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Abstract

PURPOSE—Triapine (Vion Pharmaceuticals), a novel inhibitor of the M2 subunit of
ribonucleotide reductase (RR), is a potent radiosensitizer. This NCI/CTEP-sponsored phase |
study assessed the safety/tolerability of triapine in combination with radiation (RT) in patients
with locally advanced pancreas cancer (LAPCA).

METHODS AND MATERIALS—We evaluated 3 dose levels of triapine (24 mg/m?2, 48 mg/m?,
72 mg/m?) administered with 50.4 Gy of RT in 28 fractions. Patients with LAPCA received
triapine thrice weekly, every other week during the course of RT. Dose-limiting toxicity (DLT)
was assessed during and for 4 weeks following completion of RT. Dynamic contrast enhanced
(DCE)-MRI and serum RR levels were evaluated as potential predictors for early response.

RESULTS—Twelve patients were treated. Four patients (1 non-evaluable [NE]) were enrolled at
dose level 1 (DL1), three patients at DL2, and five patients (2NE) at DL3. No DLTs were
observed and the MTD was not reached. Two patients (17%) achieved PR and 6 patients (50%)
had SD. One patient underwent RO resection following therapy. 92% of patients (100% on DL3)
experienced freedom from local tumor progression. 75% of patients who eventually progressed
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developed metastases without local progression. RR levels did not appear to predict outcome. In 4
patients with available data, DCE-MRI may predict early response or resistance to therapy.
CONCLUSION—The combination of triapine at 72 mg/m? three times weekly every other week
and standard RT is tolerable with interesting activity in patients with LAPCA.

Keywords
Triapine; radiation; pancreas cancer

INTRODUCTION

Pancreas cancer remains a leading cause of cancer death (1). Less than 15% of patients have
resectable disease at diagnosis. Another 25% of patients will present with locally advanced,
unresectable tumors with a median survival of less than 1 year (2). Treatment with
gemcitabine or 5FU-based chemoradiotherapy (CRT) is a preferred treatment for locally
advanced pancreas cancer (LAPCA), however less than 10% of patients with LAPCA will
undergo curative-intent resection following CRT (3).

Repair of radiation-induced DNA damage is a mechanism of tumor resistance to radiation
therapy (RT). Ribonucleotide reductase (RR) is the rate-limiting step in de novo synthesis of
deoxyribonucleotide triphosphates (ANTPs) required for DNA repair, and its activity is
associated with malignant behavior (4). The RR enzyme unit is composed of a regulatory
subunit, M1, and a catalytic subunit, M2. The M2 subunit has 2 isoforms: hRRM2 or its
homologue, p53R2.

The M2 subunit is up-regulated in cancer cells exposed to RT, leading to increased RR
activity and decreased radiosensitivity of cancer cells. Overexpression of the M1 subunit has
no effect on radiosensitivity, implicating the M2 subunit as the more promising therapeutic
target (5). Inactivation of RR results in decreased intracellular concentrations of dNTPs,
inhibition of DNA synthesis and repair, cell cycle arrest and apoptosis (6) This suggests that
administering RR enzyme inhibitors, particularly M2 inhibitors, with RT can potentially
enhance RT-mediated cytotoxicity. Thus, RR, and particularly its M2 subunit is considered a
good therapeutic target.

Triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone, 3AP) is a potent derivative
of a-heterocyclic carboxaldehyde thiosemicarbazone (HCT) that inhibits RRRM2 and
p53R2 isoforms of the M2 subunit (7). In preclinical studies, Triapine increased
radiosensitivity in pancreas cancer cells /n7 vitro (8, 9) and xenograft mouse model of
pancreas cancer /n-vivo (8). Triapine is active in cancer cells resistant to RR inhibitors
hydroxyurea and gemcitabine (10). Preclinical data suggest that RR inhibitors optimally
enhance RT-mediated cytoxicity when administered immediately following RT (11). In
phase | studies of patients with advanced solid tumors, intravenous Triapine was well-
tolerated as a single agent at doses of 96 to 120 mg/m? with various dosing schedules (12,
13). Triapine was well-tolerated at a dose of 25 mg/m? three times weekly in combination
with cisplatin and RT in advanced cervical cancer patients with evidence of promising
radiosensitizing activity (14).

We conducted a dose escalation study of triapine in combination with RT in patients with
LAPCA. We also evaluated dynamic contrast-enhanced MRI (DCE-MRI) and serum
hRRM1 and hRRM2 levels as predictors of response to therapy.
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PATIENTS AND METHODS

Eligibility Criteria
Patients aged = 18 years old were required to have untreated, pathologically confirmed
adenocarcinoma of the pancreas that was determined to be locally advanced/unresectable
and non-metastatic (stage 111 disease). Patients had Eastern Cooperative Oncology Group
(ECOG) performance status < 2, life expectancy of = 12 weeks, adequate bone marrow
(leukocytes = 3,000/uL, absolute neutrophil count = 1,500/uL, platelets = 100,000/uL), liver
(total bilirubin < 2x and AST/ALT < 3x institutional upper limit of normal), and kidney
(creatinine within institutional normal limit or GFR = 60 for patients with creatinine above
institutional upper limit of normal) function. Pregnant women, patients with uncontrolled
pulmonary, cardiac, or psychiatric disease or active infections, and those receiving other
investigational agents were excluded. As triapine has the potential to cause severe
methemoglobinemia in patients with glucose-6-phosphate dehydrogenase (G6PD)
deficiency, patients with known G6PD deficiency were excluded, and patients considered
high-risk for G6PD deficiency were screened prior to enrollment.

The study protocol was approved by the National Cancer Institute (NCI) Cancer
Therapeutics Evaluation Treatment (CTEP) committee, and the institutional review board of
the institution, and monitored by the data safety monitoring board. Signed informed consent
was required from all patients.

Study design

This was a standard 3%3 design dose-escalation study of daily radiation with Triapine
administered 3 times weekly, every other week within 30 minutes of radiation. Doses of
Triapine evaluated were 24 mg/m2, 48 mg/m2, and 72 mg/m2. Dose limiting toxicity (DLT)
was defined as > grade 3 non-hematologic toxicity (excluding grade 3 nausea, = grade 3
vomiting or grade 3 diarrhea that are controlled with appropriate medical therapy) or > grade
4 hematologic toxicity (excluding lymphopenia). If one DLT was observed in a dosing
cohort, an additional 3 patients were enrolled at that dose level. Dose-escalation was
continued if no additional DLTs were seen at that dose level. If 2 DLTs were seen in 6
patients at a dose level, dose escalation was stopped and the maximum tolerated dose
(MTD) was defined as the maximum dose below this dose level at which 6 patients had been
treated with <1 DLT.

Treatment administration

Triapine was supplied by Vion Pharmaceuticals and distributed by NCI-CTEP in 10 mL
vials containing 50 mg of Triapine which was diluted in 0.9% sodium chloride or 5%
dextrose in water to a final concentration of 0.01 to 2 mg/mL. Patients received Triapine via
2-hour intravenous infusion, within 30 minutes of radiation, every Monday, Wednesday and
Friday of weeks 1, 3 and 5 (Total = 9 doses). Supportive measures including anti-emetics
and anti-diarrheals were administered according to institutional guidelines.

Radiation therapy was delivered with 3-dimensional conformal technique with a total dose
of 50.4 Gy in 28 fractions (45 Gy + 5.4 Gy boost). Radiation machinery consisted of a linear
accelerator capable of producing < 6MV and a source to axis distance of 100 cm. Radiation
volumes were defined as follows: gross tumor volume (GTV) included the tumor visualized
on CT or MR, including pancreas and lymph nodes measuring >1.5 cm in any dimension;
clinical target volume (CTV) included areas of gross tumor as well as areas of possible
microscopic disease (for tumors of the pancreatic head, this volume included porta-hepatic,
celiac, and pancreaticoduodenal nodes; for body/tail tumors, celiac nodes were included); in
addition, a margin of 1.0 — 1.5 cm was added to GTV in directions with no anatomic barrier
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to microscopic spread; and planning target volume (PTV) included an additional margin of 1
cm to the CTV to account for setup error and patient movement. Patients received the initial
45 Gy in 25 fractions to the PTV; a boost of 5.4 Gy in 3 fractions was delivered to the GTV
+ 1cm. For purposes of quality assurance, independent review of the treatment plan, port
films and calculations was performed within 1 week of treatment.

Safety Assessments

Complete history, physical examination, baseline laboratory values, computed tomography
scan and/or magnetic resonance imaging and electrocardiogram were obtained within 28
days of treatment initiation. Patients underwent weekly history, physical examination and
toxicity assessment during weeks 1-6, week 10, and every 3 months thereafter.

Dose delays and modifications

Adverse events were evaluated using National Cancer Institute Common Terminology
Criteria for Adverse Events version 3.0. Triapine and radiation were held for neutrophils
<500/uL and platelets <50,000/uL and were resumed with a 25% dose-reduction in triapine
upon resolution of toxicity to < grade 1. For grade 3—4 nausea, vomiting, and diarrhea,
treatment was interrupted until toxicity decreased to grade 0-1 and then was resumed at a
25% dose-reduction of triapine.

Up to a 15% rise in methemoglobin levels were expected. If patients developed hypoxia
(oxygen saturation < 92%), dyspnea, or methemoglobin level >15% with rapid resolution
treatment was continued at the next lowest dose level. If not, patients were removed from
study.

Evaluation of response

Response was assessed at week 10 by the same radiographic method used for baseline
measurements. Responses were graded using Response Evaluation Criteria in Solid Tumors
(RECIST) version 1.0 (15).

Correlative Studies

Dynamic contrast-enhanced (DCE) MRI—DCE-MRI was evaluated as a potential
predictor of early response to therapy. Images were obtained at weeks 0, 2, and 10.. A 3
Tesla MR system (Achieva; Philips, Cleveland, OH) using a surface coil was used. DCE-
MRI was performed using a 3D T1-weighted fast field echo (3D-FFE) imaging sequence in
the axial or coronal plane. The TIW-3D-FFE sequence (TR/TE = 3.7/2.3 ms; flip angle =
20°; FOV = 370 mm; matrix = 128 x 128; 10 slices; 12-mm slice thickness; 4.4 sec per
volume; 60 time points) was applied. The extracellular Gd-based contrast agent (Magnevist,
Schering, Berlin, Germany) was intravenously injected by a power injector (Spectris;
MedRad, Warrendale, PA,; injection rate = 0.5 mL/sec) followed by a 20 cc saline flush at a
rate of 2 mL/sec.

Data analysis was performed using software based on the IDL environment (Interactive Data
Language; ITT, Boulder, CO). Regions of interest (ROIs) were drawn on dynamic imaging
data sets and were co-registered to compensate for subject motion during scans. ROI
placement was performed by an experienced reader and confirmed by a radiologist. The
tumor time-enhancement curves were quantitatively analyzed. The adjusted Brix’s model-
based pharmacokinetic parameters (Amp, Kep, Key) (16) were determined by using the
MINPACK-1 method for fitting the tracer kinetics equation to the tissue time-signal
intensity curves

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2013 November 15.
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Measurement of hRRM2 and hRRM1 levels—Patients underwent blood draw
immediately before and after triapine administration on days 1 and 33 with quantitative
assessment of serum hRRM1 and hRRM2 performed by ELISA (17). Polystyrene 96-well
plates were coated with hRRM1 or hRRM2 immunogen at a concentration of 1 g/mL in
pyrogen-free PBS at pH 7. Unbound sites were incubated with 2% bovine serum albumin
(BSA) in phosphate-buffered saline (PBS) for 1 hour at 37°C. Serum or supernatant from
tissue culture plates were added and incubated at 37°C for 1 hour. After several washes,
plates were incubated with horseradish peroxidase-conjugated goat anti-mouse
immunoglobulin G (1gG) antibody for 1 hour, then washed and incubated with the substrate
solution. Spectrophotometric measurements were taken and reported as 50% titer. All
samples were measured in 2 separate studies. All washings were performed 3 times with
phosphate buffered saline using a Nunc Immuno-washer (Thermo Scientific).

Statistical Methods

RESULTS

The primary endpoint was to determine the maximum tolerated dose (MTD) of triapine in
combination with radiation in LAPCA. Secondary endpoints included toxicity, objective
response rate (ORR) defined as the proportion of patients achieving complete or partial
response (CR or PR) as assessed by RECIST 1.0, overall survival (OS), defined as time
from enrollment to death from any cause, time to first progression, defined as time from
enrollment until first progression or death from any cause. Toxicity data, time-to-event
outcomes, serum hRRM1 and hRRM2 levels, and DCE-MRI results were reported
descriptively.

Patient characteristics

Patient characteristics are outlined in Table 1. Twelve patients (7 male, 5 female) with
untreated LAPCA (stage IlI disease) were enrolled from May 2007 through March 2011.
The median patient age was 65 (range 53-80).. Only one patient had biliary stent placement
prior to treatment initiation.

Dose Escalation and Toxicity

Efficacy

Four patients were treated at dose level 1 (24 mg/m?2) with no DLTs. One patient was
replaced with PD after 5 doses of Triapine and 19 fractions (34.2 Gy) of radiation. Three
patients were treated at dose level 2 (48 mg/m?2). No dose delays or modifications were
required and no DLTs were observed. Five patients were treated at dose level 3 (72 mg/m?)
with no DLTs observed; 3 patients completed treatment. Two patients were replaced at dose
level 3: one patient had PD after 6 doses of triapine, and a second patient received the full
50.4 Gy of radiation, but triapine was discontinued after 5 doses due to grade 2 fever which
was attributed to a triapine infusion reaction, but did not qualify as a DLT. One patient
required a delay in therapy while hospitalized for unrelated cholangitis. Toxicities are
outlined in Table 2. Treatment was generally well-tolerated and toxicities were similar
across dose levels. The most common toxicities observed were lymphopenia (92%), nausea
(56%), anemia (56%), vomiting (44%), and fatigue (44%). Grade 3—-4 uncomplicated
lymphopenia was observed in all patients at dose level 3. Other grade 3-4 toxicities were
uncommon including anemia (8%), thrombocytopenia (8%). There were no incidences of
methemoglobinemia >15% or persistent hypoxia requiring hospitalization.

Clinical efficacy data by dose level are summarized in Table 3. Eleven patients showed
evidence of freedom from local tumor progression (Figure 1A). Response in the primary

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2013 November 15.
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tumor by dose level is depicted in Figure 1B. By RECIST, two patients (17%) had PR and 6
patients (50%) had SD for a disease control rate of 67%. One patient underwent complete
(RO) resection after treatment. Time to first documented progression ranged from 0.8-10.2
months, and overall survival ranged from 1-18.6 months. Six patients (75%) had a decrease
in CA 19-9 levels with 2 patients having >50% decline.

hRRM2 and hRRM1 measurements

DCE-MRI

Data are presented in Table 3. Complete data (obtained pre-and post treatment on days 1 and
33) were available on 7 patients (Patients 2, 4, 5, 7, 8, 11 and 12). All patients treated on
dose level 3 had a decline in hRRML levels and all but one also had decline in hRRM2
levels. All patients at this dose level experienced freedom from local tumor progression.

DCE-MRI data were available on 4 patients (Table 4). DCE-MRI findings by individual
patient were compared with RECIST responses. Patient 1 experienced a partial response by
RECIST and DCE-MRI findings suggested increased apoptosis and reduction in
neoangiogenesis in the primary tumor. DCE-MRI findings for Patient 2 suggested a lack of
response in the primary tumor, consistent with lack of change in the primary tumor observed
by RECIST. Findings from DCE-MRI on patient 3 suggest lack of response, consistent with
clinical progressive disease. Patient 4 experienced stable disease by RECIST, with DCE-
MRI indicating a modest biologic response in the primary tumor without significant
reduction in tumor vascularity. These findings suggested a potential predictive value for
DCE-MRI in the evaluation of the primary tumor.

DISCUSSION

The mainstay of treatment for LAPCA has been CRT. Patients able to undergo surgical
resection following treatment appear to have similar prognosis to those with resectable
disease at diagnosis (18).

Triapine was well tolerated at a three times weekly every other week schedule with dosage
up to 72 mg/m? combined with RT, with no grade 3—4 nonhematologic toxicities observed
across all dose levels. With the exception of uncomplicated lymphopenia, grade 3—4
hematologic toxicities occurred in less than 10% of patients. There were no DLTs observed
and the MTD was not reached. In general, the rates of toxicities observed on our study were
similar to previously reported phase I studies of single agent triapine (12, 13), as well as
triapine combined with cisplatin and radiation (14) in cervical cancer patients. It is therefore
possible that higher dosage or a more aggressive schedule may be able to be achieved with
single agent triapine combined with RT.

While assessment of clinical outcome was not the primary aim of this study, our results
support preliminary radiosensitizing activity of triapine. Our results also suggest that the
combination of triapine and RT at the doses studied may not provide sufficient systemic
disease control. Data suggest that CRT may be best administered in LAPCA following
induction chemotherapy (19). This allows for early systemic disease control and selection of
patients who are most likely to benefit from local therapy. Future CRT studies in LAPCA
should consider incorporating triapine with other radiosensitizers that inhibit RR such as
gemcitabine. This may promote incorporation of gemcitabine into DNA with combined
inhibition of RRM1 and RRMZ2, enhancing radiosensitization (20).

DCE-MRI is a promising modality for early detection of response to anticancer therapy. In
our study, DCE-MRI was potentially predictive of local response to therapy as early as 2
weeks in patients with LAPCA receiving triapine and RT. Although our sample size was

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2013 November 15.
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limited to four patients, it is representative of the spectrum of responses. Interestingly, both
patients who did not experience shrinkage of their primary tumors developed PD. The
interpretation of these findings is of course limited by the small sample size.

We found no clear correlation between hRRM1 and/or hRRM2 levels and clinical outcome,
suggesting limited utility for these biomarkers. Our data do suggest that more effective
inhibition of hRRM1 and hRRM2 may occur more consistently with higher dose levels of
triapine where tumor responses were more predictable.

In conclusion, triapine was well tolerated at a three times weekly every other week schedule
with dosage up to 72 mg/m? combined with RT in patients with LAPCA. Future studies
should confirm the efficacy and tolerability of this regimen in LAPCA following systemic
induction chemotherapy or consider incorporating triapine with other chemotherapy such as
gemcitabine and RT. DCE-MRI may document clinical benefit as early as 2 weeks from
initiation of therapy and these findings deserve further investigation in prospective trials.
Future prospective studies should incorporate patient-reported outcomes in order to assess
quality of life measures.
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SUMMARY

Ribonucleotide reductase M2 subunit (RRM2) plays a key role in repairing radiation-
induced DNA damage. Preclinical data suggests radiosensitizing properties for Triapine,
an RRM2 inhibitor. We performed a phase I study of triapine and radiation in locally
advanced pancreas cancer. In this study, 92% of patients experienced freedom from local
tumor progression, confirming the clinical significance of the radiosensitizing effect of
triapine. Correlative analyses suggest dynamic contrast-enhanced MRI may predict early
response to therapy.
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Figure 1.

Waterfall plot of response in the primary tumor (A) and RECIST response in all patients and
by dose level (B). PD: progressive disease. SD: stable disease. PR: partial response. (¢)
Denotes patients with 0% change as maximum response.
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Patient Characteristics (N=12)

Age (years)

Median 65

Range 53-80
Sex

Male 7

Female 5
Race/Ethnicity

Caucasian 12
ECOG performance status

0 5

1 6

2 1
Disease stage

1 12
Staging modality

CT scan 12

MRI 3

EUS? 6

Laparoscopy/laparotomy 2
CA 19-9 (N=11)0

Normal® 1

Elevated? 10

Median CA19-9 (U/mL) 401

a .
EUS= endoscopic ultrasound

bPretreatment CA 19-9 was unavailable for 1 patient.

cNormaI: <37 U/mL

dEIevated: > 37 U/mL
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