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BACKGROUND: Procaspase-3 (PC-3) is overexpressed in multiple tumour types and procaspase-activating compound 1 (PAC-1)
directly activates PC-3 and induces apoptosis in cancer cells. This report describes the first-in-human, phase I study of PAC-1
assessing maximum tolerated dose, safety, and pharmacokinetics.
METHODS: Modified-Fibonacci dose-escalation 3+ 3 design was used. PAC-1 was administered orally at 7 dose levels (DL) on days
1–21 of a 28-day cycle. Dose-limiting toxicity (DLT) was assessed during the first two cycles of therapy, and pharmacokinetics
analysis was conducted on days 1 and 21 of the first cycle. Neurologic and neurocognitive function (NNCF) tests were performed
throughout the study.
RESULTS: Forty-eight patients were enrolled with 33 completing ≥2 cycles of therapy and evaluable for DLT. DL 7 (750 mg/day) was
established as the recommended phase 2 dose, with grade 1 and 2 neurological adverse events noted, while NNCF testing showed
stable neurologic and cognitive evaluations. PAC-1’s t1/2 was 28.5 h after multi-dosing, and systemic drug exposures achieved
predicted therapeutic concentrations. PAC-1 clinical activity was observed in patients with neuroendocrine tumour (NET) with 2/5
patients achieving durable partial response.
CONCLUSIONS: PAC-1 dose at 750mg/day was recommended for phase 2 studies. Activity of PAC-1 in treatment-refractory NET
warrants further investigation.
CLINICAL TRIAL REGISTRATION: Clinical Trials.gov: NCT02355535.
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BACKGROUND
Members of the caspase family of cysteine proteases are key players
in both the initiation and execution of apoptosis, a programmed form
of cell death important in both the development and maintenance of
higher organisms. Critical to apoptosis is the proteolytic conversion of
procaspase-3 (PC-3) to caspase-3; as both the intrinsic and extrinsic
apoptotic pathways converge to activate PC-3, and as caspase-3 has
over 200 cellular substrates [1, 2], the activation of PC-3 to caspase-3 is
a pivotal and committed event in the apoptotic cascade. Intriguingly,
PC-3 levels are overexpressed in cancerous lesions relative to
adjoining normal tissues, suggesting an oncogenic role of PC-3 in
the processes of malignant transformation and progression [3]. PC-3
levels are elevated in a variety of hematopoietic and solid tumours
including glioma, meningioma, pancreatic cancer, breast cancer,
colon cancer, lung cancer, lymphoma, leukaemia, multiple myeloma,
melanoma, liver cancer, and many additional tumour histologies as

recently reviewed [3]. As a consequence of broad PC-3 over-
expression in a variety of cancer types, there is considerable clinical
interest in the preferential targeting of PC-3 in tumour cells as an
emerging targeted anticancer treatment strategy.
Because of the differential overexpression of PC-3 in certain

tumour types, a PC-3 activating compound would be predicted to
exert preferential killing of cancer cells compared with normal
cells. Through the screening of a collection of ~20,000 small
molecules for their ability to induce activation of PC-3 in vitro and
apoptosis of cancer cells in culture, PAC-1 (procaspase-activating
compound 1) was discovered to have such characteristics [4].
Structure-activity relationship studies reveal that the activity of
PAC-1 in vitro and in cell culture is dependent on the presence of
the ortho-hydroxy N-acyl hydrazone moiety [5], a functional group
known to participate in metal chelation. Indeed, zinc is a powerful
inhibitor of PC-3 enzymatic activity [6], and the mechanism by
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which PAC-1 activates PC-3 in vitro is through chelation of labile
inhibitory zinc from PC-3, which allows PC-3 to process itself to the
active form [5, 6]. This feed-forward mechanism of PAC-1 leading
to PC-3 activation is operational in cell culture as well, as zinc from
cellular labile pools have been shown to co-localise with PC-3 [7],
and the consequent chelation of intracellular labile zinc pools by
PAC-1 enhances PC-3 activity, leading to apoptosis [8]. This direct
activation of PC-3 by PAC-1 has also been confirmed in elegant
experiments using caspase-specific inhibitors [9], in detailed
studies using caspase-specific substrates [10], in studies using
Bax/Bak double knockout cell lines [11, 12], and in studies (using
PAC-1 derivatives) in caspase-3/caspase-7 knockout cell lines [13].
PAC-1 has been widely used as a research tool for studying

programmed cell death [9, 11, 12, 14–27], and this large body of
literature has confirmed key aspects about the therapeutic
potential of PAC-1, including its negligible toxicity to non-
cancerous cells (IC50 values over 100 μM) [10, 28–32]. In addition,
PAC-1 has demonstrated translational promise as a novel antic-
ancer strategy in a variety of preclinical and naturally occurring
tumour models. In preclinical rodent studies, PAC-1 alone or in
combination with conventional cytotoxins or small molecule
inhibitors, exerts substantive growth inhibitory and cytoreductive
activities in both solid (lung carcinoma, melanoma, osteosarcoma)
and hematopoietic cancers (lymphoma) [33–35]. Furthermore,
PAC-1 demonstrates favourable oral bioavailability and pharma-
cokinetics in large mammals [36], and uniquely biodistributes into
the central nervous system, exerting anticancer activities in rodent
glioma models [37, 38]. Provocatively, through the inclusion of pet
dogs with naturally-occurring cancers serving as sophisticated
models for recalcitrant cancers in people, PAC-1 combined with
chemotherapy or chemoradiotherapy has proven to be safe and
clinically active in clinically-challenging tumour histologies includ-
ing metastatic sarcoma, peripheral T cell lymphoma, high-grade
astrocytoma, and meningioma [35, 37, 39].
These detailed cell culture and preclinical model studies

suggest that PAC-1 has several attributes that warrant further
investigation as a potentially safe and efficacious anticancer drug
for humans. The primary objective of this study was to determine
the tolerability of PAC-1; given PAC-1’s blood–brain barrier
penetration properties in mice [8], neurological and neurocogni-
tive symptoms of CNS toxicity were specifically assessed
throughout the trial. The secondary objectives were to character-
ise toxicity of PAC-1, assess pharmacokinetics, and document
preliminary clinical activity in heavily pretreated patients with
advanced cancers.

METHODS
Patients
In this multicentre phase I study, patients 18 years or older with advanced
solid tumours or lymphoma no longer responding to standard anticancer
therapies were recruited (Clinical Trials.gov, NCT02355535). Patients were
required to have an Eastern Cooperative Oncology Group performance
status <3, measurable or evaluable disease per Response Evaluation
Criteria in Solid Tumours (RECIST) version 1.1 [40], and adequate
haematologic, hepatic, and renal function. Main exclusion criteria included:
any history of primary brain tumours, brain metastases, seizures, or
underlying brain injury; >grade 1 peripheral neuropathy, or active
infection. The study was conducted according to International Conference
on Harmonisation 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
provided written informed consent before enrolment. The complete study
protocol is available in the Supplementary Materials and Methods.

Treatment plan
PAC-1 was given at the assigned dose orally on days 1-21 of a 28-day cycle.
Disease reassessment was performed every two cycles (8 weeks).
Treatment continued until disease progression, unacceptable toxicity, or

patient refusal. In order to ensure accuracy in pharmacokinetic analysis
findings, PAC-1 administration was withheld on day 2 of cycle 1.

Study design
This study consisted of dose escalation of single agent PAC-1. Up to nine
dose levels were planned (75, 150, 250, 375, 450, 625, 750, 875, 1000mg),
and a total of seven doses were tested. MTD of PAC-1 was determined
using a modified-Fibonacci dose-escalation 3+ 3 design. Three patients
were initially enrolled into each dose level cohort, but additional patients
were enrolled, as needed, to ensure that three patients completed two full
treatment cycles and were evaluable for dose-limiting toxicity (DLT)
assessment. Escalation to the next dose continued unless a patient
experienced a DLT, at which time a cohort was expanded to up to six
patients evaluable for DLT assessment and able to complete two full cycles
of treatment.
To allow longer evaluation of possible neurological toxicity, this study

was designed to assess DLT in first two cycles (56 days) of therapy. Serious
adverse events other than neurological toxicity have been also carefully
recorded throughout the treatment. Per protocol, patients who had
progression of disease within first two cycles of therapy had to be replaced
in order to allow for dose escalation.
A DLT was defined as one of the following treatment related events

occurring during the first cycle with exception of neurological toxicity: (a)
grade 3 or greater treatment-related haematologic toxicity for >48 h
during the first cycle (28 days) of therapy; (b) cerebrovascular ischaemia or
haemorrhage of any duration or grade; (c) grade 3 or greater treatment-
related clinical non-haematological toxicity (excluding ≥grade 3 nausea,
vomiting, or diarrhoea without maximal medical intervention and/or
prophylaxis) during the first cycle (28 days) of therapy; (d) delay of cycle 2
treatment start by more than two weeks due to incomplete haematologic
recovery (ANC > 1.5 × 109/L or platelets >100 × 109/L) or unresolved
treatment-related grade 3 or greater non-haematologic toxicity; (e) grade
2 or greater treatment-related neurological toxicity occurring during the
first two cycles of therapy and lasting more than 72 h. The highest dose
level was to be expanded initially to a total of nine patients to assure
safety. Up to six additional patients with unresectable pancreatic or other
gastrointestinal neuroendocrine tumours could have been included to
assess for initial signals of efficacy.

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)
[41] and assessed on day 1 of each cycle. Computed tomography of the
chest, abdomen and pelvis was performed at the time of study enrolment
and every 8 weeks of treatment to assess disease status. Standard clinical
measures were used to assess response using RECIST version 1.1 [40].

Pharmacokinetics
For all dose cohorts, pharmacokinetics (PK) of PAC-1 were assessed
following doses administered on days 1 and 21 of the first cycle. The dose
on day 2 was withheld in order to accurately define the absorption and
metabolism of PAC-1 in patients at 24, 32, and 48 h post drug
administration. Blood samples for analysis were collected on the mornings
of days 1 and 21 of cycle 1 immediately prior to oral ingestion of PAC-1
and at the following time points after ingestion: 0.5, 1, 2, 3, 4, 6, 8,12, 24, 32,
and 48 h. Non-compartmental analysis of the PAC-1 plasma concentration-
time data following doses on days 1 and 21 for cycle 1 for each dose
cohort were performed using WinNonlin® 8.1 (Certara, L.P., Princeton, NJ).

Neurologic and neurocognitive tests
A neuropsychologist conducted neurological exams and tested neurocognitive
abilities in subjects at baseline (screening), on day 1 of each cycle (except the
first cycle), and 30 days after the final dose of PAC-1. The neurological
assessment included the use of the Mini-Mental State Examination [42].
Neurocognitive function (NCF) evaluation consisted of the Hopkins Verbal
Learning Test-Revised (HVLT-R) [43–45], the Trail Making Test Part A (TMTA)
and Part B (TMTB) [46, 47], and the Controlled Oral Word Association test
(COWA) [48, 49]. These three tests were recommended to assess cognitive
functioning in patients with cancer by an International Cognition and Cancer
Task Force [50]. All tests at all time points were independently scored and
standardised scores (i.e., z-scores) were calculated. Rules were in place to either
decrease PAC-1 dose or terminate the subject from the study if a certain
degree of neurological/neurocognitive changes was detected during the
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examination relative to baseline functioning (see protocol for further
explanation) [51–53]. Change in NCF was also evaluated using both the
Reliable Change Index (RCI)-defined Decline approach and a neurocognitive
adverse events (NCAE) z-score decline approach allowing for differences in
degree of neurocognitive deterioration to be appreciated. In the interest of
mapping changes in neurocognitive test scores onto the framework of the
National Cancer Institute Common Terminology Criteria for Adverse Events
(NCI CTCAE), Version 4.0, an ad hoc definition of Grade 1–3 NCAE was defined
based on changes in z-score units—−1.00 to −1.99 (Grade 1, mild), −2.00 to
−2.99 (Grade 2, moderate), and >−3.00 or new inability to complete test that
the patient was previously able to complete (Grade 3, severe).

Immunohistochemistry
Immunohistochemical (IHC) staining was performed on formalin-fixed,
paraffin-embedded (FFPE) tumour tissues using an indirect immunoper-
oxidase technique with diaminobenzidine (DAB) as the chromogen for PC-
3 and IHC staining was performed using an autostainer (intelliPATH FLX,
Biocare, Concord, CA). Processed slides were deparaffinized in xylene and
rehydrated in alcohol. Endogenous peroxidase activity was blocked with
Biocare PX968 Peroxidazed 1 at RT for 5 min, rinsed with TBS wash buffer,
and then incubated for 10min at RT with Biocare BP974 Background
Punisher. Slides were incubated with PC-3 antibody (Abcam, ab32150) for
30min, washed, and then incubated with HRP-Polymer (Biocare, RC542) for
30min. Slides were washed with TBS, then the reaction was developed
using DAB substrate for 5 min. Slides were counterstained with Mayer’s
haematoxylin. Human lymph node served as an internal positive control.

Scoring of immunoreactivity data
Twenty-six archival tumour tissues from 24 patients were available for
additional histologic evaluation. Tumour histologies included 14 epithelial
malignancies (carcinoma, adenocarcinoma, cystadenocarcinoma), six
neuroendocrine tumours (from five patients), and one each for the
following tumour histologies—adamantinoma, hemangioendothelioma,
melanoma, basal cell carcinoma, leiomyosarcoma, and carcinosarcoma. All
26 tumours were evaluated for PC-3 immunohistochemical staining briefly
described above [38]. The use of human tumour samples in the research
conducted was approved by the Human Subjects Institutional Review
Board at three participating institutes, the University of Illinois at Chicago
(Chicago, IL, USA), Johns Hopkins Kimmel Cancer Center (Baltimore, MD,
USA) and Regions Hospital (Saint Paul, MN, USA). Samples were de-
identified and assigned a 5-digit numerical designation.
Five hundred cells—or as many as were available—from each sample

were graded by one observer (TMF), and the percentage of negative,
faintly staining, moderately staining, and strongly staining cells were
recorded. Negatively staining samples contained <10% positive cells.
Cells that had <50% cytoplasmic staining were graded as “faintly
stained”, those with >50% cytoplasmic staining were graded as
“moderately stained”, and those with >50% cytoplasmic staining and
in which nuclear detail was obscured by staining intensity were
categorised as “strongly stained”.

Statistical analysis
The primary endpoint of this study was to establish MTD of PAC-1 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 <33% in first
cycle of therapy or the first two cycles of therapy (neurological toxicity). The
influence of different doses and single and multiple dosing (e.g., day 1 area
under the plasma concentration-time curve from zero to infinity [AUC0–∞] vs.
day 21 AUC24) on the pharmacokinetics of PAC-1 were evaluated using a
mixed-effects generalised linear models approach. Natural logarithm (ln)
transformations were done to AUC0–∞, AUC0–24, and maximum plasma
concentration (Cmax) to normalise the data. Repeated-measures analysis of
variance models or mixed-effects regression models were employed to
evaluate dose effects and associations between dose levels and the
pharmacokinetic measures. For clinical data, descriptive statistics were used
to describe the study sample. Three clinical endpoints of interests, response
(stable disease (SD) or partial response (PR)), progression-free survival, and
overall survival times, were estimated using 95% confidence interval
estimation. Bi-variate associations between demographic, disease 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 I error of 0.05. Statistical analyses were performed using
Tibco Spotfire S+ version 8.2 and SAS software version 9.4.

RESULTS
Patient characteristics
Thirty-three out of 48 patients received at least two cycles of PAC-
1 treatment between March 2015 and September 2019. Demo-
graphics, baseline characteristics, and tumour types for all 48
patients are summarised in Table 1. The median age was 59 years
(range, 31–81 years).

Patient drop-out due to disease progression before
completion of DLT period
One patient in DL 1 was removed from study and replaced
because of disease progression in the first cycle of therapy.
Similarly, in DL 2 one patient had to be replaced because of
disease progression before end of cycle 2. In DL 3, three patients
had to be replaced because they could not complete the second
cycle of therapy due to disease progression. In DL 5, one patient

Table 1. Characteristics of patients (N= 48).

Age, median (range) 59 (31, 81)

Sex (N, %)

Female 24 (50)

Male 24 (50)

ECOG performance status, (N, %)

0 11 (23)

1 30 (62)

2 7 (15)

Race (N, %)

White 36 (75)

Black or African American 9 (19)

Asian 3 (6)

Ethnicity

Hispanic or Latino 6 (12)

Non-Hispanic 42 (88)

Primary cancer type (N, %)

Neuroendocrine tumour 5 (11)

Colon cancer 6 (13)

Pancreatic cancer 6 (13)

Ovarian cancer 6 (13)

Epithelioid hemangioendothelioma 2 (4)

Melanoma 2 (4)

Breast cancer 3 (6)

Leiomyosarcoma 2 (4)

Adamantinoma 1 (2)

Parotid cancer 1 (2)

Nasopharyngeal carcinoma 1 (2)

Squamous cell cancer of tongue 1 (2)

Endometrial cancer 1 (2)

Cholangiocarcinoma 2 (4)

Hepatocellular carcinoma 2 (4)

Basal cell carcinoma 1 (2)

Soft tissue sarcoma 3 (6)

Lung cancer 2 (4)

Prostate cancer 1 (2)

Prior chemotherapy regimens (N, %)

>3 38 (79)

<3 10 (21)
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had to be replaced because of disease progression before
completion of cycle 2. In DL 6, three patients had to be replaced,
because of disease progression before completion of cycle 2. In
addition, this cohort was expanded to a total of 10 patients due to
one episode of intracranial bleed that occurred during cycle 4. This
event was assessed initially as possibly related to study drug, but
later attributed to new brain metastasis. There were 17 patients
treated in DL 7; 5 had to be replaced because of disease
progression in the first 2 cycles of therapy. Six episodes of grade 2
dizziness, 2 episodes of grade 2 ataxia, and 1 episode of grade 3
ataxia were noted throughout treatment period at this level
(750 mg/day), and although the MTD was not reached, the
decision was made to not further dose escalate due to concern for
potential increased toxicity with higher dose. DL 7 was expanded
to nine patients to assure safety, and furthermore, to this
expanded DL 7 cohort, an additional three patients were added
with neuroendocrine tumours to assess preliminary efficacy in this
specific tumour type. All six episodes of dizziness and ataxia

observed in DL7 were transient and resolved without intervention
before next day dose was due. No dose interruption or delay were
necessary.

Safety and adverse events
The safety population consisted of 48 patients, with the median
number of treatment cycles being two (range, 1 to 12). Drug-
related adverse events did not result in any dose delays; however,
they accounted for 4% (2/48) of treatment discontinuations. The
most common cause of treatment discontinuation was disease
progression, occurring in 96% (46/48) of patients recruited for
study. The incidence of grade 3 adverse events related to drug
occurred in 6% (3/48) of patients; one event of anaemia, one of
headache, and one of ataxia. Ataxia was transient and, lasting a
few hours after oral administration of PAC-1 and resolved without
intervention. There were no recorded grade 4 toxicities. GI toxicity
such as constipation, diarrhoea, abdominal pain, nausea, and
vomiting all grades were reported with notable increased

75 mg single dose (day 1), n = 4
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250 mg single dose (day 1), n = 6
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incidence in DL6 (20 events) and DL7 (13 events). No intervention
was required. No grade 3 or 4 GI toxicity was reported. Table 2
shows all treatment-related events reported in the study.

Pharmacokinetics
Following oral administration, PAC-1’s maximum concentration
(Cmax) generally occurred between 1 and 4 h, and PAC-1 plasma
concentrations declined in a bi-exponential fashion. Mean PAC-1
plasma concentrations showed minimal change between DL 1
(75 mg/day) and DL 2 (150 mg/day). In contrast, PAC-1 concentra-
tions increased almost proportionally with dosage at subsequent
dose levels. Figure 1a, b contrast the mean PAC-1 plasma
concentration versus time curves among the seven dose levels
following single- and multiple-dose administration.
The pharmacokinetics of PAC-1 appeared similar with single-

and multiple-dose administration. Single- versus multiple-dose
administration and dose had minimal influence on the elimination
half-life (t1/2-λ). The mean t1/2-λz across dose groups was 25.6 h
following single-dose administration and 28.5 h following
multiple-dose administration. Among dose groups, the t1/2-λz
ranged from 13.4 to 30.6 h at DL 1 (75 mg/day), from 9.5 to 28.0 h
at DL 2 (150 mg/day), from 17.5 to 41.4 h at DL 3 (250 mg/day),
from 17.9 to 42.0 h at DL 4 (375 mg/day), from 22.9 to 56.9 h at DL
5 (450 mg/day), from 17.4 to 41.4 h at DL 6 (625 mg/day) and from
11.9 to 60.3 h at DL7 (750 mg/day). Median Tmax was identical,
2.0 h, with single-dose and multiple-dose administration. Similarly,
there was no significant difference in PAC-1 apparent clearance
(CL/F) among dosage groups (p= 0.227) and single- versus
multiple-dose administration (p= 0.613).

Treatment efficacy and duration
Disease response for all 48 patients evaluated by RECIST is
summarised in Fig. 2 and includes SD across diverse tumour
histologies including metastatic refractory ovarian cancer
(5 months), two subjects with hemangioendothelioma (4 and
10 months), hepatocellular cancer (3 months), cholangiocarcinoma

(4 months), adamantinoma (6 months), and metastatic to lung basal
cell carcinoma (10 months). The longest SD of 12 months was
achieved in a patient with chemotherapy-resistant leiomyosarcoma.
Out of five patients with NET enrolled in the trial, two had PR

and three patients has SD. In one patient with pancreatic NET
metastatic to the liver, which previously progressed on sunitinib
and subsequently on an experimental immunotherapy agent prior
to PAC-1 treatment, tumour burden was reduced by 64.3% (as
assessed by RECIST 1.1). In a second patient with an ileal NET
metastatic to the mesentery that previously progressed on
sunitinib and octreotide, and subsequently on everolimus and
octreotide, the tumour decreased in size by 36%. Furthermore, SD
was achieved in three additional patients with NET (Fig. 2 and
Table 3), with longest disease control of 10 months in a patient
whose gastrointestinal NET that had metastasised to the
peritoneal cavity and had progressed on cabozantinib, lanreotide,
and single-agent everolimus.

Procaspase-3 expression
Twenty-six unique tumour samples were characterised for PC-3
expressions by immunohistochemistry. Positive immunoreactivity
for PC-3 was identified in the majority of tumours, with 25/26
(96%) demonstrating either faint (4/26), moderate (18/26), or
strong (3/26) immunostaining intensities. Only 1 tumour sample, a
non-small cell lung carcinoma, was categorised as negative, based
upon <10% cell positivity for PC-3. Moderate PC-3 immunor-
eactivity was identified in all NET samples and aggregate PC-3
immunoreactivity across different tumour histologies are repre-
sented in Fig. 3.

Neuro-cognitive studies
Thirty-eight patients were evaluable by longitudinal neurological
and NCF test results with 32 patients completing at least two
cycles of treatment. One patient in DL1 performed the tests in
Korean and they were removed from the final analysis to avoid
misinterpretation. On average, patients entered the study with
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NCF impairments on TMTB (i.e., executive function). The degree
and distribution of NCF impairment across NCF tests/domains
varied between the dose levels with the most consistent areas of
cognitive impairment observed on TMTB. The mean for standar-
dised scores for each test did not suggest global neurocognitive
dysfunction over time. Between patient variability was observed,
yet this was not clearly associated with either dose or time on
study drug. NCAEs of any grade occurred at all dose levels with no
clear relationship to dose. Grade 3 NCAEs were uncommon and
ranged from 0-3% across study visits for all DLs except DL 5 where
the proportion was 5%. NCAEs of any grade were most common
on the HVLT-R DR and RECOG (i.e., memory) and TMTB. Grade 3
NCAEs were most common on the TMTB. Of the 9 grade 3 NCAEs
during treatment, there was no further follow-up testing to
evaluate persistence or resolution of the NCAE in 4 cases. In the
other five cases, three improved in the severity on follow-up
testing and two exhibited persistent grade 3 NCAE. No dose
reduction or treatment discontinuation was made due to change
in neurocognitive function as it was not attributed to the study
drug, but to symptoms of cancer burden. Attributions of these
events were also performed in a multidisciplinary way with input
from neuro-oncologists on the team, based on timing and overall
patient clinical condition.

DISCUSSION
Programmed cell death is essential for normal tissue development
and maintenance of multicellular organisms and is orchestrated
through the complex interplay among proteins with counter-
regulatory activities, i.e., pro-apoptotic vs. anti-apoptotic. Despite
its universality in health, dysfunction of the apoptotic cascade is a
well-recognised feature of tumour cells and contributes to cancer
recurrence, relapse, and metastasis despite treatment with
cytotoxic therapies. An alternative and direct activation of cancer
cell apoptosis strategy was evaluated in this clinical trial whereby
the first-in-human phase 1 trial with PAC-1, a small molecule
activator of PC-3, was investigated in heavily pretreated cancer
patients.
Given the pan-expression of PC-3 by all nucleated eukaryote

cells, the druggability of PC-3 with PAC-1 as investigated in this
clinical trial was essential to assess toxicity in human subjects with
terminal pathologies. Derived from protein expression studies in
normal tissues, PC-3 is basally present in higher amounts in
epithelial tissues of gastrointestinal, respiratory, reproductive, and
urinary tract origin, as well as in bone marrow hematopoietic
precursors and primary/secondary lymphoid tissues (Human
Protein Atlas). Based upon these basal expression patterns of
PC-3 in normal tissues, indiscriminate and wide scale PC-3
activation could result in toxicities. However, given the role of
PC-3 in oncogenesis and the consequent paradoxical overexpres-
sion of PC-3 by most cancers studied to date [3], the possible
preferential activation of PC-3 in cancer cells was envisioned, with
minimal on-target, off-tumour toxicity. Indeed, data from this
study demonstrate that oral PAC-1 was safe in patients with
advanced clinical stage diseases, even when drug levels in serum
were substantial as judged by the pharmacokinetic analysis. Other
than one episode of grade 3 anaemia at dose 150mg/day,
one episode of grade 3 headache at dose of 750 mg/day, and one
episode of grade 3 ataxia at 750 mg/day dose, PAC-1 was safe
when given daily for multiple cycles of therapy. This study was
designed to assess dose limiting toxicities during first two cycles
of therapy. This strategy permitted longer observation of patients
for neurological toxicity before PAC-1 dose escalation in next
cohort was allowed.
Based upon its chemical structure and lipophilicity, in silico

modelling predicts that PAC-1 can rapidly traverse the blood-brain
barrier with entry into the central nervous system (CNS)
compartment, with experimental data generated in miceTa
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supporting the penetration of PAC-1 into the brain parenchyma
[8]. While the CNS penetrant properties of PAC-1 have favoured
the positive management of CNS malignancies in murine and
spontaneous large animal models [37–39], as well as remain the
focus of a current clinical trial for recurrent GBM (NCT03332355),
unintended neurotoxicity as a consequence of PC-3 activation
remains a possibility in patients receiving PAC-1. In the current
phase 1 study, five episodes of grade 2 and one episode of grade
3 ataxia were experienced by patients in the highest evaluated DL
(750mg/day); however, these neurologic perturbations were
transient and completely reversible. Furthermore, onset and
severity of symptoms did not appear to be cumulative, and serial
cognitive and neurologic function evaluations performed through-
out treatment did not demonstrate any impact of PAC-1 on these
functions. Grade 1 and 2 neurological adverse events of dizziness
and hallucinations were also noted at 750mg/day dose; however,
none of the effects observed at this dose constituted a MTD. The
dose-dependent nature of these effects, and the very high drug
serum levels of PAC-1 at 750mg, suggested that maximal patient
benefit and safety ratio would be achieved at this dose. Therefore,
further dose escalation was stopped, and 750 mg/day was
recommended dose for phase 2 study.
Extensive neurologic and neurocognitive tests including MMSE,

HVLT, TMTA and TMTB, and COWA were performed in this phase 1
trial with a unique approach of ad hoc definition of neurocogni-
tive toxicity based on changes in z score units. While no
neurocognitive toxicity was identified in this study related to
PAC-1 administration, this novel approach could be applied to
other phase 1 trials of drugs with potential neurocognitive
toxicities.
The dose schedule of PAC-1 utilised in this study produced

favourable pharmacokinetics. PAC-1 reached maximum plasma
concentrations within 1 to 4 h following oral administration with
achievement of steady-state with multiple dosing. The half-life of
PAC-1 ranged from 9.5 to 60.3 h, depending upon DL, and these
findings support the selection of once-a-day oral dosing.
Importantly, at the recommended phase 2 dose of 750mg/day,
trough levels of PAC-1 were sustained at low μg/mL concentra-
tions, which are predicted to activate apoptosis based upon
expansive cell culture data of PAC-1 alone or in combination with
other cytotoxins [34, 35, 37]. Collectively, the clinical use of PAC-1
was favourably supported by observed dose-proportionality with
multiple-dose administration, predictable drug accumulation with
multiple dosing, and acceptable absorption and elimination
profiles.

Single-agent activity resulting in partial responses as per RECIST
1.1 [40] was seen in a patient with grade 1 pancreatic NET (64.3%
reduction in target lesion) and a patient with grade 2 ileal NET
(36% reduction in target lesion). Furthermore, three additional NET
patients enrolled in the DL7 cohort (750 mg PAC-1) achieved
disease stabilisation as best response lasting 4, 6, and 10 months
in duration. All five NET patients had failed prior therapies
preceding enrolment into the phase 1 trial with PAC-1, and these
intriguing data clinically may justify further testing of PAC-1 alone
or in combination (i.e., sunitinib) [54] in the setting of treatment-
refractory NETs. In addition to provocative findings for NET
patients, prolonged SD of 12 months was achieved in one patient
with treatment-refractory leiomyosarcoma with 750 mg/day PAC-
1, and in two patients with epithelial hemangioendotheliomas
treated with 250mg/day and 375 mg/day of PAC-1 for 10 and
4 months, respectively. Based upon these three patients, further
inquiry of PAC-1’s activity in sarcomas is warranted, and further
clinical justification for this exploration is supported by demon-
strated activity of PAC-1 in combination with doxorubicin in pet
dogs diagnosed with metastatic sarcoma [35].
A reliable biomarker that can accurately predict response to any

targeted therapy would allow for a personalised medicine
approach whereby cancer patients could be stratified for
treatment and receive the most effective drug or drug combina-
tion. For PAC-1, existent data would indicate that relative PC-3
expressions can contribute to drug sensitivity and could aid in
response predictions. However, as it is known that inhibitors of
apoptotic proteins can inhibit proteolytically active caspase-3, sole
reliance upon PC-3 expressions for predicting activity of PAC-1 is
likely incomplete. In this study, PC-3 was expressed in the majority
of available tumour tissues (25/26), and qualitatively enriched in
NETs and gastrointestinal solid tumours. However, correlation of
PC-3 expression levels with observed clinical responses was not
performed in the context of this phase 1 trial, given the intent of
the study and the number of confounding variables including
limited sample population, different DLs evaluated and cumula-
tive drug exposures, and diverse tumour histologies.
In summary, phase 2 recommended dose of PAC-1 was defined,

and PAC-1 was found to be safe in heavily pretreated patients
with advanced cancers and on-target/off-tumour toxicity did not
cause any unexpected or irreversible adverse effects. While
preliminary clinical activity of single-agent PAC-1 was identified
in this phase 1 trial, existent preclinical data suggests that PAC-1
can be rationally and synergistically combined with cytotoxic
[35, 37, 39] or targeted agents [34, 55]. Coupled with the

a b c d

e f g h
25 µm 25 µm 25 µm

25 µm25 µm25 µm

Fig. 3 Procaspase-3 (PC-3) expressions in diverse tumour histologies categorised as moderate-to-strong immunostaining intensities.
Paired H&E and PC-3 from a, e metastatic neuroendocrine tumour, b, f metastatic hemangioendothelioma, c, g ductal breast carcinoma, and
d, h carcinosarcoma. Magnification ×400.
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provocative responses in NET and sarcoma histologies observed in
this phase 1 trial, future phase 2 clinical studies could evaluate
rationally designed combinatorial strategies inclusive of PAC-1 for
the management of neuroendocrine and sarcoma tumour
histologies.

DATA AVAILABILITY
The data generated in this study are available upon request from the corresponding
author.
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