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OPINION

Envisioning the future of early
anticancer drug development

Timothy A. Yap, Shahneen K. Sandhu, Paul Workman and Johann S. de Bono

Abstract | The development of novel molecularly targeted cancer therapeutics
remains slow and expensive with many late-stage failures. There is an urgent need
to accelerate this process by improving early clinical anticancer drug evaluation
through modern and rational trial designs that incorporate predictive,
pharmacokinetic, pharmacodynamic, pharmacogenomic and intermediate
end-point biomarkers. In this article, we discuss current approaches and propose
strategies that will potentially maximize benefit to patients and expedite the
regulatory approvals of new anticancer drugs.

Major advances in our understanding of the
genetics and biology of cancer have revealed
dependencies and synthetic lethalities that can
be exploited with targeted molecular thera-
peutics that form the basis of personalized
medicine'™. Current evidence-based medi-
cine requires large randomized multi-centre
studies that aim to definitively prove the
superior efficacy of new therapies compared
with the gold standard, generally without
molecular stratification of patients®. Although
such trials have revolutionized medical prac-
tice, this ‘one size fits all’ approach does not
take into account the now well-established
patient-to-patient variation that exists in the
molecular drivers of both cancer and drug
sensitivity®’.

The new generation of molecularly
targeted drugs underlines the potential for
personalized medicine, which promises
more efficacious and less toxic anti-tumour

therapies in patients who have defined
molecular aberrations®®. Selecting patients
based on molecular predictors could also
accelerate the drug approval process, which
remains slow and inefficient. There is a clear
biological, ethical and financial imperative to
increase the odds of the successful approval
of new cancer therapies, especially as a high
proportion of cancer drugs still fail late and
expensively in Phase I1I trials®''. To achieve
this goal, a new paradigm is emerging that
involves the use of customized, adaptive,
hypothesis-testing early trial designs
incorporating analytically validated and
clinically qualified biomarkers (BOX 1) from
the earliest possible stage.

Although traditional drug development
has involved a ‘compound-to-trial’ proc-
ess, there is increasing evidence that this
should now change to a ‘biology-to-trial
approach, starting with the unravelling of the
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fundamental molecular mechanisms of can-
cer targets, which may then drive initial drug
discovery and subsequent clinical studies
(FIG. 1A). Key molecular targets or pathways to
which certain cancers are addicted, or which
present opportunities for synthetic lethality,
should be actively pursued and dissected to
improve our understanding of these path-
ways and to identify predictive biomarkers that
could be integrated early in the drug discov-
ery process. Such preclinical data could also
support optimal clinical trial design. In this
Opinion article, we focus on the tools and
strategies currently in use and propose new
approaches to enhance early-phase clinical
trials and accelerate development of targeted
anticancer agents.

The drug development toolkit

Studies of molecular biomarkers in tri-

als that aim to correlate clinical data with
pharmacological drug effects have arisen

as a result of a greater understanding of
cancer genetics and biology, the advent of
molecularly targeted agents and advances
in biotechnological tools'>. Given that tar-
geted therapeutics are optimal when applied
in the appropriate molecular context',
biomarkers can be used in clinical trials

for multiple purposes. They can guide the
selection of patients likely to respond to
therapies, predict the probability of success
or failure of a drug and provide meaningful
correlations of target and pathway modula-
tion in Phase I clinical trials. It is important
for these molecular assays to be scientific-
ally sound and analytically validated in the
laboratory so that they are primed for
clinical use (BOX 1). Biomarkers should

ideally be clinically qualified as far as pos-
sible but, in first-in-class, first-in-human
trials, the use of specific biomarkers could
be the beginning of the journey towards
qualification. These biomarkers could

be broadly classified as pharmacodynamic
(PD), pharmacokinetic (PK), pharmacogenetic,
predictive, enrichment and intermediate
end-point biomarkers (FIG. 1b).

Pharmacokinetics, pharmacodynamics
and pharmacogenomics. PD biomarkers
together with corresponding PK data should
be used to confirm target and pathway
modulation, to help identify the biologically
active dose range and to make ‘go’ or ‘no-go’
drug development decisions'*¢. We have
generally moved away from using body
surface area to determine drug doses and
now use fixed doses of targeted therapies.
Nonetheless, Phase I studies of targeted
agents should evaluate the association
between body surface area and weight and
height with drug clearance to support fixed
drug dosing"”. PK-PD relationships should
also be reported (BOX 2); this will allow the
drug development process to continue with
confidence to larger and more costly trials.
PK and PD can be affected by inter-
patient variation, which can influence both
treatment-related responses and toxicities
owing in part to host pharmacogenomic fac-
tors'®. To minimize such effects, prospective
single nucleotide polymorphism (SNP)-
based dose optimization Phase I studies
should be considered; however, these are
rarely conducted. SNPs that impact expres-
sion or function of proteins involved in drug
metabolism or the target of the drug under

Box 1| Preclinical validation and clinical qualification of biomarkers

Drug development and biomarker validation should ideally occur in parallel. Prior to their
acceptance and use as a clinical trial end point, it is crucial that ‘fit-for-purpose’ biomarkers are
scientifically and technically validated and clinically qualified with a suitable degree of rigour®.
The scientific validation of biomarkers focuses on relating the marker to the molecular target and
associated pathway or the mechanism of action of a drug, and understanding its association with
therapeutic outcome. This should be followed by technical or methodological validation of the
biomarker assay, assessing appropriate performance criteria, including reproducibility, variability,
sensitivity and specificity®. Preclinical pharmacodynamic biomarker validation in animal models is
illustrated by our work on heat-shock protein 90 (HSP90) inhibitors?*°®” and PI3K inhibitors®>¢3.
The aim here is to produce a robust and reproducible biomarker assay that is progressively
validated and qualified to a degree that is fit for purpose!*®‘. Such a biomarker can then be
incorporated into an early-phase trial as an exploratory end point to allow early hypothesis-testing
or hypothesis-generating clinical studies to be carried out®**. Fit-for-purpose validation makes
economic sense, as conducting a large amount of validation would be wasteful if the drug is
terminated early. For predictive biomarkers, if they are proved robust and potentially usefulin
early clinical trials, these assays can then be subjected to further clinical qualification through
prospective or retrospective evaluation in large randomized controlled trials before regulatory
approval®'. For biomarkers used in ‘go’ or ‘no-go’ drug development decision making, minimum
standards set by Good Clinical Laboratory Practice (UK) or Clinical Laboratory Improvement
Amendments (USA) should be adhered to in order to ensure technical standardization®.

PERSPECTIVES

evaluation can directly affect treatment effi-
cacy and toxicity. Such studies might not be
appropriate for all drugs but are potentially
useful for agents that have clearly defined
pharmacogenomic profiles. Alternatively,
and more commonly, the possible influence
of pharmacogenomic factors can be assessed
retrospectively following completion of
Phase IT and even Phase III trials. In this
approach, all patients are treated initially at
a fixed, recommended, generic drug dose,
which is then adjusted based on the pres-
ence or absence of toxicities. This approach
should, however, take into consideration that
a substantial proportion of such patients will
be undertreated and could benefit from dose
escalation. Dose escalation is less frequently
pursued than dose reductions for patients
who receive too high a dose, which results in
toxicity. A detailed discussion on pharmaco-
genetics and pharmacogenomics is beyond
the scope of this article, but the reader is
directed to excellent publications on the
subject!®".

The pharmacological audit trail. PD and
PK data together allow the construction of a
framework for rational decision making in
clinical trials, known as the ‘pharmacologic
audit trail’ (PhAT), which we first described
in 2003 (REFS 14,20,21). This allows all key
stages in drug development to be linked and
interpreted in relation to measured param-
eters (such as PK and PD), and provides a
stepwise ‘audit’ to assess the risk of failure
during the development of a novel com-
pound at any particular stage (FIC. 2). The
application of the PhAT is illustrated by the
preclinical and Phase I studies of the heat-
shock protein 90 inhibitor tanespimycin®-**
(17-allyamino-17-demethoxygeldan-
amycin (17AAG); Bristol-Myers Squibb/
Kosan Biosciences), the CYP17 inhibi-

tor abiraterone acetate?® %’ (Johnson and
Johnson/Cougar Biotechnology) and the
poly(ADP-ribose) polymerase (PARP)
inhibitor olaparib®-*" (AstraZeneca/KuDOS
Pharmaceuticals) (FIG. 2), which were
conducted at our institution.

We now present an updated PhAT to
reflect the evolving drug discovery and
development landscape, implementing the
evaluation of potential predictive assays
earlier in the drug development process and
strategies to reverse resistance mechanisms
(FIG. 2).

Predictive biomarkers. The use of predictive
markers is pivotal to accelerating the drug
development process®'. Predictive biomark-
ers have been successfully used in clinical
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trials of trastuzumab®>** (Herceptin; Roche/
Genentech), pertuzumab* (Omnitarg;
Roche/Genentech), trastuzumab-DM 13310
(Roche/Genentech) and lapatinib® (Tykerb/
Tyverb; GlaxoSmithKline), by evaluating
ERBB2 overexpression in breast cancers

and by BCR-ABL detection in predicting
response to imatinib (Gleevec; Novartis) in
chronic myelogenous leukaemia®. Other
recent notable examples of the successful

use of predictive biomarkers in Phase I

trials include the detection of BRCAI and
BRCA2 mutations, which portend sensitivity
to the PARP inhibitor olaparib® (BOX 2); of
EMLA4- anaplastic lymphoma kinase (ALK)
fusions that predict response to the ALK and
MET inhibitor PF-02341066 (Pfizer) in non-
small cell lung cancer (NSCLC)*; and of the
V600E BRAF mutation that predicts response
to the mutant BRAF-selective inhibitor
PLX4032 (Plexxikon) in melanoma®.

The upfront use and testing of putative
predictive biomarkers in early clinical trials
could minimize the need for retrospective
subgroup dredging for predictive biomar-
kers in later phase trials carried out in
unselected populations. Notable examples
of clinical studies that used retrospective
subgroup analyses include the randomized
Phase III trial comparing the epidermal
growth factor receptor (EGFR)-targeted
antibody panitumumab (Vectabix; Amgen)
with best supportive care in EGFR-positive
metastatic colorectal cancer (CRC)*, and the
Iressa Survival Evaluation in Lung Cancer
(ISEL) study, which investigated the EGFR
small-molecule inhibitor gefitinib (Iressa;
AstraZeneca) versus placebo in patients with
advanced NSCLC*. In both trials, a retro-
spective analysis of tumour tissue led to the
discovery that selected molecular subgroups
attained greater benefit — for patients who
had wild-type KRAS and were treated with
panitumumab® and patients who had mutant
EGFR and were treated with gefitinib*2.

A similar scenario was also encountered

in the CRYSTAL trial, which assessed the
combination of the EGFR-targeted anti-
body cetuximab (Erbitux; ImClone/Merck/
Bristol-Myers Squibb) with 5-fluorouracil
and irinotecan (Camptosar; Pfizer) (in the
FOLFIRI regimen) in EGFR-positive meta-
static colorectal cancer®. A retrospective
subgroup analysis demonstrated that patients
who had wild-type KRAS and were treated
with the cetuximab-FOLFIRI regimen* had
increased benefit compared with patients who
had mutant KRAS. These examples empha-
size the importance of retrospective studies,
which might be essential when new data on
predictive biomarkers become available after

prospective trials are conducted. However,
these examples also suggest the importance
of a priori drug evaluation in hypothesized
appropriate molecular contexts early on in
the drug development process, for exam-
ple in Phase I/II trials, to test and begin to
clinically qualify predictive biomarkers in
selected populations. When such hypothesis-
testing studies are carried out upfront before
large and costly clinical trials, they might also
decrease the number of patients receiving
ineffective treatments and late drug attrition.
In addition, it is important to note that
the strategy of matching predictive biomark-
ers with molecularly targeted agents will not
always be applicable to all novel therapies,
for example, broad-spectrum inhibitors that
block multiple signalling pathways. Other
issues could also arise, including the
lack of preclinically validated biomarkers,
regulatory issues impacting clinical trial
conduct and difficulties in recruiting suit-
able patients. A further matter to consider
when using predictive biomarkers to select
patients is that the potential beneficial effects
of the targeted therapy in a more broadly
defined patient population could be missed.
Therefore, if the prevalence of a predictive
biomarker is already known to be high in an
unselected cohort and the new therapy has
the potential to benefit the broader popula-
tion, or if no clear differentiation between
patients who benefit and those who do not

seems achievable, then patient selection
should be avoided. An often-cited example
is sorafenib (Nexavar; Bayer/Onyx), which
was initially developed as a CRAF inhibitor,
only to later achieve regulatory approval as a
multi-kinase inhibitor that has predominant
effects on the vascular endothelial growth
factor receptor (VEGFR) in advanced renal
cell carcinomas*+#°, Questions also remain
as to whether trastuzumab therapy has clini-
cal benefit in patients described as having
ERBB2-negative disease. This could be a
result of false-negative ERBB2 testing or
intra-patient heterogeneity in which patients
have tumour clones driven by ERBB2 and
these clones are not present in the analysed
tumour biopsies. These complexities might
be difficult to dissect and support the case
for initially evaluating new therapies in an
unselected population and subsequently
selecting for molecular aberrations that
enrich for sensitive tumours (BOX 2).

Enrichment biomarkers. Clinical trial designs
for targeted therapies are most effective

when a biological hypothesis is evaluated
using a validated predictive marker that has
an established cut-off point for determining
the status of the marker®. Although there is
currently no formal consensus, we believe
the term ‘predictive biomarkers’ should
strictly be limited to those biomarkers that
are scientifically sound and for which the

Glossary

Biologically active dose range

The range of drug doses required to result in the
modulation of the cellular target of the drug to produce its
expected effect.

Continual reassessment method

This tool uses statistical modelling and is employed in
dose-finding clinical trials to estimate the dose at which the
desired toxicity level can be expected to minimize risk of
toxicity to patients.

Maximum tolerated dose
The highest dose of a drug or treatment that does not
cause unacceptable side effects.

Pharmacodynamics
The relationship between drug concentration and its
biological effects (what the drug does to the body).

Pharmacogenetics

This term was coined in 1959 and represents the study of
genetic factors that influence response to drugs and
chemicals'®.

Pharmacogenomics

Recent advances and improvements in large genome-scale
sequencing and bioinformatic tools for processing data
have led to the transition of pharmacogenetics to
pharmacogenomics, which involves studies of the entire
spectrum of genes in the human genome'.

Pharmacokinetics

The concentration of drugs in the body over a period of
time, including the processes by which drugs are absorbed,
distributed in the body, localized in tissues, metabolized
and excreted (what the body does to the drug).

Predictive biomarker
Any measurement associated with response to or lack of
response to a particular therapy.

Response Evaluation Criteria In Solid Tumours

A set of published rules that define when cancer patients
improve (respond), stay the same (stable) or worsen
(progress) during treatments.

Single-arm Phase Il trial

Atrial that demonstrates the safety and activity of a drug
in a selected group of patients. This is in contrast to
randomized clinical trials, which involve the random
allocation of different treatments (including placebo) to
patients in different groups.

Surrogate threshold effect
The minimum treatment effect on the surrogate end point
necessary to predict a non-zero effect on the true end point.

Synthetic lethality

In genetics, a phenomenon in which the combination of
two otherwise non-lethal mutations results in a non-viable
cell.
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methodology has been validated preclini-
cally, and clinically qualified in randomized
clinical trials to robustly and reproducibly
predict anti-tumour responses in the selected
population (BOX 1). We therefore propose a
new term — ‘enrichment biomarkers’ — to
describe biomarkers that have strong scien-
tific rationale and preclinical evidence for
anti-tumour responses, but which are yet
to be clinically qualified. Importantly, such
enrichment biomarkers need to be scientifi-
cally and technically validated preclinically
before entering Phase I clinical trials (80X 1).
Some of these enrichment biomarkers
could eventually evolve into predictive
biomarkers following greater clinical qualifi-
cation. For example, based on this definition,
the mutation status of BRCAI and BRCA2
in a patient would strictly be considered as
an enrichment biomarker for PARP inhibi-
tors until further definitive validation as a
qualified predictive biomarker in appropri-
ate clinical trials (BOX 2). Other potential
enrichment biomarkers include PTEN loss
or PIK3CA-activating mutations for PI3K-
Akt-mTOR pathway inhibitors*®*. For such
agents, in view of the complex network of
feedback loops involved, it is probable that
a biomarker signature of more than one
marker will eventually be required to predict
a response to inhibitors of this key signalling
network. Also, although MET amplification
or mutations have been shown in a range of
cancers in preclinical studies, these have not
yet been shown to strongly predict which
patients will respond to MET inhibitors in
the clinic®®*.

Intermediate end-point biomarkers.
Intermediate end-point or surrogate biomar-
kers are those that accurately reflect treat-
ment efficacy and clinical benefit at an earlier
time point than would be required to attain
the primary objective of the study. They are
intended to substitute for the clinical primary
end point and must therefore be modified by
therapy and correlate robustly with response
and survival end points'2.To establish the
ability of intermediate end points to function
as surrogates of overall survival, complex
meta-analytical statistical designs involving
multiple Phase III trials may be required to
demonstrate a surrogate threshold effect®2. If
qualified intermediate end points of clinical
benefit can be established, these could accel-
erate drug approval and facilitate earlier and
accurate decisions about treatment efficacy,
mitigating additional costs and treatment-
related morbidity*. Promising biomarkers
that could function as intermediate end
points include circulating tumour DNA, the
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Figure 1| The shifting focus of old versus new Phase | clinical trial designs. a | Preclinical and
early clinical data have shown that using predictive biomarkers to match individual tumour genotypes
with appropriate targeted agents will increase the odds of patient benefit. Therefore, we should con-
sider shifting from Phase | trial designs in which all patients are treated regardless of their molecular
status to strategies that include patient enrichment through biomarker analyses.b | Dose-related toxici-
ties have traditionally been considered key end points of Phase | trials and the maximum tolerated dose
(MTD) is regarded as the optimal dose that provides the best efficacy with manageable toxicity — the
tried and tested model for cytotoxic chemotherapies’. Although important, pharmacokinetic (PK) and
pharmacodynamic (PD) end points still take a backseat to toxicity in Phase | studies, despite a shift
towards the development of molecularly targeted agents®®'2, The development of targeted inhibitors
has challenged the paradigms used in cytotoxic chemotherapy trial design on many levels®®. Molecularly
targeted agents do not necessarily maintain the same dose-toxicity relationship as cytotoxic agents
and can produce minimal organ toxicity. Furthermore, molecular therapeutic agents may result in pro-
longed disease stabilization and provide clinical benefit without achieving the dramatic tumour shrink-
age seen with cytotoxic agents, therefore necessitating alternative measures of anti-tumour efficacy'®.
This has prompted interest in functional mechanistic-based end points to delineate an active biological
dose range!®. These end points include biologically relevant drug exposures, PD biomarker measures
of target inhibition, intermediate end-point biomarkers, such as circulating tumour cells and other
molecular biomarkers, including functional imaging®37983102.105,

caspase-cleaved cytokeratin product M30,
the concentration of the antigen KI67 in
blood plasma and circulating tumour cell
(CTC) counts™~°,

CTC counts are an example of a promis-
ing intermediate end-point biomarker, and
might even be considered as a multi-purpose
marker, as changes in CTC counts from
baseline during treatment are now recog-
nized as a prognostic marker in patients
with metastatic breast, prostate and color-
ectal cancer®?”*®, CTCs are currently being
formally assessed as an intermediate end

point for overall survival in ongoing prospec-
tive clinical trials, including a randomized
Phase III trial of patients who have castra-
tion-resistant prostate cancer (CRPC) treated
with the CYP17 inhibitor abiraterone acetate
(NCT00638690; see Further information
for a link to the ClinicalTrials.gov website),
which is powered to address this question.
Another exciting development is the
increase in information that the molecular
characterization of CTCs brings to oncol-
ogy drug development. The ability to lon-
gitudinally evaluate gene amplifications,
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mutations, deletions or translocations that
have crucial roles in underlying tumour
pathogenesis provides unique insights into
the underlying and evolving biology of the
tumour, without the necessity for invasive
biopsies. It also allows patient stratification
according to the molecular profiles of risk,
prognosis and likely response. These nas-
cent molecular characterization studies are
already yielding important results, including
recent data showing that TMPRSS2-ETS
rearrangements detected by fluorescence in
situ hybridization in CTCs of patients with
CRPC predicts an improved response to
abiraterone®. It is also possible to identify
EGFR-activating mutations from CTCs iso-
lated from patients with NSCLC, including
the gatekeeper T790M mutation, which con-
fers drug resistance to first-generation EGFR
tyrosine kinase inhibitors®. Therefore,
studies of CTCs could function as a liquid
biopsy’ and be integrated with genomic

and proteomic platforms to support patient
selection, monitor treatment efficacy and
identify mechanisms of acquired resistance.

Animal models. To improve clinical trials
and address vital molecular and therapeutic
questions accurately, we should also aim to
maximize the potential of animal model sys-
tems to better reflect the disease being stud-
ied. For example, mice that are genetically
engineered to recapitulate human cancer
and xenografts of human malignancies that

have detailed molecular profiling could be
used to investigate aspects of tumour biology
that might not be possible in the clinic and
to demonstrate proof of concept for targeted
agents and companion biomarkers®'.
Animal models might also be useful for
defining the quantitative extent and duration
of target inhibition required for biological
and therapeutic effects. These data could
then be used to establish preclinical PK-PD
efficacy relationships by relating quantitative
drug exposure and target modulation levels
to efficacy and toxicity. Such PK-PD model-
ling can subsequently be used to inform a
Phase I trial by providing target levels of PK
and PD to aim for in the clinic. This PK-PD
efficacy relationship is exemplified by our
recent experience with the PI3K inhibitor
GDC-0941, for which preclinical results
showed that greater than 90% inhibition of
AKT phosphorylation over several hours is
necessary for 50% reduction in the number
of proliferating cancer cells in vitro and a
corresponding level of growth arrest in
tumour xenografts®>%*. GDC-0941 is cur-
rently being assessed in Phase I clinical trials,
and the value of these preclinical PK-PD
relationships is being evaluated®*®.

Modern Phase I trial design

The clinical use of biomarkers in early drug
development is a rapidly evolving and con-
troversial area®=®. It is, however, clear that
the trial framework for defining optimal

Box 2 | Predictive biomarkers in early-phase studies: an example

Hypothesis-testing preclinical studies showed that BRCA17-and BRCA2™~ cells were 1000-fold
more sensitive to poly(ADP-ribose) polymerase (PARP) inhibitors than wild-type cells or cells
heterozygous for BRCA1 or BRCA2, demonstrating a clear therapeutic window for this synthetic
lethal strategy?®®. The assay for detecting BRCA1 or BRCA2 mutations in patients with cancer was
already well established clinically. These key elements were incorporated into the first-in-human
proof-of-concept Phase | trial of olaparib (AstraZeneca/KuDOS Pharmaceuticals), a potent and
selective PARP inhibitor?. Following preclinical data, a priori provisions in the study protocol

allowed enrichment during dose escalation for patients with cancer who were BRCA1 or BRCA2
mutation carriers. This allowed testing of the hypothesis that patients with cancer who have
BRCA1 or BRCA2 mutations would respond, as well as the continued rapid accrual of patients with
these mutations and unselected patients. Dose escalation was guided by parallel pharmacokinetic
and pharmacodynamic evaluation of normal tissue, including peripheral blood mononuclear cells
from hair follicles, and tumour tissue. These data were used to establish the biologically active
dose range of olaparib. The minimally invasive sampling of normal tissue allowed specimens to be
obtained safely at multiple time points, minimizing the impact of intra-patient variability. Dose
escalation continued to the maximum tolerated dose (MTD) to maximize drug delivery. Following
this and preliminary efficacy data in patients who had BRCA1 or BRCA2 mutations, the MTD
expansion cohort was limited to this population of patients®. Indeed, overall results showed
clinical benefit in this patient population but no objective responses in unselected patients. The
efficacy of olaparib in patients who had mutations in BRCA1 or BRCA2 with advanced breast and
ovarian cancers was recently confirmed in two Phase Il trials®*'®. These trials also demonstrated
that the MTD seemed to be more efficacious than a biologically active dose (as defined by
pharmacodynamic biomarkers), emphasizing the importance of dosing to the MTD. This rapid
translation from scientific rationale to robust preclinical data to clinical efficacy was enhanced by
incorporating biomarkers into the early trial design.

dosing through establishing the maximum
tolerated dose (MTD) and treatment efficacy
according to Response Evaluation Criteria In
Solid Tumours (RECIST) are less applicable
to the development of molecularly targeted
agents, in contrast to cytotoxic chemo-
therapies (FIG. 1B). Other functional deter-
minants of the biological effects and clinical
responses of a drug are now also required

to prove the mechanism of action™"".
Analytically validated predictive, PD and
intermediate end-point biomarkers can
empower drug development — in the same
way that PK and toxicity data have been the
cornerstones for decision making in the past
— as integrated components of a modern,
comprehensive and biologically driven drug
development process (FIG. 1B).

Modern, mechanistically based Phase I
trial design should include a dose-escalation
scheme that allows rapid and safe patient
accrual with procurement of sufficient PK
and PD data, clear and customized defini-
tions of dose-limiting toxicities, a limited
number (for example, three or fewer) of
study sites to ensure familiarity with the
drug””*and, importantly, the implementa-
tion of an adaptive approach for analysing
information accrued in ‘real time’ (FIG. 3).
Such novel designs will facilitate the pro-
spective modifications of dynamic study
protocols to allow interrogation of the key
clinical and scientific hypotheses being
explored.

Crucial to the success of such trials is a
thorough understanding of the target biol-
ogy and of the drug pharmacology, based
on detailed preclinical studies, as well as the
expected molecular and biological effects.
A priori provisions in trial design should
also be made, if possible, to allow cohort
enrichment with patients whose tumours
have molecular aberrations that might
increase the likelihood of responses (BOX 2).
The ultimate goal of this model is personal-
ized medicine, based on real-time molecular
profiling of tumour and surrogate material
and the identification of the key genetic
events driving oncogenesis’”>. With several
increasingly cost-effective genomic altera-
tion-screening platforms now available, we
can rapidly interrogate multiple mutations
across numerous oncogenes simultaneously
to prospectively guide rational therapeutic
selection for each patient (FIC. 2).

For Phase I trials, we support the use of
accelerated dose-escalation schemes with ini-
tial 100% dose increments in small cohorts of
patients (typically three) to define the active
dose range of molecular targeted agents™. A
potential alternative to such a dose-escalation
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scheme is the continual reassessment method
(CRM), although the practical benefits of this
remain controversial”’%.

Although entering one patient per dose
level is feasible, a major limitation of this
approach is the limited PK and PD data
generated from single-patient cohorts.
Furthermore, in a multi-site study, single-
patient cohorts are unlikely to save time
compared with recruiting three patients.

Dose escalation should continue in 100%
increments until Grade 2 drug-related tox-
icity is observed, when more conservative
increases should be pursued. We advocate
dose escalation in Phase I trials to the
MTD and not just the biologically active
dose range, which is usually lower than the
MTD”# (BOX 2). This is crucial because, for
example, PD data obtained from normal
tissue such as blood does not necessarily rep-
resent tumour target blockade. PD biomark-
ers might also not reflect the complexity of
drug delivery and drug effects on the entire
heterogeneous tumour, which can have
poorly perfused, acidic and hypoxic regions
with poor drug delivery®.. In addition, drugs
can have a limited ability to penetrate tumour
tissue and do not reach all viable tumour cells
in an equally effective concentration. Tumour
biopsies performed for PD studies are usu-
ally obtained from the periphery of the lesion
and, therefore, even if target blockade is
shown, such findings should not always be
taken to imply that central, hypoxic areas are
inhibited to the same extent. Importantly,
regions of lower drug exposure might rap-
idly become drug resistant through various
mechanisms®. Therefore, maximizing drug
delivery to all of the tumour by dosing to the
MTD could minimize potential resistance to
anticancer agents. Imaging studies that evalu-
ate PK and PD might be helpful and should
be included whenever possible, although cost
is frequently a restriction®.

This concept of selecting the highest pos-
sible dose below the toxic dose might not
apply to all classes of agents. For example, it
might not be possible with drugs that do not
reach MTD in dose-escalation studies, as
seen with certain monoclonal antibodies®*>.
In such instances, a reccommended Phase II
dose (RP2D) has to be established based on
other parameters such as PK and PD esti-
mates in the PhAT in relation to preclinical
data. Overall, the optimal dose selection for
targeted agents should be based on consider-
ation of all available data from the different
stages of early drug development.

The use of PK determinations to ensure
adequate drug exposure and validated PD
measurements to confirm target and pathway
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Figure 2 | Updating the pharmacological audit trail. The ‘pharmacological audit trail’ (PhAT)
provides a rational framework for assessing the risk of failure of the development of a new agent at
any particular stage, with the likelihood of drug attrition decreasing as the hierarchy of sequential
questions are successfully answered. It also provides the basis for making key decisions, such as deter-
mining the optimal dose range and schedule of a new compound and whether to continue or termi-
nate a drug development programme. First proposed by us in 2003 (REFS 14,20,21), the updated
application of the PhAT is illustrated in this figure by the preclinical and clinical studies of the poly(ADP-
ribose) polymerase (PARP) inhibitor olaparib?™*. To reflect the surge in implementation of biomarkers
into early-phase clinical trials, we have modified and enhanced the original PhAT model*?2. We pos-
tulate that it will become imperative to include the identification and initial clinical qualification of
robust predictive biomarker assays for patient selection early in the drug development process, as
recently shown with inhibitors of PARP, V600E BRAF and anaplastic lymphoma kinase (ALK)?%3839,
Intermediate end-point biomarkers should also be identified and studied in the audit trail as early
predictors of anti-tumour activity. These could include circulating tumour cells, circulating endothelial
cells and functionalimaging modalities. Following the development of drug resistance to new agents®,
potential resistance mechanisms can also be investigated in these studies and alternative strategies
pursued to overcome resistance. PBMC, peripheral blood mononuclear cell.

inhibition, as well as other relevant explora-
tory biomarkers for on-target and off-target
effects (including functional imaging), can
allow the determination of a biologically
active dose range to answer key questions
related to the development of an experimental
agent. Once this dose is established, we advo-
cate expanding selected doses between the
biologically active dose range and the MTD
in a larger cohort of patients (for example,
10-20 patients) to assess safety and efficacy,
preferably in selected subgroups of patients

who have specific molecular aberrations™.

As a biologically active dose range is likely to
be reached while dose escalation to MTD is
ongoing, patients could be accrued in parallel
to an expanded cohort at a pharmacologically
active dose. Patients in these expansion
cohorts could also have paired pre- and
post-treatment tumour biopsies to facilitate

a better delineation of the PK-PD relation-
ship at doses between the biologically active
dose range and MTD?. Further expansions
at the eventual RP2D should also be carried
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out in molecularly defined cohorts to poten-
tially increase treatment responses, if feasible
(BOX 2). We recommend, whenever possible,
that randomized Phase II studies compar-
ing the MTD and lower biologically active
dose range be pursued for optimal dose (and
schedule) selection. If this is not feasible,
however, the highest possible dose should be
used as the RP2D®.

Accelerating the transition to Phase Il
There is accumulating evidence that non-

detected without multiple single-arm Phase |1
trials. Such Phase I expansions could instead
lead directly to randomized Phase II/III tri-
als that incorporate early-stopping rules. For
example, such a randomized Phase II/II
trial could mandate an interim data analy-
sis. The statistical cost for this is a limited
amount of alpha spend; nonetheless, if such
an interim analysis is defined prior to trial
onset, this approach should be considered.
If the efficacy data following an early data
analysis suggests that the trial does not meet

randomized Phase II trials have limited
usefulness and that an increased focus
should perhaps be placed on randomized
Phase II studies®”*. By carrying out explora-
tory hypothesis-testing studies in expansion
cohorts of Phase I trials at a selected dose

or doses, early signals of activity could be

preset requirements, a no-go decision might
be made based on these randomized data,
resulting in early trial cessation. However,

if the data are promising and meet preset
criteria, a decision could be made to proceed
seamlessly to Phase III evaluation using a
larger cohort. Alternatively, randomized
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Figure 3 | Future clinical track for early-phase clinical trials. Currently, patient selection for early
clinical trials of molecular targeted therapies is based on a ‘best-guess’ approach using available scien-
tific data. It is envisioned that, in the future, predictive biomarkers will have a key role in guiding the
individualization of such therapies for patients based on the genetic and molecular characteristics of
their tumours. Patients will first have their tumour interrogated for genetic aberrations across many
cancer genes in ‘real time’ and enter a Phase | trial of a drug targeted towards the relevant molecular
abnormality. While on therapy, patients will be monitored with improved intermediate end-point
biomarkers to gauge their response to treatment. Pharmacodynamic biomarkers will also be used to
confirm an appropriate level and duration of target and pathway modulation, ideally defined in preclini-
cal models. These ‘on-trial’ biomarkers will be analysed in normal tissues, such as blood (platelet-rich
plasma or peripheral blood mononuclear cells) and hair follicles, and tumour tissue. Any known mech-
anism-based toxicities such as epidermal growth factor receptor inhibitor-induced skin rash could be
monitored to increase confidence of target inhibition. Anti-tumour responses should be evaluated at
regular intervals by conventional radiological and biochemical assessments, as well as exploratory func-
tionalimaging modalities. At disease progression, patients could be re-evaluated to identify resistance
mechanisms and alternative suitable therapies. This approach has the potential to personalize treat-
ment for patients and to maximize data generation from early-phase trials, and might reduce attrition
rates and decrease late-phase trial costs.CA125, cancer antigen 125 (also known as MUC16);
CECs, circulating endothelial cells; CT, computerized tomography; CTCs, circulating tumour cells;
FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; PSA, prostate-specific antigen;
RECIST, Response Evaluation Criteria In Solid Tumours. The CTC and CEC images are courtesy of
J. Dukes and D. Olmos, The Institute of Cancer Research, UK.

Phase II trials using selection designs” can
be conducted with smaller patient numbers,
using, for example, higher alpha and beta
values and one-sided testing. We believe
such a change is now warranted, as many
Phase II non-randomized trials have taught
us little. Overall, by adopting such a strategy
following smart Phase I cohort expansions
based on tumour biology-driven, hypothesis-
testing studies, one may potentially acceler-
ate development and increase the odds of
approval of targeted therapies.

In addition, when novel targeted agents
in selected patient populations show high
and compelling levels of anti-tumour activity
in patients with end-stage cancer, a change in
the regulatory requirements for drug approval
becomes an ethical imperative. We are, for
example, now observing high response rates
in early-phase clinical trials with molecular
therapeutics when matched with patients
who have the appropriate genetic aber-
rations. This is illustrated, as discussed,
by Phase I studies of the ALK inhibitor
PF-02341066 in patients with NSCLC who
have the EML4-ALK gene fusion®; the
BRAF inhibitor PLX4032 in patients with
melanoma who have the V600E BRAF
mutation®; and the PARP inhibitor olaparib
in patients with cancer who have BRCA1
or BRCA2 mutations®. Such experiences
raise the question of whether such highly
efficacious agents, if well tolerated, should
be given provisional rapid approval for use
in specific patient subpopulations without
the necessity for large randomized Phase III
studies. It is envisioned that the development
and use of better intermediate end points,
involving analytically validated and clinically
qualified biomarkers could support acceler-
ated drug approval when compelling activity
is seen in molecularly defined populations.

Conclusions
There is increasing evidence that the tra-
ditional route of drug development and
registration should be adapted for the
development of molecularly targeted drugs
(BOX 3). We should therefore shift the focus
of Phase I studies to include patient sub-
population identification by genomic and
molecular analyses with analytically vali-
dated biomarkers. Early-phase clinical trials
present the opportunity to test and begin to
qualify key biomarkers before more rigorous
confirmatory assessments in larger studies.
We should also continue to build on
our current portfolio of well-characterized,
targeted drugs to develop optimal combina-
tion therapies. This will allow the creation
of cocktails of different regimens guided by
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Box 3 | A multidisciplinary translational strategy

Multiple barriers to the implementation of new molecular approaches to improve early clinical trials
exist, including scientific, technical, cultural and regulatory ones®'°'. Greater investment by
industry and funding bodies is required to help develop, in a timely fashion, biomarkers that can be
used not only for decision making in early- and late-stage clinical trials, but also for hypothesis-
generating clinical studies that could, for example, lead to the identification of new biomarkers,
targets and resistance mechanisms. To sustain the intense requirements of the new trial paradigm
discussed in this article, it is important to accept that translational medicine is no longer a one-way
process from ‘bench to bedside’, but rather a continuous dynamic and iterative cycle between
laboratory and clinic, involving a multidisciplinary approach to drug development. Furthermore, the
timescales for iterative cycles between the laboratory and clinic are now much shorter. The current
model at our large comprehensive cancer centre that includes the Royal Marsden Hospital and The
Institute of Cancer Research — and one that is also being developed at other large centres —
reflects the necessity for a highly integrated multidisciplinary and team-based approach to drug
development. The physical housing of both preclinical and clinical teams under one roof fosters
active and efficient interaction and transfer of knowledge between different specialist teams and
facilitates translational studies, including biomarker-driven drug development. This is enhanced by
collaborations with other academic centres, the pharmaceutical industry and regulatory bodies.
These interactions facilitate a free flow of ideas and information, and foster partnerships between
individual teams specializing in areas, such as cancer genetics, basic molecular oncology, molecular
pathology, bioinformatics, systems biology, functional imaging and cancer therapeutics.

the unique molecular biomarker signatures
of different malignancies, which might truly
individualize cancer therapies. Iterative,
real-time analysis will allow the study of pre-
dictive biomarkers for the targeted therapy,
including target mutation, feedback loops
and pathway switching, to be monitored and
the appropriate therapeutic corrections
made (FIC. 3). The repeated analysis of spe-
cific biomarkers will also allow the evolv-
ing biology of a tumour to be monitored
during therapy and changes in response to
treatment to be identified”". In the future,

we envision that it will be possible to exam-
ine the dynamic structure of the human
genetic, epigenetic and protein interaction
network (interactome) as a means of pre-
dicting patient outcome®. This will bring
rapidly emerging systems or network biology
approaches into the clinic®.

Finally, in this era of targeted treatments,
it may soon be time for a paradigm shift
away from the previously established man-
agement of cancer, which was based on ana-
tomical sites and histological classifications,
to one which is augmented by molecular
and target-specific strategies. An example
of this approach is the treatment of patients
with cancer who have either BRCA1I or
BRCA2 mutations with the PARP inhibitor
olaparib, for which anti-tumour responses
were observed in different malignancies,
including ovarian, breast and prostate can-
cers? (BOX 2). This fundamental alteration
in drug development strategy could allow us
to further expedite the approval of targeted
therapies for cancer patients and thereby
accelerate our progression to personalized
cancer medicine.

Timothy A. Yap, Shahneen K. Sandhu and

Johann S. de Bono are at the Drug Development Unit,
Royal Marsden NHS Foundation Trust, Downs Road,
Sutton, Surrey, SM2 5PT, United Kingdom.

Timothy A. Yap, Shahneen K. Sandhu, Paul Workman and
Johann S. de Bono are at the Section of Medicine

and Cancer Research UK Centre for Cancer Therapeutics,
The Institute of Cancer Research, 15 Cotswold Road,
Sutton, Surrey SM2 5NG, United Kingdom.

Correspondence to J.S.d.B.
e-mail: johann.de-bono @icr.ac.uk
doi:10.1038/nrc2870

Published online 10 June 2010

1. Stratton, M. R., Campbell, P. J. & Futreal, P. A. The
cancer genome. Nature 458, 719-724 (2009).

2. Vogelstein, B. & Kinzler, K. W. Cancer genes and the
pathways they control. Nature Med. 10, 789-799
(2004).

3. Collins, I. & Workman, P. New approaches to
molecular cancer therapeutics. Nature Chem. Biol. 2,
689-700 (2006).

4. lorns, E., Lord, C. J., Turner, N. & Ashworth, A. Utilizing
RNA interference to enhance cancer drug discovery.
Nature Rev. Drug Discov. 6, 556-568 (2007).

5.  Taube, S. E. et al. A perspective on challenges
and issues in biomarker development and drug and
biomarker codevelopment. J. Natl. Cancer Inst. 101,
1453-1463 (2009).

6. McDermott, U. & Settleman, J. Personalized cancer
therapy with selective kinase inhibitors: an emerging
paradigm in medical oncology. J. Clin. Oncol. 27,
5650-5659 (2009).

7. Janne, P. A, Gray, N. & Settleman, J. Factors underlying
sensitivity of cancers to small-molecule kinase inhibitors.
Nature Rev. Drug Discov. 8, 709-723 (2009).

8. Workman, P. & de Bono, J. Targeted therapeutics for
cancer treatment: major progress towards
personalised molecular medicine. Curr. Opin.
Pharmacol. 8, 359-362 (2008).

9. DiMasi, J. A. & Grabowski, H. G. Economics of new
oncology drug development. J. Clin. Oncol. 25,
209-216 (2007).

10. Reichert, J. M. & Wenger, J. B. Development trends
for new cancer therapeutics and vaccines. Drug Discov.
Today 13, 30-37 (2008).

11. DiMasi, J. A., Feldman, L., Seckler, A. & Wilson, A.
Trends in risks associated with new drug development:
success rates for investigational drugs. Clin.
Pharmacol. Ther. 87, 272-2717.

12. Kelloff, G. J. & Sigman, C. C. New science-based
endpoints to accelerate oncology drug development.
Eur. J. Cancer 41, 491-501 (2005).

20.

21

22.

23.

24

25.

26

27.

28.

29

30.

31.

32.

33.

34.

PERSPECTIVES

Simon, R. The use of genomics in clinical trial design.
Clin. Cancer Res. 14, 5984-5993 (2008).

Sarker, D. & Workman, P. Pharmacodynamic
biomarkers for molecular cancer therapeutics. Adv.
Cancer Res. 96, 213-268 (2007).

Adjei, A. A. What is the right dose? The elusive
optimal biologic dose in Phase | clinical trials. J. Clin.
Oncol. 24, 4054-4055 (2006).

Goulart, B., Roberts, T. & Clark, J. Utility and costs of
surrogate endpoints (SEs) and biomarkers in Phase |
oncology trials. J. Clin. Oncol. 22, (Suppl. 14), 6012
(abstract) (2004).

Yap, T. A. et al. Phase | trial of the irreversible ErbB1
(EGFR) and ErbB2 (HER2) kinase inhibitor BIBW
2992 in patients with advanced solid tumors. J. Clin.
Oncol. (in the press).

Huang, R. S. & Ratain, M. J. Pharmacogenetics and
pharmacogenomics of anticancer agents. CA Cancer
J. Clin. 59, 42-55 (2009).

Walko, C. M. & McLeod, H. Pharmacogenomic
progress in individualized dosing of key drugs for
cancer patients. Nature Clin. Pract. Oncol. 6,
153-162 (2009).

Workman, P. Challenges of PK/PD measurements in
modern drug development. Eur. J. Cancer 38,
2189-2193 (2002).

Workman, P. How much gets there and what does it
do? The need for better pharmacokinetic and
pharmacodynamic endpoints in contemporary drug
discovery and development. Curr. Pharm. Des 9,
891-902 (2003).

Workman, P. Auditing the pharmacological accounts
for Hsp90 molecular chaperone inhibitors: unfolding
the relationship between pharmacokinetics and
pharmacodynamics. Mol. Cancer Ther. 2, 131-138
(2003).

Banerji, U. et al. Phase | pharmacokinetic and
pharmacodynamic study of 17-allylamino,
17-demethoxygeldanamycin in patients with
advanced malignancies. J. Clin. Oncol. 23,
4152-4161 (2005).

Banerji, U. et al. Pharmacokinetic—pharmacodynamic
relationships for the heat shock protein 90 molecular
chaperone inhibitor 17-allylamino,
17-demethoxygeldanamycin in human ovarian cancer
xenograft models. Clin. Cancer Res. 11, 7023-7032
(2005).

Attard, G., Reid, A. H., Olmos, D. & de Bono, J. S.
Antitumor activity with CYP17 blockade indicates that
castration-resistant prostate cancer frequently
remains hormone driven. Cancer Res. 69,
4937-4940 (2009).

Attard, G. et al. Phase | clinical trial of a selective
inhibitor of CYP 17, abiraterone acetate, confirms that
castration-resistant prostate cancer commonly remains
hormone driven. J. Clin. Oncol. 26, 4563—-4571 (2008).
Yap, T. A., Carden, C. P., Attard, G. & de Bono, J. S.
Targeting CYP17: established and novel approaches in
prostate cancer. Curr. Opin. Pharmacol. 8, 449-457
(2008).

Farmer, H. et al. Targeting the DNA repair defect in
BRCA mutant cells as a therapeutic strategy. Nature
434,917-921 (2005).

Fong, P. C. et al. Inhibition of poly(ADP-ribose)
polymerase in tumors from BRCA mutation carriers.
N. Engl. J. Med. 361, 123—134 (2009).

Fong, P. C. et al. Poly(ADP)-ribose polymerase
inhibition: frequent durable responses in BRCA carrier
ovarian cancer correlating with platinum-free interval.
J. Clin. Oncol. 20 Apr 2010 (doi:
JCO.2009.26.9589v1).

Mandrekar, S. J. & Sargent, D. J. Clinical trial designs
for predictive biomarker validation: theoretical
considerations and practical challenges. J. Clin. Oncol.
27, 4027-4034 (2009).

Slamon, D. J. et al. Human breast cancer: correlation
of relapse and survival with amplification of the
HER-2/neu oncogene. Science 235, 177-182
(1987).

Slamon, D. J. et al. Use of chemotherapy plus a
monoclonal antibody against HER2 for metastatic
breast cancer that overexpresses HER2. N. Engl.

J. Med. 344, 783-792 (2001).

Baselga, J. et al. Objective response rate in a

Phase Il multicenter trial of pertuzumab (P), a HER2
dimerization inhibiting monoclonal antibody, in
combination with trastuzumab (T) in patients (pts)
with HER2-positive metastatic breast cancer (MBC)
which has progressed during treatment with, T.

J. Clin. Oncol. 25, (Suppl. 18), 1004 (abstract)
(2007).

NATURE REVIEWS | CANCER

© 2010 Macmillan Publishers Limited. All rights reserved

VOLUME 10 [JULY 2010 | 521


mailto:johann.de-bono@icr.ac.uk

PERSPECTIVES

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54

55.

56.

57

Vogel, C. L. et al. A Phase Il study of trastuzumab-
DM1 (-DM1), a HER2 antibody—drug conjugate
(ADC), in patients (pts) with HER2 + metastatic breast
cancer (MBQ): final results. J. Clin. Oncol. 27

(Suppl. 15), 1017 (abstract) (2009).

Spector, N. L. et al. EGF103009, a Phase Il trial of
lapatinib monotherapy in patients with relapsed/
refractory inflammatory breast cancer (IBC): clinical
activity and biologic predictors of response. J. Clin.
Oncol. 24 (Suppl. 18S), 502 (abstract) (2006).
Talpaz, M. et al. Imatinib induces durable hematologic
and cytogenetic responses in patients with accelerated
phase chronic myeloid leukemia: results of a Phase 2
study. Blood 99, 1928-1937 (2002).

Kwak, E. et al. Clinical activity observed in a Phase |
dose escalation trial of an oral c-met and ALK
inhibitor, PF-02341066. J. Clin. Oncol. 27

(Suppl. 15), 3509 (abstract) (2009).

Flaherty, K. et al. Phase | study of PLX4032: proof of
concept for V60OOE BRAF mutation as a therapeutic
target in human cancer. J. Clin. Oncol. 27 (Suppl. 15),
9000 (abstract) (2009).

Amado, R. G. et al. Wild-type KRAS is required for
panitumumab efficacy in patients with metastatic
colorectal cancer. J. Clin. Oncol. 26, 1626-34 (2008).
Thatcher, N. et al. Gefitinib plus best supportive care
in previously treated patients with refractory advanced
non-small-cell lung cancer: results from a randomised,
placebo-controlled, multicentre study (Iressa survival
evaluation in lung cancer). Lancet 366, 1527—-1537
(2005).

Takano, T. et al. EGFR mutations predict survival
benefit from gefitinib in patients with advanced lung
adenocarcinoma: a historical comparison of patients
treated before and after gefitinib approval in Japan.

J. Clin. Oncol. 26, 5589-5595 (2008).

Van Cutsem, E. et al. Randomized Phase IlI study of
irinotecan and 5-FU/FA with or without cetuximab in
the first-line treatment of patients with metastatic
colorectal cancer (MCRC): the CRYSTAL trial. J. Clin.
Oncol. 25 (Suppl. 18), 4000 (abstract) (2007).

Van Cutsem, E. et al. Cetuximab and chemotherapy as
initial treatment for metastatic colorectal cancer.

N. Engl. J. Med. 360, 1408—-1417 (2009).

Wilhelm, S. M. et al. Preclinical overview of sorafenib,
a multikinase inhibitor that targets both Raf and VEGF
and PDGF receptor tyrosine kinase signaling. Mol.
Cancer Ther. 7, 3129-3140 (2008).

Wilhelm, S. M. et al. BAY 43-9006 exhibits broad
spectrum oral antitumor activity and targets the RAF/
MEK/ERK pathway and receptor tyrosine kinases
involved in tumor progression and angiogenesis.
Cancer Res. 64, 7099-7109 (2004).

Hoering, A., Leblanc, M. & Crowley, J. J. Randomized
Phase Ill clinical trial designs for targeted agents. Clin.
Cancer Res. 14, 4358-4367 (2008).

Yap, T. A. et al. Targeting the PI3K—AKT-mTOR
pathway: progress, pitfalls, and promises. Curr. Opin.
Pharmacol. 8, 393-412 (2008).

Workman, P. Clarke, P. A., Raynaud, F. I. &

van Montfort, R. L. Drugging the P13 kinome : from
chemical tools to drugs in the clinic. Cancer Res. 70,
2146-2157 (2010).

Comoglio, P. M., Giordano, S. & Trusolino, L. Drug
development of MET inhibitors: targeting oncogene
addiction and expedience. Nature Rev. Drug Discov. 7,
504-516 (2008).

Yap, T. A. & de Bono, J. S. Targeting the HGF/c-Met
axis: state of play. Mol. Cancer Ther. 9, 1077-1079
(2010).

Burzykowski, T. & Buyse, M. Surrogate threshold effect:
an alternative measure for meta-analytic surrogate
endpoint validation. Pharm. Stat. 5, 173—-186 (2006).
de Bono, J. S. et al. Circulating tumor cells predict
survival benefit from treatment in metastatic
castration-resistant prostate cancer. Clin. Cancer Res.
14,6302-6309 (2008).

Hou, J. M. et al. Evaluation of circulating tumor cells
and serological cell death biomarkers in small cell lung
cancer patients undergoing chemotherapy. Am.

J. Pathol. 175, 808-816 (2009).

Hodgson, D. R. et al. Circulating tumour-derived
predictive biomarkers in oncology. Drug Discov. Today
15,98-101 (2010).

Yerushalmi, R., Woods, R., Ravdin, P. M., Hayes, M. M.
& Gelmon, K. A. Ki67 in breast cancer: prognostic and
predictive potential. Lancet Oncol. 11, 174—-183
(2010).

Cristofanilli, M. et al. Circulating tumor cells, disease
progression, and survival in metastatic breast cancer.
N. Engl. J. Med. 351, 781-791 (2004).

58.

59

60.

61.

62.

63.

64.

65

66.

67.

68.

69.

70.

71.

72.

73.

4.

75.

76.

77.

78.

79.

80.

Cohen, S. J. et al. Relationship of circulating tumor
cells to tumor response, progression-free survival, and
overall survival in patients with metastatic colorectal
cancer. J. Clin. Oncol. 26, 3213-3221 (2008).
Attard, G. et al. Characterization of, ERG, AR and
PTEN gene status in circulating tumor cells from
patients with castration-resistant prostate cancer.
Cancer Res. 69, 2912-2918 (2009).

Maheswaran, S. et al. Detection of mutations in EGFR
in circulating lung-cancer cells. N. Engl. J. Med. 359,
366-377 (2008).

Frese, K. K. & Tuveson, D. A. Maximizing mouse
cancer models. Nature Rev. Cancer 7, 645-658
(2007).

Raynaud, F. I. et al. Biological properties of potent
inhibitors of class | phosphatidylinositide 3-kinases:
from PI-103 through PI-540, PI-620 to the oral agent
GDC-0941. Mol. Cancer Ther. 8, 1725-1738 (2009).
Guillard, S. et al. Molecular pharmacology of
phosphatidylinositol 3-kinase inhibition in human
glioma. Cell Cycle 8, 443—-453 (2009).

Sarker, D. et al. A phase | study evaluating the
pharmacokinetics (PK) and pharmacodynamics (PD) of
the oral pan-phosphoinositide-3 kinase (PI3K)
inhibitor GDC-0941. J. Clin. Oncol. 27 (Suppl. 15),
3358 (abstract) (2009).

Wagner, A. et al. A first-in-human phase | study to
evaluate the pan-PI3K inhibitor GDC-0941
administered QD or BID in patients with advanced
solid tumors. J. Clin. Oncol. 27 (Suppl. 15), 3501
(abstract) (2009).

Baneriji, U., de Bono, J., Judson, I., Kaye, S. &
Workman, P. Biomarkers in early clinical trials: the
committed and the skeptics. Clin. Cancer Res. 14,
2512 (2008).

Ratain, M. J. & Glassman, R. H. Biomarkers in Phase |
oncology trials: signal, noise, or expensive
distraction? Clin. Cancer Res. 13, 6545-6548
(2007).

Goulart, B. H. et al. Trends in the use and role of
biomarkers in Phase | oncology trials. Clin. Cancer
Res. 13,6719-6726 (2007).

Sawyers, C. L. The cancer biomarker problem. Nature
452, 548-552 (2008).

Park, J. W. et al. Rationale for biomarkers and
surrogate end points in mechanism-driven oncology
drug development. Clin. Cancer Res. 10, 3885-3896
(2004).

Eisenhauer, E. A., O'Dwyer, P. J., Christian, M. &
Humphrey, J. S. Phase | clinical trial design in cancer
drug development. J. Clin. Oncol. 18, 684—692
(2000).

Verweij, J., Eskens, F. & de Jonge, M. The multi-
institutional Phase | study: disadvantages without
advantages? J. Clin. Oncol. 26, 1915-1916 (2008).
Dowlati, A. et al. Multi-institutional Phase | trials of
anticancer agents. J. Clin. Oncol. 26, 1926—1931
(2008).

Thomas, R. K. et al. High-throughput oncogene
mutation profiling in human cancer. Nature Genet. 39,
347-351 (2007).

Yap, T. A., Carden, C. P. & Kaye, S. B. Beyond
chemotherapy: targeted therapies in ovarian cancer.
Nature Rev. Cancer 9, 167-181 (2009).

Dancey, J. E., Espinoza-Delgado, I.,
Papaconstantinou, A., Saunders, J. & Rubinstein, L.
Safety, efficacy and efficiency of Phase 1 single agent
trials using the accelerated titration (ATD) versus
modified Fibonacci designs (STD) in 20th Annual
AACR-NCI-EORTC International Conference:
Molecular Targets and Cancer Therapeutics, A98
(abstract) (American Association for Cancer
Research, Boston, 2009).

lasonos, A., Wilton, A. S., Riedel, E. R., Seshan, V. E. &
Spriggs, D. R. A comprehensive comparison of the
continual reassessment method to the standard 3 + 3
dose escalation scheme in Phase | dose-finding
studies. Clin. Trials 5, 465—477 (2008).

O’Quigley, J., Pepe, M. & Fisher, L. Continual
reassessment method: a practical design for Phase 1
clinical trials in cancer. Biometrics 46, 33—48
(1990).

Sleijfer, S. & Wiemer, E. Dose selection in Phase |
studies: why we should always go for the top. J. Clin.
Oncol. 26, 1576—-1578 (2008).

Booth, C. M. et al. Endpoints and other
considerations in Phase | studies of targeted
anticancer therapy: recommendations from the task
force on Methodology for the Development of
Innovative Cancer Therapies (MDICT). Eur. J. Cancer
44, 19-24 (2008).

81.

82.

83

84.

85.

86.

87.

88.

89.

90.

91.

92

93.

94.

95.

96.

97

98.

99.

100.

o

102.

103.

Propper, D. J. et al. Use of positron emission
tomography in pharmacokinetic studies to investigate
therapeutic advantage in a Phase | study of 120-hour
intravenous infusion XR5000. J. Clin. Oncol. 21,
203-210 (2003).

Turk, D. & Szakacs, G. Relevance of multidrug
resistance in the age of targeted therapy. Curr. Opin.
Drug Discov. Devel 12, 246-252 (2009).

Workman, P. et al. Minimally invasive pharmacokinetic
and pharmacodynamic technologies in hypothesis-
testing clinical trials of innovative therapies. J. Natl.
Cancer Inst. 98, 580-598 (2006).

Haluska, P. et al. Phase | dose escalation study of
the anti insulin-like growth factor-I receptor
monoclonal antibody CP-751871 in patients with
refractory solid tumors. Clin. Cancer Res. 13,
5834-5840 (2007).

Takimoto, C. H. Maximum tolerated dose: clinical
endpoint for a bygone era? Target Oncol. 4, 143—147
(2009).

Tutt, A. et al. Phase Il trial of the oral PARP inhibitor
olaparib in BRCA-deficient advanced breast cancer.

J. Clin. Oncol. 27 (Suppl. 18), CRA501 (abstract)
(2009).

Ratain, M. J. & Sargent, D. J. Optimising the

design of Phase Il oncology trials: the importance

of randomisation. Eur. J. Cancer 45, 275-280 (2009).
Seymour, L. et al. The design of Phase Il clinical trials
testing cancer therapeutics: consensus
recommendations from the clinical trial design task
force of the national cancer institute investigational
drug steering committee. Clin. Cancer Res. 16,
1764-1769.

Tang, H. et al. Comparison of error rates in single-arm
versus randomized Phase Il cancer clinical trials.

J. Clin. Oncol. 28, 1936—1941.

Rubinstein, L., Crowley, J., lvy, P, Leblanc, M. &
Sargent, D. Randomized Phase Il designs. Clin. Cancer
Res. 15, 1883-1890 (2009).

Workman, P. & Travers, J. Cancer: drug-tolerant
insurgents. Nature 464, 844—845 (2010).

Taylor, I. W. et al. Dynamic modularity in protein
interaction networks predicts breast cancer
outcome. Nature Biotechnol. 27, 199-204
(2009).

Schadt, E. E., Friend, S. H. & Shaywitz, D. A.

A network view of disease and compound
screening. Nature Rev. Drug Discov. 8, 286—-295
(2009).

Gutman, S. & Kessler, L. G. The US Food and Drug
Administration perspective on cancer biomarker
development. Nature Rev. Cancer 6, 565-571
(2006).

Sarker, D., Pacey, S. & Workman, P. Use of
pharmacokinetic/pharmacodynamic biomarkers to
support rational cancer drug development.
Biomarkers Med. 1, 399-417 (2007).

Clarke, P. A. et al. Gene expression profiling of human
colon cancer cells following inhibition of signal
transduction by 17-allylamino-17-
demethoxygeldanamycin, an inhibitor of the hsp90
molecular chaperone. Oncogene 19, 4125-4133
(2000).

Hostein, 1., Robertson, D., DiStefano, F., Workman, P.
& Clarke, P. A. Inhibition of signal transduction by the
Hsp90 inhibitor 17-allylamino-17-
demethoxygeldanamycin results in cytostasis and
apoptosis. Cancer Res. 61, 4003-4009 (2001).

Tan, D. S. et al. Biomarker-driven early clinical trials in
oncology: a paradigm shift in drug development.
Cancer J. 15, 406—-420 (2009).

Ashworth, A. A synthetic lethal therapeutic
approach: poly(ADP) ribose polymerase inhibitors
for the treatment of cancers deficient in DNA double-
strand break repair. J. Clin. Oncol. 26, 3785-3790
(2008).

Audeh, M. et al. Phase Il trial of the oral PARP
inhibitor olaparib (AZD2281) in BRCA-deficient
advanced ovarian cancer. J. Clin. Oncol. 27 (Suppl.
15), 5500 (abstract) (2009).

. Kurzrock, R. et al. Project Zero Delay: a process for

accelerating the activation of cancer clinical trials.

J. Clin. Oncol. 27, 4433—4440 (2009).

Parulekar, W. R. & Eisenhauer, E. A. Phase | trial
design for solid tumor studies of targeted, non-
cytotoxic agents: theory and practice. J. Natl. Cancer
Inst. 96, 990-997 (2004).

Kummar, S., Gutierrez, M., Doroshow, J. H. &

Murgo, A. J. Drug development in oncology: classical
cytotoxics and molecularly targeted agents. Br. J. Clin.
Pharmacol. 62, 15-26 (2006).

522 [JULY 2010 [ VOLUME 10

© 2010 Macmillan Publishers Limited. All rights reserved

www.nature.com/reviews/cancer



104.

105.

106.

Le Tourneau, C., Lee, J. J. & Siu, L. L. Dose escalation
methods in Phase | cancer clinical trials. J. Natl.
Cancer Inst. 101, 708-720 (2009).

Cannistra, S. A. Challenges and pitfalls of combining
targeted agents in Phase | studies. J. Clin. Oncol. 26,
3665-3667 (2008).

Krop, I. E. et al. Phase | study of trastuzumab—DM1,
an HER2 antibody—drug conjugate, given every 3
weeks to patients with HER2-positive metastatic
breast cancer. J. Clin. Oncol. 28, 2698-2704 (2010).

Acknowledgements

The Drug Development Unit of the Royal Marsden NHS
Foundation Trust and The Institute of Cancer Research is sup-
ported in part by a programme grant from Cancer Research
UK. Support was also provided by the Experimental Cancer
Medicine Centre (to The Institute of Cancer Research) and the
National Institute for Health Research Biomedical Research
Centre (jointly to the Royal Marsden NHS Foundation Trust and
The Institute of Cancer Research). TA.Y. is a Cancer Research
UK Clinical Research Fellow and P.W. is a Cancer Research UK
Life Fellow.

Competing interests statement
The authors declare competing financial interests; see Web
version for details.

DATABASES
ClinicalTrials.gov: http://clinicaltrials.gov
NCT00638690

Entrez Gene: http://www.ncbi.nlm.nih.gov/gene

BRCA1 | BRCA2 | KRAS | PIK3CA

National Cancer Institute Drug Dictionary:
http://www.cancer.gov/drugdictionar

5-fluorouracil | abiraterone acetate | cetuximab | FOLFIRI
regimen | GDC-0941 | gefitinib | imatinib | irinotecan | lapatinib |
olaparib | panitumumab | pertuzumab | PF-02341066 | PLX4032 |
sorafenib | tanespimycin | trastuzumab | trastuzumab-DM1
UniProtKB: http://www.uniprot.org

Ki67 | MET | TMPRSS2
ALL LINKS ARE ACTIVE IN THE ONLINE PDF

PERSPECTIVES

NATURE REVIEWS | CANCER

© 2010 Macmillan Publishers Limited. All rights reserved

VOLUME 10 [JULY 2010 | 523


http://clinicaltrials.gov
http://clinicaltrials.gov/ct2/show/NCT00638690
http://www.ncbi.nlm.nih.gov/gene
http://www.ncbi.nlm.nih.gov/gene/672
http://www.ncbi.nlm.nih.gov/gene/675
http://www.ncbi.nlm.nih.gov/gene/3845
http://www.ncbi.nlm.nih.gov/gene/5290
http://www.cancer.gov/drugdictionary
http://www.cancer.gov/drugdictionary/?CdrID=43130
http://www.cancer.gov/drugdictionary/?CdrID=552704
http://www.cancer.gov/drugdictionary/?CdrID=42384
http://www.cancer.gov/drugdictionary/?CdrID=41990
http://www.cancer.gov/drugdictionary/?CdrID=41990
http://www.cancer.gov/drugdictionary/?CdrID=641462
http://www.cancer.gov/drugdictionary/?CdrID=43649
http://www.cancer.gov/drugdictionary/?CdrID=37862
http://www.cancer.gov/drugdictionary/?CdrID=41714
http://www.cancer.gov/drugdictionary/?CdrID=269659
http://www.cancer.gov/drugdictionary/?CdrID=560191
http://www.cancer.gov/drugdictionary/?CdrID=37857
http://www.cancer.gov/drugdictionary/?CdrID=322808
http://www.cancer.gov/drugdictionary/?CdrID=586080
http://www.cancer.gov/drugdictionary/?CdrID=528954
http://www.cancer.gov/drugdictionary/?CdrID=299013
http://www.cancer.gov/drugdictionary/?CdrID=43635
http://www.cancer.gov/drugdictionary/?CdrID=42265
http://www.cancer.gov/drugdictionary/?CdrID=564399
http://www.uniprot.org
http://www.uniprot.org/uniprot/P00519
http://www.uniprot.org/uniprot/Q9UM73
http://www.uniprot.org/uniprot/P11274
http://www.uniprot.org/uniprot/P15056
http://www.uniprot.org/uniprot/P04049
http://www.uniprot.org/uniprot/P05093
http://www.uniprot.org/uniprot/P00533
http://www.uniprot.org/uniprot/Q9HC35
http://www.uniprot.org/uniprot/P04626
http://www.uniprot.org/uniprot/P46013
http://www.uniprot.org/uniprot/P08581
http://www.uniprot.org/uniprot/O15393
http://www.nature.com/nrc/journal/v10/n7/box/nrc2870_audecl.html

	Abstract | The development of novel molecularly targeted cancer therapeutics remains slow and expensive with many late-stage failures. There is an urgent need to accelerate this process by improving early clinical anticancer drug evaluation through modern and rational trial designs that incorporate predictive, pharmacokinetic, pharmacodynamic, pharmacogenomic and intermediate end-point biomarkers. In this article, we discuss current approaches and propose strategies that will potentially maximize benefit to patients and expedite the regulatory approvals of new anticancer drugs.
	The drug development toolkit 
	Box 1 | Preclinical validation and clinical qualification of biomarkers
	Figure 1 | The shifting focus of old versus new Phase I clinical trial designs. a | Preclinical and early clinical data have shown that using predictive biomarkers to match individual tumour genotypes with appropriate targeted agents will increase the odds of patient benefit. Therefore, we should consider shifting from Phase I trial designs in which all patients are treated regardless of their molecular status to strategies that include patient enrichment through biomarker analyses. b | Dose-related toxicities have traditionally been considered key end points of Phase I trials and the maximum tolerated dose (MTD) is regarded as the optimal dose that provides the best efficacy with manageable toxicity — the tried and tested model for cytotoxic chemotherapies71. Although important, pharmacokinetic (PK) and pharmacodynamic (PD) end points still take a backseat to toxicity in Phase I studies, despite a shift towards the development of molecularly targeted agents68,102. The development of targeted inhibitors has challenged the paradigms used in cytotoxic chemotherapy trial design on many levels98. Molecularly targeted agents do not necessarily maintain the same dose–toxicity relationship as cytotoxic agents and can produce minimal organ toxicity. Furthermore, molecular therapeutic agents may result in prolonged disease stabilization and provide clinical benefit without achieving the dramatic tumour shrinkage seen with cytotoxic agents, therefore necessitating alternative measures of anti-tumour efficacy103. This has prompted interest in functional mechanistic-based end points to delineate an active biological dose range104. These end points include biologically relevant drug exposures, PD biomarker measures of target inhibition, intermediate end-point biomarkers, such as circulating tumour cells and other molecular biomarkers, including functional imaging53,79,83,102,105.
	Box 2 | Predictive biomarkers in early-phase studies: an example
	Modern Phase I trial design
	Figure 2 | Updating the pharmacological audit trail. The ‘pharmacological audit trail’ (PhAT) provides a rational framework for assessing the risk of failure of the development of a new agent at any particular stage, with the likelihood of drug attrition decreasing as the hierarchy of sequential questions are successfully answered. It also provides the basis for making key decisions, such as determining the optimal dose range and schedule of a new compound and whether to continue or terminate a drug development programme. First proposed by us in 2003 (REFS 14,20,21), the updated application of the PhAT is illustrated in this figure by the preclinical and clinical studies of the poly(ADP-ribose) polymerase (PARP) inhibitor olaparib22–24. To reflect the surge in implementation of biomarkers into early-phase clinical trials, we have modified and enhanced the original PhAT model20–22. We postulate that it will become imperative to include the identification and initial clinical qualification of robust predictive biomarker assays for patient selection early in the drug development process, as recently shown with inhibitors of PARP, V600E BRAF and anaplastic lymphoma kinase (ALK)29,38,39. Intermediate end-point biomarkers should also be identified and studied in the audit trail as early predictors of anti-tumour activity. These could include circulating tumour cells, circulating endothelial cells and functional imaging modalities. Following the development of drug resistance to new agents91, potential resistance mechanisms can also be investigated in these studies and alternative strategies pursued to overcome resistance. PBMC, peripheral blood mononuclear cell.
	Figure 3 | Future clinical track for early-phase clinical trials. Currently, patient selection for early clinical trials of molecular targeted therapies is based on a ‘best-guess’ approach using available scientific data. It is envisioned that, in the future, predictive biomarkers will have a key role in guiding the individualization of such therapies for patients based on the genetic and molecular characteristics of their tumours. Patients will first have their tumour interrogated for genetic aberrations across many cancer genes in ‘real time’ and enter a Phase I trial of a drug targeted towards the relevant molecular abnormality. While on therapy, patients will be monitored with improved intermediate end-point biomarkers to gauge their response to treatment. Pharmacodynamic biomarkers will also be used to confirm an appropriate level and duration of target and pathway modulation, ideally defined in preclinical models. These ‘on-trial’ biomarkers will be analysed in normal tissues, such as blood (platelet-rich plasma or peripheral blood mononuclear cells) and hair follicles, and tumour tissue. Any known mechanism-based toxicities such as epidermal growth factor receptor inhibitor-induced skin rash could be monitored to increase confidence of target inhibition. Anti-tumour responses should be evaluated at regular intervals by conventional radiological and biochemical assessments, as well as exploratory functional imaging modalities. At disease progression, patients could be re-evaluated to identify resistance mechanisms and alternative suitable therapies. This approach has the potential to personalize treatment for patients and to maximize data generation from early-phase trials, and might reduce attrition rates and decrease late-phase trial costs.CA125, cancer antigen 125 (also known as MUC16); CECs, circulating endothelial cells; CT, computerized tomography; CTCs, circulating tumour cells; FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; PSA, prostate-specific antigen; RECIST, Response Evaluation Criteria In Solid Tumours. The CTC and CEC images are courtesy of J. Dukes and D. Olmos, The Institute of Cancer Research, UK.
	Accelerating the transition to Phase III
	Conclusions
	Box 3 | A multidisciplinary translational strategy



