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Abstract

Purpose—Hypoxia-inducible factor-1 (HIF-1) facilitates the adaptation of normal and tumor
tissues to oxygen deprivation. HIF-1 is frequently overexpressed in cancer cells, where it is
involved in the upregulation of many genes necessary for survival. EZN-2968 is an antisense
oligodeoxynucleotide that specifically targets HIF-1a,, one of the subunits of HIF-1. We conducted
a trial of EZN-2968 in patients with refractory solid tumors to evaluate antitumor response and to
measure modulation of HIF-1a mRNA and protein levels as well as HIF-1 target genes.

Methods—Adult patients with refractory advanced solid tumors were administered EZN-2968 as
a 2-h IV infusion at a dose of 18 mg/kg once a week for three consecutive weeks followed by
3-week off; in a 6-week cycle. Tumor biopsies and dynamic contrast enhanced MRI (DCE-MRI)
were performed at baseline and after the third dose.

Results—Ten patients were enrolled, of whom all were evaluable for response; one patient with
a duodenal neuroendocrine tumor had prolonged stabilization of disease (24 weeks). Reduction in
HIF-1a. mRNA levels compared to baseline was demonstrated in 4 of 6 patients with paired tumor
biopsies. Reductions in levels of HIF-1a protein and mRNA levels of some target genes were
observed in two patients. Quantitative analysis of DCE-MRI from two patients revealed changes in
Kirans ang kep. The trial was closed prematurely when the sponsor suspended development of this
agent.

Conclusion—This trial provides preliminary proof of concept for modulation of HIF-1a mRNA
and protein expression and target genes in tumor biopsies following the administration of
EZN-2968.

Keywords

Synthetic locked nucleic acid (LNA) oligodeoxynucleotide; Pharmacodynamics-driven trials;
Antiangiogenesis; HIF mRNA

Introduction

Hypoxia-inducible factor-1 (HIF-1), a transcription factor, facilitates tissue adaptation to
oxygen deprivation by inducing the expression of genes necessary for cell survival [1].
HIF-1 directly activates the transcription of pro-angiogenic factors including VEGF. High
concentrations of HIF-1 are associated with poor prognosis and resistance to therapy

in patients with numerous solid tumors, making HIF-1 an attractive target for cancer
therapeutics [1-4]. HIF-1 is a heterodimer consisting of the HIF-1a subunit, inducible by
tissue hypoxia, and the HIF-1B subunit, which is constitutively expressed. Levels of HIF-1
can be modulated by targeting HIF-1a transcription, protein translation, DNA binding, or
protein degradation [5].
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Various inhibitors of HIF-1a have been described, but they lack specificity [5, 6]. Antisense
oligonucleotides are an attractive therapeutic strategy because they can inhibit mMRNA
expression specifically [7, 8]. However, one of the main limitations is the difficulty of
intracellular delivery to the tissue of interest. Synthetic locked nucleic acid (LNA) antisense
oligodeoxynucleotides are a new class of nucleic acid analog that have demonstrated higher
affinity, specificity, and resistance to degradation compared to other oligonucleotides [9, 10].

EZN-2968 is an LNA antisense oligodeoxynucleotide that has been demonstrated to
hybridize with HIF-1a. mRNA and block HIF-1a protein expression in preclinical models
[11]. Tumor growth inhibition was observed in xenograft models [11]. Safety and a
recommended Phase 2 dose was determined, and preliminary evidence of activity observed
in two Phase 1 clinical trials of EZN-2968. Stable disease with evidence of tumor shrinkage
was reported in 15 % and 33 % of patients, respectively [12, 13].

Based on these promising preclinical and clinical results, we conducted a pilot trial with
the primary objective of measuring modulation of HIF-1a mRNA in tumor biopsies pre-
and post-administration of EZN-2968. Secondary objectives were to evaluate the safety and
antitumor efficacy of EZN-2968 and to measure modulation of HIF-1a protein levels and
HIF-1 target gene mRNA levels in tumor biopsies before and after treatment.

Patients and methods

Eligibility criteria—Patients (age =18 years) were eligible if they had pathologically
confirmed solid tumor that had progressed following standard therapy; an Eastern
Cooperative Oncology Group performance status <2; and adequate organ function defined
as absolute neutrophil count =1,500/pL, platelets =100,000/uL, total bilirubin <1.5 x the
upper limit of normal (ULN), aspartate aminotransferase and/or alanine aminotransferase
<2.5 x ULN, creatinine <1.5 x ULN, and 24-h urine protein le vel <500 mg (if urine protein/
creatinine ratio >1). Because preclinical biodistribution studies of EZN-2968 documented
prolonged and preferential retention in the liver [11], we initially restricted enrollment

to patients with advanced solid tumors where the liver involvement represented the
predominant disease burden to optimize our ability to demonstrate target modulation and
provide clinical benefit (2 patients). We performed tumor biopsies of liver lesions to assess
target modulation. Liver-predominant disease was defined as intrahepatic disease of at least
6 cm in longest diameter (either in one single lesion or as a sum of multiple lesions)

and fewer than six malignant lesions outside the liver with no single lesion greater than 3
cm. However, because several clinical responses were observed with EZN-2968 in tumors
outside the liver in other studies, the eligibility criteria were subsequently modified to allow
patients with widespread disease to enroll (8 patients).

Patients were required to have disease amenable to biopsy and be willing to undergo paired
tumor biopsies. Previous anticancer therapy must have been completed at least 4 weeks prior
to enrollment. Patients with brain metastases within the past 3 months, or who were pregnant
or lactating were not eligible. This trial was conducted under a National Cancer Institute
(NCI)-sponsored IND with Institutional Review Board approval. The protocol design and
conduct followed all applicable regulations, guidance, and local policies (ClinicalTrials.gov
Identifier: NCT01120288).
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Trial design—This was an open-label, single arm, pilot trial of EZN-2968 in patients with
refractory solid malignancies. EZN-2968 was administered as a 2-h IV infusion at a dose

of 18 mg/kg once a week for three consecutive weeks followed by 3-week off, in a 6-week
cycle [13]. EZN-2968 was supplied by the Division of Cancer Treatment and Diagnosis,
NCI, under a collaborative agreement with Enzon Pharmaceuticals. Adverse events were
graded according to NCI Common Toxicity Criteria version 3.0. Toxicities had to resolve to
<grade 2 (hematologic) and <grade 1 (non-hematologic) prior to proceeding with the next
dose. The next cycle could be delayed for a maximum of 2 weeks to allow for resolution of
toxicities. In case of >grade 3 toxicity, the dose was reduced to the next lower dose level (12
mg/kg then 8 mg/kg).

Dynamic contrast enhanced MRI (DCE-MRI) was performed at baseline prior to EZN-2968
administration and within 2 days after the third dose using standard methods (described

in the Supplementary Data, online only). Tumor biopsies were obtained before EZN-2968
administration on cycle 1 day 1 and after the third dose during cycle 1. All tumor biopsy
samples were obtained from metastatic sites by experienced interventional radiologists.

A patient was considered evaluable to assess the primary objective if he/she had paired
tumor biopsy specimens available for analysis. Inability to obtain tissue after a reasonable
attempt would not have precluded treatment, and the patient would have remained eligible
for all other translational components including imaging and the clinical endpoints of
response and safety. However, the patient would have been replaced for the purposes of
statistical analysis.

Safety and efficacy evaluations—History and physical examination and complete
blood counts with differential and serum chemistries were performed at baseline and
repeated weekly on days of treatment. Radiographic evaluation was performed at baseline
and every two cycles to assess tumor response based on the Response Evaluation Criteria in
Solid Tumors (RECIST) version 1.1 [14].

Pharmacodynamic evaluations

RNA extraction and real-time PCR analysis of HIF-1a and target genes. Methods

are provided in the Supplementary Data section (online only). Values are expressed as
percent change relative to the pretreatment sample for each patient. Assessment of changes
in the expression to select HIF-1a target genes, VEGF, PDK-1, CAIX and GLUT-1, was
performed in patients from whom sufficient RNA from paired tumor biopsies was available
(Fig. 1c). Gene expression was measured relative to baseline levels.

HIF-1a immunoassay: Methods for specimen collection to preserve HIF-1a in 18-gauge
tumor needle biopsies and an assay to quantitatively measure HIF-1a levels in human tissue
biopsy were validated (Supplementary Data section, online only) [15].

Statistical analysis

This study was conducted as a single-stage pilot trial to determine modulation of HIF-1a
mRNA following treatment with EZN-2968 as measured by RT-PCR. For purposes of
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sample size determination, the primary endpoint was the proportion of patients in whom
expression of HIF-1a. mRNA in a tumor biopsy decreased by 50 % compared to baseline.
The enrollment goal was a total of 20 evaluable patients with paired biopsies and measurable
HIF-1a protein levels.

Patient demographics

Toxicity

A total of 10 patients were enrolled (Table 1); the study was closed prematurely when
further clinical development of EZN-2968 was suspended by the pharmaceutical sponsor.
Median number of treatment cycles was 2 (1-4 cycles). One patient with low-grade
neuroendocrine malignancy (Patient #2) had stable disease following 4 cycles of therapy
(24 weeks); this patient chose to come off study for personal reasons. A 78-year-old patient
with malignant pleural mesothelioma (Patient #9) had stable disease for 8 weeks when he
came off treatment due to grade 2 elevated creatinine levels, which subsequently resolved.
The remaining patients had progressive disease during either the first or second cycle of
therapy.

EZN-2968 was generally well tolerated without significant toxicity (Table 2). A 77-year-old
male patient with multiple liver metastases who had grade 1 AST elevation at baseline
demonstrated worsening of AST to grade 3 after the second dose of study drug during cycle
1. Treatment was held until resolution to a grade 1 toxicity level was demonstrated one week
later; the dose was reduced to 12 mg/kg. However, the patient was subsequently taken off
study due to grade 3 AST elevation and a CT scan that showed disease progression. One
other patient experienced a treatment-related grade 2 ALT elevation.

A 79-year-old male patient with underlying chronic renal insufficiency developed a grade
2 elevation in creatinine which returned to baseline (grade 1). The most common grade

2 toxicity was lymphopenia (4 patients). One patient had a grade 2 infusion reaction

that was attributed to complement activation, a known class effect of phosphorothioate-
linked antisense oligodeoxynucleotides [16]; this toxicity resolved within a few hours after
antihistamine and steroid treatment. This side effect developed during cycle 2, week 3

of treatment, and the remainder of the infusion was discontinued. Because of disease
progression, the patient was taken off study prior to the next cycle.

HIF-1la mRNA and protein levels

Six patients had paired pre- and post-dose biopsies for the assessment of HIF-1a. mRNA
levels (Patients #2, 3, 6, 7, 9, and 10; Fig. 1a); five patients had paired biopsies for the
assessment of HIF-1a protein levels (Patients #1, 2, 3, 6, and 7; Fig. 1b). Five of the
patients assessed had decreased HIF-1a mRNA copy numbers ranging from -7 to -94 %
from baseline. Three patients had decreased HIF-1a protein levels following EZN-2968
treatment, of which two (Patients #1 and #7) had a greater than 50 % decrease.
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Four patients (Patients #2, 3, 6, and 7) had both HIF-1a protein and mRNA copy number
assessed. In agreement with the expected pharmacodynamic changes following EZN-2968
administration, Patients #3 and 7 had decrease in levels of both HIF-1a protein and mRNA.
In contrast, Patient #6 had increase in level of HIF-1a protein and mRNA, while Patient #2
had a discordant 113 % increase in HIF-1a protein and 30 % decrease in HIF-1a mRNA.

Expression of HIF-1a target genes

Assessment of HIF-1a. target gene expression (Fig. 1c; Supplemental Table S2) was
performed in the six paired biopsies. In the limited number of patient samples available
for analysis, there were no clear patterns of decreased expression as a result of EZN-2968
therapy, or overall associations with changes in either HIF-1a protein or mRNA levels.

DCE-MRI
Evaluable DCE-MRI data were available for only two patients. The first, a patient with
rectal adenocarcinoma (Patient #1), had a 48 % decrease in K3 value and a 33 % decrease
in kgp value between baseline and post-treatment DCE-MRI. The second, a patient with
Hurthle cell thyroid carcinoma (Patient #3), had 35 and 14 % increases in K" and kg
values, respectively. Both patients had progressive disease after one cycle (6 weeks).
Discussion

Conclusive evidence demonstrating modulation of HIF-1a mRNA, protein and target genes
in tumor tissue following EZN-2968 treatment was not obtained in this study due to the
small numbers of patients entered as a consequence of the study’s premature closure.

Only one patient met the predefined study criteria of a greater than 50 % decrease in
HIF-1a mRNA,; however, sufficient tumor biopsy material was not available to perform
protein analysis for this patient. The lack of association could also be due to the inherent
heterogeneity in HIF-1a expression and protein levels in human tumors. Reports in the
literature demonstrate clusters of HIF-1a-positive cells at the edge of tumor margins, around
necrotic regions and areas of neovascularization using immunohistochemical analysis [17,
18]. Even though our group has developed a validated assay to measure HIF-1a protein
levels that provided reliable and reproducible results [15], quantifying HIF-1a protein in
human tumor biopsy samples remained challenging.

Two patients had a decrease in levels of both HIF-1a mRNA and protein following
EZN-2968 treatment, yet there was no corresponding decrease in the expression of the four
HIF-1-targeted genes evaluated. This may be due to HIF-1a-independent regulation of gene
expression (e.g., HIF-2a-dependent or HIF-independent), or it may be cell- or tumor-type
dependent. Interestingly, the expression of VEGF, which is commonly considered a HIF-1a
and HIF-2a target gene [19], was unchanged in all of the samples examined. GLUT-1,
known to be targeted by both HIF-1a and HIF-2a., was only decreased in 2 patients [19].
IC50 values for the HIF-2a isoform, with which EZN-2968 has a 3-base-pair mismatch,
were 5 times higher in all cell lines tested compared to 1C50 values for HIF-1a, supporting
the relative selectivity of EZN-2968 for HIF-1a. [11].
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EZN-2968 was well tolerated at the dose and schedule described; most of the toxicities were
grade 1 or 2, and there were no unexpected toxicities. Hepatic and renal toxicities have been
reported previously with the administration of phosphorothioate antisense oligonucleotides,
as have complement activation and prolongation of PTT due to interaction with complement
and coagulation factor [16]. We did not observe any cases of PTT prolongation, but one
patient had a grade 2 infusion reaction attributed to complement activation.

Only one case of grade 1 anemia was observed, which suggests that EZN-2968 did not
suppress erythropoietin production in the kidney, despite the fact that erythropoietin is a
target gene of HIF-2a.. There were no new cases of hypertension in this study of EZN-2968,
consistent with the lack of effect on VEGF expression observed in our analysis. However,
given the small number of patients on the trial and the fact that interrogation of the VEGF
pathway was not part of the study, it is difficult to draw definitive conclusions about the
antiangiogenic effects of EZN-2968 in humans [20].

This study was initially designed to enroll patients in whom liver lesions represented the
predominant disease burden to optimize our ability to demonstrate target modulation in
tumor biopsy samples. This was based on preclinical data that documented prolonged

and preferential retention of EZN-2968 in the liver, kidney, and lymph nodes, while drug
concentrations in colon, bone marrow, and lungs were below detectable limits [11]. Two
patients were enrolled with liver-predominant disease as defined per protocol; the remaining
eight patients had widespread metastatic disease. There were no differences in clinical
response between these two groups of patients or across various sites of metastases. This
could be due to the small number of patients in either group, lack of overall activity of the
agent, or no difference in delivery of agent to the various sites of disease.

One of the critical considerations surrounding the successful development of anticancer
oligonucleotides is demonstrating their ability to specifically target the RNA of interest
within tumor cells. This study was designed to measure changes in HIF-1a mRNA and
protein in tumor biopsies in patients with advanced solid tumors. A validated assay was
developed to measure modulation of HIF-1a in human samples; however, statistically
significant modulation of target was not demonstrated due to the small sample size and the
heterogeneous nature of the target. Trials such as this one which evaluate pharmacodynamic
endpoints as well as modulation of target-dependent gene expression can inform the clinical
development of oligonucleotide-based cancer therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIF-1a mRNA, HIF-1a protein, and HIF-1a target gene mRNA levels were determined

in paired tumor biopsies collected at baseline (pre-dose) and following the administration

of EZN-2968. a HIF-1a and B2M mRNA copy numbers were determined in comparison
with a plasmid DNA standard curve; HIF-1a. mRNA copy number was then normalized to
mRNA copy number for B2M. Percentage indicates overall change from baseline. b HIF-1a
protein levels in 5 patients; percentage indicates overall change from baseline. *Pre-dose
biopsy <LLQ; +post-dose biopsy <LLQ. ¢ RT-PCR for HIF-1a target genes VEGFE, CAIX,
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GLUT-1, and PDK- 1. Results expressed as mRNA fold change in EZN-2968 treatment
samples relative to baseline, arbitrarily considered equal to 1
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Table 1

Patient’s characteristics

Characteristics No. of patients
Number of patients enrolled/evaluable 10
Male/female 8/2

Median age, years (range) 57 (46-78)

Median number of prior therapies (range) 4 (3-11)
Diagnosis
Colorectal carcinoma
Breast carcinoma
Neuroendocrine (pancreas)
Adenoid cystic

Mesothelioma

L = T S T =N

Hurthle cell carcinoma of the thyroid
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Adverse events by patient, grade 2 or greater and at least possibly related to study drug (V= 10)

Table 2

Adverse events

No. of patients
Grade2 Grade3/4

AST/ALT elevation
Lymphopenia
Neutropenia
Leukopenia

Anemia

Creatinine elevation

Alkaline phosphatase elevation

Hypophosphatemia
Infusion reaction
Diarrhea

Fatigue

1

e e e T e = = W~
|
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