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Abstract

Histone deacetylase inhibitors (HDACI) affect chromatin remodeling and modulate the expression
of aberrantly silenced genes. HDACI have single-agent clinical activity in haematological
malignancies and have synergistic anti-leukaemia activity when combined with anthracyclines in
vitro. We conducted a 2-arm, parallel Phase I trial to investigate 2 schedules of escalating doses of
vorinostat (Schedule A: thrice daily (TID) for 14 days; B: TID for 3 days) in combination with a
fixed dose of idarubicin in patients with refractory leukaemia. Of the 41 patients enrolled, 90%
had acute myeloid leukaemia, with a median of 3 prior therapies. Seven responses (17%) were
documented (2 complete response (5%), 1 complete response without platelet recovery (2.5%),
and 4 marrow responses). The 3-day schedule of vorinostat was better tolerated than the 14-day
schedule. The maximum tolerated dose for vorinostat was defined as 400 mg TID for 3 days. The
most common grade 3 and 4 toxicities included mucositis, fatigue, and diarrhoea. Correlative
studies demonstrated histone acetylation in patients on therapy and modulation of CDKN1A and
TOP2A (topoisomerase Il) gene expression. Pharmacokinetic analysis confirmed a dose-related
elevation in plasma vorinostat concentrations. The combination of vorinostat and idarubicin is
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generally tolerable and active in patients with advanced leukaemia and should be studied in the
front-line setting.
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INTRODUCTION

The topology of chromatin is regulated by precise mechanisms that govern consistent
packaging and replication of DNA, and also play a critical role in transcriptional regulation.
Modulating this process in rapidly dividing cells may be a potentially important anti-
neoplastic strategy. Histone acetyltransferases (HATS) and histone deacetylases (HDACS)
work in an opposing manner by acetylating and deacetylating histones, respectively.
Acetylated histones facilitate an open chromatin configuration, which allows access to
transcription factors and ultimately activation of gene transcription. HDACs catalyze the
removal of acetyl groups and consequently lead to a compact, “closed” chromatin structure
and gene repression.(Bolden, et al 2006, Garcia-Manero and Issa 2005, Marks, et al 2001)
Development of small molecule inhibitors of HDACs and demonstration of their
antineoplastic activity in haematological malignancies has generated a great deal of interest.
(Minucci and Pelicci 2006)

Vorinostat is an HDAC inhibitor (HDACI) that inhibits class | and Il HDACs, and causes
apoptosis and cell cycle arrest in leukaemia cell lines in vitro.(Marks, et al 2000, Richon, et
al 1998, Ruefli, et al 2001) In addition, several Phase I and 11 trials have confirmed the
safety, tolerability, and single-agent activity of vorinostat in patients with haematological
malignancies.(Duvic, et al 2007, Garcia-Manero, et al 2008a, Kelly, et al 2005, Kelly, et al
2003, O’Connor, et al 2006, Olsen, et al 2007) In a Phase | dose escalation study of oral
vorinostat given twice or thrice daily to patients with advanced leukaemias and
myleodysplastic syndrome (MDS), 17% of patients had haematological improvement or
response.(Garcia-Manero, et al 2008a) The most common adverse events included
diarrhoea, nausea, fatigue, and anorexia. Grade 3/4 drug-related adverse events included
fatigue, thrombocytopenia, diarrhoea, nausea, and vomiting. In a Phase 1l study of vorinostat
given on 3 different schedules to patients with refractory cutaneous T cell lymphoma
(CTCL), the response rate was 24%.(Duvic, et al 2007) A second Phase Il trial in
progressive or refractory CTCL reported an objective response rate of 30%.(Olsen, et al
2007) In both studies, the most common adverse events were fatigue, nausea, diarrhoea, and
thrombocytopenia. These studies led to the US Food and Drug Administration (FDA)
approval of vorinostat in October 2006 for the treatment of cutaneous manifestations in
patients with CTCL who have progressive, persistent, or recurrent disease on or following 2
systemic therapies.(Mann, et al 2007)

Although vorinostat has single-agent activity, its optimal use may be in combination with
other agents.(Blum, et al 2007, Friedmann, et al 2006, Garcia-Manero, et al 2006, Munshi,
et al 2006, Pathil, et al 2006, Soriano, et al 2007, Zhang, et al 2006, Ziauddin, et al 2006)
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Due to its ability to induce an open chromatin configuration, we hypothesized that vorinostat
would allow better access to DNA interactive agents, such as anthracyclines, and thereby
enhance their cytotoxic effects.(Kim, et al 2003) We also hypothesized that vorinostat could
upregulate the expression of DNA topoisomerase |1 (topo-I1) and thereby sensitize
leukaemia cells to anthracyclines, such as idarubicin.(Davies, et al 1988, Kurz, et al 2001) A
synergistic effect for the combination of an HDACI with idarubicin was demonstrated in
vitro.(Sanchez-Gonzalez, et al 2006) This was accompanied by an increase in histone
acetylation, upregulation of CDKN1A, TOP2A, and induction of double-stranded (ds-) DNA
breaks. Based on this information, we conducted a CTEP (Cancer Therapy Evaluation
Program)-sponsored Phase | clinical trial of the combination of idarubicin and vorinostat in
patients with relapsed, refractory acute leukaemia.

The primary objective of this trial was to determine the safety and tolerability of the
combination of a fixed dose of idarubicin with escalating doses of vorinostat in patients with
relapsed or refractory advanced leukaemia or high-risk MDS. Two different dosing
schedules of vorinostat were tested. The maximum tolerated dose (MTD) and dose limiting
toxicities (DLTSs) of vorinostat in combination with idarubicin were defined for each
schedule. Secondary objectives included determining the ability of vorinostat to induce
histone acetylation and the expression of TOP2A and CDKN1A in peripheral blood
mononuclear cells (PBMCs) as well as the clinical efficacy and pharmacokinetic profiles of
vorinostat and idarubicin.

MATERIALS AND METHODS
Eligibility Criteria

This open-label, CTEP-sponsored, randomized Phase 1 study (Protocol 2005-0031) was
approved by the Institutional Review Board of the MD Anderson Cancer Center, and all
patients provided written, informed consent according to institutional guidelines.

Patients with relapsed or refractory acute myeloid leukaemia (AML), acute lymphoblastic
leukaemia (ALL), high-risk myelodysplastic syndrome (MDS), or chronic myeloid
leukaemia (CML) in blastic phase that had progressed after imatinib mesylate treatment
were eligible for enrollment. Other eligibility criteria included age = 18 years, Eastern
Cooperative Oncology Group (ECOG) performance status < 2, adequate hepatic (bilirubin <
34.2 umol/l; aspartate aminotransferase/alanine aminotransferase < 2.5 times the upper limit
of normal), renal (creatinine < 176.8 pmol/l or creatinine clearance > 1 ml/s), and cardiac
(ejection fraction = 50%) function. Patients that had received cumulative doses > 290 mg/m?
of idarubicin (or its equivalent in other anthracyclines) were excluded from the study.
Patients with central nervous system involvement by leukaemia, human immunodeficiency
virus infection, or another clinically significant illness were excluded. Patients who planned
to undergo allogeneic bone marrow transplantation within 4 weeks, or who were pregnant,
or lactating were also excluded.
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Treatment plan and Design

Two different dosing schedules were tested in the study in two parallel arms. If both were
open at the time of enroliment, patients were randomly assigned to either arm. In both arms,
idarubicin was given at a fixed dose of 12 mg/m? intravenously (IV) daily over 30 min on
days 1to 3. In arm A, the starting dose of oral vorinostat was 100 mg TID for 14
consecutive days (days 1 to 14). In arm B, the starting dose of vorinostat was 100 mg TID
for 3 consecutive days (days 1 to 3). In both arms, a cycle of therapy was defined as 21 days.
In both arms, the vorinostat dose was escalated using a “3+3” dose-escalation design with
cohorts of n=3 patients. Briefly, if = 2 of 3 or > 2 of 6 patients at a particular dose level
experienced a DLT during the first treatment cycle, that dose was considered above the
MTD. Dose escalation continued until the MTD was reached. Dose de-escalation was also
contemplated for idarubicin if the starting dose proved to be too toxic. Any patient who
experienced DLT was to have vorinostat held until the toxicity resolved to < grade 1. When
resumed, dosing was reduced by one level in that patient. To confirm the safety of the
combination, up to 10 patients were to be enrolled in each schedule at their respective MTD.
Continuation of treatment up to 6 cycles or to a cumulative idarubicin dose of 290 mg/m?
(or its equivalent) was permitted at the discretion of the physician if the patient had no
excessive toxicity or evidence of disease progression. Then, patients could continue on
single-agent vorinostat.

Clinical Evaluation

Pretreatment assessment included: a complete history and physical examination; ECOG
performance status; standard clinical laboratory analysis; chest x-ray; electrocardiogram;
echocardiogram or multigated acquisition (MUGA) scan; and bone marrow aspiration and
biopsy. Patients were reevaluated weekly during the 15t cycle and then at minimum prior to
each subsequent cycle. Bone marrow aspiration was performed on days 14 and 21 of cycle 1
and then every 3 weeks, as clinically indicated, to document response as per primary
physician criteria. Cardiac ejection fraction was evaluated every other cycle and at the end
of study.

Safety and response criteria

The National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events,
v3.0 was used to grade adverse events. (NCI-CTEP 1999) DLT was defined as: prolonged
myelosuppression with < 5% bone marrow cellularity and no evidence of leukaemia, lasting
> 42 days; grade > 3 nausea, vomiting, or diarrhoea despite maximum supportive care; or
other grade = 3 non-haematological toxicity related to the study drug. Untreated nausea and
vomiting = grade 3, alopecia, study drug-related fever, hyperbilirubinaemia, and electrolyte
abnormalities (including K, Na, Cl, HCO3, Mg, Ca) that were > grade 3 did not define the
DLT. Because vorinostat in combination with another agent might exacerbate adverse
events known to be caused by that other agent, potassium abnormalities (which have been
associated with vorinostat) that persisted despite repletion therapy were considered dose-
limiting. Clinical responses were evaluated using the revised guidelines of the International
Working Group for AML, ALL, and MDS. (Cheson, et al 2003) All responses, except
complete remission with incomplete count recovery (Cri), must have lasted at least 4 weeks
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for AML, ALL, and CML. The duration of response was measured from the time when all
response criteria were first met until recurrent or progressive disease was documented.

Quantitation and Pharmacokinetic Analysis of Idarubicin

Blood samples (7 ml) were collected in heparin-containing vacutainers prior to the start of
the idarubicin infusion and at 10, 15, 30 min and 1, 2, 4, 8, 10 h following the start of the
infusion on day 1. Pre-dose samples were also collected on days 2 and 3, along with samples
at 0.5, 1 and 2 h following drug administration. Plasma was generated by centrifugation
immediately after sample collection and stored in cryovials at -80°C until analyzed. Just
prior to analysis, idarubicin was isolated from plasma using a solid phase extraction process.
Briefly, 0.6 ml of plasma was applied to conditioned C18 cartridges (Phenomenex,
Torrance, CA) which were then washed with buffer and extracted using
chloroform:isopropanol (4:1, v/v) elution buffer. A high performance liquid
chromatographic method for the quantitation of idarubicin in human plasma was developed
and validated over a dynamic concentration range of 0.5 ng/ml to 1000 ng/ml (r2 > 0.997,
linear regression analysis) using a modification of a previously published method.
(Cummings, et al 1987) Chromatographic separation was achieved using gradient elution
with a mobile phase consisting of 10 mM ammonium formate and acetonitrile, (55%:45%
v/v, pH 3.0) and a C8 reverse phase analytical column (Zorbax Rx-C8, 4.6 x 250 mm, 5 um,
Agilent Technologies, Santa Clara, CA). Peak detection was achieved using a fluorescence
detector with excitation and emission settings of A=210 nm and A=790 nm, respectively
(Waters Alliance 2695/2475, Waters Corporation, Milford, MA). The mean inter- and intra-
day assay precisions for the method were 5.8% and 4.3%, respectively. The mean extracted
recovery from human plasma at idarubicin concentrations of 5 and 500 ng/ml were 74% and
81%, respectively. The pharmacokinetic parameters (maximum plasma concentration
[Cmax], half life [t1»], volume of distribution [V], total body clearance [Cly], and area
under the plasma concentration time curve [AUC]g.inf) Were obtained from each patient
dataset using non-compartmental analysis (WinNonlin v5.2, model 202, Pharsight Corp,
Mountain View, CA) and summarized using the global 2-stage method as mean values + SD
for dose schedules A and B, respectively.

Quantification and Pharmacokinetic Analysis of Vorinostat

Pharmacokinetic studies of vorinostat were performed during the first cycle of treatment. On
day 1, 5 mL of blood were collected in a redtop vacutainer tubes (no anticoagulant; Becton
Dickinson, Franklin Lakes, NJ, USA) before and at 0.5, 1, 2, 2.5, 3, 4, 6, and 8 h after
ingestion of vorinostat. Blood samples were allowed to coagulate at 4°C for 20 to 30 min
and then centrifuged at 2,000 x g for 15 min at 4°C. The resulting serum was stored at -70°C
until analyzed for vorinastat content. Concentrations of vorinostat and two metabolites
(vorinostat glucuronide and 4-anilino-4-oxobutanoic acid) were quantitated, as previously
described, with a validated liquid chromatography-electrospray ionization tandem mass
spectrometric method. (Parise, et al 2006)
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Isolation of Human PBMCs

Blood and bone marrow aspiration specimens were drawn into heparin (30 u/ml). PBMCs
were prepared using Ficoll-Paque PLUS gradient centrifugation (Amersham Biosciences
AB, Uppsala, Sweden). The monocyte-enriched cell fraction was collected and washed
twice with calcium- and magnesium-free phosphate-buffered saline (PBS). After
centrifugation, PBS was removed, and the cell pellets were stored at -80°C.

Analysis of Histone Acetylation

As a molecular marker of exposure to vorinostat, histone-H3 acetylation was measured in
PBMCs on days 0, 1, 3, 14, 21 of the first course (for both schedules) as previously
described. (Garcia-Manero, et al 2008a) 3-actin (1:5000 dilution; Sigma, St Louis, MO) was
used as internal control. HL-60 cells treated with 1 mM valproic acid were used as positive
controls.

Real-time polymerase chain reaction (PCR) analysis of DNA TOP2A and CDKN1A mRNA

expression

RESULTS

TOP2A is the target enzyme of idarubicin. Because of the potential role of vorinostat in
modulating the expression of this enzyme, we measured TOP2A sequentially at the time
points during therapy described above for histone acetylation. Because CDKN1A is
upregulated in vitro by vorinostat (Huang, et al 2000, Marks 2004, Richon, et al 2000), it
was also measured at the same time points described above. TOP2A and CDKN1A mRNA
expression was measured by real-time PCR as previously described. (Sanchez-Gonzalez, et
al 2006)

Patient characteristics

Forty-one patients were enrolled in this study: 15 on schedule A; and 26 on schedule B.
Baseline characteristics are shown in Table 1. The most common diagnosis was relapsed/
refractory AML, and the median number of prior therapies was 3 (range, 1-7). The 41
patients received 58 treatment cycles (median 1, range 1-3). In schedule A, the dose
regimens evaluated were: (1) idarubicin at 12 mg/m?2 with vorinostat at 100 mg TID and (2)
idarubicin at 9 mg/m?2 (-1 dose level) with vorinostat at 100 mg TID. In schedule B, the dose
regimens studied were idarubicin at 12 mg/m? with vorinostat at 100, 200, 300, 400, and
500 mg TID.

Safety and tolerability

The number of patients enrolled on the trial and the adverse events (by grade) on each
cohort are outlined in Table 2. There were 13 instances of DLTs: 8 in patients on schedule
A; and 5 on schedule B. The DLTs included prolonged myelosuppression, mucositis,
fatigue, uncontrollable diarrhoea, tumour lysis syndrome, and left ventricular dysfunction. In
schedule A, dose level 1 (idarubicin 12 mg/m2/d 1V for 3 days with vorinostat 100 mg TID
for 14 days) was found to be above the MTD. In this arm, the dose of idarubicin was de-
escalated to 9 mg/m?2 with vorinostat at 100 mg TID. No excess toxicity was observed at
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these lower doses when this cohort was expanded to 10 patients. In schedule B, 3
consecutive patients experienced grade 2 toxicities at dose level 5 (idarubicin 12 mg/m?/d
IV for 3 days with vorinostat 500 mg TID for 3 days). To better define safety at this dose
level, 3 more patients were enrolled. All three experienced grade 3 non-haematological
toxicity. We therefore concluded that dose level 4 (idarubicin 12 mg/m? with vorinostat 400
mg TID) was the MTD of this combination and schedule. Cohort expansion up to 10
patients confirmed the relative tolerability of this dose level.

Overall, for both schedules, the most common drug-related adverse experiences and
laboratory abnormalities observed were fatigue (88%), nausea (76%), liver function test
(LFT) abnormalities (76%), diarrhoea (73%), mucositis (61%), cough (61%) and anorexia
(46%) (Figure 1a). These events were mostly grades 1 - 2 in severity. Grade 3 and 4 drug-
related adverse experiences or laboratory abnormalities included mucositis (5/23; 22%),
fatigue (22%), diarrhoea (17%), prolonged myelosuppression (4%), left ventricular systolic
dysfunction (4%), confusion (4%), cardiac arrhythmia (4%), pleural effusion (4%),
gastrointestinal bleed (4%), dysphagia (4%), tumour lysis syndrome (4%), and
musculoskeletal pain (4%) (Figure 1b). Given the patient population studied and the
cytotoxic agent used in this trial, treatment-related myelosuppression was expected and
universal in all patients. Serious drug-related adverse experiences were observed in two
patients (one with grade 4 mucositis and another with grade 4 prolonged myelosuppression
of > 42 days duration). Both of these patients were treated on schedule A with vorinostat at
100 mg TID for 14 days. The patient who experienced the prolonged myelosuppression
never recovered her counts after having a complete marrow response and complete
resolution of leukaemia cutis. She subsequently died of fungal infection and sepsis. Of note,
no significant decrease on cardiac ejection fraction related to therapy administration was
observed in patients treated on this study (data not shown).

Clinical Activity

A summary of clinical responses is shown in Table 3. Overall, 7 of 41 patients (17%)
achieved a clinical response, including 2 complete responses (CR) and 1 CR without platelet
recovery (CRp). There was one CR on schedule A, and one CR and one CRp on schedule B.
In addition, there was 1 marrow response on schedule A and 3 on schedule B. In schedule B,
each of the responses occurred at doses of vorinostat = 300 mg TID. Six of the 7 responders
had a diagnosis of AML, and 1 had a diagnosis of acute biphenotypic leukaemia. Both
complete responders and 2 of the patients with marrow response had diploid cytogenetics.
The other 2 patients with marrow response had cytogenetic abnormalities including trisomy
8 and —X, respectively. The median age of responding patients was 63 (range, 33-73) years.
The median number of prior therapies for the responding patients was 2 (range, 1-3).

Characteristics of Complete Responses

There were two CRs on the trial, 1 each on schedule A and schedule B. The first patient had
a diagnosis of AML with diploid cytogenetics and had been treated with 2 prior therapies,
including initial induction with idarubicin and cytarabine. This patient required 3 cycles of
therapy on schedule B to achieve CR and had an initial duration of remission of 4 weeks,
prior to receiving an allogeneic bone marrow transplant. This patient remained in complete
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remission at 6-months of follow-up. The second patient had a diagnosis of acute
biphenotypic leukaemia with diploid cytogenetics and had 3 prior therapies. This patient
achieved CR after the first cycle of idarubicin and vorinostat on schedule A and remained in
CR for 7 months on study before relapsing.

Histone Acetylation

Adequate samples for measuring histone acetylation were available from 33 out of the total
41 patients. Increased histone-H3 acetylation was detected in 15 of 33 (46%) available
patient samples, distributed equally between schedules A and B (5/11 patients on schedule A
and 10/22 patients on B). In some patients, histone acetylation continued to be detectable at
day 21 (Figure S1). The relationship between histone acetylation and vorinostat dose could
not be evaluated due to the non-quantitative nature of the assay for histone acetylation used
here.

Induction of TOP2A and CDKN1A mRNA

Levels of mMRNA induction for TOP2A and CDKNZ1A were calculated relative to
pretreatment levels. Overall, there was induction of TOP2A mRNA in some individual
patients, but mostly it was unchanged or downregulated (Figure S2). When the data were
examined by treatment schedule, there was a statistically significant trend (p=0.016,
Wilcoxon signed rank test) towards downregulation of TOP2A mRNA levels observed in
patients on schedule A from day 1 to day 21(figure 2). On schedule B, there was a trend
towards downregulation of TOP2A mRNA in most patients by day 3 of therapy (p=0.168,
Wilcoxon), but TOP2A mRNA returned to levels similar to baseline over the next 2 time
points (figure 2). These patterns were consistent with the vorinostat dosing schedule on each
arm. In schedule A, with more prolonged vorinostat dosing (14 days), there was a protracted
and more pronounced downregulation of TOP2A, whereas in schedule B (3 days dosing),
there was a trend towards downregulation of TOP2Aby day 3, but a rebound by day 14.

There was also a statistically significant trend towards upregulation of CDKN1A mRNA
from baseline to day 3 overall (p<0.001, Wilcoxon) (Figure S2). This trend remained
significant when the data were analyzed by treatment arm (figure 2). By day 14, these levels
dropped and returned to near baseline or below (p= 0.0001, Mann Whitney test). The pattern
of CDKN1A mRNA modulation in these patients correlated with the 3-day dosing of
idarubicin in both arms. Expression levels of these markers were then examined among
responders versus non-responders. There were no significant trends in either TOP2A or
CDKNZ1A expression levels that differentiated responders from nonresponders. There was no
significant relationship between CDKN1A or TOP2A mRNA induction and dose of
vorinostat.

Pharmacokinetic Profile of Idarubicin

The comparative pharmacokinetic parameters for idarubicin (12 mg/m#2) administered by a
30-min intravenous infusion every 24 h for 3 days with two different schedules of
vorinostat, schedule A and B, respectively, are shown in Table S1. Peak plasma
concentrations of idarubicin were reached at the end of infusion followed by a rapid decline
over the first 30 min post-infusion. In schedule A the maximum idarubicin plasma
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concentration (Cmax) ranged from 19.5 to 139.4 ng/ml with a mean value of 66.1 ng/ml.
These values were similar to those observed in schedule B where patients were treated with
idarubicin in combination with vorinostat given TID for only 3 days; in this group the mean
idarubicin peak plasma concentration was 55.4 ng/ml, and peak plasma concentrations
ranged from 14.9 and 129.7 ng/ml. The median t1;, for idarubicin was found to be
approximately 11 h in both treatment schedules. The V, Clt and AUC revealed no
considerable differences between schedule A and B. Noteworthy, Cyhax, Clt and Vd showed
a high degree of interindividual variability.

Pharmacokinetic Profile of Vorinostat

Thirty-six patients had blood samples drawn to characterize the pharmacokinetics of
vorinostat. VVorinostat levels were quantitated in all 36, but due to insufficient authentic
standards and appropriate internal standards, concentrations of vorinostat metabolites were
only quantitated in the first 19 patients. The pharmacokinetic parameters of vorinostat
administered orally TID on a dose escalation schedule for either 14 days or 3 days are
shown in Table 4. Peak concentrations of vorinostat (Cpyax) Were reached between 2 and 6 h.
The median C,ax Of vorinostat for each patient cohort increased from 0.331 — 0.445 pM at
100 mg TID up to 1.55 pM at 400 mg TID, and 1.62 uM at 500mg TID. The median time at
which the peak concentration was reached (Tax) Varied between 1 and 3 h and did not
correlate with dose. Because vorinostat was self-administered orally by the patients on a
TID schedule, the exact times at which the doses were ingested were not available. This
precluded us from modeling the t1/, Vg4, Clt, and AUC of vorinostat. The Cypax Of
vorinostat and its metabolites in responding and non-responding patients were compared to
explore any relationship between peak plasma concentration of vorinostat and response. In
this small cohort of patients, the responders had a higher median C,,,ax for vorinostat (1.4
UM vs. 0.8 uM) and its metabolites than non-responders, but it did not reach statistical
significance (p=0.14) (Table S2).

DISCUSSION

In this phase | study of idarubicin and vorinostat in patients with relapsed/refractory acute
leukaemia, we sought to evaluate whether the combination was tolerable and feasible in this
patient population. We designed a randomized phase | study that evaluated 2 different
schedules of vorinostat. In schedule A, vorinostat was given TID for 14 days, similar to a
prior single-agent phase I trial of vorinostat in relapsed/refractory leukaemia.(Garcia-
Manero, et al 2008a) In schedule B, vorinostat was given TID for only 3 days. This schedule
mirrored our preclinical experience, where we combined these agents and showed synergy
over 3 days of treatment.(Sanchez-Gonzalez, et al 2006) Also, given the addition of a
cytotoxic agent, this shorter schedule could potentially have been better tolerated and allow
the administration of higher doses of vorinostat. Our observations on the trial confirmed this.
On schedule A, the 14-day dosing proved to be above the MTD, requiring a dose de-
escalation of idarubicin. On schedule B, the shorter 3-day dosing allowed us to escalate
vorinostat up to 500 mg TID before encountering DLTSs. The shorter schedule allowed for a
major increase in vorinostat dose. Because the study was not powered to find differences in
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terms of response among different dose levels, it is possible that lower doses of vorinostat
could be effective in combination.

The most common grade 3 and 4 toxicities on the study were mucositis in 5 patients, fatigue
in 5 patients, and diarrhoea in 4 patients. One patient had grade 4 cardiac dysfunction. No
clinically significant QT interval prolongation was detected in the patients while on the
study. The most common grade 1 and 2 toxicities included fatigue, nausea, liver function
test abnormalities, diarrhoea, mucositis, and cough. Although fatigue has been a prominent
side effect of HDACI’s, many of the other common toxicities on this trial are proably a
result of the addition of idarubicin. Mucositis, diarrhoea, and cough, for example, were more
prominent in this trial compared to single-agent trials of HDACI.(Byrd, et al 2005, Garcia-
Manero, et al 2008a, Garcia-Manero, et al 2008b, Giles, et al 2006)

A secondary objective of the trial was to describe the clinical activity of this combination. In
this heavily pretreated population, many of whom had previously received anthracycline-
based therapy, we observed a 17% response rate. Complete responders had significant
durations of remission, and one was able to proceed to an allogeneic stem cell transplant.
These responses, in a population where the expectation of response is very low, may
indicate a signal of activity that should be evaluated further in a cohort of untreated patients.
Alternatively, this combination may represent a new paradigm, by which anthracycline
resistance can be modulated with HDACI. Further experience with this combination in more
homogeneous groups of patients is needed to understand fully the clinical significance of
HDACI-based combination therapy. Recently, the combination of etoposide (VP-16),
cytarabine, and vorinostat has been shown in vitro to be synergisitic in a sequence-
dependant manner.(Shiozawa, et al 2009) Based on this preclinical work, we are currently
conducting a phase 2 study of idarubicin, cytarabine, and vorinostat in untreated patients
with AML.(Jabbour, et al 2009)

In the preclinical model of idarubicin and vorinostat(Sanchez-Gonzalez, et al 2006), we
analyzed a number of biomarkers to understand the mechanism of action of the combination.
As part of this study, we developed assays to analyze mRNA expression of CDKN1A, a
cyclin dependent kinase inhibitor whose expression is associated with HDACI
exposure(Marks 2004, Richon, et al 2000), and TOP2A, the target of idarubicin. As
mechanisms for synergy, we hypothesized that an HDACIi could sensitize malignant cells to
the effects of an anthracycline in 2 possible ways. First, by inducing an open chromatin
configuration, vorinostat could allow for more efficient intercalation of the anthracycline
into DNA, to exert its cytotoxic effect.(Kim, et al 2003) Second, an HDACI could
upregulate the expression of TOP2A and thereby increase the potency of idarubicin within
the cell.(Davies, et al 1988, Kurz, et al 2001) To test this, we measured the induction of
TOP2A mRNA and CDKN1A mRNA after treatment with vorinostat during treatment.
Contrary to our hypothesis, we did not observe an overall increase in TOP2A mRNA after
treatment with vorinostat. In fact, when we analyzed the group by vorinostat schedule (14
days versus 3 days), there was a trend towards downregulation of TOP2A mRNA during
treatment. In the 3-day schedule, there was a downward trend during vorinostat treatment,
followed by a rebound back to baseline or higher at day 14. In view of this, in the clinical
setting, it may be more advantageous to pretreat patients with vorinostat for 3 days, followed
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by the anthracycline in a sequenced fashion to exploit the rebound in TOP2A levels. This
should be examined further in future studies. Notably, there was no significant difference in
TOP2A modulation between responders and nonresponders in our small cohort of patients.

We observed a statistically significant trend towards CDKN1A mRNA induction in the
overall cohort of patients by day 3. This trend remained significant when each treatment arm
was examined separately. By day 14, however, the CDKN1A mRNA levels had returned to
baseline or lower in both cohorts. In that idarubicin, which was administered over days 1 to
3, is also known to be a potent inducer of CDKNZ1A, it is not clear how much of the day 3
induction could be attributed to it versus vorinostat. The effect of vorinostat may be evident
when examining the day 14 samples from schedule A (14 day) versus B (3 day), when both
cohorts have long completed idarubicin. There was a suggestion that levels of CDKN1A
mRNA fell below baseline in many patients on schedule B at day 14, but not in schedule A.
Presumably, there may be continued CDKN1A mRNA induction by vorinostat in patients on
schedule A at day-14 as reflected by higher maintained levels compared to patients on
schedule B. Given the small numbers of patients that are being compared on this study, this
is not a statistically significant observation. As with TOP2A, there was no significant
difference in CDKNL1A modulation between responders and nonresponders. These
observations suggest that the utility of CDKN1A as a biomarker of HDACi exposure may be
confounded when used in combination with anthracyclines. However, as CDKNZ1A induction
by HDACI has been shown in some studies to attenuate apoptosis in malignant cell lines,
strategies to interfere with this induction with agents, such as flavopiridol, heat shock
protein 90 inhibitors, or phosphatidyl inositol-3 kinase inhibitors, can be monitored
clinically using similar CDKN1A assays.(Almenara, et al 2002, Rahmani, et al 2003a,
Rahmani, et al 2003b, Vrana, et al 1999)

Western blot analysis was used as a biomarker of vorinostat exposure in this study. Histone-
H3 acetylation was detected in about half the patients. In principle, the half-life of histone
acetylation is approximately 4-10 h (Kelly, et al 2005, Kelly, et al 2003). Therefore, we did
not anticipate the long-lasting histone acetylation (up to day 21) that we observed in several
of the patients on the trial. The 14-day schedule more consistently showed day 21 histone
acetylation, as might be expected. However, 50% of the patients on the 3-day schedule of
vorinostat also had detectable histone acetylation at day 21. We did not find a correlation
between histone acetylation duration and clinical response.

The pharmacokinetics for idarubicin presented in this study were similar to those previously
reported by several investigators(Crivellari, et al 2004, Danesi, et al 2002) and not
significantly different between the 2 arms. The pharmacokinetics of vorinostat showed a
dose-related increase in the mean maximum plasma concentration of vorinostat with each
escalation of the dose, but it reached a plateau between 400 mg TID and 500 mg TID.
Although there was a trend, there was no significant difference in peak plasma vorinostat
concentration between responders and nonresponders. With the TID dosing for short
durations (3-day), dose levels of 400 mg and 500 mg were able to achieve plasma
concentrations greater 2 uM.
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In conclusion, the combination of idarubicin 12 mg/m2/d IV for 3 days combined with
vorinostat for 3 days was generally well tolerated, with the MTD of vorinostat being 400 mg
TID. The alternate schedule tested, with vorinostat given TID for 14 days, was not tolerated
and was associated with excessive DLTs, including severe mucositis and prolonged
myelosuppression. The combination of idarubicin and vorinostat had a signal of activity in a
heavily pretreated, refractory population and should be evaluated further in the frontline
setting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Common Adverse Events (Grades 1-2)
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Figure 1. Adverse Events
A. Most common grade 1 or 2 non-haematological adverse events seen in patients on the

trial. B. Most common grade 3 or 4 adverse events seen in patients on the trial. The bar
graphs express a percentage. The numbers next to each bar represent actual numbers of
events. LVEF, left ventricular ejection fraction; Gl, gastrointestinal; TLS, tumour lysis
syndrome.
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Figure 2. Expression Levels of Topoisomerase 1l and p21 by Treatment Arm
Relative expression of DNA topoisomerase Il (topo-I1) and p21 by quantitative RT-PCR in

patients separated by arm. Time points listed represent the day on study during which the
sample was collected. Statistical values ***; p=0.016; **: p=0.984; *: p=0.049; 88:
p=0.012; 8: p=0.023; ##: p=0.0005; #: p=0.003
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Table 1
Patient Characteristics

Characteristic N=41

Median age, years (range) 59 (21-80)
Male Sex (%) 21 (51)
Diagnosis (%)

AML 37(90.2)
MDS 1(2.4)

ALL 1(2.4)
Biphenotypic 2(5)

Median WBC (x10%/1) 8.3(0.2-98.9)
Median BM Blasts , %, (range) 63 (0" - 97)

Median No. of Prior Therapies (range) 3 (1-7)
Cytogenetics (%)

Diploid 12 (29.3)
Poor Risk 29 (70.7)

N represents the total number of patients in the study. AML=Acute myeloid leukaemia; MDS=Myelodysplastic syndrome; ALL=Acute
lymphoblastic leukaemia; Biphenotypic=Acute biphenotypic leukaemia. WBC=White blood cell count; BM=Bone Marrow; Poor Risk cytogenetics
defined as monosomy 5, monosomy 7, 11923 abnormality, or complex karyotype (3 or more abnormalities).

Included one patient with a rapidly proliferative relapsed MDS/Myeloproliferative neoplasm with 0% bone marrow blasts but 100% marrow
infiltration by high-risk myeloid neoplasm.
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