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Abstract

Background. Procaspase-3 (PC-3) is overexpressed in various tumor types, including gliomas. Targeted PC-3 acti-
vation combined with chemotherapy is a novel strategy for treating patients with high-grade gliomas, with prom-
ising preclinical activity. This study aimed to define safety and tolerability of procaspase-activating compound-1
(PAC-1) in combination with temozolomide (TMZ) for patients with recurrent high-grade astrocytomas.

Methods. A modified-Fibonacci dose-escalation 3 + 3 design was used. PAC-1 was administered at increasing
dose levels (DL; DL1 = 375 mg) on days 1-21, in combination with TMZ 150 mg/m?/5 days, per 28-day cycle. Dose-
limiting toxicity was assessed during the first 2 cycles. Neurocognitive function (NCF) testing was conducted
throughout the study.

Results. Eighteen patients were enrolled (13 GBM, IDH-wild type; 2 astrocytoma, IDH-mutant, grade 3; 3
astrocytoma, IDH-mutant, grade 4). Dose escalation was discontinued after DL3 (ie, PAC-1, 625 mg) due to lack
of additional funding. Grade 3 toxicity was observed in 1 patient at DL1 (elevated liver transaminases) and 1
at DL 2 (headache). Two partial responses were observed at DL1 in patients with GBM, O%-methylguanine-DNA
methyltransferase (MGMT) promoter methylated. Two patients had stable disease, and 11 experienced progres-
sion. NCF testing did not show a clear relationship between PAC-1 dose, treatment duration, and declines in NCE

© The Author(s) 2023. Published by Oxford University Press, the Society for Neuro-Oncology and the European Association of

Neuro-Oncology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https:/

creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,
provided the original work is properly cited.


https://orcid.org/0000-0002-3285-3484
mailto:mholdho1@jhmi.edu
mailto:mholdho1@jhmi.edu
mailto:ocdanciu@uic.edu
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Holdhoff et al.: PAC-1 and TMZ in recurrent high-grade astrocytoma

Conclusions.

Combination of PAC-1 and TMZ was well tolerated up to 625 mg orally daily and TMZ orally

150 mg/m?/5 days per 28-day cycle. The maximum tolerated dose was not reached. Further dose escalation
of PAC-1 in combination with TMZ is advised before conducting a formal prospective efficacy study in this

patient population.

Key Points

(1)PAC-1 and TMZ in recurrent high-grade astrocytoma were well tolerated at dose

levels studied.

(2)Further study is needed to determine maximum tolerated dose and efficacy in

prospective trials.

Importance of the Study

Novel treatments are urgently needed for the treatment
of glioblastomas (GBM) and other high-grade gliomas.
Procaspase-activating compound-1 (PAC-1) is a novel
oral drug with promising preclinical data in these can-
cers. This study aimed to determine the MTD of PAC-1
in combination with temozolomide (TMZ) in recurrent
high-grade astrocytomas to pave the way for efficacy
studies with this combination in GBM and other primary

Novel therapies are urgently needed to improve the out-
come for patients with high-grade astrocytomas as lim-
ited effective treatments exist and as virtually all patients
eventually die of their disease. Glioblastoma (GBM) is the
most common primary brain cancer in adults. Initial treat-
ment has not significantly changed since the introduction
of temozolomide (TMZ) in 2005, and standard of care has
remained treatment with radiation and TMZ in newly diag-
nosed patients, with or without tumor treatment fields in
the adjuvant setting after completion of chemoradiation.’
Radiation and TMZ are also standard for newly diagnosed
astrocytomas, IDH-mutant, World Health Organization
(WHO) grade 3, formerly termed anaplastic astrocytoma.?
For patients that have been previously treated with
standard radiation and TMZ but that had not progressed
onTMZ, aTMZ re-challenge can be a reasonable treatment
choice.

Caspase-3 and -7 are cysteine proteases that are in-
volved in execution of apoptosis, programmed cell death
that is critical to normal cell development in cells and
higher organisms. Proteolytic conversion of procaspase-3
(PC-3) to caspase-3 is pivotal in the apoptotic cascade.
PC-3 is found to be overexpressed in many cancers, sug-
gesting a potential oncogenic role of PC-3, making this an
attractive target for drug design.® The compound PAC-1
was identified as a promising anticancer agent through
screening of ~20 000 small molecules, for their ability to
activate PC-3 in vitro and to induce apoptosis in cancer
cell cultures.*® Multiple lines of research suggest the po-
tential of PAC-1 for treatment of GBM: (1) Procaspase-3
is overexpressed in brain tumors, including GBM.,’8

brain cancers. Unfortunately, due to discontinuation of
funding, the MTD could not be reached. Safety and tol-
erability could be determined up to dose level 3. Here
we present the comprehensive clinical, pharmacoki-
netic, and neuropathologic data from our study that
should serve as a platform for further study of PAC-1
and TMZ for these cancers.

(2) PAC-1 is not a substrate of the P-glycoprotein efflux
pump that prevents many drugs from reaching signifi-
cant concentration in the brain.,® (3)PAC-1 was found to
significantly penetrate the blood-brain barrier in mice,
consistent with cLogBB prediction models.,'° (4) PAC-1
shows promising activity against human glioma cell
lines and in intracranial models in rodents, including
syngeneic and xenograft models, as a single agent and
in combination with TMZ., and”® (5) Finally, the PAC-1
development pathway involved extensive evaluation in
pet dogs with cancer,”'? including promising results in
canine cancer patients (in combination with TMZ and ra-
diation) with glioma, where all treated glioma dogs had
responses, including one complete response.® Also the
PAC-1/TMZ combination was effective in treating pet dogs
with meningioma, reducing tumor burden in all treated
dogs."” Hence, PAC-1 is an attractive compound for clin-
ical testing in primary brain cancers, especially in combi-
nation withTMZ.

In a phase 1 dose-escalation study in patients with sys-
temic solid tumors with single agent PAC-1, we determined
a recommended phase 2 dose (RP2D) of oral PAC-1 at
750 mg/day, with response data that were found to war-
rant further clinical investigation, especially in neuroendo-
crine tumors.™ In a second component that is presented
here, based on the hypothesis-generating preclinical data
in gliomas, we investigated safety and tolerability of PAC-1
in combination with standard TMZ in the treatment of pa-
tients with high-grade astrocytoma that had recurred after
initial standard therapy and that were candidates for re-
peat treatment withTMZ.
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Methods
Patients

Patients 18 years or older with recurrent GBM or anaplastic
astrocytoma, per 2016 WHO classification of cancers of the
central nervous system, were eligible for participation in this
multi-center trial (Clinical Trials.gov: NCT03332355). Patients
were required to have (1) an Eastern Cooperative Oncology
Group performance status of 0, 1, or 2, (2) measurable disease
per Response Criteria in Neuro-Oncology (RANO), and (3)
adequate hematologic, hepatic, and renal function. Patients
had previously received standard radiation and TMZ as their
initial therapy, but they had not previously progressed while
onTMZ.The study was conducted according to International
Conference on Harmonization of Good Clinical Practice
guidelines and the principles of the Declaration of Helsinki.
The protocol was approved by the Institutional Review Board/
Ethics Committee at each study location. All patients pro-
vided written informed consent before enrollment.

Study Treatment

Patients received oral PAC-1 at the assigned oral dose on
days 1-21 of each 28-day cycle, and TMZ at 150 mg/m? for
5 consecutive days starting on day 8 of each 28-day cycle.

Study Design

Four dose levels (DLs) were planned for PAC-1 dose esca-
lation: DL1, 375 mg daily; DL2, 500 mg daily; DL3, 625 mg
daily; and DL4, 750 mg daily. TMZ was to be administered
at the same dose and schedule at each of the 4 PAC-1 DLs.
Safety and tolerability of PAC-1 in combination with
TMZ were determined using a modified-Fibonacci dose-
escalation 3 + 3 design.Three patients were initially enrolled
into each DL cohort, but additional patients were enrolled,
as needed, to ensure that 3 patients completed 2 full treat-
ment cycles and were evaluable for dose-limiting toxicity
(DLT) assessment. Escalation to the next dose continued un-
less a patient experienced a DLT, at which time a cohort was
expanded to up to 6 patients evaluable for DLT assessment
and able to complete 2 full cycles of treatment. The defini-
tion of a DLT is detailed further in Supplementary Material.

Evaluation of Toxicity and Response

Toxicity and adverse side effects were classified according
to NCI's Common Terminology Criteria for Adverse Events
Version 4.0 (CTCAE v 4) and assessed on day 1 of each cycle.
Magnetic resonance imaging was performed every 8 weeks
of treatment to assess disease status. Standard clinical meas-
ures were used to assess response using RECIST version 1.1.

Pharmacokinetics

Pharmacokinetics (PK) were assessed in each dose cohort
for PAC-1 following doses administered on days 7 (without

TMZ) and 12 (with TMZ) of the first cycle and TMZ on day
12 of cycle 1. Both drugs were administered under fasting
conditions in the morning for PAC-1 and morning or eve-
ning forTMZ.To facilitate the PK study and amplify any PK
interaction between drugs, the administration of TMZ was
standardized to occur in the morning on cycle 1, day 12 two
hours before PAC-1. Plasma samples were collected on the
mornings of days 7 and 12 of cycle 1 prior to oral inges-
tion of TMZ (day 12 only), 1 hour (day 12) or immediately
(day 7) before administration of PAC-1 and at 0.5, 1, 2, 4,
6, 8, 10, and 24 hours after ingestion of PAC-1 (both days).
The PAC-1 and TMZ concentrations in plasma were deter-
mined by validated high-performance liquid chromatog-
raphy and tandem mass spectrometry (LC-MS/MS) assays.
Non-compartmental analysis of the PAC-1 andTMZ plasma
concentration-time data was performed using WinNonlin
version 8.1 (Certara. L.P, Princeton, NJ). The analysis oc-
curred at steady state for PAC-1 and non-steady state con-
ditions for TMZ. Parameters included: maximum plasma
concentration (C__ ), timeatC__ (T__ ), minimum plasma
concentration at steady-state (Css,min)' area under the PAC-1
plasma concentration-time curve over the steady-state
dosing interval (AUC, ), area under the TMZ plasma
concentration-time curve from time zero to infinity (AUC,_
), oral clearance (CL/F), volume of distribution (V/F), and
terminal phase half-life (t,,).

Neurologic Exams and NCF Testing

Neurocognitive function (NCF) testing was administered
by a trained, certified member of the site study team (see
online Supplementary Material for details of training). Per
protocol, NCF testing was completed at baseline, day 1
of each cycle (except cycle 1 day 1), and 30 days after the
final dose of PAC-1. A validated battery of cognitive tests
that have been previously utilized in brain tumor clinical
trials were administered in this trial to assess learning and
memory (Hopkins Verbal Learning Test-Revised [HVLT-R]),
verbal fluency (Controlled Oral Word Association), proc-
essing speed (Trail Making Test Part A [TMT-A]), and execu-
tive function (Trail Making Test Part B [TMT-B])."5-"/

Immunohistochemistry

Immunohistochemical (IHC) staining was performed on
formalin-fixed, paraffin-embedded (FFPE) tumor tissues
and is described in Supplementary Material.

Statistical Analysis

The primary endpoint of this study was to establish
tolerability of PAC-1 in combination with TMZ using a
modified-Fibonacci dose-escalation 3 +3 design. The
maximum tolerated dose (MTD) would be defined as
that dose of PAC-1 with DLT of less than 33% in first cycle
of therapy or the first 2 cycles of therapy (neurological
toxicity). Statistical considerations for the PK and NCF
analysis are summarized in Supplementary Material.
For clinical data, descriptive statistics were used to de-
scribe the study sample. Three clinical endpoints of
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interest, response (Stable Disease or Partial Response),
progression-free survival, and overall survival times,
were estimated using 95% confidence interval estima-
tion. Bivariate associations between demographic, dis-
ease, or treatment factors and the clinical endpoints were
tested using Chi-squared or Log Rank tests. All statistical
tests were 2-sided, controlling for a probability of Type |
error of 0.05. Statistical analyses were performed using
Tibco Spotfire S + version 8.2 and SAS software version
9.4.

Results
Patient Characteristics

Eighteen patients were enrolled in this study.
Demographics, baseline characteristics, and tumor types
for these 18 patients are summarized in Table 1. The me-
dian age was 55 years (range, 25-75 years). Thirteen
patients (72%) had GBM (of these, 6 were with methyl-
ated, 6 unmethylated, and 1 with unknown MGMT pro-
moter methylation status); 2 patients had astrocytoma,
IDH-mutant, grade 3 (one with methylated and one with
unknown MGMT promoter status), and 3 patients had
astrocytoma, IDH-mutant, grade 4 (2 with methylated and
one with unmethylated MGMT promoter status). As per el-
igibility criteria, none of the patients had progressed previ-
ously while onTMZ. Classification of tumors was based on
the 2021 World-Health Classification of tumors of the cen-
tral nervous system.'8

Dose Escalation and MTD Assessment

Dose expansion was required for DLs 1 and 2. DL3, PAC-1
625 mg, and TMZ orally 150 mg/m?, were the highest
studied and acceptable DL in this study. The study was dis-
continued due to lack of sufficient funding before patients
could be enrolled in DL4. Hence, a MTD or RP2D could not
be defined for the combination of PAC-1 and TMZ for pa-
tients with recurrent high-grade astrocytoma.

Safety and Adverse Events

All 18 patients were included in the safety analysis. Drug-
related adverse events did not result in treatment dis-
continuations. The incidence of grade 3 adverse events
related to drugs occurred in 11% (2/18) of patients. These
were alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) elevation in one patient at DL1,
and lymphopenia in one patient at DL2. There were no
recorded grade 4 toxicities. Table 2 shows all treatment-
related events reported in the study.

Efficacy Data

Two patients (11%) had a confirmed partial response with
73 and 46% reduction in cross-diametrical product of
the contrast-enhancing target lesion, including one pa-
tient that remained on therapy for 15 months. These were

Table 1. Patient Characteristics. Diagnosis Per 2021 World Health
Organization Classification of Tumors of the Central Nervous System

Age

Mean (SD) 51.3(15.0)

Median (range) 54.5 (25, 75)
Sex (N, %)

Female 3(17)

Male 15 (83)
Race (N, %)

Non-Hispanic White 16 (89)

Black or African American 1(6)

Hispanic White 1(6)
Diagnosis (N, %)

Glioblastoma, IDH-wild type 13(72)

Astrocytoma, IDH-mutant, grade 4 3(17)

Astrocytoma, IDH-mutant, grade 3 2 (1)
Prior treatment

Radiation and temozolomide 18 (100)
Death (N, %)

Expired 8 (44)

Alive 10 (56)
Study site (N, %)

HPR 4(22)

JHU 3(17)

uic 11 (61)
Dose level (N, %)

1 7 (39)

2 8 (44)

3 3(17)
MGMT status (N, %)

Methylated 9 (50)

Non-Methylated 7 (39)

Unknown 2 (11)
IDH mutation (N, %)

Negative 13 (72)

Positive 5(28)

both at DL1, both with GBM, IDH-wild type, MGMT pro-
moter methylated. There were 2 patients with stable dis-
ease (11%), 11 patients with progressive disease (61%),
and 3 patients without sufficient available data to assess
response (17%). By the end of data collection, 10 pa-
tients (56%) were alive (median time to last follow-up,
7.6 months), and 8 had died (44%). Figure 1 illustrates re-
sponse and treatment data for all 18 patients in this study.

Pharmacokinetics

Figure 2A and B display the mean PAC-1 and TMZ plasma
concentration versus time curves among the 3 dose
groups and, for PAC-1, administration without and with
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Table2. Adverse Events

Adverse Event Grade 1
Dose Level 1: PAC-1 375 mg +TMZ 150 mg/m?
Hematologic
Anemia S
Leukopenia 1
Lymphopenia 1
Non-Hematologic
Fatigue S
Fever 1
Confusion 1
Somnolence 0
Neurologic, other 3
Concentration impairment 1
Dysgeusia 1
Bruising 1
Arthralgia 1
ALT increase 0
AST increase
Dose Level 2: PAC-1 500 mg +TMZ 150 mg/m?
Non-Hematologic
Cognitive disturbance 0
Headache 0
Paresthesia 0
Neurologic, other 1
Dose Level 3: PAC-1 625 mg +TMZ 150 mg/m?
Non-Hematologic
Fatigue 2
Dizziness 1
Headache 1
Constipation 1
Diarrhea 1

TMZ. Within each dose group, plasma concentrations of
PAC-1 were similar when administered in the absence or
presence of TMZ. The PAC-1 plasma concentrations in-
creased proportionally between 375 mg/day and 500 mg/
day. However, mean PAC-1 plasma concentrations at
625 mg/day unexpectedly fell below the mean concen-
trations at 500 mg/day. This incongruity reflected a single
subject in the 625 mg group, whose PAC-1 plasma concen-
trations were approximately 70% below predicted levels.
The reduction in PAC-1 concentrations were the same
without and with concurrent TMZ. The PAC-1 plasma con-
centrations for the other 2 subjects in the 625 mg group
were also lower than expected. However, the decrement in
concentrations in these subjects was smaller, 10% to 30%
below predicted mean concentrations, and fell within the
inter-subject variability of PAC-1 PK.™*

The pharmacokinetic parameters for PAC-1 are summar-
ized in SupplementaryTable 1.The only parameter showing

Grade 2 Grade 3 Grade 4
0

1

2 0 0
2 0 0
0 0 0
0 0 0
1 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 1 0
1 0 0
1 0 0
1 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0

a statistically significant difference (P < .05) during concur-
rent administration of TMZ was C_, ... The 90% Cls for the
geometric mean ratios of PAC-1C__ ,AUC_ ., CL/F andt,,
with and without concurrent administration of TMZ were
contained within the bioequivalence levels of 0.80 and
1.25 (SupplementaryTable 1). The geometric mean ratio for
PAC-1 V/F in the presence and absence of TMZ was 0.99.
However, a lack of effect of TMZ on PAC-1 V/F could not be
concluded because the lower 90% Cl of 0.77 fell slightly
below 0.80.

The mean plasma concentrations of TMZ were nearly
identical across the 3 PAC-1 dose groups (Figure 2B).
The mixed effects analyses found that PAC-1 dose did
not significantly (p >0.05) impact any PK parameters of
TMZ (Supplementary Table 2). The 90% CI for the geo-
metric mean ratios between PAC-1 dose groups for AUC
0. fit within the bioequivalence limits. For C__ , CL/F V/F,
and t,,, the 90% Cls for one or more of the between-dose
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Figure 1.

group comparisons were outside the 0.80 to 1.25 accept-
ability criteria. The differences between the errant Cls and
bioequivalence levels were modest, with the smallest
lower 90% Cl of 0.75 and largest upper 90% Cl of 1.28.

NCF Data

Sixteen patients completed NCF testing at one or more
time points: n=7 patients at DL1, n=6 at DL2, and n=3
at DL3. At baseline, patients entered the study with wide-
spread NCF impairments consistent with their disease
and treatment history (see Supplementary Table 3). When
examining changes in standardized scores over time, the
CTB COMP did not suggest trends of global neurocognitive
dysfunction over time (see Supplementary Figure 3). No
clear adverse effect of dose or time on the study drug was
seen on any of the NCF tests at the group level; average
performance on NCF tests over time were generally better
for the highest dose group compared to the lower 2 dose
groups.

Immunohistochemistry

Six archival tumor tissues underwent additional histo-
logic evaluation. Five of the six tumors demonstrated cy-
toplasmic overexpression of PC-3 and staining intensities
were graded as strong (2/6), moderate (2/6), faint (1/6),
and negative (1/6) (Supplementary Figure 1). In one GBM
tumor graded as negative for cytoplastic PC-3, distinct nu-
cleolar staining for PC-3 was noted and of undetermined
significance. Low levels of CC3-positive malignant glial
cells were identified in all samples, supporting ongoing
apoptotic cell death within the tumor population at the

10 15
Months

Swimmer plot illustrating diagnosis of each study participant, IDH-mutation and MGMT promoter methylation status, response, time
on trial and in follow-up, sorted by PAC-1 dose level. Astro = astrocytoma.

time of tumor biopsy or resection. In some specimens, is-
lands of cellular necrosis were identified and associated
with previous radiation and chemotherapeutic interven-
tions administered temporally close to the time of tissue
biopsy and collection. Nuclear immunostaining for MGMT
was identified in 4 tumor samples. Immunohistochemical
detection of MGMT tracked accordingly with known meth-
ylated or unmethylated MGMT promoter status assessed
from concurrently collected fresh frozen tissue specimens
in 3 of the 4 tumor samples.

Discussion

In this study, we demonstrated that the combination of
PAC-1 and TMZ was safe and well tolerated to the highest
dose studied. Due to limited funding, dose escalation was
stopped at PAC-1 625 mg orally daily andTMZ 150 mg/m?/5
days per 28-day cycle.

Two patients had a partial response to PAC-1 and TMZ at
DL1; both with GBM, IDH-wild type and both with meth-
ylated MGMT promoter. It cannot be determined if the
responses were due to TMZ alone and whether PAC-1 con-
tributed to the clinical benefit or not.

We did not identify PK interactions between PAC-1 and
TMZ.The PK parameters observed in our study, including
the range of values and interindividual variability, agree
with other reports of PAC-1'* and TMZ in cancer patients."
21Co-administration of oral PAC-1 at doses of 375, 500, or
625 mg/day withTMZ at a daily dose of 150 mg/m? had min-
imal impact on the PK of TMZ.The 90% confidence interval
for the geometric mean ratios confirmed that TMZ did not
significantly affect the peak and overall exposure of PAC-1.
A nonsignificant effect of PAC-1 onTMZ PK was supported
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Figure 2. (A) Mean (+ standard deviation) PAC-1 plasma concentration-time profiles at steady-state following multiple oral doses of 375, 500, or
625 mg once daily without temozolomide (cycle 1, day 7) or with temozolomide (cycle 1, day 12). (B) Mean (+ standard deviation) temozolomide
plasma concentration-time profiles following multiple oral doses of 150 mg/m? administered concurrently with 375, 500, or 625 mg of oral PAC-1
once daily.
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by the similarity between PK parameters in the present re-
port and values reported in the literature in patients not
receiving PAC-1."%2' The less than proportional change in
PAC-1 exposure between the 625 mg group and 375 mg
and 500 mg groups was unanticipated; potential explan-
ations for this are discussed in detail in Supplementary
Material.

Our study had several limitations. These include the rela-
tively small samples size and the heterogeneity of patients.
We included both patients with astrocytomas grade 3 and 4
because the primary endpoint of this study was safety and
tolerability; however, this certainly complicates interpre-
tation of efficacy as IDH-mutant and/or MGMT promoter
methylated gliomas may well respond toTMZ alone. In ad-
dition, we only studied one dose level of TMZ, 150 mg/m2
for 5 days per cycle. The rationale for this was concern for
myelotoxicity and other TMZ-related side effects with the
higher dose of TMZ 200 mg/m?, and to allow more cycles
in responders.

Based on the encouraging preclinical data with PAC-1 in
gliomas, including in vivo evidence of crossing the blood-
brain barrier in mice, its observed safety and tolerability
in this study, as well as its pharmacokinetic properties in
combination with TMZ, we feel that this drug deserves
further investigation in the treatment of gliomas. Further
dose escalation, to determine the MTD and RP2D, will be
necessary for the combination of PAC-1 and TMZ prior to
evaluating this drug combination prospectively for effi-
cacy. For formal efficacy testing, a homogeneous patient
cohort should be chosen, considering MGMT promoter
methylation and IDH-mutation status, so that efficacy,
or lack thereof, can be clearly defined. Another possible
direction to further study PAC-1 in MGMT promoter
unmethylated GBM would be to evaluate activity and
safety of PAC-1 and radiation (based on previously re-
ported activity of this combined treatment modality in ca-
nine patients®), or together with TMZ in MGMT promoter
methylated GBM.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances online.
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