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Statement of translational relevance
Inhibition of histone deacytelases (HDACs) has emerged as a promising strategy in
hematologic malignancies. Abexinostat is a novel, oral, broad-spectrum phenyl
hydroxamic acid-based HDAC inhibitor that has demonstrated preclinical activity in
lymphoma cell lines and animal models. This study established the appropriate dose
and schedule for use in patients with non-Hodgkin lymphoma. An intermittent dosing
schedule was used to achieve good tolerability even during prolonged drug
administration. Incidence of higher grade hematologic adverse events and cardiac
toxicities were modest and overall encouraging among established agents of this
class. Additionally, abexinostat was particularly efficacious in relapsed/refractory
follicular lymphoma with prolonged tumor control ≥18 months in most responders.
Further evaluation of this agent as a single-agent therapy and in combination is
warranted and underway in several tumor types.
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Abstract
Purpose: Additional targeted therapies are needed for the treatment of lymphoma.
Abexinostat is an oral pan-histone deacetylase inhibitor (HDACi) displaying potent
activity in preclinical models. We conducted a multicenter phase I/II study (N=55)
with single-agent abexinostat in relapsed/refractory lymphoma.
Experimental Design: In phase I, 25 heavily pretreated patients with any lymphoma
subtype received oral abexinostat ranging from 30-60 mg/m2 twice daily 5
days/week for 3 weeks or 7 days/week given every other week. Phase II evaluated
abexinostat at the maximum tolerated dose in 30 patients with relapsed/refractory
follicular lymphoma (FL) or mantle cell lymphoma (MCL).
Results: The recommended phase II dose was 45 mg/m2 twice daily (90 mg/m2
total), 7 days/week given every other week. Of the 30 FL and MCL patients enrolled
in phase II, 25 (14 FL, 11 MCL) were response-evaluable. Tumor size was reduced
in 86% of FL patients with an investigator-assessed ORR of 64.3% for evaluable
patients (intent-to-treat [ITT] ORR 56.3%). Median duration of response was not
reached, and median progression-free survival (PFS) was 20.5 months (1.2-22.3+).
Of responding FL patients, 89% were on study/drug >8 months. In MCL, the ORR
was 27.3% for evaluable patients (ITT ORR 21.4%), and median PFS was 3.9
months (range, 0.1-11.5). Grade 3-4 treatment-related adverse events (phase II)
with ≥10% incidence were thrombocytopenia (20%), fatigue (16.7%), and
neutropenia (13.3%) with rare QTc prolongation and no deaths.
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Conclusions: The pan-HDACi, abexinostat, was very well tolerated and had
significant clinical activity in FL, including highly durable responses in this multiply
relapsed population.
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Introduction
Epigenetic modulation by histone deacetylation plays a critical regulatory role in
normal cell processes and has been implicated in cancer development and
progression.(1, 2) Histone deacetylases (HDAC) and histone acetylases can be
aberrantly expressed or regulated in malignant tissues, resulting in inhibition of
certain tumor suppressor genes and development of malignancy. HDAC inhibitors
(HDACi) promote an open chromatin structure by allowing the continued presence of
acetyl groups resulting in transcription of relevant tumor suppressor genes that may
favor apoptosis. Clinically, inhibition of HDAC has shown promise for the treatment
of B-cell (3) and T-cell lymphomas.(4) The HDAC inhibitors vorinostat, romidepsin,
and belinostat are FDA-approved in cutaneous T-cell lymphoma (CTCL), CTCL or
peripheral T-cell lymphoma (PTCL), and PTCL, respectively.(5, 6) There remains an
unmet need for additional targeted therapeutic options for the treatment of patients
with relapsed/refractory lymphoma.
The novel HDACi abexinostat is an oral broad-spectrum phenyl hydroxamic
acid-based compound being evaluated in the treatment of neoplastic diseases.
Abexinostat treatment of non-Hodgkin lymphoma (NHL) cell lines (7) resulted in
dose-dependent apoptosis, G0/G1 arrest, and decreased S-phase and increased
p21 protein expression. Abexinostat-induced cell death occurred through caspase-8
and the Fas-associated death domain, and was associated with a prominent
increase in reactive oxygen species .(8) Similar apoptotic responses were observed
in neuroblastoma and soft tissue sarcoma models.(9-11) Abexinostat also affects
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recombination by reducing RAD51, a recA homolog that binds single-stranded DNAforming nucleoprotein filaments essential for recombination repair.(12, 13)
Based in part on these preclinical findings, a phase I/II clinical trial was initiated
with abexinostat in patients with relapsed/refractory lymphoma. The phase I study
examined safety, pharmacokinetics, and pharmacodynamics of different abexinostat
treatment schedules in multiple lymphoma subtypes. Following identification of the
appropriate dosing schedule, and based on early efficacy signals, a phase II extension
component was completed in patients with relapsed/refractory follicular lymphoma
(FL) and mantle cell lymphoma (MCL).

Materials and methods
Study design
This phase I/II study (NCT00724984) was conducted at seven centers across the
United States in accordance with Good Clinical Practice guidelines, as provided by
the International Conference on Harmonisation and principles of the Declaration of
Helsinki. The institutional review board at each site approved the study. All patients
provided written informed consent. S.B., L.I.G., J.Y., Y.L., T.G., and N.L.B analyzed
the data and all authors had access to primary clinical trial data.
Patients received abexinostat (PCI-24781/S78454) capsules orally twice daily
(approximately 4-6 hours apart) at 30, 45, and 60 mg/m2 (corresponding to total
doses of 60, 90, and 120 mg/m2 per day, respectively). Dosing at the 4-6 hour
window was based upon observed improved preclinical effectiveness and the halflife of abexinostat. Two possible 4-week dosing cycle schedules were explored: 5
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days per week for the first 3 weeks [Days 1-5, 8-12, 15-19]) and an alternative
dosing schedule, 7 days every other week [Days 1-7, 15-21]). Please see
Supplemental Table 1 on for details of the dosing schedule. Treatment continued
until disease progression (PD), unacceptable toxicity, or patient or investigator
decision to end therapy. Dose escalation continued until maximum tolerated dose
(MTD) was achieved based on protocol-defined dose-limiting toxicities (DLTs),
defined as the occurrence in cycle 1 of any of the following: a grade ≥3
nonhematologic adverse event (AE), grade ≥3 prolongation of the QTc interval,
grade 4 neutropenia lasting >5 days on growth factors, grade 4 thrombocytopenia, or
failure to restart abexinostat administration within 2 weeks. Dose escalation to next
level proceeded after DLT assessment of patients at the end of cycle 1. Dose
escalation followed a 3 + 3 principle.
Phase I and phase II enrolled different patients and responders who
completed treatment were eligible to enroll in a separate long-term extension study.
In the efficacy evaluation phase (phase II), dosing was based on MTD results from
the initial dose escalation phase and included patients with relapsed/refractory FL
and MCL based on phase I efficacy signals and historical data with other HDAC
inhibitors. In phase II, the primary end point was overall response rate (ORR) as
defined by disease-specific criteria. Secondary end points included duration of
response (DOR); time to PD; progression-free survival (PFS); and safety and
tolerability. Refractory disease was defined as no response to prior therapy or
relapse within 3 months of completing prior therapy.
Patients
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Women and men aged ≥18 years with measurable, histologically confirmed,
previously treated lymphoma were included. Phase I included patients with any
lymphoma subtype; phase II included patients with FL or MCL. Patient requirements
for both phases included receipt of prior therapies, an Eastern Cooperative
Oncology Group (ECOG) performance status (PS) of ≤1, adequate organ function,
and estimated life expectancy of >12 weeks. Patients were excluded from the study
if they had platelets <75,000/μL (phase 1) and <100,000/μL (phase 2) or if they had
an absolute neutrophil count <1500/μL.
Patients were excluded if they had received prior HDACi (unless for treatment
of mycosis fungoides or Sézary syndrome); allogeneic bone marrow transplantation;
immunotherapy, chemotherapy, radiotherapy, or experimental therapy within 4
weeks before first study dose. Patients were also excluded for primary central
nervous system lymphoma or a history of meningeal carcinomatosis.
Pharmacokinetic analyses
Plasma concentrations of abexinostat were determined by high performance liquid
chromatography (HPLC) with tandem mass spectrometric (MS/MS) detection.
Pharmacokinetic parameters including area under the drug concentration-time curve
calculated using linear trapezoidal summation from time 0 to time t, where t is the
time of the last measurable concentration in hours (AUC(0-t)), maximum observed
drug concentration (Cmax), time to maximum drug concentration (Tmax), and terminal
half-life (T½) were summarized by phase I cohort.
Safety and efficacy assessments
Toxicity was graded using the NCI Common Terminology Criteria for Adverse
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Events, Version 4.0.(14) All AEs were recorded from the first abexinostat dose until
30 days after the last dose. Serious AEs (SAEs) were those events that were fatal,
life threatening, required hospitalization, disabling, or judged to be medically
significant. Electrocardiograms were performed at screening and both pre-first dose
and 1-2 hours post-first dose on each of days 1, 8, and 15 of cycle 1, and day 1 of
each additional cycle. In phase I, an additional electrocardiograms was obtained
post-second dose in cycle 1.
Efficacy assessments
Patients were assessed for clinical response during days 22 to 28 of every evennumbered cycle beginning at cycle 2 using the modified International Workshop
Lymphoma Response Criteria (IWLRC)(15) for ORR (complete response [CR] +
partial response [PR]), stable disease (SD), and PD. Nodal changes relative to
baseline were determined using the sum of the products of the perpendicular
diameters (SPDs) for all measured nodal masses. Response was assessed by
investigators according to the 1999 International Working Group criteria.(15) The
efficacy-evaluable population was defined as all patients who received at least 1
dose of study drug and had a least 1 tumor assessment post-baseline.
Pharmacodynamic studies
Blood samples were collected for analysis of acetylated histones and acetylated
tubulin in peripheral blood mononuclear cells (PBMCs). Blood samples for
pharmacodynamic analyses were collected at cycle 1 day 1 pre-dose, 4 hours postfirst dose, and pre-first dose on day 2. Pharmacodynamic methods of PBMC
processing and protein quantification are shown in the supplemental material.
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Statistical Analysis
Phase I was an algorithm-based dose-escalation trial to find the MTD of abexinostat
and characterize the most frequent AEs and DLTs with a planned enrollment of up to
30 patients. DLTs were evaluated on day 1 of cycle 2 and included all AEs
experienced through week 4 of cycle 1. Experience from ≥6 DLT-evaluable patients
was used to determine the MTD.
The phase I secondary efficacy end point and phase II primary efficacy end
point of response were defined by standard, disease-specific criteria. DOR was
measured for responders from the first documentation of response to the date of
disease progression or death and was calculated using the Kaplan-Meier procedure.
In phase II, a sample size of 16 in two lymphoma categories was designed to
achieve 80% power to detect an increase in ORR from 5% to 25% with abexinostat
treatment.
Results
Patient characteristics and disposition
A total of 55 patients were enrolled and treated on this phase I/II study over 22
months. This included 25 patients in the phase I component and 30 patients in the
phase II study who received one or more doses of abexinostat. The baseline patient
characteristics for the phase I and II portions of the study are detailed in Table 1.
Sixteen patients with FL and 14 patients with MCL were enrolled and treated in
phase II. The median age in the ITT phase II population was 67 years (range 36-81).
The median number of prior therapies was 3 (range, 1-11) and 7 (range, 1-13) in FL
and MCL, respectively, with most patients having received prior rituximab and CHOP
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chemotherapy. One-third of phase II patients had received prior autologous stem cell
transplantation. Five patients (16.7%) were refractory to their last prior therapy,
defined as PD < 3 months from completion of last prior therapy after responding.
The median follow-up time on drug for the phase II ITT population was 10.3
months for patients with FL and 2.4 months for those with MCL. Of the 30 patients
enrolled in phase II, 11 (36.7%; 4 FL and 7 MCL) discontinued due to PD after cycle
1, 11 (36.7%) discontinued due to an AE, and 3 (10%) withdrew consent.
Pharmacokinetics and pharmacodynamics
The pharmacokinetic parameters of abexinostat are summarized by cohort in
Table 2. Approximate dose-proportional increases in abexinostat exposure were
observed from 30 to 60 mg/m2 after the first dose on Day 1. Abexinostat was rapidly
absorbed with median time to maximum drug concentration values ranging from
1.00 to 1.08 hours across all doses. The PK samples were collected following the
first dose of the day primarily for correlations with PD and thrombocytopenia for
which the AUC is the primary parameter of interest. The true mean elimination halflife value could therefore not be calculated due to the 4 hour sampling window
before the second dose but has been previously established as, 4-5 hours in two
other phase I studies with sampling up to 24 hours.(16, 17) Data from 125 patients
have been analyzed and modeled (18, 19) and the PK has been found to be very
consistent between the two daily doses.
For pharmacodynamic studies, increased levels of acetylated tubulin were
observed post-dose versus pre-dose in 11 patients treated with 45 mg/m2
abexinostat twice daily (Cohorts 2 and 3 pooled) and significant increases in the 11
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patients treated with 60 mg/m2 abexinostat twice daily, with the mean fold-increase
of normalized acetylated tubulin being 1.48 and 1.46, respectively (Figure 1A).
Increased levels of acetylated tubulin were not observed in the 5 patients receiving
30 mg/m2 twice daily. In patients with FL, (phase II study), the mean fold-increase of
normalized acetylated tubulin was 1.312; in patients with MCL, it was 0.7750. The
difference between the two groups was not significant (P=.193) due to the high
variability (Figure 1B).
MTD and DLT
No DLTs were observed at 30 mg/m2 (cohort 1), and dose level 2 (45 mg/m2, cohort
2) was initiated (DLTs are summarized in Supplemental Table 2). Within cohort 2,
3/7 evaluable patients had at least one DLT, resulting in an MTD of the first dosing
schedule (5 days/week for the first 3 weeks) of 30 mg/m2. DLTs included grade 4
thrombocytopenia and 2 failures to restart abexinostat within 2 weeks of the first
missed dose due to thrombocytopenia ≤grade 3. Dosing continued at 45 mg/m2 with
the alternative schedule (7 days/week every other week) (cohort 3). No patient in
cohort 3 experienced a DLT and dosing was escalated to 60 mg/m2 (cohort 4).
Within cohort 4, 2/8 evaluable patients developed a DLT (grade 5 acute renal failure,
and grade 3 prolonged diarrhea), resulting in an MTD at the alternative dosing
schedule of 45 mg/m2. In phase II, a sentinel group of 3 evaluable patients was
treated at the MTD and assessed after the first cycle. No DLTs were observed, and
the recommended phase II dose and schedule for single-agent abexinostat was
established at 45 mg/m2 twice daily, 7 days/week, every other week.
Safety
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AE data for phase I of the study by cohort are shown in Supplemental Table 3. A
summary of treatment-emergent AEs of any grade occurring in at least 20% of ITT
patients and a summary of grade 3 or 4 AEs reported in more than 1 patient in
phase II of the study are shown in Table 3; AEs occurring in phase II are listed in
Supplemental Table 4. The most common phase II any-grade AEs were nausea
(63%), fatigue (60%), diarrhea (50%), and thrombocytopenia (46.7%). The most
common grade 3 or 4 treatment-emergent AEs reported in phase II were
thrombocytopenia (20%), fatigue (16.7%), and neutropenia (13.3%). In 30 ITT
patients, 3 (10%) reported a grade 4 thrombocytopenia event; grade 4 neutropenia,
anemia, and decreased performance status were seen in one patient each.
In phase II, a total of 13 findings of QTc <480 ms but >450 ms by the site
were observed in 7 patients. Seven findings were not confirmed upon central review,
whereas 2 of the findings were confirmed. The central review data for 4 of the
findings were missing. The 2 patients with centrally confirmed QT prolongation did
not experience cardiac-related AEs other than QT prolongation during the study. The
3 patients with QTc >450 ms who were not centrally reviewed had no cardiac-related
adverse events during the study.
Efficacy
In the phase I efficacy evaluable population (n=21), 61.9% of patients achieved SD
or better, and the ORR was 19.0%, including 1 CR in FL grade 1, and 3 PRs in
patients with DLBCL, FL, and MCL. The ORR in the ITT population (n=25) was 16%.
In phase II, full response assessments were not available for 5 patients (2 FL; 3
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MCL). The ORR was 48%, with 1 CR and 11 PRs (Table 4). The ORR for the ITT
population (n=30) was 40%.
Among the 14 evaluable patients with FL (Table 4), with a median time on
study of 11.9 months (range, 1.2-24.8), 9 (64.3%; ITT ORR 56.3%) responded,
including 1 patient with a CR, and 12 (86%) had reductions in lymph node diameter,
including 5 with >75% reduction (Figure 2A). The median DOR was not reached.
Among the 9 responding patients with FL, 8 were on study more than 8 months, and
5 were treated for more than 18 months (Figure 2B). The median PFS for FL
patients was 20.5 months (range, 1.2-22.3+) as shown in Figure 2C. There were no
differences in response or DOR based on prior treatments, including refractoriness
to prior therapies (data not shown).
Among the 11 evaluable phase II patients with MCL, there were 3 responses
(27.3%; ITT ORR 21.4%), all of them PRs per investigator assessment. The DORs
in responding patients were 2+, 2.8, and 6.1+ months (Figure 2B) and the median
PFS was 3.9 months (0.1-11.5+) (Figure 2C).

Discussion
Inhibition of HDAC has emerged as a promising strategy in hematologic
malignancies.

A

recent

phase

II

study

of

panobinostat

in

Waldenström

macroglobulinemia reported a partial remission rate of 22% and minimal response in
25% of the 36 patients.(20) Vorinostat, approved for the treatment of cutaneous Tcell lymphoma, provided a 47% ORR in patients with relapsed/refractory FL in a
phase II trial, with good tolerability and a median PFS of 15.6 months, but no

Page 15 of 34
Downloaded from clincancerres.aacrjournals.org on April 26, 2018. © 2015 American Association for Cancer
Research.

Author Manuscript Published OnlineFirst on October 19, 2015; DOI: 10.1158/1078-0432.CCR-15-0624
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Abexinostat in Mantle Cell and Follicular Lymphoma

responses in 9 MCL patients in this study.(3) In a recent Asian multicenter phase II
study of vorinostat in 56 patients with relapsed/refractory indolent B-cell NHL,
sustained antitumor activity was reported in relapsed patients with FL (n=39), with an
ORR of 49% and a median PFS of 20 months.(21) However, with a median prior
therapy of 1 (1-4), the FL patients were less heavily pretreated than in the current
study, and both the previous studies used a twice daily regimen that differs from the
FDA-approved label for vorinostat. In the present phase I/II multicenter study, we
demonstrated that single-agent oral abexinostat had rapid oral absorption, was
overall well tolerated, and had significant clinical activity in patients with heavily
pretreated relapsed/refractory FL.
In early phase clinical trials, the safety profiles of HDACi agents have been
mostly favorable, particularly in comparison with cytotoxic chemotherapy.(22) The
most common toxicities of HDACi are fatigue, nausea, diarrhea, which were also
observed in this study. Grade ≥3 cytopenias (mostly thrombocytopenia) occurred
infrequently despite a number of patients receiving prolonged treatment courses
during this study (i.e., >12-15 months).
One particular safety concern with HDACi is cardiac toxicity, including
ventricular arrhythmia and QT/QTc prolongation, which is a safety issue seen with
an increasing number of agents.(23-29)
In the phase I component of the present study, there were no occurrences of
prolonged QT intervals or other cardiac abnormalities. Additionally, in the 30-patient
phase II study, only 1 patient had a confirmed grade 3 QTc prolongation in
conjunction with atrial fibrillation, both of which were transient and resolved within 24
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hours of abexinostat discontinuation. This is consistent with the initial findings from
an ongoing phase I/II trial in patients with relapsed/refractory Hodgkin lymphoma,
NHL, or CLL receiving oral abexinostat in an alternative schedule in which prolonged
QTc intervals were not observed.(16)
The potential risk for QTc prolongation is generally driven by drug
concentration. To minimize this potential risk for abexinostat, twice-daily oral
administration (versus intravenous or once-daily oral administration) was selected to
lower peak concentrations while maintaining similar overall daily exposure (AUC) as
compared to once-daily dosing for the equivalent total daily dose. A schedule of
twice-daily dosing 4-6 hours apart was utilized based on preclinical findings
demonstrating its superior efficacy over 12-hour apart dosing. This dosing regimen is
consistent with previous work showing a minimum of 6-8 hours continuous exposure
with HDACi is needed for inducing ROS and apoptosis in tumor cells, (30, 31) and is
made possible by the unique PK profile of this drug which has a terminal half life of
4-5 hours.(16, 17) This regimen also allows for longer recovery time off drug per day,
and may account for the better tolerability and efficacy profile of abexinostat relative
to other HDACi agents.(18)
In the phase I component, we observed preliminary clinical benefits with
abexinostat in 21 heavily pretreated relapsed/refractory lymphoma patients (i.e., 1
CR, 3 PRs, and 9 SDs). In phase II, the ORR was 64.3% in 14 evaluable FL patients
and 56.3% in the ITT population. Of these 14 patients, 86% had reductions in tumor
burden and durable responses, with 64% remaining on the study for >8 months.
Rapid and marked reductions in lymphadenopathy were also seen in patients who
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were refractory to their last prior therapy (18.8%). The clinical response in FL is
comparable to the ORR in 57 rituximab-refractory FL patients treated with
ibritumomab tiuxetan radioimmunotherapy (32), and in 76 rituximab-refractory
patients with B-cell NHL treated with bendamustine;(33) however it should be
acknowledged that the sample size in the current study was smaller and needs to be
confirmed in larger cohorts. It is important to note that positron emission tomography
(PET) scanning was not utilized for the FL patients enrolled in the phase II study,
which may have led to an underestimation of the ORR and CR rates.(15) Regarding
time-to-event analyses, results with abexinostat appear favorable. With a median
follow-up of 10.3 months for FL patients, the dedian duration of response was not
reached with abexinostat .
In conclusion, this phase I/II study demonstrated that the pan-HDACi,
abexinostat, is clinically active in patients with relapsed/refractory FL and MCL,
particularly in FL patients, who achieved durable tumor control for periods ≥18
months. With a unique intermittent dosing regimen, abexinostat showed good
tolerability during prolonged drug administration and little evidence of the cardiac
concerns observed with other HDACi. The safety profile of abexinostat allows for
combination approaches with other immuno-chemotherapy regimens and/or novel
agents (34). Abexinostat is currently being tested in a variety of clinical trial settings
and further examination in NHL is indicated.

Page 18 of 34
Downloaded from clincancerres.aacrjournals.org on April 26, 2018. © 2015 American Association for Cancer
Research.

Author Manuscript Published OnlineFirst on October 19, 2015; DOI: 10.1158/1078-0432.CCR-15-0624
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Abexinostat in Mantle Cell and Follicular Lymphoma

Acknowledgments
We thank all the patients who participated in the study and their families,
investigators at all study clinical centers, Pharmacyclics for helpful discussions, and
Buddy Hutchins, PhD (Pharmacyclics) for overseeing database management.
Medical writing and editorial support for this manuscript was provided by Robert
Rydzewski, MS, CMPP, and was funded by Pharmacyclics, Inc.

Authors’ Contributions
Conception and design: A.M. Evens, S. Balasubramanian, L.I. Gordon, and J.M.
Vose
Acquisition of data: A.M. Evens, W. Harb, L.I. Gordon, R. Langdon, M. Sirisawad,
C. Mani, J. Yue, and N.L. Bartlett
Analysis and interpretation of data: S. Balasubramanian, L.I. Gordon, J. Yue, Y.
Luan, T. Graef, and N.L. Bartlett
Writing,

review,

and/or

revision

of

the

manuscript:

A.M.

Evens,

S.

Balasubramanian, J.M. Vose, W. Harb, L.I. Gordon, R. Langdon, J. Sprague, M.
Sirisawad, C. Mani, J. Yue, Y. Luan, S. Horton, T. Graef, and N.L. Bartlett
Administrative, technical, or material support: J. Yue and Y. Luan
Study supervision: A.M. Evens, J.M. Vose, W. Harb, L.I. Gordon, R. Langdon, J.
Sprague, T. Graef, and N.L. Bartlett

Page 19 of 34
Downloaded from clincancerres.aacrjournals.org on April 26, 2018. © 2015 American Association for Cancer
Research.

Author Manuscript Published OnlineFirst on October 19, 2015; DOI: 10.1158/1078-0432.CCR-15-0624
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Abexinostat in Mantle Cell and Follicular Lymphoma
REFERENCES
1. Egger G, Liang G, Aparicio A, Jones PA. Epigenetics in human disease and prospects for
epigenetic therapy. Nature. 2004;429:457-63.

2. Jones PA, Baylin SB. The epigenomics of cancer. Cell. 2007;128:683-92.

3. Kirschbaum M, Frankel P, Popplewell L, Zain J, Delioukina M, Pullarkat V, et al. Phase II
study of vorinostat for treatment of relapsed or refractory indolent non-Hodgkin's lymphoma
and mantle cell lymphoma. J Clin Oncol. 2011;29:1198-203.

4. Duvic M, Dummer R, Becker JC, Poulalhon N, Ortiz Romero P, Grazia Bernengo M, et al.
Panobinostat activity in both bexarotene-exposed and -naive patients with refractory
cutaneous T-cell lymphoma: results of a phase II trial. Eur J Cancer. 2013;49:386-94.

5. Mann BS, Johnson JR, Cohen MH, Justice R, Pazdur R. FDA approval summary:
vorinostat for treatment of advanced primary cutaneous T-cell lymphoma. The Oncologist.
2007;12:1247-52.

6. Poole RM. Belinostat: first global approval. Drugs. 2014;74:1543-54.

7. Bhalla S, Balasubramanian S, David K, Sirisawad M, Buggy J, Mauro L, et al. PCI-24781
induces caspase and reactive oxygen species-dependent apoptosis through NF-kappaB
mechanisms and is synergistic with bortezomib in lymphoma cells. Clin Cancer Res.
2009;15:3354-65.

8. Rivera-Del Valle N, Gao S, Miller CP, Fulbright J, Gonzales C, Sirisawad M, et al. PCI24781, a Novel Hydroxamic Acid HDAC Inhibitor, Exerts Cytotoxicity and Histone Alterations
via Caspase-8 and FADD in Leukemia Cells. Int J Cell Biol. 2010;2010:207420.

9. Zhan Q, Tsai S, Lu Y, Wang C, Kwan Y, Ngai S. RuvBL2 Is Involved in Histone
Deacetylase Inhibitor PCI-24781-Induced Cell Death in SK-N-DZ Neuroblastoma Cells. PloS
One. 2013;8:e71663.
Page 20 of 34
Downloaded from clincancerres.aacrjournals.org on April 26, 2018. © 2015 American Association for Cancer
Research.

Author Manuscript Published OnlineFirst on October 19, 2015; DOI: 10.1158/1078-0432.CCR-15-0624
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Abexinostat in Mantle Cell and Follicular Lymphoma
10. Lopez G, Torres K, Liu J, Hernandez B, Young E, Belousov R, et al. Autophagic
survieval in resistance to histone deacetylase inhibitors: novel strategies to treat malignant
peripheral nerve sheath tumors. Cancer Res. 2011;71:185-96.

11. Sholler GS, Currier EA, Dutta A, Slavik MA, Illenye SA, Mendonca MC, et al. PCI-24781
(abexinostat), a novel histone deacetylase inhibitor, induces reactive oxygen speciesdependent apoptosis and is synergistic with bortezomib in neuroblastoma. J Cancer Ther
Res. 2013;2:21.

12. Adimoolam S, Sirisawad M, Chen J, Thiemann P, Ford JM, Buggy JJ. HDAC inhibitor
PCI-24781 decreases RAD51 expression and inhibits homologous recombination. Proc Natl
Acad of Sci USA. 2007;104:19482-7.

13. Park JM, Huang S, Tougeron D, Sinicrope FA. MSH3 mismatch repair protein regulates
sensitivity to cytotoxic drugs and a histone deacetylase inhibitor in human colon carcinoma
cells. PloS One. 2013;8:e65369.

14. National Cancer Institute N. Common Terminology Criteria for Adverse Events v3.0
(CTCAE). Cancer Therapy Evaluation Program, Cmmmon Terminology for Adverse Events,
Version 30. Bethesda, Maryland; 2009.

15. Cheson BD, Horning SJ, Coiffier B, Shipp MA, Fisher RI, Connors JM, et al. Report of an
international workshop to standardize response criteria for non-Hodgkin's lymphoma. J Clin
Oncol. 1999;17:1244-1253.

16. Morschhauser F, Terriou L, Coiffier B, Salles G, Kloos I, Tavernier N, et al. Abexinostat
(S78454/PCI-24781), an oral pan-histone deacetylase (HDAC) Inhibitor in patients with
refractory or relapsed Hodgkin's lymphoma, non-Hodgkin lymphoma and chronic
lymphocytic leukemia. Results of a phase I dose-escalation study in 35 patients [abstract].
Blood. 2012;120:3643.

Page 21 of 34
Downloaded from clincancerres.aacrjournals.org on April 26, 2018. © 2015 American Association for Cancer
Research.

Author Manuscript Published OnlineFirst on October 19, 2015; DOI: 10.1158/1078-0432.CCR-15-0624
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Abexinostat in Mantle Cell and Follicular Lymphoma
17. Undevia SD, Janisch L, Schilsky RL, Loury D, Balasubramanian S, Mani C, et al. Phase
I study of the safety, pharmacokinetics (PK) and pharmacodynamics (PD) of the histone
deacetylase inhibitor (HDACi) PCI-24781 [abstract].J Clin Oncol. 2008;26:14514.

18. Fouliard S, Robert R, Jacquet-Bescond A, du Rieu QC, Balasubramanian S, Loury D, et
al. Pharmacokinetic/pharmacodynamic modelling-based optimisation of administration
schedule for the histone deacetylase inhibitor abexinostat (S78454/PCI-24781) in phase I.
Eur J Cancer. 2013;49:2791-7.

19. Chalret du Rieu Q, Fouliard S, White-Koning M, Kloos I, Chatelut E, Chenel M.
Pharmacokinetic/Pharmacodynamic modeling of abexinostat-induced thrombocytopenia
across different patient populations: application for the determination of the maximum
tolerated doses in both lymphoma and solid tumour patients. Invest New Drugs.
2014;32:985-94.

20. Ghobrial IM, Campigotto F, Murphy TJ, Boswell EN, Banwait R, Azab F, et al. Results of
a phase 2 trial of the single-agent histone deacetylase inhibitor panobinostat in patients with
relapsed/refractory Waldenstrom macroglobulinemia. Blood. 2013;121:1296-303.

21. Ogura M, Ando K, Suzuki T, Ishizawa K, Oh SY, Itoh K, et al. A multicentre phase II
study of vorinostat in patients with relapsed or refractory indolent B-cell non-Hodgkin
lymphoma and mantle cell lymphoma. Br J Haematol. 2014;165:768-76.

22. Lane AA, Chabner BA. Histone deacetylase inhibitors in cancer therapy. J Clin Oncol.
2009;27:5459-68.

23. Brell JM. Prolonged QTc interval in cancer therapeutic drug development: defining
arrhythmic risk in malignancy. Prog Cardiovasc Dis. 2010;53:164-72.

24. Shah MH, Binkley P, Chan K, Xiao J, Arbogast D, Collamore M, et al. Cardiotoxicity of
histone deacetylase inhibitor depsipeptide in patients with metastatic neuroendocrine
tumors. Clin Cancer Res. 2006;12:3997-4003.

Page 22 of 34
Downloaded from clincancerres.aacrjournals.org on April 26, 2018. © 2015 American Association for Cancer
Research.

Author Manuscript Published OnlineFirst on October 19, 2015; DOI: 10.1158/1078-0432.CCR-15-0624
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Abexinostat in Mantle Cell and Follicular Lymphoma
25. Piekarz RL, Frye AR, Wright JJ, Steinberg SM, Liewehr DJ, Rosing DR, et al. Cardiac
studies in patients treated with depsipeptide, FK228, in a phase II trial for T-cell lymphoma.
Clin Cancer Res. 2006;12:3762-73.

26. Klimek VM, Fircanis S, Maslak P, Guernah I, Baum M, Wu N, et al. Tolerability,
pharmacodynamics, and pharmacokinetics studies of depsipeptide (romidepsin) in patients
with acute myelogenous leukemia or advanced myelodysplastic syndromes. Clin Cancer
Res. 2008;14:826-32.

27. Yong WP, Goh BC, Soo RA, Toh HC, Ethirajulu K, Wood J, et al. Phase I and
pharmacodynamic study of an orally administered novel inhibitor of histone deacetylases,
SB939, in patients with refractory solid malignancies. Ann Oncol. 2011;22:2516-22.

28. Cashen A, Juckett M, Jumonville A, Litzow M, Flynn PJ, Eckardt J, et al. Phase II study
of the histone deacetylase inhibitor belinostat (PXD101) for the treatment of myelodysplastic
syndrome (MDS). Ann Hematol. 2012;91:33-8.

29. Lynch DR, Jr., Washam JB, Newby LK. QT interval prolongation and torsades de
pointes in a patient undergoing treatment with vorinostat: a case report and review of the
literature. Cardiol J. 2012;19:434-8.

30. Mitsiades CS, Mitsiades NS, McMullan CJ, Poulaki V, Shringarpure R, Hideshima T, et
al. Transcriptional signature of histone deacetylase inhibition in multiple myeloma: biological
and clinical implications. Proc Natl Acad of Sci USA. 2004;101:540-5.

31. Ruefli AA, Ausserlechner MJ, Bernhard D, Sutton VR, Tainton KM, Kofler R, et al. The
histone deacetylase inhibitor and chemotherapeutic agent suberoylanilide hydroxamic acid
(SAHA) induces a cell-death pathway characterized by cleavage of Bid and production of
reactive oxygen species. Proc Natl Acad of Sci USA. 2001;98:10833-8.

Page 23 of 34
Downloaded from clincancerres.aacrjournals.org on April 26, 2018. © 2015 American Association for Cancer
Research.

Author Manuscript Published OnlineFirst on October 19, 2015; DOI: 10.1158/1078-0432.CCR-15-0624
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Abexinostat in Mantle Cell and Follicular Lymphoma
32. Witzig TE, Flinn IW, Gordon LI, Emmanouilides C, Czuczman MS, Saleh MN, et al.
Treatment with ibritumomab tiuxetan radioimmunotherapy in patients with rituximabrefractory follicular non-Hodgkin's lymphoma. J Clin Oncol. 2002;20:3262-9.

33. Friedberg JW, Cohen P, Chen L, Robinson KS, Forero-Torres A, La Casce AS, et al.
Bendamustine in patients with rituximab-refractory indolent and transformed non-Hodgkin's
lymphoma: results from a phase II multicenter, single-agent study. J Clin Oncol.
2008;26:204-10.

34. Lemoine M, Younes A. Histone deacetylase inhibitors in the treatment of lymphoma.
Discov Med. 2010;10:462-70.

Page 24 of 34
Downloaded from clincancerres.aacrjournals.org on April 26, 2018. © 2015 American Association for Cancer
Research.

Author Manuscript Published OnlineFirst on October 19, 2015; DOI: 10.1158/1078-0432.CCR-15-0624
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Abexinostat in Mantle Cell and Follicular Lymphoma

Table 1.
Phase II
Characteristic

Phase I*

FL

MCL

Total

(n = 25)

(n = 16)

(n = 14)

(N = 30)

Median

66

62

67

67

Range

32-79

36-81

59-77

36-81

Female

10 (40)

8 (50)

2 (14.3)

10 (33.3)

Male

15 (60)

8 (50)

12 (85.7)

20 (66.7)

Age, years

Gender, n (%)

Baseline ECOG Performance Status, n (%)
0

13 (52)

8 (53.3)

5 (35.7)

13 (44.8)

1

12 (48)

7 (46.7)

8 (57.1)

15 (51.7)

2

0

0

1 (7.1)

1 (3.4)

Median (Range)

9 (2-16)

3 (1-11)

7 (1-13)

5 (1-13)

Rituximab, n (%)

19 (76)

14 (87.5)

14 (100)

28 (93.3)

CHOP, n (%)

16 (64)

10 (62.5)

7 (50.0)

17 (56.7)

Auto-SCT, n (%)

9 (36)

5 (31.3)

5 (35.7)

10 (33.3)

Prior treatments

Abbreviations:

Auto-SCT,

autologous

stem

cell

transplantation;

CHOP,

cyclophosphamide, hydroxydaunomycin, Oncovin (vincristine), prednisone/prednisolone;
ECOG, Eastern Cooperative Oncology Group; FL, follicular lymphoma; MCL, mantle cell
lymphoma.
*Histologies: Diffuse large B-cell lymphoma (n = 10), FL (n = 4), Hodgkin lymphoma (n =
3), angioimmunoblastic T-cell lymphoma (n = 2), chronic lymphocytic leukemia/small
lymphocytic lymphoma (n = 2), MCL (n = 2), cutaneous T-cell lymphoma (n = 1), and
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extranodal marginal zone B-cell lymphoma, malt type (n = 1).
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Table 2.

BID Dose Levela
(schedule)

Cohort

30 mg/m2

45 mg/m2

45 mg/m2

60 mg/m2

(days 1-5, 8-12,

(days 1-5,

(days 1-7,

(days 1-7,

15-19)

8-12, 15-19)

15-21)

15-21)

1

2

3

4

(n=5)

(n=7)

(n=3)

(n=9)

1.00 (0.917, 2.00)

1.08 (1.00, 1.18)

1.03 (1.00, 2.08)

1.00 (0.667, 2.17)

0.185 (0.075)

0.339 (0.245)

0.226 (0.088)

0.295 (0.155)

0.409 (0.085)b

0.630 (0.424)

0.440 (0.107)

0.693 (0.427)

Tmax (h)
Median (min, max)
Cmax (µM)
Mean (SD)
AUC(0-4) (µM·h)
Mean (SD)
a

Administered within 28-day cycles.

b

N=4.

Tmax = time to maximum drug concentration, Cmax = maximum observed drug concentration,
AUC(0-4) = drug concentration-time curve from 0 to 4 hours
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Table 3.
Any-grade adverse events occurring in >20% of patients
Patients with event, n (%)

FL
(n=16)

MCL
(n=14)

Total
(N=30)

Nausea

12 (75.0)

7 (50.0)

19 (63.3)

Fatigue

10 (62.5)

8 (57.1)

18 (60.0)

Diarrhea

8 (50.0)

7 (50.0)

15 (50.0)

Thrombocytopenia

10 (62.5)

4 (28.6)

14 (46.7)

Cough

6 (37.5)

7 (50.0)

13 (43.3)

Vomiting

8 (50.0)

3 (21.4)

11 (36.7)

Constipation

7 (43.8)

3 (21.4)

10 (33.3)

Decreased appetite

5 (31.3)

3 (21.4)

8 (26.7)

Headache

5 (31.3)

3 (21.4)

8 (26.7)

Peripheral edema

3 (18.8)

5 (35.7)

8 (26.7)

Anemia

4 (25.0)

4 (28.6)

8 (26.7)

Neutropenia

4 (25.0)

3 (21.4)

7 (23.3)

Dysgeusia

4 (25.0)

3 (21.4)

7 (23.3)

Sinusitis

3 (18.8)

4 (28.6)

7 (23.3)

Insomnia

5 (31.3)

1 (7.1)

6 (20.0)

Chills

1 (6.3)

5 (35.7)

6 (20.0)

Grade 3 or 4 adverse events occurring in more than one patient
Thrombocytopenia

3 (18.8)

3 (21.4)

6 (20.0)

Fatigue

2 (12.5)

3 (21.4)

5 (16.7)

Neutropenia

2 (12.5)

2 (14.3)

4 (13.3)

0 (0)

2 (14.3)

2 (6.7)

Performance status decrease

1 (6.3)

1 (7.1)

2 (6.7)

Arthralgia

1 (6.3)

1 (7.1)

2 (6.7)

Hyperglycemia

Treatment-emergent adverse events (AEs) are events with onset dates on or after the
start of treatment and up to 30 days after the last dose date, or continuing AEs diagnosed
before the start of treatment and getting worse in grade or relationship to treatment after
the start of treatment. Counts and percentages are of patients, not events.
Abbreviations: FL, follicular lymphoma; MCL, mantle cell lymphoma.
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Table 4.
FL

MCL

Total

(n = 14)

(n = 11)

(N = 25)

9 (64.3)

3 (27.3)

12 (48)

35.1, 87.2

6.02, 61.0

27.8, 68.7

CR

1 (7.1)a

0

1 (4)

PR

8 (57.1)

3 (27.3)

11 (44)

SD

3 (21.4)

4 (36.4)

7 (28)

PD

2 (14.3)

4 (36.4)

6 (24)

625

120

625

(36-679+)

(4-349+)

(4-679+)

Category, n (%)
ORR
95% CI

Median time to progression, days
(range)
a

CR was confirmed by positron emission tomography.

Abbreviations: FL, follicular lymphoma; MCL, mantle cell lymphoma; CI, confidence interval;
ORR, overall response rate (CR+PR); CR, complete response; PR, partial response; SD,
stable disease; PD, progressive disease.
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Table and Figure Legends
Table 1. Patient characteristics.

Table 2. Plasma PCI-24781 PK parameters following oral administration of PCI
24781 on day 1 by cohort (phase 1 pharmacokinetics evaluable population).

Table 3. Treatment-emergent adverse events in phase II.

Table 4. Clinical responses in efficacy-evaluable patients, phase II.

Figure 1. Abexinostat pharmacodynamic correlative analyses. Mean foldincrease of normalized acetylated tubulin post-dosed compared with pre-dose in (A)
Phase I, and, (B) Phase II. * indicates statistically significant increase relative to the
30 mg/m2 twice-daily dose (P=.0053)

Figure 2. Patient outcomes in phase II. (A) Best on-treatment percent changes in
the sum of greatest perpendicular diameters (SPD) of measured lymph nodes.
Asterisks indicate values outside of the plot. (B) Time on study with best responses,
phase II ITT population. Asterisks represent patients with >75% reduction in SPD.
CR, complete response; IND, ongoing; NA, not applicable; PD, progressive disease;
PR, partial response; SD, stable disease. (C) Kaplan-Meier plot for progression-free
survival, phase II efficacy-evaluable population
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Figure 1.

A

B
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Figure 2.

A
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