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Inhibiting Histone Deacetylase as a Means to Reverse
Resistance to Angiogenesis Inhibitors: Phase I Study of
Abexinostat Plus Pazopanib in Advanced Solid
Tumor Malignancies
Rahul Aggarwal, Scott Thomas, Nela Pawlowska, Imke Bartelink, Jennifer Grabowsky, Thierry Jahan, Amy Cripps,
Armand Harb, Jim Leng, Anne Reinert, Ilaria Mastroserio, Thach-Giao Truong, Charles J. Ryan, and Pamela N.
Munster

A B S T R A C T

Purpose
This phase I trial evaluated epigenetic modulation of vascular endothelial growth factor (VEGF) and
hypoxia-inducible factor by using a histone deacetylase abexinostat in combination with pazopanib
to enhance response and reverse resistance.

Patients and Methods
Pazopanib was administered once a day on days 1 to 28 and abexinostat was administered orally
twice a day on days 1 to 5, 8 to 12, and 15 to 19 (schedule A) or on days 1 to 4, 8 to 11, and 15 to 18
(schedule B). Dose escalation (3 + 3 design) in all solid tumors was followed by dose expansion in
renal cell carcinoma (RCC).

Results
Fifty-one patients with RCC (N = 22) were enrolled, including 30 (59%) with one or more lines of prior
VEGF-targeting therapy. Five dose-limiting toxicities, including fatigue (n = 2), thrombocytopenia (n = 2),
and elevated AST/ALT (n = 1), were observed with schedule A; one dose-limiting toxicity was observed
(elevated AST/ALT) was observed with schedule B. Grade$ 3 related adverse events included fatigue
(16%), thrombocytopenia (16%), and neutropenia (10%). The recommended phase II dose was
established as abexinostat 45mg/m2 twice a day administered per scheduleB plus pazopanib 800mg/d.
Objective response ratewas 21%overall and 27% in theRCCsubset.Median duration of responsewas
9.1 months (1.2 to. 49 months). Eight patients (16%) had durable control of disease for. 12 months.
Durable tumor regressions were observed in seven (70%) of 10 patients with pazopanib-refractory
disease, including one patients with RCC with ongoing response. 3.5 years. Peripheral blood histone
acetylation and HDAC2 gene expression were associated with durable response to treatment.

Conclusion
Abexinostat is well tolerated in combination with pazopanib, allowing prolonged exposure and
promising durable responses in pazopanib- and other VEGF inhibitor-refractory tumors, which
supports epigenetically mediated reversal of treatment resistance.

J Clin Oncol 35:1231-1239. © 2017 by American Society of Clinical Oncology

INTRODUCTION

Pazopanib is a multityrosine kinase inhibitor of
vascular endothelial growth factor receptor (VEGFR)
and other growth factor receptors and is approved
for use in renal cell carcinoma (RCC) and soft
tissue sarcoma1-3; however, treatment resistance
to pazopanib is inevitable, and continued VEGF
pathway blockade in RCC has modest activity and
durable responses are uncommon.4,5 Agents that

reverse resistance and/or prolong sensitivity to
VEGF-targeting treatment would translate into
a significant clinical benefit in these malignancies.

Proangiogenic, VEGF-driven tumors adapt
to the presence of angiogenesis inhibitors to
functionally evade therapeutic effect. One of
the implicated mechanisms is hypoxia-driven,
histone deacetylase (HDAC) –mediated over-
expression and post-translational stabilization
of hypoxia-inducible factor (HIF)-1a, a potent
proangiogenic factor that directly regulates VEGF
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expression.6 HDAC inhibition significantly downregulates HIF-1a
protein expression in hypoxic conditions; combined pazopanib and
HDAC inhibition showed additive or synergistic effect across a va-
riety of VEGF-driven tumors as well as reversal of resistance when
added to pazopanib-resistant cancer cell lines.7

These observations made with other HDAC inhibitors—
combined with studies that have demonstrated that single-agent
abexinostat is a potent, pan-HDAC inhibitor with favorable phar-
macokinetic profile and no expected drug-drug interactions with
pazopanib on the basis of differing metabolic pathways (pazopanib
predominantly via CYP3A4 and abexinostat via glucuronidation)—
led to the initiation of a phase Ib study of abexinostat plus pazopanib
in patients with advanced solid tumor malignancies, with an ex-
pansion cohort in RCC.8,9 A key objective was to test for potential
resistance reversal in tumors that were refractory to prior pazopanib
and other VEGF-targeting therapies.

PATIENTS AND METHODS

Patient Population
Patients were required to have an Eastern Cooperative Oncology

Group performance status of # 1, absolute neutrophil count . 1.5 3
109/L, total bilirubin , 1.53 upper limit of normal, creatinine , 1.53
upper limit of normal or creatinine clearance . 50 mL/min, and blood
pressure , 140/90 mm Hg with use of antihypertensive therapy as in-
dicated. Any number of prior lines of systemic therapy was allowed,
including prior pazopanib. Patients with advanced solid tumor malig-
nancies were enrolled in dose escalation; dose expansion was restricted to
patients with RCC of any histologic subtype. Measurable disease by
Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 criteria was
required in dose expansion. Key exclusion criteria were recent major
surgery or radiation, untreated brain metastases, or recent major car-
diovascular or thrombotic event.

Study approval was obtained from the institutional review board at
the University of California, San Francisco, and regulatory authorities
(clinical trial information: NCT01543763). All patients gave written in-
formed consent. The study followed the Declaration of Helsinki and good
clinical practice guidelines.

Study Design
The study was designed as a phase Ib, open-label, dose-escalation/

expansion trial of abexinostat in combination with pazopanib. There was
a 1-week run-in period with abexinostat, followed by combination dose
administration on a 28-day treatment cycle, continuing until disease pro-
gression, unacceptable toxicity, or study withdrawal. Abexinostat was ad-
ministered orally twice a day on days 1 to 5, 8 to 12, and 15 to 19 (schedule A)
and later amended as a result of observed toxicity to evaluate a 4-day-per-week
schedule: days 1 to 4, 8 to 11, and 15 to 18 (schedule B). Pazopanib was
administered orally once a day.

Dose escalation proceeded using a 3 + 3 design. A dose-limiting toxicity
(DLT) was defined as any grade $ 3 nonhematologic, treatment-related,
adverse event; grade 4 neutropenia lasting . 7 days or grade $ 3 febrile
neutropenia; grade 3 thrombocytopenia with bleeding or grade 4 throm-
bocytopenia; and failure to administer at least 75% of doses in cycle one
because of treatment-related toxicity. Patients whomissed. 25% of doses as
a result of reasons other than treatment-related toxicity were replaced.

Safety and Efficacy Assessments
Clinical and laboratory assessments were conducted at baseline and

once a week during cycle one and once per cycle thereafter. Tumor as-
sessment was performed every two cycles for the first six cycles, then every

three cycles thereafter. Adverse events were graded by using Common
Toxicity Criteria version 4.0.

Pharmacodynamic Assessments
Peripheral bloodmononuclear cells (PBMCs) were isolated fromwhole

blood collected predose and 4 hours postdose on cycle one day 27 and day
24. PBMC histone H4 acetylation—normalized to pan-H3 expression—was
determined by Western blot as previously described.10 PBMC HDAC2 and
HDAC6 gene expression levels, normalized to the housekeeper gene GAPDH
(glyceraldehyde 3-phosphate dehydrogenase), were determined at baseline.
Plasma VEGF levels were measured predose on cycle one day 27, day 24,
and day +4.

Pharmacokinetic Assessments
Abexinostat plasma concentrations were measured predose and up

to 4 hours postdose during the lead-in phase on cycle one day 27 and
day 24, as well as in combination with pazopanib on cycle one day 4.
Plasma concentrations were determined by using high-performance
liquid chromatography–tandem mass spectrometry (lower limit of
quantification = 1 ng/mL).

Individual pharmacokinetic parameters for maximum serum con-
centration , area under the concentration-time curve (AUC) at day24 and

Table 1. Baseline Patient Characteristics and Patient Disposition

Variable Study Cohort (N = 51)

Baseline characteristic
Median age (range), years 60 (24-78)
Gender, No. (%)
Male 31 (61)
Female 20 (39)

Race/ethnicity, No. (%)
White 35 (69)
Asian 7 (14)
Hawaiian/Pacific Islander 1 (2)
African American 2 (4)
Hispanic 6 (12)

ECOG performance status, No. (%)
0 6 (12)
1 45 (88)

Tumor histology, No. (%)
Renal cell carcinoma 22 (43)
Neuroendocrine tumor 6 (12)
Sarcoma 6 (12)
Ovarian cancer 4 (8)
Other 13 (25)

No. of lines of prior therapy, No. (%)
0 3 (6)
1 11 (22)
2 14 (27)
3 5 (10)
4 9 (18)
$ 5 9 (18)

Prior progression receiving
VEGF-targeting therapy, No. (%)

30 (59)

Prior progression receiving pazopanib, No. (%) 10 (20)
Patient disposition

No. of patients enrolled per cohort, No. (%)
Escalation cohort 36 (71)
Expansion cohort 15 (29)

Reasons for study discontinuation, No. (%)
Disease progression 39 (76)
Withdrawal of consent 5 (10)
Adverse event 2 (4)
Therapy ongoing 5 (10)

Abbreviations: ECOG, Eastern Cooperative Oncology Group; VEGF, vascular
endothelial growth factor.
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day 4 and were estimated using a previously published pharmacokinetic
model of abexinostat.11 Nonlinear mixed-effects modeling was used for
analysis (NONMEM VII Software; ICON Development Solutions, San
Antonio, TX).

Study Objectives and Statistical Methods
The primary study objective was to determine the maximally tol-

erated dose and recommended phase II dose and schedule of abexinostat
in combination with pazopanib. Secondary objectives included efficacy,
safety, and characterization of pharmacokinetic and pharmacodynamic
profiles. Pearson’s method was used to determine the correlation be-
tween PBMC histone acetylation, abexinostat plasma concentration, and
plasma VEGF levels. Kruskal-Wallis and Mann-Whitney tests were used
to compare baseline PBMC HDAC2 and HDAC6 expression, as well as
change from baseline in total WBC count, in subgroups of patients defined
by duration of response (, 6 months or no response v 6 to 12 months v
. 12 months). Kaplan-Meier product limit method and log-rank test were
used to compare progression-free survival between low versus high PBMC
HDAC2 expressors.

RESULTS

Study Population
Fifty-one patients enrolled, including 36 patients with any

solid tumor malignancy in dose escalation and 15 patients with
RCC in dose expansion. Baseline characteristics are listed in
Table 1. The majority of patients (72%) had received two or more
lines of therapy in the locally advanced or metastatic setting.
Thirty patients (59%) had experienced disease progression on
one or more prior VEGF-targeting agents, and of those patients,
10 (20%) had experienced prior progression on pazopanib, in-
cluding five patients with primary refractory disease. Median
interval between last dose of prior VEGF-targeting therapy
and start of study treatment was 3.8 months (range, 0.5 to
110 months).

Patient disposition is listed in Table 1. The majority (76%) of
patients discontinued study therapy as a result of disease progres-
sion. Five patients withdrew consent and five remain on study
treatment with ongoing response or stable disease for. 12 months.

Determination of Maximally Tolerated Dose and
Recommended Phase II Dose

With schedule A of abexinostat dosing, a total of 22 pa-
tients were enrolled across four dose levels (Table 2). Among 20
evaluable patients, five (25%) experienced DLTs, which were
fatigue (n = 2), thrombocytopenia (n = 2), and elevated liver
transaminases with fever (n = 1). The maximum tolerated dose of
abexinostat with schedule A dose administration was determined
to be 30 mg/m2 twice a day in combination with pazopanib
600 mg once a day.

As a result of the observed toxicities with this schedule, an
alternative dosing schedule was used with the goal of maintain-
ing high cumulative weekly dosing of abexinostat with a shorter
dose administration interval: 4 days per week (schedule B). With
schedule B, only one (8%) in 12 patients experienced a DLT (grade
3 elevated AST/ALT), and the maximally tolerated dose was not
reached (Table 2). The recommended phase II dose and schedule
was pazopanib 800 mg once a day and abexinostat 45 mg/m2 twice
a day for 4 and 7 days, respectively, and 3 and 4 weeks, respectively,
thus reaching the approved dose of pazopanib and recommended
phase II dose of single-agent abexinostat.9 No DLTs were seen in
the expansion cohort, validating the recommended phase two dose
level/schedule.

Safety Results
The most common treatment-related adverse events of any

grade were as follows: fatigue (71%), diarrhea (45%), decreased
appetite (41%), and nausea (39%) (Appendix Table A1, online
only). Grade $ 3 adverse events were fatigue (16%), thrombo-
cytopenia (16%), neutropenia (10%), anemia (10%), diarrhea
(10%), and elevated AST/ALT (4%). There were no episodes of
febrile neutropenia or clinically significant bleeding. One patient
experienced grade 3 hypertension. There were no treatment-related
grade 5 adverse events. Dose reductions and/or interruptions were
fairly common (43%); however, only two patients (4%) discontinued
study treatment because of adverse events, and prolonged dose
administration was feasible in patients who experienced long-term
response.

Table 2. Dose-Limiting Toxicities and Determination of Maximally Tolerated and Recommended Phase II Dose

Pazopanib
Dose, mg Daily

Abexinostat Dose,
mg/m2 Twice Daily

Abexinostat
Schedule Cohort No. of Patients

No. of
DLTs DLT Description

600 45 Schedule A: days 1-5,
8-12, and 15-19 of a
28-day cycle

Escalation: Schedule A 4 2 Grade 3 thrombo-cytopenia
(n = 2)

400 30 Escalation: Schedule A 6 1 Grade 3 fatigue
600* 30* Escalation: Schedule A 4 0 None
800 30 Escalation: Schedule A 6 evaluable (2 patients

replaced)
2 Grade 3 fatigue; grade 2

AST and fever
600 45 Schedule B: days 1-4,

8-11, and 15-18 of a
28-day cycle

Escalation: Schedule B 6 1 Grade 3 AST/ALT

800† 45† Escalation: Schedule B 6 evaluable (2 patients
replaced)

0 None

800† 45† Expansion: Schedule B 15 0 None

Abbreviation: DLT, dose-limiting toxicity.
*Maximally tolerated dose of the combination with schedule A.
†Recommended phase II dose and schedule.
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Efficacy Analyses
The maximum percent change from baseline in tumor

measurements is shown in Fig 1A. Of 51 patients, 43 had mea-
surable disease and were evaluable for response, five patients
withdrew consent for reasons other than progression before first
tumor assessment, and three patients were removed as a result of
DLTs in cycle one. Nine patients (21%) achieved objective tumor
response: RCC (n = 6), thyroid cancer (n = 2), and mesothelioma
(n = 1). Among the 10 patients who had experienced disease
progression on prior pazopanib monotherapy, seven (70%) had
tumor regressions while participating in the study. Of 28 patients
who were evaluable for response with prior progression on one or
more VEGF-targeting therapies, 19 (68%) experienced tumor

regressions on combination study treatment, including six patients
(21%) with an objective tumor response. Responses were quite
durable, with a median duration of response of 9.1 months (1.2
to $ 44 months) and clinical benefit rate (partial response plus
stable disease . 6 months) in 16 (37%) of 43 patients (Fig 1B).
Overall, eight patients experienced disease stabilization or durable
tumor response for . 12 months, including five patients who
remain on study treatment. The majority of patients with durable
response had experienced progression on prior VEGF-targeting
therapy.

The subset of patients with RCC (n = 22) had received an
average of 2.5 lines of prior therapy and 1.6 lines of prior VEGF-
targeting treatment, including 10 patients (45%) with prior
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Fig 1. Summary of efficacy in dose es-
calation and expansion cohorts. (A) Maxi-
mal percent change from baseline in tumor-
measurement-evaluable patients (n = 43).
Confirmed objective responses were ob-
served in 9 (21%) of 43 evaluable patients,
including six patientswith prior progresssion
receiving one or more VEGF-targeting ther-
apies. (B) Duration of response in the dose
escalation and renal cell expansion cohorts.
Median duration of response was 9.1 months
(range, 1.2 to$ 44months) and clinical benefit
rate (partial response plus stable disease . 6
months) was observed in 16 (37%) of 43
patients. Eight patients achieved excep-
tional response defined as response duration
of . 12 months. Adr CC, adrenocortical car-
cinoma; HNSCC, head and neck squamous
cell carcinoma; Meso, mesothelioma; NET,
neuroendocrine tumor; RCC, renal cell carci-
noma; TNBC, triple-negative breast cancer;
VEGF, vascular endothelial growth factor.
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progression on pazopanib monotherapy. In this heavily pre-
treated cohort, objective response rate was 6 (27%) of 22 pa-
tients, and median duration of response was 10.5 months
(range, 3.1 to $ 44 months). Three patients with prior primary
refractory disease to pazopanib monotherapy achieved durable
minor or partial responses . 12 months with pazopanib plus
abexinostat. Response rate by histologic subtype was 5 (31%) of
16 patients with tumors with a clear cell component and 1
(17%) of 6 in those patients who were classified as having
papillary histology.

Eight patients were classified as achieving durable response to
treatment (response . 12 months). Five patients (63%) had ex-
perienced prior progression on at least one line of VEGF-directed
therapy. Figure 2 highlights one patient with clear cell RCC who
experienced initial response, then progression on first-line suni-
tinib, then had primary refractory disease to the next three lines of
VEGF-targeting systemic therapy, including sorafenib, pazopanib,
and bevacizumab. Upon treatment with the combination of pazo-
panib plus abexinostat, there was an immediate tumor response
and the patient remains on study with ongoing partial response
for . 3.5 years’ duration.

Pharmacokinetic Analyses
Thirty-three patients were evaluable for pharmacokinetic

assessment. Abexinostat plasma concentrations are shown in
Fig 3A. Abexinostat exposures were similar to previously pub-
lished data.11 No significant change in abexinostat exposure in
combination with pazopanib (cycle one, day 4) was observed
compared with abexinostat alone (cycle one, day 27 to 24; Fig
3A). Pharmacokinetic modeling to estimate abexinostat maxi-
mum serum concentration and AUC suggests no significant
difference in exposure by dose level adjusted for body surface
area (Fig 3B).

Pharmacodynamic Analyses and Association With
Pharmacokinetic Parameters and Clinical Outcomes

Of 45 evaluable patients with PBMC histone H4 acetylation
assessment at baseline and after initiation of abexinostat admin-
istration, 38 (84%) had a two-fold or greater increase from baseline
in PBMC histone acetylation, which supports an on-target drug
effect at dosing levels evaluated in the current study. The assigned
abexinostat dose level did not significantly impact acetylation;
however, change from baseline in PBMC histone acetylation was
significantly correlated with abexinostat concentration at 4 hours
postdose on day24 (r2 = 0.45; P = .0094; Appendix Fig A1, online
only).

In patients with RCC, change from baseline in PBMC histone
acetylation was significantly inversely correlated with change in
plasma VEGF levels after 4 days of lead-in treatment with abex-
inostat monotherapy (r2 = 0.35; P = .01; Appendix Fig A2, online
only). This effect persisted on day +4 after addition of pazopanib.

Multiple exploratory analyses were performed to identify
potential factors associated with exceptional response (response
. 12months), including pharmacokinetic parameters, abexinostat
dose level, and pharmacodynamic markers. Baseline PBMC
HDAC2 gene expression was the strongest predictive factor, which
was highest in those who experienced response for . 12 months,
intermediate in those with 6 to 12month duration of response, and
lowest among those with no response or response , 6 months
(mean HDAC2 expression: response . 12 months, 1.07 6 0.19;
response duration 6 to 12 months, 0.62 6 0.18; response
, 6 months or no response, 0.416 0.08; Pfor interaction = .0025; Fig
4A). This pattern was not observed with baseline PBMC HDAC6
expression (P = .898; Fig 4B). Time to disease progression was
significantly correlated with both PBMC HDAC2 expression
(P = .0019) and fold change in PBMC histone H4 acetylation
(P = .003; data not shown). Progression-free survival in patients
with high PBMC HDAC2 expression (. 0.4) was significantly

Prior Therapies and Treatment Dates

1) Sunitinib (partial response then progression): Nov 2010-Aug 2011

2) Everolimus (primary refractory): Aug 2011-Oct 2011

3) Sorafenib (primary refractory): Nov 2011-Apr 2012

4) Pazopanib (primary refractory): May 2012-Aug 2012

5) Bevacizumab (primary refractory): Aug 2012-Oct 2012

6) Pazopanib + abexinostat (partial response > 49 months): Dec 2012-ongoing

Pazopanib + abexinostatSunitinib E S P B

2011 2012 2013 2014 2015 2016 2017

Baseline Cycle 36: Year 3

Fig 2. Durable response in patient with
treatment-refractory clear cell renal cell carci-
noma. Patient had previously experienced pro-
gression receiving five systemic lines of therapy
for kidney cancer, including four prior VEGF-
targeting therapies. His cancer was primary re-
fractory to prior pazopanib monotherapy. Upon
initiation of study treatment with pazopanib in
combination with abexinostat in December 2012,
the patient experienced a rapid and deep response
to treatment with ongoing response for . 3.5
years. B, bevacizumab; E, everolimus; P, pazopanib
monotherapy; S, sorafenib.
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longer than in those with low expression (median, 5.9 months v
3.5months; hazard ratio, 0.41; 95%CI, 0.17 to 0.67; P= .0034; Fig 4C).
Similarly, decrease in total WBCs on day 8 compared with baseline
was only observed in patients with response duration. 6 months,
but not in those with no response or response , 6 months
(P = .0029; Fig 4D). There was no association between abexinostat
exposure or dose level with response or progression-free survival
(data not shown).

DISCUSSION

Pazopanib and other VEGF-targeting agents have shown signifi-
cant clinical activity in multiple tumor types, yet resistance to
treatment is universal. In the current study, we performed the first
clinical trial, to our knowledge, to test the hypothesis that

epigenetic modification with HDAC inhibition may provide the
means to recapture response and reverse resistance to pazopanib in
RCC and other solid tumor malignancies. The approved single-
agent dose of pazopanib was safely combined with abexinostat at its
recommended phase II single-agent dose. Prolonged dose ad-
ministration was feasible with maintenance of weekly cumulative
exposure upon adoption of a 4 day per week abexinostat dose
administration schedule. Sustained responses and stable disease
$ 6 months were observed in a significant subset of patients with
VEGF- and pazopanib-refractory disease, which provides strong
support for the ability of HDAC inhibition to restore and enhance
response to VEGF-targeting therapy.

Treatment rechallenge and continued blockade of the VEGF
signaling pathway has been observed in RCC in 10% to 15% of
patients who have been previously exposed to VEGF inhibitors;
however, responses are typically short.12,13 In the current study,
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B

Fig 3. Summary of abexinostat pharmacokinetics.
(A) Raw plasma concentrations of abexinostat by
dose level. Median and interquartile range of ob-
served concentrations presented by occasion and
dose level is shown. Abexinostat concentrations at
first dose without pazopanib (C1D-7, blue triangles,
dotted blue line); at steady state concentration (Css)
without pazopanib (C1D-4, gold circles, gold line); at
Css with pazopanib (C1D + 4 gray squares, dashed
gray line). (B) Estimated pharmacokinetic para-
meters of abexinostat. Median area under the
concentration-time curve (AUC; ng*h/L) and median
maximum serum concentration (Cmax; ng/mL) and
95% CIs are presented. (*)Individual pharmacoki-
netic parameters AUC and Cmax were estimated by
using the population pharmacokinetic parameters of
abexinostat as previously described.11 Cmax, maxi-
mum serum concentration.
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durability of the observed tumor regressions in 70% of patients
with documented acquired and primary pazopanib resistance
suggests a treatment effect that extends beyond continued blockade
of the VEGF pathway with pazopanib and supports the potential
of HDAC inhibition as a means to reverse resistance to VEGF-
directed therapy in a subset of patients. Conversely, although the
possibility exists that single-agent abexinostat activity solely drove
responses observed in treatment-refractory tumors, the notable
lack of durable responses in previous single-agent HDAC inhibitor
studies in advanced solid tumor malignancies suggests that it is
more likely that the combination of HDAC inhibition plus con-
tinued VEGF pathway blockade is required to recapture treatment
response.14-16 Whether HDAC inhibition can enhance response to
pazopanib or reverse primary and acquired resistance will be fur-
ther studied in a planned randomized study with crossover design
in RCC.

In determining the predictive factors associated with sustained
tumor response, this study provides further evidence that host
factors predispose patients to increased sensitivity to HDAC in-
hibitor treatment. In a prior study of panobinostat in combination
with chemotherapy, greater fold induction of histone acetylation
in PBMCs—and not panobinostat dose level or exposure—was
predictive of clinical benefit.17 Likewise, in the current study, host
factors and, in particular, baseline PBMCHDAC2 expression—rather
than abexinostat dose level or drug exposure—were strongly
associated with durable response. Review of the multiple data
sets in the Cancer Genome Atlas (TCGA) suggests that somatic
HDAC2 mutations and amplification are rare in RCC and other
solid tumor malignancies.18 Hence, host factors linked to HDAC
expression and acetylation status, rather than somatic genomic
alteration of HDAC2 in tumors, seem to explain the clinical
benefit.
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Fig 4. Biomarkers predictive of response to therapy. (A) Peripheral blood mononuclear cell (PBMC) histone deacetylase 2 (HDAC2) expression levels by subgroups of
patients categorized by duration of response. Kruskal-Wallis test for comparison across three groups: P = .0025. Mean (6 standard error of the mean [SEM]) values are as
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test for three-way comparison, P = .39. Mann-Whitney test for pairwise comparisons:, 6 months v . 6 to, 12 months, P = .23;, 6 months and. 12 months, P = .59.
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The putative mechanism of action via epigenetically mediated
downregulation of HIF-1a and VEGF expression is supported
by pharmacodynamic analyses. Downregulation of plasma VEGF
levels—a direct transcriptional target of HIF-1a—was significantly
correlated with induction of PBMC histone acetylation, a validated
biomarker of HDAC inhibition.19 HDAC2 is the central HDAC
enzyme that directly regulates VEGF expression via binding to its
promoter; inhibition of HDAC2 suppresses VEGF expression and
angiogenesis.20,21 In contrast, HDAC6 is a microtubule-associated
cytoplasmic HDAC that does not affect VEGF or HIF-1a ex-
pression.22 The differential mechanism of cellular localization and
function may explain why expression of HDAC2, and not HDAC6,
was strongly associated with durable treatment responses in the
current study. Tissue-based analyses of HIF-1a and VEGF ex-
pression are planned in the upcoming randomized phase II study.

The safety profile of the treatment combinationwas consistent
with prior single-agent studies of the two agents.1,9 The dosing
schedule had a clear impact on treatment tolerability; shortening
the treatment interval from 5 to 4 days per week, with maintenance
of weekly cumulative dose exposure, led to substantially lower
toxicities while maintaining response.11,23

Themain limitations of the study pertain to the lack of a control
group and absence of tissue-based correlative assays precluding the
ability to understand changes in patterns of gene expression that
may be associated with durable response to treatment. These lim-
itations will be addressed in planned randomized patient studies.

In conclusion, addition of HDAC inhibitor abexinostat to
pazopanib is well tolerated and resulted in strikingly durable re-
sponses in patients who experienced prior progression during
treatment with VEGF inhibitors, including pazopanib-refractory
RCC. PBMC HDAC2 expression was strongly associated with re-
sponse, which suggests that host factors are most predictive of
sensitivity to HDAC inhibition. Randomized studies are planned
in clear cell RCC and other solid tumors.
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Fig A1. Correlation between induction in peripheral blood mononuclear cell
(PBMC) histone acetylation with exposure to abexinostat on day 24. Correlation
between induction of PBMC histone acetylation at 4 hours postdose and abex-
inostat concentration on day 24 (R2 = 0.45; P = .0094). AcH4, acetylated H4
expression relative to pan H3 expression; Cmax, serum concentration of abexinostat
4 hours postdose. Cmax, maximum serum concentration.
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Fig A2. Correlation between induction in peripheral blood mononuclear cell (PBMC)
histone acetylation with plasma vascular endothelial growth factor (VEGF) levels in
patients with renal cell carcinoma. Correlation between fold increase in PBMC histone
acetylation and ratio of post-treatment to pretreatment plasma VEGF levels among
patients with renal cell carcinoma (Pearson’s r = 20.59; P = .01).
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Table A1. Summary of Related Adverse Events (any grade) by Dose Level and Schedule

Adverse Event

Schedule A Schedule B

Total
(n = 51)

PAZ 600 + ABX 45
(n = 4)

PAZ 400 + ABX 30
(n = 6)

PAZ 600 + ABX 30
(n = 4)

PAZ 800 + ABX 30
(n = 8)

PAZ 600 + ABX 45
(n = 6)

PAZ 800 + ABX 45
(n = 23)

Fatigue 2 (50) 5 (83) 3 (75) 6 (75) 4 (67) 16 (70) 36 (71)
Diarrhea 2 (50) 4 (67) 0 3 (38) 3 (50) 11 (48) 23 (45)
Anorexia 1 (25) 3 (50) 1 (25) 6 (75) 2 (33) 8 (35) 21 (41)
Nausea 2 (50) 4 (67) 1 (25) 4 (50) 0 9 (39) 20 (39)
Hypertension 1 (25) 2 (33) 1 (25) 1 (13) 1 (17) 9 (39) 15 (29)
Vomiting 0 2 (33) 2 (50) 2 (25) 0 8 (35) 14 (27)
Weight loss 0 1 (17) 1 (25) 1 (13) 1 (17) 4 (17) 8 (16)
Thrombocytopenia 3 (75) 1 (17) 0 0 1 (17) 2 (9) 7 (14)
Hypothyroidism 1 (25) 1 (17) 0 0 0 4 (17) 6 (12)
Constipation 2 (50) 1 (17) 1 (25) 0 0 2 (9) 6 (12)
Neutropenia 2 (50) 1 (17) 0 0 0 3 (13) 6 (12)
Elevated AST/ALT 1 (25) 1 (17) 1 (25) 0 2 (33) 0 5 (10)
Rash 1 (25) 2 (33) 0 0 0 2 (9) 5 (10)
Dyspepsia 0 0 1 (25) 0 1 (17) 3 (13) 5 (10)
Dyspnea 0 1 (17) 0 1 (13) 1 (17) 1 (4) 4 (8)
Headache 1 (25) 0 1 (25) 0 1 (17) 1 (4) 4 (8)
Mucositis 0 0 0 0 0 4 (17) 4 (8)
Anemia 1 (25) 1 (7) 0 1 (13) 1 (17) 0 4 (8)
Dysgeusia 0 0 0 0 0 3 (13) 3 (6)
Dehydration 0 0 0 1 (13) 1 (17) 0 2 (4)
Pancreatitis 0 0 0 0 0 1 (4) 1 (2)
Hoarseness 1 (25) 0 0 0 0 0 1 (2)

NOTE. Data are given as No. (%). Schedule A refers to abexinostat dose administration on days 1-5, 8-12, and 15-19 of every 28-day cycle. Schedule B refers to
abexinostat dose administration days 1-4, 8-11, and 15-18 of every 28-day cycle. Both medications were administered orally (mg). Pazopanib was administered once
a day in all cohorts.
Abbreviations: ABX, abexinostat; PAZ, pazopanib.
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