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Abstract

Background—We hypothesized that targeting two mechanisms of epigenetic silencing would be
additive or synergistic with regard to expression of specific target genes. The primary objective of
the study was to establish the maximum tolerated dose (MTD) of belinostat in combination with a
fixed dose of azacitidine (AZA).

Methods—In Part A of the study, patients received a fixed dose of AZA, with escalating doses of
belinostat given on the same days 1-5, in a 28 day cycle. Part B was designed to evaluate the
relative contribution of belinostat to the combination based on analysis of pharmacodynamic
markers, and incorporated a design in which patients were randomized during cycle 1 to AZA
alone, or the combination, at the maximally tolerated dose of belinostat.

Results—56 patients with myeloid neoplasia were enrolled. Dose escalation was feasible in part
A, up to 1000 mg/m? dose level of belinostat. In Part B, 18 patients were assessable for
quantitative analysis of specific target genes. At day 5 of therapy, MDR1 was significantly up-
regulated in the belinostat/AZA arm compared with AZA alone arm (p=0.0023). There were 18
responses among the 56 patients.
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Conclusions—The combination of belinostat and AZA is feasible and associated with clinical
activity. The recommended phase Il dose is 1000 mg/m? of belinostat plus 75 mg/m? of AZA on
days 1-5, every 28 days. Upregulation in MDR1 was observed in the combination arm at day 5
compared with the AZA alone arm, suggesting a relative biologic contribution of belinostat to the
combination.

Introduction

Myeloid neoplasms are characterized by gene mutations and epigenetic alterations that result
in deregulation of cellular proliferation and survival pathways [1]. Epigenetic silencing via
aberrant DNA methylation has been implicated in leukemogenesis, and this phenomenon
also involves the recruitment of methyl binding proteins and histone deacetylases (HDACS)
to transcriptional start sites [2]. Transcriptional repression via promoter DNA methylation
and/or recruitment of HDACs can be potentially targeted by pharmacologic inhibitors of
these enzymatic pathways [1,2].

Preclinical studies have demonstrated limited efficacy when HDAC inhibitors such as
trichostatin A (TSA) are used as single agents in cancer cell lines where genes have been
silenced by promoter-specific hypermethylation. However, when combined with DNA
methyltransferase inhibitors in vitro, there is clear synergy with a more robust re-expression
of previously silenced genes [3-7].

The DNA methyltransferase (DNMT) inhibitors decitabine and azacitidine are FDA-
approved for myelodysplastic syndromes (MDS) based on the induction of objective
responses, including trilineage hematologic improvement in approximately one-third of
patients with these disorders. [8-10].

We and others have shown that single agent HDAC inhibitor use in myeloid neoplasms
resulted, in general, in limited clinical benefit[11-14]. Recent reports of early phase studies
of combined HDAC and DNMT inhibitor use in MDS and acute myeloid leukemia (AML)
have demonstrated the feasibility of this approach [15-17] but the relative contribution of
the HDAC inhibitor to these combinations is relatively undefined.

Belinostat (PXD 101; N-hydroxy-3-[phenylsulphamoylphenyl] acryl amide) is a potent low
molecular weight inhibitor of class | and Il HDACs, with a zinc chelating hydroxamic acid
moiety similar to TSA, and demonstrable antitumor activity in both T cell and myeloid
leukemia cell lines as well as in xenograft models. Tolerability has been demonstrated up to
the 1000mg/m2 dose level in Phase I trials in solid tumors[18]. The agent recently received
accelerated FDA approval for the treatment of patients with relapsed or refractory peripheral
T-cell lymphoma.

We conducted a phase | trial with belinostat in combination with azacitidine in adults with
advanced and/or high risk myeloid neoplasia. The primary objective of the study was to
determine the dose-limiting toxicity (DLT) and maximum tolerated dose (MTD) of
belinostat when combined with a fixed dose of azacitidine. The secondary objective was to
determine the relative contribution of belinostat to the combination, based on an evaluation
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of pharmacodynamic markers. The trial therefore included a dose escalation phase and a
randomized phase.

Patients, Materials and Methods

Patient Selection

Patients were eligible for the study if they were 18 years or older and had relapsed or
refractory AML, secondary AML, or newly diagnosed AML if older than 60 years of age
and not candidates for, or who had refused conventional chemotherapy. Patients with MDS,
including chronic myelomonocytic leukemia (CMML), were eligible if they had
intermediate or high risk IPSS scores or one or more of the following criteria: hemoglobin <
10 g/dL or red cell transfusion dependence, platelets < 50,000/uL, or absolute neutrophil
count <1,000/uL. Patients with advanced phases of Philadelphia chromosome negative
myeloproliferative diseases were also eligible. In the randomized phase of the study,
eligibility was limited to those patients with AML in the categories defined above with
dysplasia on bone marrow cytology, and the MDS/CMML categories defined above. There
was no limit to the number or types of prior regimens received. Prior therapy with
azacitidine was permitted. No cytotoxic therapy or radiation was permitted within 2 weeks
prior to enrollment. The exception was hydroxyurea, which was permitted up to 24 hours
prior to starting therapy to control hyperleukocytosis. Patients were required to have a
Karnofsky performance status = 60% and adequate hepatic and renal function. Because a
class effect of HDAC inhibitors is the induction of QT prolongation, patients with baseline
prolongation of the QTc interval of >500 msec were excluded. The protocol was reviewed
and approved at each institution’s institutional review board, and all subjects enrolled gave
written informed consent.

Study Design and Treatment Plan

This was a multicenter, phase 1 study. The dose escalation phase (Part A) was conducted
solely at the University of Chicago, whereas the randomized phase of the study was
conducted in collaboration with Princess Margaret Hospital, Toronto, and University of
Wisconsin, Madison. In Part A, azacitidine was administered at a fixed dose of 75
mg/m2/day subcutaneously on days 1-5, with escalating doses of belinostat administered as
a 30 minute intravenous infusion on the same days (1-5) every 28 days, following a 3+3
phase | design to determine the MTD.

A DLT was defined as a grade =3 non-hematologic toxicity that was probably or definitely
drug related (except transient liver function abnormalities, transient nausea and vomiting,
diarrhea, alopecia and culture-negative neutropenic fever), or a grade 4 hematologic toxicity
persisting beyond Day 42 in the absence of bone marrow involvement with disease. The
incidence and severity of infectious complications were assessed but not used to define DLT
in this patient population with pre-existing bone marrow failure. The MTD was defined as
the dose level at which fewer than two of six patients experienced first-course DLT. Dose
escalation was designed to proceed until the MTD or the 1000 mg/m? dose level of
belinostat was reached. Toxicities and Adverse Events (AE) were graded according to the
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National Cancer Institute Common Toxicity Criteria for Adverse Events, versions 3.0 and
4.0 (after January 1, 2011).

In the randomized phase (Part B) of the study, 18 evaluable patients were randomized in
cycle 1 to treatment with either azacitidine alone or the combination at the established MTD
of belinostat. Subsequently, in cycle 2 and beyond, all patients received treatment with the
combination. The objective of Part B was to assess whether there were any additive or
synergistic effects of the combination based on an analysis of pharmacodynamic biomarkers
in cycle 1.

Treatment could continue on the study in the absence of unacceptable adverse events or
disease progression. Belinostat was supplied by CuraGen/Topotarget Corporation and
distributed by CTEP, Division of Cancer Treatment and Diagnosis (DCTD), NCI.
Azacitidine was supplied by Pharmion and distributed by CTEP, DCTD, NCI under a
Clinical Trials Agreement (CTA) between Pharmion Corporation and the DCTD, NCI.

An ECG was obtained at the end of the final belinostat infusion on day 5 of each cycle of
treatment. A follow-up bone marrow aspirate and biopsy was performed after two cycles of
therapy, after four cycles of therapy, and thereafter as clinically indicated to document
response. Efficacy was assessed according to the published response criteria for patients
with AML/chronic myeloproliferative diseases in accelerated or blast phase [19] or MDS
and CMML [20]. International Working Group (IWG) MDS criteria for hematologic
improvement (HI) were also assessed as appropriate for patients with AML and chronic
myeloproliferative diseases.

Pharmacodynamic Studies

Bone marrow aspirate samples were obtained pretreatment and on day 5 of cycle 1 on
patients enrolled in the randomized phase.

Gene expression analysis- p15INK4B, p21, MDR1—Target genes of interest
included p15INK4B, p21, MDR1. Quantitative real-time PCR (qRT-PCR) was optimized for
each gene using a transcript specific primer set (0.2-0.5uM) and consensus probes (0.1-
0.2uM) from the Universal Probe Library (Roche Applied Science), with the exception of
p15INK4B, which was amplified using a specifically designed primer-probe set (Biosearch
Inc, Novato, CA). Patient samples and no template controls were assayed in triplicate using
the LightCycler 48011 (Roche). All transcripts were determined by reference to standard
curves. All standard curves were generated from 5-fold serial dilutions of cell line cDNA
(0.08-250ng). The absolute transcript copy number was normalized to the endogenous
control gene, ABLL.

Statistical considerations—Changes in the pharmacodynamic variables (target gene
expression) during cycle 1 (baseline to day 5), were compared between the two groups in the
randomized phase of the study (azacitidine alone versus the combination) using two-sample
t tests. Patients were considered evaluable for this analysis if they had sufficient material
from bone marrow aspirates obtained at baseline and day 5 for gene expression analysis. A
total of 18 evaluable patients (9 per arm) provided 80% power to detect a 1.3 SD difference
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between the groups, where SD was the standard deviation of the within-subject changes.
Given the small sample size, if the pharmacodynamic data did not appear to be normally
distributed, the data were log-transformed or a Wilcoxon rank sum test was used in place of
the t-test. Normality was assessed using graphical techniques, specifically normality
probability plots.

To assess for evidence of clinical activity, each patient’s best response was recorded and
tabulated for both the dose escalation and randomized cohorts.

Patient characteristics

Toxicities

Fifty-six patients were enrolled on this study between July 2006 and August 2010. Twenty-
four patients were enrolled in part A (dose escalation phase) and 32 in part B (the
randomization phase). Patient characteristics are shown in Table 1.

The most common drug related toxicities included nausea, vomiting, anorexia, and fatigue,
which were mild (grade 1-2), and not dose-limiting (Table 2). Grade 1/2 QTc prolongation,
a recognized class effect of HDAC inhibition, was observed relatively frequently (4 of 6
patients in dose level 1) early in the study, but the incidence reduced significantly when
patients were instructed to hold concomitant medications known to prolong the QT interval
(e.g., fluoroquinolones and azoles) on the days of treatment with belinostat. Grade 3/4
neutropenia and/or thrombocytopenia that were deemed possibly drug related, occurred in
patients with pre-existing grade 1/2 cytopenias, and did not constitute DLT. Grade 3
infections occurring in part A included pneumonia (2 cases), bacteremia, catheter related
infection, cellulitis, and culture negative febrile neutropenia (1 case each). In general, these
patients had relapsed/refractory AML and/or absolute neutrophil counts <1000/uL at
baseline, and these events were not dose- limiting. There were two deaths on study in Part A
due to disease progression. Both patients had AML and were over the age of 60.

In the absence of DLT, dose escalation proceeded to the maximum dose of belinostat
explored- 1000 mg/m2, given in combination with azacitidine at 75 mg/m2/day. This dose
was utilized in part B of the study, to which 32 patients were accrued. The spectrum of
toxicities observed in part B of the study (Table 3) was similar to that seen in part A. The
addition of belinostat did not appear to increase the incidence or spectrum of toxicities
observed, when compared to azacitidine alone in cycle 1 (Table 3). Four patients in this
phase of the study had culture negative febrile neutropenia, and an additional four patients
had documented infections, including two patients with pneumonia. All of these patients
also had relapsed/refractory AML and/or evidence of pre-existing marrow failure with
absolute neutrophil counts < than 1,000/uL. There were six deaths on study (or within 30
days of drug administration) in this phase. Four of these (including two on the azacitidine
alone arm) occurred within the first cycle of therapy and all were related to disease
progression and/or existing marrow failure.
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The overall experience reflected that the regimen was well tolerated. Patients were able to
receive repeated cycles of therapy in both parts of the trial. The median number of cycles
administered in part A was 4.5 (range 1-64), and in part B was 4 (range 1-28).

Clinical Activity

All patients enrolled on the study were considered evaluable for evidence of clinical activity.
In part A, responses occurred at virtually all dose levels (Table 4). Nine of the 24 patients
enrolled in this part of the study had evidence of a response, including three complete
responses. In part B of the study, 9 of 32 patients achieved a response, including four
complete responses (Table 5). Of the 21 patients who were treated at the 2000mg/m2 dose
level of belinostat from cycle 1 (7 in part A and 14 in part B), there were 10 responders.

Pharmacodynamic Studies

We evaluated prospectively, the change in transcript levels of the cell cycle regulatory genes
p15, p21 and the multidrug resistance gene MDR1 in these samples by quantitative RT-PCR
(9-RT-PCR), since these genes have been demonstrated previously to be upregulated by
HDAC inhibitors and/or DNA methyltransferase inhibitors [3,21,22]. Eighteen patients
(nine in each arm) had sufficient material from bone marrow aspirates obtained at baseline
and day 5 for gene expression analysis, and were therefore evaluable for these studies.
Samples were analyzed by q-RT-PCR for p15, p21, MDR1. At day 5, MDR1 was
significantly up-regulated in the combination arm (3.1 fold increase in day 5 level) when
compared with the azacitidine alone arm (p=0.0023) (Figure 1). The change in expression
levels of the other genes analyzed by RT-PCR was not significantly different between the
two arms.

Discussion

This phase | study demonstrates that the combination of belinostat and azacitidine is feasible
and associated with clinical activity. The recommended phase 11 dose is 1000 mg/m? of
belinostat combined with 75 mg/m?2/d of azacitidine, given for days 1 to 5 of a 28 day cycle.
The incorporation of a novel randomized design in the context of this early phase trial
enabled the detection of a significant upregulation of MDR1, a gene prospectively selected
for evaluation in this study, in the combination arm which suggests a pharmacological effect
of belinostat on gene expression. There were no unusual toxicities observed with the
combination of belinostat and azacitidine, and full dose belinostat (as previously determined
in solid tumor patients) was feasible. Although higher belinostat doses may be feasible, dose
escalation was discontinued due to dose-dependent grade 1-2 gastrointestinal toxicity.

Prior published reports of dual pharmacologic targeting of DNMT and HDAC enzymes in
early phase trials have demonstrated the feasibility of this approach, but in general, had not
incorporated a randomized study design to investigate the relative biologic contribution of
the HDAC inhibitor [15-17]. An exception to this is a recent intergroup trial in which
patients with MDS were randomized to azacitidine versus azacitidine plus the HDAC
inhibitor entinostat. The results of that trial suggested no advantage to the addition of the
entinostat. In contrast however to belinostat and vorinostat which broadly target both nuclear
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and non-nuclear protein deacetylases, entinostat specifically targets nuclear deacetylases
[23]. There is another ongoing trial in the intergroup setting in MDS, designed to investigate
azacitidine combined with vorinostat in a randomized setting, based on early reports of
encouraging clinical activity with that combination.

The significant increase in MDR1 observed in our study in the combination arm raises the
possibility of up-regulation of MDR1 as a biomarker for HDAC inhibition. MDRL is a target
of hypermethylation and epigenetic silencing in various malignancies including both
myeloid and lymphoid leukemia cells, and reversal of epigenetic silencing and upregulation
of MDR1 has been demonstrated with the use of DNMT inhibitors [24-26], although there
are also reports of MDR1 decrease with DNMT inhibitor exposure [27]. We and others have
demonstrated that HDAC inhibitor use is associated with upregulation of MDR1 both in
vitro and in vivo, and occurs in conjunction with global and promoter specific histone
acetylation [28,24,12,22], and combined treatment with HDAC inhibitor and DNMT
inhibitors has been shown to be synergistic for MDR1 reactivation in vitro [29,24,26].

The biologic consequence of upregulation of MDR1 in the context of clinical development
of epigenetic modulators is largely unknown. There is a potential concern based on prior in
vitro studies, that an MDR phenotype associated with clinically relevant drug resistance may
be generated in vivo. This has, however, not yet been borne out in the clinical trial setting,
even in clinical trials utilizing agents that were known MDR substrates [30-32]. In contrast
to other HDAC inhibitors such as romidepsin, neither azacitidine nor belinostat are known
substrates of MDRL. Therefore concerns regarding generation of drug resistance via MDR
upregulation are less relevant with this combination.

In our study, neither p15 nor p21 was significantly different at day 5 between the two arms.
A variety of reasons may account for this including tumor heterogeneity [33] and the
relatively small sample size making the ability to detect a difference challenging. In contrast,
there is a relatively strong signal with regard to MDR1 upregulation by HDAC inhibitors, a
phenomenon that has been repeatedly observed in the literature [28,24,25,12,22]. It is also
quite plausible of course, given the small sample size that the difference in MDR1 that was
detected was an artifact of the study, occurring purely by chance, and as such these findings
require confirmation in larger randomized trials.

Significant evidence of clinical activity was observed in this combination study across the
spectrum of advanced myeloid neoplasia enrolled, including patients with multiply relapsed
and/or refractory AML or MDS. Our results contrast with the limited single agent activity
previously reported for HDAC inhibitors, including belinostat in myeloid neoplasms
[13,14]. Single agent azacitidine is active in myeloid neoplasms including untreated AML
with marrow blasts up to 30% [34,10], and has measurable clinical activityin the relapsed/
refractory setting, largely based on retrospective experience[35-37]. The relative clinical
contribution of belinostat to this combination is an open question, which cannot be
addressed by the current study design, and requires investigation in the setting of a
randomized Phase Il study. This is warranted, and is currently in development, based on the
encouraging signs of clinical activity observed in our advanced patient population.
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Azacytidine Combination

log ratio MDR1

Treatment Group

Figure 1. The combination of belinostat and azacitidine induced a significant upregulation of
MDR1 compared with AZA alone

Quantitative RT-PCR analysis of MDRL1 at baseline and day 5 following treatment in cycle 1
revealed a relative change in MDR1 expression at day 5 (compared with baseline), that was
significantly higher in the combination arm (p=0.0023) compared with the azacitidine alone
arm.
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Table 1

Baseline Patient Characteristics

Characteristic | No. (%)
Total No. Patients | 56
Median age, y (range) 68 (42-83)
Age < 60 12 (21)
Age 2 60 44 (79)
Sex
Male 40 (71)
Female 16 (29)
Performance Status
0 25 (45)
1 28 (50)
2 2(3)
Not available 1(2)
Diagnosis
AML 28 (50)
MDS 12 (21)
CMML 4(7)
t-MN 11 (20)
PMF 1(2)
Stage of Disease
Previously untreated 16 (29)
Primary refractory 22 (39)
Relapsed/refractory 18 (32)
Median no. Prior Therapies (range) 1(0-7)
Prior Therapies
Untreated 16 (29)
Cytarabine based 23 (41)
Hypomethylating agent 14 (25)
Allogeneic stem cell transplant 9 (16)
Autologous stem cell transplant 1(2)
Karyotypic Risk Group
2 Favorable 11(20)
Intermediate 19 (34)
Unfavorable 23 (41)
Not available 3(5)

t-MN-= therapy related myeloid neoplasm, PMF= primary myelofibrosis.
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“denotes 11 patients with MDS or CMML with good risk cytogenetics including 3 with a del 20q clone, 2 with del 5q clone and 6 with normal
karyotype.
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Table 2

Drug related toxicities: dose escalation phase: AZA/belinostat

Toxicity 75/150 (n=6) | 75/300 (n=5) | 75/600 (n=6) | 75/1000 (N=7)
Hematologic

Grade 1/2 0 1 3 1

Grade 3/4 1 1 1 2
Fatigue

Grade 1/2 3 1 4 2

Grade 3/4 0 0 0 0

Injection Site Reaction

Grade 1/2 2 3 4 3

Grade 3/4 0 0 0 0
Flushing

Grade 1/2 0 0 1 1

Grade 3/4 0 0 0 0

Nausea/Vomiting
Grade 1/2 3 3 5 5
Grade 3/4 0 0 0 0

Constipation

Grade 1/2 2 1 3 1

Grade 3/4 0 0 0 0
Anorexia

Grade 1/2 1 1 1 4

Grade 3/4 0 0 0 0
Diarrhea

Grade 1/2 2 0 1 1

Grade 3/4 0 1 0 0
Neuropathy

Grade 1/2 0 1 1 1

Grade 3/4 0 0 0 0
Prolonged QT

Grade 1/2 4 0 1 0

Grade 3/4 0 1 0 0
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Drug related toxicities: randomization phase

. AZA alone | AZA/belinostat
Toxicity n=18 n=14
Hematologic

Grade 1/2 2 1

Grade 3/4 4 3
Fatigue

Grade 1/2 10 9

Grade 3/4 0 0
Injection Site Reaction

Grade 1/2 7 7

Grade 3/4 0 0
Nausea/Vomiting

Grade 1/2 13 11

Grade 3/4 0 0
Anorexia

Grade 1/2 4 3

Grade 3/4 0 0
Diarrhea

Grade 1/2 4 4

Grade 3/4 0 0
Prolonged QT

Grade 1/2 2 3

Grade 3/4 0 1
Dizziness

Grade 1/2 5 1

Grade 3/4 0 0
LFT abnormality

Grade 1/2 2 0

Grade 3/4 0 1
Hypotension

Grade 1/2 4 1

Grade 3/4 0 0
Mucositis

Grade 1/2 2 1

Grade 3/4 0 0
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