over 30-60 min followed by gemcitabine
administered over 30 min on days 1, 8, and 15 every
28 days (regimen B). Table 1 summarizes dose levels and
the numbers of patients evaluated.

CT scans of the chest, abdomen, and pelvis were
obtained at baseline, after two cycles, and every three
cycles thereafter. Partial or complete responses had con-
firmatory imaging 4 weeks after a response was first doc-
umented. Responses without confirmatory imaging were
classified as “unconfirmed”. Patients continued on treat-
ment until evidence of progressive disease, unacceptable
toxicity, or patient/physician preference.

Dose escalation and modification, DLT, and MTD

Patients were enrolled at each dose level in cohorts of
three. If evidence of a DLT was encountered in one patient
in the first cycle, the cohort was expanded to at least six
patients. DLT was defined as one of the following occur-
ring during the first cycle and at least possibly related to
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Table 1 Dose levels and treatment regimen

Level Imexon Imexon Gemcitabine Regimen N/Expanded DLTs
(mg/m? 1V) infusion (min)® (mg/m? IV)

1 200 30 800 A 3 None

2 280 30 800 A 3 None

3 200 30 1,000 A 6 None

4 280 30 1,000 A 7 Febrile neutropenia (1)

5 390 30-45 1,000 B 9 Hyperbilirubinemia (1)

6 280 30 1,000 B 6 Acute renal failure (1)

7 335 30 1,000 B 3 None

8 540 30 1,000 B 4 None

9 750 30 1,000 B 3 None

10 1,000 30 1,000 B 6 Alkaline phosphatase (1)

11 1,300 30-60 1,000 B 5 Abdominal pain (2)
Abdominal pain/diarrhea (1)

12 1,150 30-60 1,000 B 6/3 Abdominal pain (1) Fatigue (1)
Allergic reaction (1)

13 1,000 30-60 1,000 B 6/7 Abdominal pain (1)
Dyspnea (1)
Fatigue (1)
Syncope (1)
Transaminase elevation (1)

14 875 60 1,000 B 6/22 None

* Infusion duration increased at later dose levels to decrease risk of abdominal pain/cramping/diarrhea

drug: >grade 3 non-hematologic toxicity, grade 4 throm-
bocytopenia or grade 3 thrombocytopenia associated with
bleeding or requiring transfusion, >grade 3 neutropenia
lasting at least 7 days, neutropenic fever, or hospitalization
related to neutropenia. The MTD was defined as the highest
dose of the combination for which, at most, one patient
experienced a DLT and at least six patients were treated
and evaluable for toxicity. Up to 30 additional patients
could be enrolled at the MTD.

For the first episode of DLT, treatment was held until
resolution to <grade 1 and resumed with reduction in
gemcitabine by one dose level. For a second occurrence,
treatment was held until resolution to <grade 1 and
resumed with one dose level reduction of both drugs. A
third occurrence resulted in the removal of the patient from
study.

Pharmacokinetics and correlative studies

Peripheral blood samples were obtained on day 1 of study
treatment for pharmacokinetics at the following time
points: baseline (pre-imexon infusion), at the end of the
imexon infusion, at 15, 30, 60, 90, 150, 210, and 270 min
following the imexon infusion. PK parameters were
determined via a non-compartmental approach. Imexon
plasma levels were measured by high-performance liquid

chromatography with tandem mass spectrometric detection
(HPLC/MS) using a previously disclosed assay [9]. Gem-
citabine was analyzed using HPLC/MS. The HPLC con-
ditions included a gradient from mobile phase A (100%
formic acid in water) and 0% mobile phase B (0.1% formic
acid in acetonitrile) at the start to 50% A/50% B over
8 min, then changing back to the original mixture for
another 4 min (12-min run time). Both assays were
developed and performed by Aptuit Laboratories, Edin-
burgh, Scotland. The effects of dose on the pharmacoki-
netics of imexon were assessed by comparing Cy,,x/dose,
AUC/dose, CLg, Vg, and t{,, among different dose levels
using one-way analysis of variance. A P < 0.05 was con-
sidered statistically significant.

Plasma cystine methods

Blood samples were obtained at baseline and 8 h after
dosing on day 1, cycle 1 in patients at 875 and 1,000 mg/
m? dose levels. The plasma fraction was separated by
centrifugation and stored at —80°C prior to analysis by a
reverse-phase HPLC technique. The cystine concentration
was quantified by MS analysis under GLP conditions at
ABC Laboratories, Columbus, MO. The difference
between baseline and 8-h cystine levels was compared by
imexon dose level and by the best clinical response using
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Table 2 Patient characteristics

Parameter n = 105

Median age (range) 63 (38-86)
Male (%) 61

ECOG 0/1 (%) 50/50
Metastatic/locally advanced (%) 93/7
Race (%) (White/AA/Asian/Other) 84/11/2/3

analysis of variance (ANOVA). Statistical significance was
inferred at the P < 0.05 level for a two-tailed analysis.

Results
Patient characteristics

Between February 2005 and April 2008, 105 patients were
enrolled onto this clinical trial and received a total of 340
cycles of therapy (median of 2, range 1-16). Patient
characteristics are summarized in Table 2. Ninety-three
percent of patients had metastatic disease with an even split
between ECOG PS 0 and 1.

Toxicity

Table 3 summarizes all toxicities regardless of causality.
The most common was fatigue, reaching grade 3/4 in 17%
of patients. In regimen A, one DLT was noted (grade 4
neutropenia). Through dose levels 5-10 in regimen B, one
DLT was noted at three of these levels (grade 3 hyperbil-
irubinemia, grade 4 renal failure, and grade 3 alkaline
phosphatase elevation). Dose de-escalation occurred at
dose level six due to an initial report of a second

hyperbilirubinemia at dose level 5 that was later deter-
mined not to be a DLT. Dose escalation proceeded to dose
level 11 (1,300 mg/m? imexon weekly with 1,000 mg/m?>
gemcitabine) where three of five patients experienced DLT,
three with grade 3 acute abdominal pain and one with
associated grade 3 diarrhea. Thus, dose level 11 was
thought to be above the MTD, and an intermediate dose
level 12 was opened at 1,150 mg/m® imexon. Of nine
patients enrolled, three experienced DLT (acute abdominal
pain, fatigue, and allergic reaction). As acute abdominal
pain again occurred, cohort expansion was halted and the
dose de-escalated to imexon 1,000 rng/m2 (dose level 13,
identical to dose level 10). However, at dose level 13, 5 of
13 treated patients experienced DLT (abdominal pain,
dyspnea, fatigue, syncope, and transaminase elevation).
Thus, the imexon dose was decreased to 875 mg/m2 (dose
level 14). Of 28 patients at this level, there was one patient
who experienced a grade 3 allergic reaction at cycle 2 day
1, and one patient with a grade 2 allergic reaction (not
considered dose limiting) at cycle 3 day 1 without any
dose-limiting abdominal pain or other gastrointestinal
symptoms. Thus, imexon 875 mg/m® weekly with gem-
citabine 1,000 mg/m? weekly was considered the MTD of
this combination and the recommended phase II dose for
pancreatic cancer.

Efficacy

Of the 105 enrolled patients, 79 are evaluable for response.
There was confirmed PR in 9 (11.4%), unconfirmed PR in 7
(8.9%), stable disease in 38 (48.1%), and progressive disease
in 25 (31.6%). The median duration of confirmed PRs was
8.7 months (range 3.0-15.7). The median duration of disease
stabilization for all patients who had stable disease or better

Table 3 Common toxicities by
frequency (all grades, all
causalities) and grade 3/4 events

Adverse event (CTC term)

Number of patients
experiencing event (%)

Number of patients
experiencing grade
3 events (%)

Number of patients
experiencing grade
4 events (%)

Fatigue
Hemoglobin
Abdominal pain
Leukocytes
Platelets
Neutrophils
ALT

AST
Dyspnea
Lymphopenia
Bilirubin

Thrombosis/thrombus/embolism

77 (76.2) 16 (15.8) 1 (1.0)
71 (70.3) 17 (16.8) 1 (1.0)
55 (54.5) 11 (10.9) 0 (0.0)
51 (50.5) 20 (19.8) 2 (2.0)
45 (44.6) 11 (10.9) 1(1.0)
42 (41.6) 23 (22.8) 5 (5.0)
41 (40.6) 11 (10.9) 0 (0.0)
39 (38.6) 11 (10.9) 0 (0.0)
33 (32.7) 12 (11.9) 0 (0.0)
29 (28.7) 19 (18.8) 14 (13.9)
25 (24.8) 12 (11.9) 1.(1.0)
21 (20.8) 15 (14.9) 6 (5.9)
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Fig. 1 a Mean plasma concentration (ug/mL) of imexon following a
single 60-min intravenous infusion at 875 rng/mz. b Relationship
between AUC of imexon and dose following a single 30, 45, or 60-
min intravenous infusion of imexon
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Fig. 2 Thiol levels (cystine) pre and 8 h post-imexon infusion,
n=29

875 mg/m2 dose level, and 11 at the 1,000 mg/m2 dose
level (Fig. 2). The baseline mean (SD) cystine concentra-
tion was 13,870 (3,459) ng/mL for all 29 patients. The 8-h
cystine level decreased in 23 patients and increased in 6.
There was no difference in baseline values for the two
imexon dose levels evaluated. Similarly, the mean decrease
in cystine levels was 5.2% for all 29 patients, 4.8% for the
875 mg/m2 dose level and 5.8% for the 1,000 mg/m2 dose
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levels (not significant by ANOVA). No difference in per-
cent change in cystine levels by clinical response was
evident (data not shown).

Discussion

This phase 1 study demonstrates that imexon can be safely
combined with gemcitabine in patients with advanced
pancreatic cancer. The primary DLT is acute abdominal
pain and cramping associated with sudden bowel move-
ment(s) or diarrhea occurring at the end of the infusion of
imexon. This toxicity is rarely seen at the recommended
phase I dose of imexon 875 mg/m* with gemcitabine
1,000 mg/m>.

Importantly, encouraging evidence of antitumor activity
was noted in this large, single arm phase 1 experience.
Pharmacokinetic data demonstrate that levels of imexon
consistent with preclinical activity can be achieved in
patients with pancreatic cancer. There also appears to be no
PK interaction between imexon and gemcitabine as the
results of this study were similar to those reported for the
administration of each drug alone as well as in gemcitabine
combinations [9, 10].

A phase 1 study of imexon monotherapy administered
on days 1-5 and 15-19 every 28 days was recently
reported [9]. The recommended dose on this schedule was
875 mg/m? with one of two DLTs at 1,000 mg/m?* being
abdominal pain similar to that seen in this study and
occurring in a patient with pancreatic cancer. In another
phase 1 study of imexon given daily for 5 days every
3 weeks, the MTD was 1,150 mg/mz. Moulder et al. trea-
ted patients with breast, lung, or prostate cancer with im-
exon days 1-5 combined with docetaxel on day 1 every
3 weeks [11]. The MTD was imexon 1,300 mg/m2 with
docetaxel 75 mg/m?. The DLT was non-cardiac chest pain.
Samlowski et al. treated 68 patients with metastatic mela-
noma with imexon combined with DTIC both given days
1-5 every 21 days [12]. The MTD was 1,000 mg/m? for
both imexon and DTIC. The DLT of this regimen was
hepatorenal failure in one patient presumably due to the
DTIC and myelosuppression, while the most common non-
DLT toxicities in the phase 2 portion included nausea,
fatigue, and vomiting.

It is noteworthy that while abdominal cramping and pain
were not major toxicities of these other trials, they were
clearly dose limiting in the current trial. One hypothesis is
that patients with pancreatic cancer are more prone to the
cholinergic effects of imexon, either through compromised
pancreatic function or greater incidence of intra-abdominal
metastases. Given the discovery of abdominal pain and
cramping as DLT, additional laboratory investigation was
undertaken in the guinea pig ileum. Imexon resulted in a
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cholinergic effect similar to that of acetylcholine. We
hypothesized that administration of atropine would ame-
liorate this effect and this was achieved in vivo in the
guinea pig ileum model (Dorr et al. unpublished). Based on
this evaluation, atropine was subsequently utilized at
physician discretion for patients experiencing this toxicity
with success. In addition, we have demonstrated in the
laboratory that radioactive imexon localizes in the intestine
and pancreas in the mouse (Data on file, AmpliMed Cor-
poration). Thus, pancreatic cancer patients may be partic-
ularly susceptible to the cholinergic effects of imexon.
Alternatively, the weekly schedule evaluated through the
majority of this clinical trial may predispose to cholinergic
abdominal cramping affects to a greater extent than daily x
5 periodic dosing. The topoisomerase-I inhibitor irinotecan
has cholinergic and gastrointestinal promotility effects that
are more pronounced with weekly dosing than every
3 week administration [13].

The objective response and stable disease rates are
encouraging compared with historic controls. Gemcitabine
alone or with erlotinib results in objective response rates of
<10% [2, 3]. Studies combining two cytotoxic chemo-
therapy agents in pancreatic cancer have also rarely
resulted in response rates above 10-15% [14-16]. Of
increasing interest in pancreatic clinical trials is the rate of
disease control, typically defined as response plus stable
disease. Our rate of disease control of approximately 70%
compares favorably to recent large randomized trials [3],
particularly when recognizing that our study was com-
prised nearly entirely of metastatic patients while other
trials have included 20-25% locally advanced patients with
more favorable prognosis. In addition, only 28 of the
patients in the current trial received the combination at the
MTD. However, our study is a single arm trial and these
encouraging results need to be evaluated in subsequent
randomized trials.

The pharmacokinetic analysis reveals plasma imexon
levels consistent with preclinical antitumor activity [8].
Gemcitabine pharmacokinetics was in line with prior single
agent reports without negative interaction with imexon [10,
17]. The degree of plasma cystine decrease was slightly
less than that seen in the prior single agent study of imexon
[9], and may reflect a mediating effect of the gemcitabine
infusion. Furthermore, while the majority (23/29) of
patients evaluated for plasma cystine levels experienced a
decrease 8 h after imexon, there was substantial variability
in the degree of change, and six patients (four with SD, two
not evaluable), had plasma cystine levels increase. There
did not appear to be any impact of dose or clinical outcome
on change in cystine levels. However, the patient number
was small, and this may have influenced the results.

In summary, this large phase 1 trial demonstrates that
imexon and gemcitabine can be safely combined with

encouraging clinical activity in advanced pancreatic can-
cer. The MTD of imexon is 875 mg/m?* with gemcitabine
1,000 mg/m* weekly. A randomized phase II trial of
gemcitabine with or without imexon is ongoing.
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