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A B S T R A C T

Purpose
We conducted the first phase 0 clinical trial in oncology of a therapeutic agent under the
Exploratory Investigational New Drug Guidance of the US Food and Drug Administration. It was a
first-in-human study of the poly (ADP-ribose) polymerase (PARP) inhibitor ABT-888 in patients with
advanced malignancies.

Patients and Methods
ABT-888 was administered as a single oral dose of 10, 25, or 50 mg to determine the dose range
and time course over which ABT-888 inhibits PARP activity in tumor samples and peripheral blood
mononuclear cells, and to evaluate ABT-888 pharmacokinetics. Blood samples and tumor biopsies
were obtained pre- and postdrug administration for evaluation of PARP activity and pharmacoki-
netics. A novel statistical approach was developed and utilized to study pharmacodynamic
modulation as the primary end point for trials of limited sample size.

Results
Thirteen patients with advanced malignancies received the study drug; nine patients underwent
paired tumor biopsies. ABT-888 demonstrated good oral bioavailability and was well tolerated.
Statistically significant inhibition of poly (ADP-ribose) levels was observed in tumor biopsies and
peripheral blood mononuclear cells at the 25-mg and 50-mg dose levels.

Conclusion
Within 5 months of study activation, we obtained pivotal biochemical and pharmacokinetic data
that have guided the design of subsequent phase I trials of ABT-888 in combination with
DNA-damaging agents. In addition to accelerating the development of ABT-888, the rapid
conclusion of this trial demonstrates the feasibility of conducting proof-of-principle phase 0 trials
as part of an alternative paradigm for early drug development in oncology.

J Clin Oncol 27:2705-2711. © 2009 by American Society of Clinical Oncology

INTRODUCTION

The low success rate of new molecular entities and
the development of molecularly targeted agents
for the treatment of cancer have necessitated re-
evaluation of the standard anticancer drug develop-
ment paradigm.1 Recognizing that lack of predictive
preclinical models, prolonged timelines, and high
costs have hampered drug discovery, the US Food
and Drug Administration developed the Explor-
atory Investigational New Drug (IND) Guidance to
provide new regulatory pathways to enhance the
drug development process.2 Because phase 0 trials
conducted under an exploratory IND involve non-
toxic drug doses administered for short periods to
limited numbers of patients, the preclinical toxi-
cology data required to support the IND are less

extensive; thus, these first-in-human trials, al-
though lacking therapeutic intent, can be initiated
earlier than traditional phase I studies. By provid-
ing essential pharmacodynamic (PD) and pharma-
cokinetic (PK) data at the initial stage of the clinical
trials process, phase 0 studies can inform and expe-
dite the subsequent development of a promising
agent.3 However, this requires validated assays and
standardized tissue handling procedures for consis-
tent results. We hypothesized that a potent, molec-
ularly targeted modulator of chemotherapeutic
efficacy would be an ideal candidate to test whether
early evidence of target modulation might speed
drug development.

Poly (ADP-ribose) polymerase (PARP)-1 and
PARP-2 are involved in DNA repair via poly (ADP-
ribosyl)ation of histones and DNA repair enzymes;
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elevated PARP levels can result in resistance to cytotoxic chemo-
therapy and radiation.4-10 Thus, PARP inhibitors hold promise as
chemotherapy and radiation sensitizers.11-14 ABT-888, an orally bio-
available inhibitor of PARP, was studied because it possessed a wide
margin of safety relative to its target-modulating dose in preclinical
models, and demonstration of target modulation in human samples
was critical to its subsequent development.15-18

This is the first report of a phase 0 clinical trial of a therapeutic
agent in oncology with target modulation as the primary end point
conducted under the Exploratory IND Guidance. Trial objectives
were to determine a dose range and time course over which ABT-888
inhibited PARP activity (measured using a validated PD assay for PAR
(poly [ADP-ribose], a product of PARP) in tumor and peripheral
blood mononuclear cells (PBMCs), as well as the PK of ABT-888. We
also developed and utilized a novel statistical approach to study PD
modulation as a primary end point for trials of limited sample size.

PATIENTS AND METHODS

Eligibility Criteria

Adult patients with advanced malignancies refractory to at least one line
of standard treatment were eligible, as were patients with chronic lymphocytic
leukemia and follicular lymphoma if they had disease for which standard
therapy was currently not indicated. Patients with primary brain tumors, brain
metastases, or a history of seizures were excluded because high-dose ABT-888
caused seizures in a preclinical animal model. Prior antineoplastic therapy
must have been completed at least 2 weeks before enrollment.

Consent Process

The objectives and the nontherapeutic nature of the trial were discussed
in detail with potential patients, who were given ample opportunity to review
and discuss the consent document with study investigators, family members,
and referring physicians. Before signing the consent form, patients were asked
to verbalize their understanding of the nature of the trial, and the need for
tumor biopsies. This trial was conducted under a National Cancer Institute
(NCI)–sponsored exploratory IND with approval from the National Institutes
of Health Institutional Ethics Committee and the NCI institutional review
board. Protocol design and conduct followed all applicable regulations, guid-
ances, and local policies.

Study Design and Drug Administration

ABT-888 was supplied by the NCI Division of Cancer Treatment and
Diagnosis under a collaborative agreement with Abbott Laboratories. A single

oral dose of ABT-888 was administered on day 1, with serial blood sampling
for PD and PK analyses performed before and after drug administration (Fig
1). Significant toxicities were defined as those considered related to ABT-888
administration and were grade � 2 nonhematologic events or thrombocyto-
penia, and grade � 3 anemia, leucopenia, or neutropenia, reported using the
NCI Common Toxicity Criteria for Adverse Events version 3.0. If one patient
developed significant toxicity, no additional patients could be enrolled, and the
study would be put on hold.

Five dose levels, each with three patients, were planned: 10, 25, 50, 100,
and 150 mg. The 10-mg starting dose was based on 1/50th of the no observed
adverse effect level from a 2-week study in the most sensitive species (dog), as
recommended in the Exploratory IND Guidance.2 The objective of dose
escalation was to achieve statistically and biologically significant inhibition of
PAR levels at nontoxic dose levels, not to determine a maximum tolerated
dose (MTD).

To minimize the possibility of performing tumor biopsies in patients
receiving doses unlikely to show drug effects, biopsies were obtained once
significant inhibition of PARP activity (ie, 50% reduction in PAR levels) was
observed in PBMCs from at least one of the three patients at a given dose level,
or a plasma Cmax of 0.21 �mol/L (concentration associated with a significant
reduction in tumor PAR levels in single-dose studies in mice) was achieved in
at least one patient. All subsequent patients were then to undergo paired pre-
and postdrug administration tumor biopsies (Fig 1). To proceed with sam-
pling for PD analyses after drug administration, patients were required to have
a minimum baseline PAR level (31 pg PAR per mL per 2.5 � 105 cells) to allow
demonstration of a 50% reduction in PARP activity. All patients underwent
blood and urine sampling for PK analyses.

PK Evaluations

Blood samples for PK analysis were at multiple time points before and
within 24 hours after drug administration (Fig 1; online only Appendix). A
high performance liquid chromatography-based assay with ultraviolet and
mass spectrometric detection was used to measure levels of parent drug for
PK analyses.19

PD Evaluations

Baseline and post-ABT-888 administration PAR levels were measured in
PBMCs as indicated (Fig 1). Percutaneous tumor biopsies were obtained using
either an 18-gauge needle under radiologic guidance (five patients) or a dermal
biopsy punch (four patients; Appendix).

The PAR assay is an immunoassay with purified monoclonal antibody to
PAR as the capture reagent and rabbit anti-PAR antiserum (#4336-BPC-100;
Trevigen Inc, Gaithersburg, MD) as the detecting agent. Antirabbit horserad-
ish peroxidase conjugate (#074-15-061; Kirkegaard & Perry Laboratories Inc,
Gaithersburg, MD) is the chemiluminescence reporter. Assay analytic perfor-
mance met validation criteria.18

Tumor biopsies for
pharmacodynamic analysis

Blood and urine samples for
pharmacokinetic analysis

Peripheral blood
mononuclear cells for PAR
levels

3 to 6 hr*

2, 4, 7, and 24 hr

Predose PostdoseDay -7 Day 8 (off study)Day 1

0.5 to 24 hr

Single dose of
ABT-888

Fig 1. Schema for the phase 0 clinical
study. A tumor biopsy was obtained dur-
ing the week before drug administration
and then 3 to 6 hours after drug adminis-
tration. Blood was collected at 0.5, 1, 1.5,
2, 3, 4, 7, 12, and 24 hours; urine in 8-hour
periods for 24 hours. (*) Tumor biopsies
were planned once there was either sig-
nificant inhibition of poly (ADP-ribose)
(PAR) in peripheral blood mononuclear
cells from at least one of three partici-
pants at a given dose level, or a plasma
Cmax of 0.21 �mol/L achieved in at least
one participant. Patients were required to
have a minimum baseline PAR level to allow
post-drug biopsy. At the 50-mg dose level,
three additional patients underwent a tumor
biopsy 24 � 3 hours post drug administra-
tion to evaluate the time to recovery of poly
(ADP-ribose) polymerase activity.
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Statistical Analyses

The trial employed a novel statistical evaluation scheme developed spe-
cifically for phase 0 trials, where the end points are PD measurements rather
than toxicity.20 Significant inhibition of PARP activity was defined as a reduc-
tion in PAR levels 3 to 6 hours after administration of ABT-888, compared to
baseline, that satisfied two criteria: reduction was at least 50%, and reduction
was sufficient, when compared to the variation among the baseline values, to
yield 90% statistical confidence that it was not due to chance variation. Signif-
icant inhibition of PARP activity for a dose level was declared if two of three
patients had significant inhibition in either PBMCs or tumor. For either end
point, at each dose level there is 90% power to detect a true 80% rate of
significant inhibition across patients, with a false-positive rate of .03. For
PBMCs, the PAR level reduction threshold and the pooled standard deviations
(SD) were based on intrapatient preadministration variability (four baseline
measurements per patient), and for tumor on the interpatient preadministra-
tion variability (single baseline measurement per patient). Variability was
measured on log-transformed values. For both tumor and PBMC measures,
the difference between pre- and post-treatment log PAR values was compared
to the threshold of 1.8 SD (from the corresponding pretreatment measures) to
establish statistically significant reduction at the one-sided .10 level. It was
recognized that interpatient variability being greater than intrapatient variabil-
ity could make demonstration of statistically significant inhibition in tu-
mor difficult.

RESULTS

Clinical Summary

Patient demographics are presented in Table 1. Nine paired tu-
mor biopsies were performed, all without complications.

ABT-888 was well tolerated; no significant adverse effects were
observed. One patient at the 10-mg dose level had an episode of mild

dizziness and nausea relieved with food after receiving ABT-888; this
patient had a history of recurrent nausea and dizziness associated with
taking narcotics and had received his regular dose of narcotic around
the time of ABT-888 administration. One patient at the 25-mg dose
level developed mild dysgeusia for 3 days post-drug administration
that was not associated with anorexia or decreased oral intake.

PK

ABT-888 was rapidly absorbed, and peak plasma levels occurred
between 0.5 and 1.5 hours after dosing (Fig 2; Appendix Table A1).
The target Cmax of 0.21 �mol/L was exceeded in the first patient
cohort; thus, all subsequent patients agreed to undergo paired pre-
and post-treatment tumor biopsies. Clearance of ABT-888 in urine
was rapid, and at the 50-mg dose level a large quantity of unchanged
parent drug was recovered in the urine (average 70% in 24 hours;
range 31% to 115%).

PAR Levels in Patient Tumor Samples and PBMCs

Baseline PAR levels in 11 of 13 patient PBMC samples and nine of
10 patient tumor samples were above the defined minimum to allow
further sampling after drug administration. Post-drug PBMC PAR
levels were compared to the day 1 sample (baseline) level collected
immediately before ABT-888 administration (Figs 3A, 3B). The
threshold for declaring statistically significant inhibition was calcu-
lated to be a 55% reduction in PAR in PBMCs and 95% in tumors.

Statistically significant reductions in PAR levels were observed in
tumor samples from two of the three patients at the 25-mg dose (the
third was near borderline with reduction corresponding to P � .14;
one sided), and in PBMCs from both the assessable patients (Fig 3A).
At the 50-mg dose, statistically significant reductions in PAR levels in
tumor were observed in two of three assessable patients and in PBMCs
from 4 of 6 evaluable patients. Therefore, by our statistical criteria
using the binomial distribution, statistically significant reduction in
PAR levels was observed for both tumor and PBMC samples at the

Table 1. Patient Demographics for the Phase 0 Trial of ABT-888

Parameter Value

No. of patients screened 24
No. enrolled by sex 14

Male 11
Female 3

Age range of patients enrolled, years 49-74
Patients per dose level, mg

10 3
25 3
50 8

No. who received ABT-888 13�

Median No. of prior therapies 3.5
Range 0-8

Diagnoses, No. of patients
Carcinoid 1
Colorectal cancer 3
Small cell lung cancer 1
Low-grade lymphoma 3
Cutaneous T-cell lymphoma 3
Adenocarcinoma of the external auditory canal 1
Melanoma 1
Squamous cell carcinoma of the tongue 1

Subsequent therapy after completion of this trial
Phase I 11
Standard of care 2

�One patient in the 50-mg cohort withdrew for personal reasons.
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Fig 2. Average plasma concentrations (�M) of ABT-888 in patients before and
after administration of a single 10-, 25-, or 50-mg dose of ABT-888 over 24 hours.
Plasma Cmax levels exceeding the target threshold of 0.21 �mol/L were achieved
in all patient cohorts. Vertical bars represent standard deviations (SD).
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25-mg and 50-mg doses. By the binomial distribution, given a false-
positive probability of .10 for observing significant PAR level reduc-
tion for an individual patient under the null hypothesis of no effect at
that dose level, the P value associated with observing significant reduc-
tion in two of three patients is P � .03, in two of two patients is P � .01,
and in four of six patients is P � .001.

Patient 11 received 50 mg of ABT-888 but had no significant
reduction in PAR levels in either PBMCs or tumor (Figs 3A, 3B). PK
analysis revealed plasma levels comparable to the other patients in the
50-mg cohort. Ex vivo treatment of a PBMC sample from this patient
with 0.21 �mol/L (target Cmax), or with 0.8 �mol/L ABT-888 (the
patient’s actual Cmax), for 2 hours had no detectable effect on PAR
levels. In comparison, PAR reduction in ex vivo PBMC samples from
four healthy volunteers and from another patient at the same dose
level evaluated in the same experiment was more than 90%, consistent
with results from our previous studies on ex vivo PBMC sensitivity to
ABT-888.21 Comparison of this patient’s samples with another study
patient and three healthy donors did not identify unique single nucle-
otide polymorphisms (SNPs)22 or significant differences in the ratio of
PARP to poly (ADP-ribose) glycohydrolase (PARG), as measured by
real-time quantitative polymerase chain reaction, that would explain
these results (Appendix).

Three additional patients at the 50-mg dose level underwent a
tumor biopsy at 24 � 3 hours after ABT-888 administration to eval-
uate the time to recovery of PARP activity (Fig 3C). PAR levels were at
least 49% below baseline levels 24 hours after drug administration, but
this reduction was significant in only one of the patients.

Correlation of PAR Levels in Patient PBMC and

Tumor Samples

We calculated the Pearson correlation coefficient between
log10 reduction measures for the eight participants with PAR re-
duction in both PBMCs and tumor samples. The estimated corre-
lation was relatively modest (r � 0.51) and did not achieve
statistical significance (P � .12, one sided) against the null hypoth-
esis of r � 0. The estimated linear regression line for log10 tumor
PAR level reduction versus log10 PBMC PAR level reduction did
have a slope of 1 and a constant of 0.75, indicating that PAR level
reduction in PBMCs, on average, tracks PAR level reduction in
tumor, but is approximately six-fold less.

For patients whose tumor biopsy PAR levels were reduced
after ABT-888 administration, the Pearson correlation of PAR level
reduction in PBMCs (at 4 hours) versus the ABT-888 area under
the curve (AUC) was statistically significant (r � 0.56; P � .05, one
sided) versus r � 0, but depended on the positive dose-response
relationships for the two variables. It disappeared when we strati-
fied for dose (stratified r � �0.02, where we correlated individual
dose means rather than overall means). Tumor PAR level reduc-
tion at 3 to 6 hours did not significantly correlate with the ABT-888
AUC. Similar results were obtained when Cmax measures were
substituted for AUC measures.

DISCUSSION

In this study, we present the results of the first phase 0 clinical trial of a
therapeutic agent in oncology with a PD primary end point. The trial
is significant in that it provided in a short period of time both the
molecular proof-of-target inhibition by ABT-888 in tumor, as well as
the PK and PD data that served as the foundation for subsequent
combination studies of ABT-888 with DNA-damaging agents. As
shown in Figure 4, these data were available within 5 months of
starting the phase 0 trial. Starting a standard phase I investigation of
drug combinations based on PK and PD results from a phase 0 trial
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Fig 3. PAR levels in (A) peripheral blood mononuclear cells (PBMCs) and (B,
C) tumor samples after administration of a single dose of ABT-888. Results
are presented relative to baseline (100%). (*) Indicates the percent reduction
exceeded 99% for that time point. Note: patient 5 poly (ADP-ribose) (PAR)
levels were below the defined minimum at baseline; thus, no post-drug PBMC
sampling was performed. PAR levels in the baseline tumor biopsy for patient
8 were below the required minimum, so this patient did not undergo a
postdrug biopsy.
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without first determining the MTD of ABT-888 as a single agent is well
suited to the evaluation of molecularly-targeted agents in combina-
tion with other targeted agents or cytotoxics.

Greater than 90% inhibition of PAR levels was observed 3 to 6
hours post-drug administration, with recovery at 24 hours in both
xenograft models18 and the clinical trial. This supports a twice daily
schedule for ABT-888 administration in subsequent trials, ensuring
adequate inhibition of PAR and optimizing the likelihood of clinical
benefit. Based on the significant inhibition of PAR in tumor biopsies at
25 mg and the available capsule strengths, the recommended phase I
dose of ABT-888 in combination with DNA-damaging agents is 10 mg
twice a day.

Phase 0 studies with PD modulation as the primary end point
rely on the PD assay for making decisions including dose escalation
or defining effective target modulation. Therefore, the analytic
performance of an assay is critical, and the assay needs to be
validated before trial initiation.18,23 The PD assay, timing of sample
collection, and sample storage and handling procedures used in
this trial were all based on extensive preclinical investigations spe-
cifically designed to validate assay techniques and to establish
standard operating procedures.3,18 It is important to emphasize
that the rapid completion of complex, early-phase clinical trials
requires an integrated, multidisciplinary research team capable of
performing PK and PD studies in real time (in this trial, 48 hours or
less after sample acquisition).

We observed one patient in our 50-mg dose cohort whose
ABT-888 plasma Cmax and AUC levels approximated the mean for
all other patients at that dose level, but who demonstrated no
decrease in PAR levels in PBMCs or tumor after drug exposure. We
investigated whether a mutation in the PARP gene or significantly
low levels of PARG could account for the lack of observed drug
effect. No unique SNPs were identified, and the PARP/PARG ratio
was not significantly different when compared to other patients or
healthy donors. The mechanism of resistance to PARP inhibitor
therapy needs to be further explored. However, our ability to
accurately confirm the lack of responsiveness by treating PBMCs ex
vivo with ABT-888 raises the possibility of ex vivo screening of
PBMCs from patients in future trials to detect those likely to
respond to ABT-888.

Tumor biopsies for research purposes are often obtained in can-
cer clinical trials; however, it has been argued that the perception of
benefit could be influencing the acceptance of invasive procedures in
such studies.24,25 However, the consent to obtain tumor biopsies in
this phase 0 trial was given with the clear understanding of the non-
therapeutic nature of such a procedure.26

There are very few publications demonstrating the value of
results from research biopsies obtained during early-phase clinical
trials.25 We suggest that it is not appropriate to ask patients for
biopsy samples unless the assay procedures to be employed have
been carefully validated. As demonstrated in this study, preclinical
assay qualification can permit scientifically meaningful and statis-
tically valid conclusions to be drawn from a limited number of
biopsy samples. We understand that phase 0 studies may be more
difficult to perform outside of the NCI because of the need for both
a highly motivated patient population and substantive research
resources to develop and validate the assays and obtain multiple
tumor biopsies.

Using the novel statistical evaluation scheme that we developed
specifically for use in phase 0 trials, we demonstrated statistically
significant inhibition of PAR levels in both tumor and PBMCs after a
single dose of ABT-888. The statistical correlation observed between
the effects of ABT-888 in PBMCs versus tumor samples raises the
possibility of using PBMCs as tumor surrogates, obviating the need for
biopsies. We are evaluating this observation further in phase I ABT-
888 combination trials.

The successful and expeditious conduct of this trial, and the
impact it has had on the development timeline of ABT-888 (Fig 4),
provide an initial example of a new paradigm for early therapeutics
development in oncology. Clearly, several additional phase 0 trials
will need to be completed under the Exploratory IND Guidance,
and their long-term impact on improving the success rate and
timeline assessed, before phase 0 trials will be considered to have an
established role in the anticancer drug development process. The
US Food and Drug Administration’s new regulatory policy has
provided an important and timely opportunity to expeditiously
conduct and complete novel, proof-of-principle clinical trials of
molecularly targeted therapeutic and imaging agents. The poten-
tial for a major impact of phase 0 trials and the exploratory IND on

First patient in clinic 
(June 27, 2006) 

Concept approval;
assay validation begun 

(December 1, 2005)

Clinical protocol allowed to 
proceed by FDA; 

assay validated (June 15, 2006)

1st cohort completed 
(July 25, 2006)

2nd cohort completed 
(October 25, 2006)

Phase I 
combination trials 

(August 2007)

Exploratory lND submitted 
to FDA (April 13, 2006)

3rd cohort completed 
(July 10, 2007)

Met study objectives
(October 25, 2006)

Jan 06 Apr 06 Jul 06 Oct 06 Jan 07 Apr 07 Jul 07 Oct 07

Fig 4. Timeline of the phase 0 trial of
ABT-888 from clinical study concept ap-
proval by the National Cancer Institute
(NCI) and Abbott Laboratories to com-
pletion. Time from accrual of the first
patient on the phase 0 study to the initia-
tion of phase I combination trials of DNA-
damaging agents with ABT-888 was
approximately 13 months. Note: over the
past decade, for all anticancer agents for
which the NCI held the Investigational
New Drug Application, the median time
from entry of the first patient on a first-
in-human clinical trial to the initiation of
phase I combination trials was approxi-
mately 30 months (N � 90 investiga-
tional agents).
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developing new anticancer drugs provides a strong stimulus for the
broader uptake and enhanced application of carefully conceived,
pharmacodynamically driven early-phase clinical trials in oncology.
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Glossary Terms

PBMC (peripheral blood mononuclear cell): A single
nucleus cell found circulating in the bloodstream (normally in-
cludes lymphocytes and monocytes).

SNP (single nucleotide polymorphism): Genetic poly-
morphisms are natural variations in the genomic DNA sequence
present in greater than 1% of the population, with SNP repre-
senting DNA variations in a single nucleotide. SNPs are being
widely used to better understand disease processes, thereby pav-
ing the way for genetic-based diagnostics and therapeutics.

AUC (area under the curve): A measure of the amount of
drug in the blood over a set period of time (e.g., 24 hours) that
can be used to determine drug exposure.

Exploratory IND: The Exploratory Investigational New
Drug (IND) Guidance was developed by the FDA to provide new
regulatory pathways for drug development and clinical evalua-
tion. Clinical studies conducted under an exploratory IND in-
volve administering small amount of an investigational agent for
short periods to a limited number of subjects with no therapeutic
or diagnostic intent. The results can provide essential pharmaco-
dynamic, pharmacokinetic and/or imaging data at the initial
stage of the clinical trials process to inform and expedite the sub-
sequent development of promising new agents.

Pharmacodynamics: The study of the biochemical and physiologi-
cal effects of a drug on the body.

Surrogate: A biologic marker evaluated in place of the actual
marker of interest. For example, studying a marker for drug effect in
blood instead of tumor. The relationship between the marker under
study and the marker of interest needs to be established before using
the term surrogate.

Phase 0 clinical trial: A first-in-human clinical trial conducted
under an exploratory IND that has no therapeutic or diagnostic intent
and involves very limited human exposure. The results of a Phase 0 trial
can provide essential pharmacodynamic, pharmacokinetic and/or imag-
ing data at the initial stage of the clinical trials process to inform and
expedite the subsequent development of promising new agents.

Poly (ADP-ribose) (PAR): A negatively charged polymeric mac-
romolecule produced by the PARP family of enzymes that is involved in
a wide range of biological processes.

Poly (ADP-ribose) polymerase (PARP): The PARP family of
nuclear enzymes facilitate DNA repair via poly (ADP-ribose)ylation of
histones and DNA repair enzymes.

Validated assay: An assay that meets defined criteria for reproduc-
ibility, reliability, sensitivity, and accuracy.
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