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A workshop was held in Rockville, Maryland, on
May 16-17, 2002, under the sponsorship of the

U.S. Food and Drug Administration (FDA), the
Pharmacogenetics Working Group (PWG), the Pharma-
ceutical Research and Manufacturers of America
(PhRMA), and the PhRMA Preclinical Safety Commit-
tee (DruSafe), the latter consisting of members of phar-
maceutical companies actively engaged in pharma-
cogenetics.a This was the first agency-industry work-
shop on pharmacogenetics and pharmacogenomics.
The goal of the workshop was to discuss the following:

1. use of genomic technology in nonclinical and clinical
drug development;

2. issues, limitations, and questions related to the appli-
cation of pharmacogenetics and pharmacogenomics;
and

3. future direction of regulatory policy and guidances for
industry.

The purpose of this report is to summarize the key
ideas and recommendations that were identified and
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The use of pharmacogenetics and pharmacogenomics in the
drug development process, and in the assessment of such
data submitted to regulatory agencies by industry, has gener-
ated significant enthusiasm as well as important reservations
within the scientific and medical communities. This situation
has arisen because of the increasing number of exploratory
and confirmatory investigations into variations in RNA ex-
pression patterns and DNA sequences being conducted in the
preclinical and clinical phases of drug development, and the
uncertainty surrounding the acceptance of these data by reg-
ulatory agencies. This report summarizes the outcome of a
workshop cosponsored by the Food and Drug Administration
(FDA), the Pharmacogenetics Working Group (PWG), the

Pharmaceutical Research and Manufacturers of America
(PhRMA), and the PhRMA Preclinical Safety Committee
(DruSafe). The specific aim of the workshop was to identify
key issues associated with the application of pharma-
cogenetics and pharmacogenomics, including the feasibility
of a regulatory “safe harbor” for exploratory genome-based
data, and to provide a forum for industry-regulatory agency
dialogue on these important issues.
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discussed at the workshop. There has been no attempt
to summarize each individual plenary lecture; rather,
the report is organized by key topic areas that emerged
during the workshop.

DEFINITIONS

There is a diversity of opinion regarding definitions
and benefits of pharmacogenetics and pharma-
cogenomics.1-3 For example, pharmacogenetics is often
considered to be the study of interindividual variations
in DNA sequence related to drug absorption and dispo-
sition (pharmacokinetics) or drug action (pharma-
codynamics). Polymorphic variation in the genes that
encode the functions of transporters, metabolizing en-
zymes, receptors, and other proteins can result in indi-
vidual differences in the dose-plasma concentration-
response relationships for many important therapeutic
agents. In contrast, pharmacogenomics is thought to be
the application of genomic technologies to the study of
drug discovery, pharmacological function, disposition,
and therapeutic response. Whole-genome or candidate
gene single-nucleotide polymorphism (SNP) maps,
haplotype markers, and alterations in gene expression
or inactivation represent global tools for the discovery
of new drugs and genetic variations that influence drug
action. This workshop did not attempt to harmonize on
these definitions. For the purposes of this workshop,
pharmacogenetics was used to define applications of
single gene sequences or a limited set of multiple gene
sequences, but not gene expression or genomewide
scans, to study variation in DNA sequences related to

drug action and disposition. Pharmacogenomics was
used to define applications of genomewide SNP scans
and genomewide gene expression analyses to study
variations that influence drug action.

OVERVIEW OF PHARMACOGENETICS
AND PHARMACOGENOMICS

An important application of pharmacogenetics and
pharmacogenomics to public health is the ability to de-
termine a priori who will respond favorably (or unfa-
vorably) to a given type of drug treatment. A major chal-
lenge is the interindividual variability (population
variance) and intraindividual repeatability in a clinical
outcome measure (efficacy or safety) in a target popula-
tion. There is substantial variability in treatment re-
sponse, and data already exist to indicate that a compo-
nent of variability is genetic in nature. Repeatability of
a clinical response in a given subject with a chronic re-
current disease requiring continued therapy (e.g.,
asthma) reflects the heritability in that subject that
modulates the response.4 A challenge of future
pharmacogenetic clinical trials will be to design the re-
search in a way that provides information both on pop-
ulation variance and on individual repeatability.

Pharmacogenetics and pharmacogenomics allow
one to look at research with a fresh perspective (i.e., a
new way to ask old questions). In this context, it is im-
portant to clearly define research goals in terms of
pharmacokinetics, drug safety, and drug efficacy. For
example, pharmacogenetics can now be used to ex-
plain (1) the well-known differences in metabolism of
6-mercaptopurine by thiopurine methyltransferase
that are due to distinct population genotypes and may
result in at-risk subpopulations,5 (2) the underlying
rationale (KCNE2 genotype) for trimethoprim-
sulfamethoxazole-induced toxicity in the form of pro-
longation in QTc in some individuals,6 and (3) the
interindividual variability in peak flow (efficacy) in
asthmatics receiving albuterol due to polymorphisms
in the beta-adrenergic receptor.7

Sample size requirements, as well as the role of eth-
nicity, will need thorough exploration for the integra-
tion of pharmacogenetics into clinical trials, depending
on whether the trial goal is to identify efficacy response
genotypes or exclude at-risk genotypes due to safety con-
cerns. Study power, and thus sample size, will depend
on allele frequency in the trial subjects, the effect of eth-
nicity on allele frequency, and the nature or type of
gene action (e.g., dominant, recessive, additive, etc.).8

While human DNA variation as it relates to pharma-
cogenetic differential drug response is a static marker,
RNA expression patterns as they relate to pharma-
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cogenomic differential drug response are dynamic and
change with disease state and in response to drug treat-
ment. Therefore, expression profiling may serve as a
prognostic marker of patient response based on pre-
treatment profiles and also provide molecular
biomarkers of patient response by observed changes
during treatment. Differential drug responses may re-
sult from individual heterogeneity of the molecular
mechanism of disease that can be identified at the level
of gene expression. RNA expression profiling can target
specific genes using quantitative reverse transcriptase–
polymerase chain reaction (RT-PCR) or produce a
global profile using DNA chip technology. The identifi-
cation of RNA patterns that correlate with patient re-
sponse will allow clinicians to select patients based on
their predicted responses and avoid adverse reactions.

GENOMIC TESTING AND
DATA QUALITY ISSUES

Single-Nucleotide
Polymorphisms Assay Validation

Various assay technologies are used to genotype SNPs
or detect variant alleles in human genomic DNA sam-
ples. These include but are not limited to the following
methods: (1) direct sequencing, (2) primer extension-
based methods, (3) hybridization methods (including
DNA “chips” of various sorts), and (4) restriction en-
zyme analyses. Assay validation is generally accom-
plished using a panel of reference samples (standards)
of known genotype. The most widely accepted assay
technology is bidirectional dideoxy sequencing of
DNA of individual alleles. However, on occasion, se-
quencing may be problematic because of a high guanine-
cytosine (GC) content. An unresolved issue, not di-
rectly related to the technology, is evaluating the ability
of a genotyping assay to identify homozygotes for rare
alleles because of the difficulty in finding such individ-
uals. The inclusion of such individuals in a reference
panel may be impractical.

Haplotypes may be determined directly by sequenc-
ing individual, cloned chromosomal subsegments, or
they can be derived by genotyping relevant SNPs in
multigenerational families. Because these methods
are considered impractical for routine application to
clinical trial samples, various computational algo-
rithms have been developed to infer haplotypes
probabilistically, given the directly determined geno-
types of individual, closely linked SNPs. Studies of
large populations often reveal a number of less preva-
lent haplotypes. Comparing performance to standard
assays can validate these methods. How uncommon

haplotypes should be handled remains an unresolved
issue.

With regard to the use of SNP and haplotype assay
technology and the validation of these methods, there
was consensus for a need for standardized reference
materials, standards for assay validation, and specific
regulatory guidance for validation criteria of the meth-
ods. There were various suggested mechanisms to ad-
dress these needs, including the formation of national
repositories for reference materials, specific coopera-
tive efforts to develop standards and reference materi-
als, and alternative strategies that could be used in the
interim or in special circumstances. It was concluded
that sequencing should not be the only standard that
could serve as the basis for development of SNP and
haplotype assays. Development of standards for use in
this capacity should be a high-priority issue, although
how this should be done was not delineated in the
workshop. For now, ad hoc mechanisms such as in-
teractions with the FDA through pre-IDE
(preinvestigation of device evaluation) and pre-IND
(preinvestigational new drug) meetings, use of recom-
mendations from the American College of Medical Ge-
netics (ACMG) and the College of American Patholo-
gists (CAP), and the draft genetics template from the
Secretary of Advisory Committee on Genetic Testing
(SACGT) should be used until or unless more specific
direction becomes available.

Reference Populations

Allele (and haplotype) frequencies typically differ
among historically divergent populations. In
pharmacogenetic studies, spurious associations may
arise if the case (e.g., responder) and control (e.g.,
nonresponder) groups are drawn from genetically dis-
tinct subpopulations (e.g., based on race), even when
matched for demographics or other characteristics.
One approach to this problem is to test for association
in cases and controls that are “genetically matched.”
Another is to use statistical methods based on allele fre-
quencies at “reference” loci (e.g., in genes selected be-
cause they are unlikely to be related to drug response)
to account for differences in genetic background. As
pharmacogenetic data accumulate, there will be an in-
creasing demand for population-specific data. How-
ever, there is a current need for the identification and
use of reference populations, despite the inherent diffi-
culties and ambiguities in defining such populations.
In summary, the main point was that some form of de-
fining reference population is better than none and
better than each individual sponsor defining reference
populations on a case-by-case basis.
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Gene Expression Arrays

Gene expression arrays are being used nonclinically to
explore associations with clinical outcomes to predict
drug response, to better understand mechanisms of
drug action, and to identify biomarkers of drug re-
sponse that may be used to assess effectiveness or tox-
icity in clinical settings. The unique aspect of
microarray gene expression technology is the ability to
explore “genomewide” expression in a given sample. A
huge number of measurable analytes from each experi-
ment, even with the application of 99% statistical con-
fidence limits, could yield a significant number of
false-positive and false-negative signals. Gene expres-
sion microarray technology is evolving, and its perfor-
mance is not standardized among numerous platforms
now available with various probes designed from dif-
ferent gene sequences for the same targets. The scope of
information that microarrays provide requires data re-
duction applications to analyze, visualize, compre-
hend, and communicate the data output. To use these
data effectively and correctly, we need reliable experi-
mental data, sound data reduction algorithms, and
publicly available biologically linked reference infor-
mation. With regard to validation, each feature of an ar-
ray would not necessarily need validation, but subsets
of features should be evaluated with respect to perfor-
mance. The development of a reference standard, such
as mixed-tissue aliquots of species-specific RNA, was
recognized as important for increasing confidence in
this technology.

There are varying interpretations as to whether,
when, or what type of microarray data on lead com-
pounds in drug development would need to be submit-
ted to regulatory agencies as part of an IND. The format
for presentation of such data is undefined. It is not clear
if the data quality is sufficiently high and convincingly
reliable, given the state of the technology, for regulatory
authorities to make decisions on microarray data sub-
mitted under an investigational new drug application.
Many of the workshop participants suggested that all
microarray data conducted under either good labora-
tory practice (GLP) or non-GLP conditions should be
submitted to the FDA if the lead compound is covered
by an IND. If microarray databases are needed for regu-
latory scientists to place individual sponsor microarray
experimental results into proper perspective, it is not
clear how this database can be built since, to date, very
little data have been submitted to the agency and pub-
licly available databases have not matured. As data-
bases become more populated with examples, and sci-
entific knowledge and interpretation of gene
expression responses expand, there is concern that the

microarray data generated today may become more in-
formative over time and might, therefore, affect
assessments of products later during development,
prior to making a final regulatory marketing approval
decision. There was a strong suggestion, with general
agreement, that the FDA needs to be transparent in col-
lecting micro- array data and in using it for regulatory
decisions. By sharing collective knowledge gained
from reviewing across applications, the FDA can im-
prove the quality of microarray use in drug
development.

Even before gene expression microarray results can
be interpreted with confidence, some critical assess-
ment of the integrity of gene expression data is re-
quired. Concerns exist about the reliability, precision,
accuracy, and interlaboratory reproducibility of data
derived from global gene expression technologies. Nu-
merous statistical, image analysis, pattern recognition,
and data reduction clustering algorithms are being ap-
plied to microarray data. For screening compounds
and improving understanding of drug effects on a target
tissue, applying such approaches will provide a “big-
picture” overview of patterns based on drug class simi-
larities but could also draw attention to the discrimi-
nating details that will distinguish among individual
agents within a class. The biological interpretations,
regulatory implications, and potential legal ramifica-
tions of such evaluations of product performance using
global gene expression data are not well articulated at
the present time.

While there may be efforts by end-users to establish
standard procedures to consistently ensure and evalu-
ate sample quality, as well as to calibrate microarrays
and microarray instrumentation to ensure the integrity
of their complete data sets, there is little regulatory ex-
perience to document the analytical reliability of these
methods. There is a need for consensus on a standard-
ized set of information required to fully annotate the
data generated from microarray experiments. The de-
grees of quality control and validation that microarray
manufacturers apply to their products, as well as the
extent to which good manufacturing practices (GMPs)
are relevant, are not always apparent. Information on
manufacturing controls and post-manufacturing lot-to-
lot quality control functional performance/pass-fail
measures by microarray providers is important but
lacking for many but not all manufacturers. There are
little data from well-controlled clinical trials showing
that gene expression microarray-based tests are appro-
priately precise, accurate, and reproducible between
laboratories to be clinically valid for patient selection.
Communication at the early stages of clinical develop-
ment between regulatory agencies, diagnostic compa-
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nies that are developing genome-based tests, and phar-
maceutical companies developing drugs will enhance
the possibility that test performance can be validated
during clinical trials for utility in the clinical setting.

PRECLINICAL PHARMACOLOGY,
SAFETY, AND TOXICOGENOMICS

Definitions

The development of genome-based technology and
subsequent genetic information has led to an entirely
new field in preclinical safety and pharmacology, and
toxicogenomics. As with the terms pharmacogenetics
and pharmacogenomics, there are many diverse defini-
tions of toxicogenomics.9 For the purposes of this work-
shop, toxicogenomics was defined as the application of
genomic concepts and technologies to the study of drug
toxicity. This definition includes studies of global ap-
proaches to study alterations of gene expression that in-
fluence, predict, or help define drug toxicity.

Overview of Toxicogenomics
in Drug Development

Toxicogenomics is applied in modern drug develop-
ment in three ways.

1. Predictive toxicogenomics. Used for screening in
drug discovery and prioritization of lead compounds to
improve the quality of compounds selected for devel-
opment and to reduce total development time and cost.

2. Investigative toxicogenomics. Used to generate
testable hypotheses. An example was presented of an
application of investigative toxicogenomics to identify
specific predictive biomarkers and better understand
mechanisms of drug-induced vasculitis, which is a ma-
jor safety concern raised by histopathology findings in
animal studies with a variety of drugs. Gene expression
markers of an acute phase response, normally consid-
ered a liver response, were seen in isolated mesenteric
arteries from a rat model of fenoldopam-induced
vasculitis. However, further studies were needed to
identify specific biomarkers of vasculitis that will de-
fine human relevance and clinical significance.

3. Mechanistic toxicogenomics. Used to improve
human risk assessment by expanding accessible
interspecies biomarkers of toxicity and improving the
understanding of interspecies similarities and differ-
ences. A case example was presented involving iden-
tification of gene expression alterations in the rat lens
associated with formation of cataracts following ad-

ministration of a 5-lipoxygenase inhibitor. The pattern
of gene expression confirmed that the compound in-
hibited the synthesis of cholesterol and that lens crys-
talline structural proteins were targets of drug
cataractogenesis. Further studies were needed to inves-
tigate interspecies relevance of the mechanistic-based
markers of the onset and progression of cataracts.

These examples provide evidence that toxico-
genomics can assist with investigations of toxicological
mechanisms that involve generating and testing hy-
potheses, as well as identifying biomarkers useful for
making interspecies predictions. However, it may not
be appropriate for toxicogenomics to be used in a defin-
itive manner at present to disprove hypotheses, con-
firm causality, predict safety, or replace any existing
traditional safety assays. Definitive follow-up studies
are needed to more fully evaluate and confirm the
mechanistic insights generated by toxicogenomics.
Applications of the technology, formation of strategic
partnerships, peer-reviewed publication of toxico-
genomic data, and clarification of regulatory and in-
dustry uncertainties represent ways to advance the
usefulness of toxicogenomic technology.

Toxicogenomics to Predict
Potential Human Toxicity

A major potential use of toxicogenomics is as a more ef-
ficient alternative to traditional preclinical toxicology
studies, with an added value of providing a more
mechanistic understanding of different types of toxic-
ity. The assumption is that each chemical entity acts
through particular mechanisms of action that will in-
duce, either directly or indirectly, a unique and diag-
nostic gene expression profile under a given set of con-
ditions.10 In some cases, changes in early gene
expression result in pathological outcomes.11 Pilot
studies in lower eukaryotes and mammals have dem-
onstrated that it is possible to identify common gene
expression profiles of drugs with similar mechanisms
of action. For example, Waring et al12 were able to use
gene expression profiling to cluster hepatotoxins based
on their mechanism of toxicity. In addition, with the
growing availability of DNA chips from several differ-
ent species, it may become possible for toxicity DNA
expression measures to be extrapolated across at least
some species, thus providing insight into more appro-
priate species selection for long-term toxicology studies.

However, the utility of toxicogenomics in replacing
traditional preclinical toxicology studies is controver-
sial, with many believing that gene expression profil-
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ing should be used for hypothesis generation rather
than for predicting or confirming toxicity or the lack of
toxicity. Here the concerns are as follows:

1. that there are many different effects of toxicants aside
from changes in gene expression, such as effects on
membrane integrity, and these effects might not be ex-
trapolated from single endpoint gene expression data;

2. in tissues with diverse cell populations, critical gene
expression alterations in minor cell populations that
will deleteriously affect organ or tissue function may
be missed; and

3. without functional knowledge of what observable al-
terations in gene expression might mean, it is difficult
to associate such changes with toxicity. To do so, there
needs to be an understanding of how the molecular
changes are manifest at the cellular and tissue levels,
including correlation of changes of gene expression
with changes in protein expression. As a result, there
is a need for a multidisciplinary approach to under-
standing mechanistic toxicology.13

Routine Use of Toxicogenomic
Data for Making Safety Decisions

There were many diverse opinions about the routine
use of genomic data in toxicology studies and whether
such studies should be conducted under GLP condi-
tions. On one hand, many participants suggested that
genomic data from animal studies are not sufficiently
understood to be predictive of human toxicity and
should not be routinely collected in GLP toxicity
studies. In contrast to traditional toxicology data, it is
not yet certain how to interpret genomic data, partic-
ularly when they are collected under various
nonstandardized experimental conditions, at different
points in time after dosing, and by using diverse
genomic technologies. The value of non-GLP studies,
however, is that they may be exploratory of drug safety
or even hypothesis generating and, as such, might not
need to be reported to the FDA under an IND. On the
other hand, others suggested that all genomic data from
animal studies with lead compounds should be part of
the preclinical safety database, especially if these data
provide biomarkers associated with pathology data,
and should be integrated into the overall safety evalua-
tion of a new molecular entity (NME). In some cases,
expression microarray data will give a snapshot of ac-
tivity in many different biological pathways of impor-
tance, but in terms of risk assessment, the specific path-
ways would have to be well understood in high
functional detail to be predictive of human toxicity.
This is especially true because gene expression

changes do not necessarily correlate with changes in
protein expression. In a few other cases, genomic data
may be considered reportable as strong evidence of hu-
man adverse events. Currently, the FDA has not seen
many preclinical genomic expression profiles in new
drug applications, even though these genomic data
may be regarded as toxicology or possibly pharmacol-
ogy data that are required to be submitted to the agency.

Value of Toxicogenomic Data to
Industry and Regulatory Authorities

Most workshop participants agreed that toxicogenomic
data have their greatest utility in preclinical mechanis-
tic studies when used in conjunction with other global
“-omics” assessments to generate hypotheses and pro-
vide possible explanations of observable toxicity. The
transition of toxicogenomic data from mechanistic to
predictive will be an evolutionary process and not a
revolutionary one. It is important for industry and reg-
ulatory agencies to work together to advance the sci-
ence by sharing data and exchanging knowledge.

Use of Genomic Microarray Data
with Standard, Short-Term Toxicology
Studies to Guide Study Design or Species
Selection for Long-Term Toxicology Studies

Workshop participants concluded that results from
genomic studies are not mature enough to have predic-
tive utility, especially when considering species selec-
tion for long-term toxicology studies. The main con-
cerns were that genomic approaches are primarily used
to evaluate toxicity in selected tissues, primarily liver
and kidney. In addition, while the human, rat, and
mouse genomes are fairly well characterized, the
genomes for monkey or dog, two species that are vital
in traditional preclinical safety studies, are not. How-
ever, genomic technologies may be useful in under-
standing the genomic makeup of “new species” such as
in animal knockout models and may eventually pro-
vide a scientific rationale for not selecting rats or dogs
under certain circumstances as the conventional target
species in traditional toxicology studies.

Use of Reference Databases to Interpret
Toxicogenomic Results and Predict
Potential Human Toxicity

A contemporary example was presented that described
the building of a reference toxicogenomic database us-
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ing rat and human microarrays. A large database con-
taining gene expression data, histopathology out-
comes, and hematology and clinical chemistry data
was constructed from samples of rat and human
hepatocytes exposed in vitro and from samples from
livers of rats exposed to commercially available
pharmaceuticals and chemical toxicants at multiple
doses and time points. By applying statistical and clus-
tering algorithms to this database, sets of multiple
discriminator genes were identified to predict human
drug toxicity. While sets of “common toxicology mark-
ers” had predictive power, no single dysregulated gene
demonstrated the power to predict toxicity. The data-
base and modeling algorithms were then used to assess
the gene expression changes observed at 6 and 24 hours
postdose in livers from rats exposed to three
acetylcholinesterase inhibitors. Doses of each chemical
were chosen to achieve similar numbers of total expres-
sion changes but without observable liver pathology. A
model was used to predict human liver toxicity for one
but not for the other two inhibitors. Subsequently, us-
ing 18 blinded sets of 24-hour gene expression data that
were generated by seven different laboratories, 15 of 18
sets were accurately identified (“predicted”) as being
derived from animals exposed to known liver toxi-
cants, peroxisome proliferators, enzyme inducers, or
vehicle. However, the ability to confidently make such
assessments using data generated at different sites can
be compromised if the data are not compared with each
other or with information in the reference database.
Thus, an assessment of a set of “invariant genes” of-
fered potential for standardization among experiments.
Standards were under development to harmonize dif-
ferent data sets. Preliminary data comparing common
sets of compounds in vitro using primary rat
hepatocytes and in vivo using rat liver samples sup-
ported the working hypothesis that coupling in vitro
models with toxicogenomics was advantageous. This
approach may then be used to screen and help pharma-
ceutical sponsors to prioritize drugs being considered
for clinical development by helping predict and avoid
compounds that may be more likely to lead to specific
types of human toxicity.

Most workshop participants concluded that while
much progress using internal, proprietary, or public
toxicogenomic databases has been made, such data-
bases are not yet evolved to be fully predictive of hu-
man toxicity. A key issue is how to interpret these data-
bases. Many also cautioned that exploratory mining
and cluster analyses of this database may digress from
the basic biology of the chemical or drug since there are
many different ways to query a database and arrange a
clustering algorithm output.

Guidance for Industry
on Toxicogenomics

The workshop participants concluded that it is prema-
ture for the FDA to write a guidance for industry since
the science of genomics and its applicability to preclin-
ical toxicogenomics assessment is rapidly evolving. If a
guidance were to be developed in the future, questions
and concerns would be raised about the following:

1. the purpose of the guidance,
2. recommendations on the format and analytical strat-

egy for submitting genomic data,
3. the process to be followed and the action taken if a

gene expression pattern seems to be linked to a toxic
event,

4. whether a specific type of microarray platform for cer-
tain experimental conditions would be recommended,

5. whether a guidance would compel a company to en-
gage in genomics research even if it was not prepared
to do so.

PHARMACOGENETICS AND
PHARMACOGENOMICS IN
EARLY CLINICAL DEVELOPMENT
(PHASE I/II TRIALS)

Background

Pharmacogenetics and pharmacogenomics are begin-
ning to be integrated more into early clinical devel-
opment programs and as important components in
plans to achieve the overall goals of Phase I and II trials,
such as safety, tolerability, pharmacokinetics/
pharmacodynamics (PK/PD), dose ranging, drug-drug
interactions, and potentially proof of concept for effi-
cacy hypotheses.

Genetic variants have been identified in gene coding
for proteins affecting the processes leading up to a drug
response. For several drug-metabolizing enzymes, as
well as some drug targets or related receptors, the fre-
quency and functional significance of these variants
have been explored in clinical studies. For most genes,
the functional consequences of genetic variation re-
main poorly characterized or relatively unknown.

Candidate gene approaches, in which there is a suffi-
cient hypothesis, are often used in early phase clinical
trials. Because drug response is likely to involve vari-
ants from multiple genes and from genes not previ-
ously hypothesized to be involved in drug response, an
alternative to a candidate gene approach is the use of
“unbiased” or “hypothesis-generating” full-genome
scans using an SNP map. This approach remains exper-
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imental and may require larger subject numbers, but
because of the larger number of markers examined, this
approach could increase the cost, time, and efforts of
the study. However, it is anticipated that technological
advances will make these studies more affordable in
the future. Such proof-of-concept research also in-
volves significant use of novel biostatistical techniques
in the assessment of linkage disequilibrium, haplotype
maps, and the identification of informative SNP sets.

The number of controlled clinical studies seeking to
identify and validate protein or RNA expression pro-
files as prognostic markers of drug response (e.g., cDNA
microarray analyses of primary breast tumors and prog-
nosis) lags behind traditional pharma-cogenetics. For
example, an informal survey by the FDA examined
more than 70 INDs and NDAs that integrated
pharmacogenetic and pharmacogenomic tests into
early phase development. Eighty percent of these ap-
plications were related to cytochrome P450 (CYP) DNA
variants affecting drug metabolism. There were no ex-
amples of expression profiling identified in this survey.

Rationale for Use of Pharmacogenetics
and Pharmacogenomics

A major goal of pharmacogenetic and pharma-
cogenomic analyses in early phase clinical studies is to
identify subpopulations of subjects with an improved
safety and efficacy profile. However, there are various
views on how pharmacogenetics and pharma-
cogenomics could be used in the design of clinical tri-
als. Some examples are as follows:

• Some believe that once a genotype or mRNA expres-
sion profile demonstrates a relationship with a phe-
notype of potential clinical importance, inclusion/
exclusion criteria based on this association should be
added to future studies. Others believe it is important
to validate the association by replication prior to select-
ing patients based on genotype or phenotype.

• Some believe subjects potentially at risk for adverse
events or nonresponse based on prior pharmacogenetic
and pharmacogenomic studies could be excluded from
future studies. Others believe that because these at-risk
patients may receive the drug in the real-world setting,
they should be included but possibly studied in a
closely monitored setting.

Various approaches have been used to determine when
blood samples should be collected for pharma-
cogenetic and pharmacogenomic research, ranging
from collecting samples in all early phase studies to
collecting samples in only those studies with narrowly
defined and limited hypotheses. Another approach is

to collect samples in certain types of studies (e.g., drug
interaction studies) or in studies from certain develop-
ment phases only (e.g., Phase I, II, or III). Some sponsors
and contract clinical research organizations routinely
collect blood to screen their volunteer panels to deter-
mine their genotype for important metabolic enzymes
with known polymorphisms such as CYP2D6.

When Is It Appropriate to Use Pharmacogenetics
and Pharmacogenomics for Inclusion/Exclusion
Criteria (or Stratification), or When Is It
Appropriate for Pharmacogenetic and
Pharmacogenomic Relationships
to Be Explored Post Hoc?

Participants concluded that the use of pharma-
cogenetics and pharmacogenomics in early Phase I
would be an important step in generating information
that could be confirmed or validated in Phase II. Most
participants thought that pharmacogenetic and
pharmacogenomic objectives in Phase I should be con-
sidered exploratory (not confirmatory) in nature and
that pharmacogenetics and pharmacogenomics should
not be used as inclusion/exclusion criteria for a single-
or multiple-dose first-time-in-humans (FTIH) study.
However, in a few circumstances for variants with
well-established functional significance (e.g., alleles of
CYP2D6, CYP2C19), a Phase I study may be confirma-
tory and still use small numbers of patients. Also, in
drug interaction studies for drugs metabolized by poly-
morphic CYP enzymes (e.g., CYP2D6, CYP2C9, and
CYP2C19), pharmacogenetics and pharmacogenomics
should be considered as inclusion/exclusion criteria or
for stratification.

Because of the availability of plasma concentration-
time data following administration of many doses,
Phase I provides a unique opportunity to explore the
relationships between genetic variants in genes related
to metabolic enzymes and transporters and the PK
properties of the compound. Since Phase I dose-ranging
studies include a broader range of doses of drugs ad-
ministered to subjects (and possibly resulting in a
higher rate of adverse events), and since some of these
doses are rarely repeated in later trials, Phase I provides
a unique opportunity to explore the relationships
among genetic variants in the drug target and adverse
events. In addition, when an appropriate tissue is avail-
able, Phase I provides an early opportunity to evaluate
gene expression profiles to identify associations with
safety and efficacy at a wide range of doses.

When pharmacogenetics and pharmacogenomics
are included in Phase I, gene variants that should be
studied should include those encoding for the activity
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of drug-metabolizing enzymes and transporters, the
drug target, and any pharmacological pathways related
to important safety outcomes in healthy volunteers. In
addition, if patients are studied, validated disease
genes (that could affect drug response) should be evalu-
ated. Investigators should attempt to identify trends
and how well the clinical data correspond with pre-
clinical data.

In regard to Phase Ib/IIa (dose-ranging and proof-of-
concept [PoC] studies), there is a need to have some
confirmation and/or validation before using pharma-
cogenetics and pharmacogenomics as inclusion/
exclusion criteria or for stratification in a Phase Ib/IIa
study. There could be a benefit to include all genotypes
in PoC studies if all patients have a potential to benefit.
However, the dose may require adjustment for subjects
with genotypes resulting in reduced enzyme activity
(e.g., CYP2D6).

Several participants felt that pharmacogenetics and
pharmacogenomics should not be treated differently
from any other covariate. In some cases, more confir-
mation would be required prior to using these data as
inclusion/exclusion criteria (or for stratification), and
pharmacogenetics and pharmacogenomics would be
viewed as a covariate in the post hoc analyses.

In this regard, the following factors should be consid-
ered in the context of stratification or use as inclusion/
exclusion criteria.

Therapeutic area. For life-threatening indications
such as oncology, many participants felt that there is
more willingness in clinical practice to stratify based
on pharmacogenetics and pharmacogenomics. In other
therapeutic areas in which many effective agents are al-
ready available and physicians are accustomed to ti-
trating the dose in individual patients (e.g., depres-
sion), it was thought that there was less willingness to
stratify based on pharmacogenetics and pharma-
cogenomics until differences in response are linked to
genotype differences. For many other therapeutic areas
(e.g., asthma and respiratory), there is some interest in
using pharmacogenetics and pharmacogenomics for
stratification.

Safety or efficacy. Many participants expressed that
there is more willingness to stratify based on
pharmacogenetics and pharmacogenomics for safety
than for efficacy. For example, it was felt that for a
CYP2D6 substrate (confirmed by in vitro and Phase I
data), a stratified design in Phase II, with CYP2D6 poor
metabolizers (PMs) being randomized to a standard or
low dose, was appropriate. Consideration needs to be
given to the seriousness and consequences of
nonresponse or an adverse event and the ethical impli-

cations of these outcomes. Using pharmacogenetics
and pharmacogenomics was suggested as being analo-
gous to the study of patients with reduced renal func-
tion. In the case of low creatinine clearance, patients
may be excluded from Phase II/III studies until a small
study in the renally impaired population is conducted.
Then the Phase II/III studies may be amended to in-
clude such patients, or these patients may continue to
be excluded, depending on results of the small study.

Magnitude of effect relative to the therapeutic index.
If a drug has a narrow therapeutic index, it may be ap-
propriate to stratify based on pharmacogenetics and
pharmacogenomics. If the therapeutic index is wide,
some large effects may not be important enough to war-
rant stratification.

Stage of knowledge of the variants or expression
profile. For gene variants with known functional sig-
nificance, less information may be required prior to
using pharmacogenetics and pharmacogenomics as
inclusion/exclusion criteria or for stratification. For ex-
ample, if Phase I results along with relevant in vitro
data showed a reasonable relationship between
CYP2D6 status and pharmacokinetic interindividual
variability, then this would be considered a valid rea-
son to stratify or use as inclusion/exclusion criteria in
Phase II. For a drug with a narrow therapeutic index,
stratification should be done by CYP2D6 status and not
exclude PMs when all patients can benefit, although
CYP2D6 PMs may require lower doses. For variants in
the drug target in which the functional consequences
are unknown, one should consider “all comers” and
analyze data using the genetic variant as a covariate in a
post hoc analysis. Even after one or two Phase I studies
show that a variant in the drug target may affect drug re-
sponse, there may not be enough information to ex-
clude a population from Phase II studies, unless more
is understood about the functional consequences of the
genetic variants.

Allele frequency of the variant. If the allele fre-
quency is common (e.g., > 15%), the optimal approach
would be to conduct a single trial and stratify by geno-
type. However, if the frequency is low (e.g., < 10%), it
may be less feasible to evaluate both genotypes in the
same study because recruitment of subjects with the
minor allele would be much slower than for those with
the dominant allele. Two separate trials would allow
the drug to be progressed more quickly in the dominant
population. However, if separate studies were con-
ducted, there would be less information about the ana-
lytical and clinical sensitivity and specificity of a
pharmacogenetic and pharmacogenomic test. There
may be some cases when safety data, but not efficacy
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data, from a pharmacogenetic and pharmacogenomic
subgroup may be studied or other cases when a dose-
ranging study in the minor pharmacogenetic and
pharmacogenomic subgroup may be conducted
postmarketing. One should not assume that PMs
should be treated the same for all substrates (i.e., there
is a need for case-by-case review).

Dose response. If there were a rationale for
pharmacogenetics and pharmacogenomics to affect
dose response, then the optimal approach would be to
evaluate dose response in both groups (e.g., CYP2D6
extensive and poor metabolizers).

Other factors. These include factors that need to be
considered, such as (1) biological validity of results
(i.e., are the results consistent with theoretical or in vi-
tro data?), (2) the extent to which they have been repli-
cated, (3) the number of candidate genes or SNPs affect-
ing the phenotype, (4) the need for the optimal timing
and special tissue handling for RNA expression profil-
ing, and (5) the validity of supervised machine learning
programs, if used for RNA expression profiling.

When or How Should Samples
Be Collected for Genotyping/mRNA
Expression Profile/SNP Profiling?

While pharmacogenetic and pharmacogenomic infor-
mation could be useful in Phase I/II studies, the science
is not at the point where samples should be collected in
all studies. If there is a strong scientific rationale for ob-
taining pharmacogenetic and pharmacogenomic data,
then the samples should be collected. However, it
should be kept in mind that if the results of Phase I/II
studies show the value of sample collection, it might be
too late to initiate sample banking.

Some examples of scientific rationale to perform
pharmacogenetic and pharmacogenomic studies in-
clude (1) a compound metabolized by a polymorphic
enzyme, (2) drug interaction studies involving any sub-
strates with polymorphic enzymes (e.g., probe cock-
tail), and (3) variants in the drug target or pathways
known to affect safety (e.g., long QT genes).

If the metabolism of a compound is not fully under-
stood during FTIH studies, pharmacogenetic and
pharmacogenomic samples should be collected from
early Phase I studies to provide the ability to examine
genotype-outcome associations that may be pertinent
in the later development phases.

Although DNA sample collection is independent of
time, RNA samples require critical timing of the sample
and more time-critical tissue processing. Thus, DNA
collection may be easier to justify scientifically than

RNA. Some believe RNA sample collection should
only be done when there are preclinical data to suggest
optimal timing. Others believe that optimal timing in
animals in preclinical studies might not be predictive
of optimal timing in humans; therefore, the stringency
for RNA should be no different than for DNA. With
RNA, one must consider what tissue is available,
which for most studies is linked to blood, skin, or a
pathological tissue biopsy.

How Will Preknowledge of Genetic
Susceptibility to Pharmacologically
Predictable Adverse Events or
Nonresponse Obtained in Early Phase
Development Affect the Risk/Benefit
Assessment and Product Labeling?

If a pharmacogenetic and pharmacogenomic subgroup
had improved efficacy and/or safety, how the informa-
tion is included in the label would be dependent on the
risk/benefit assessment, with life-threatening events
being considered different from less severe adverse
events. The pharmacogenetic and pharmacogenomic
relationship may be described under “Clinical Pharma-
cology,” “Indications and Usage,” “Warnings or Pre-
cautions,” or “Dosage and Administration.” The label
would inform clinicians that there is a genotype or phe-
notype test available, but it may not have to be done
prior to dosing unless warranted. If the diagnostic test
must be done prior to dosing, then it may be stated un-
der “Indications and Usage” (e.g., approved labeling for
Herceptin® [trastuzumab]).

The decision of whether a pharmacogenetic and
pharmacogenomic test is necessary prior to dosing will
be dependent on many factors, including the follow-
ing: (1) if safety, the seriousness of the adverse event; (2)
if efficacy, the consequences of nonresponse; (3) the in-
cidence of the clinical outcome; (4) the variability in
the clearance of the drug; (5) how well an adverse event
can be managed (i.e., if it can be recognized easily with-
out a genetic test and whether toxicity is reversible); (6)
need for education of physicians and third-party pay-
ers; and (7) feasibility of accessing and using the test in
clinical practice. For example, oncologists would be
more likely to use a pharmacogenetic and pharma-
cogenomic test prior to treatment if it would improve
efficacy and/or safety. On the other hand, an allergist
who has a patient with allergies may want immediate
relief for the patient and is unlikely to wait several days
to a week before writing a prescription so that a genetic
test can be run to predict whether the patient is at risk
for a drug-related headache.
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PHARMACOGENETICS AND
PHARMACOGENOMICS IN
LATE CLINICAL DEVELOPMENT
(PHASE III TRIALS)

Background

Clinical studies intended to evaluate the safety and effi-
cacy of new drugs in development generally involve
large numbers of patients and are critical to the evalua-
tion and approval of a new drug. The role of pharma-
cogenetics in late clinical development (Phase III trials)
is to focus on either the further exploration of geneti-
cally defined populations or the confirmation of
pharmacogenetic data from these populations to sup-
port efficacy, safety, and/or the labeling of the drug.
When subsets of patients respond to a drug differently,
clinical trials can be designed to take advantage of these
differences. For instance, trials could be limited to in-
dividuals who are more likely to receive a clinical ben-
efit or less likely to suffer an adverse response. How-
ever, in so doing, the trials may not adequately
determine the safety and efficacy of the drug in all indi-
viduals who might be exposed to it. Approaches to hav-
ing the study power for genotypes need to be recon-
ciled to take into account the need for a thorough
assessment of the beneficial and harmful effects of the
drug once it is in clinical practice.

In another potential use of pharmacogenetics, drugs
that have not been shown to be adequately safe and ef-
fective in a clinical trial on an entire population may
achieve that goal in a genetically defined subset of the
population. Since genotypes do not change in an indi-
vidual, it should be possible to detect a group who will
derive a clear clinical benefit by reanalyzing the data
from a previously completed trial through genetic strat-
ification. In this way, a drug that is otherwise
unregisterable might be approved for the genetically
defined group. However, this use of pharmacogenetics
poses a number of questions for which there are no de-
finitive answers at present:

• Are there conditions under which such a retrospective
study would be acceptable for drug registration?

• To what extent do these studies need to be replicated?
• Can the data from such studies, not specifically de-

signed as a pharmacogenetic study or even from inves-
tigative studies with no genetic hypothesis, be used for
registration?

• What constitutes acceptable data in such studies?
• How do these data apply from one racial or ethnic

group to another when there may be significant differ-
ences in allele frequencies between groups?

To date, there appears to have been relatively little ap-
plication of pharmacogenetics in Phase III studies and
subsequently in regulatory decision making. Few ex-
amples exist that can be used to assess various models
for pharmacogenetic trials. The workshop focused dis-
cussion on the types of trials that might be conducted
and to estimate the likely reception that such trials
might receive. In practice, any such trial, especially
those with novel pharmacogenetic approaches, should
be discussed in detail between the sponsors and the
regulatory authorities and would likely be evaluated
on a case-by-case basis. Only after numerous examples
exist will it be possible to develop a general guidance
for industry that will provide recommendations to di-
rect the conduct of these trials.

How Will Conducting a Clinical Trial
in a Pharmacogenetically Defined
Subset of Patients Influence the
Collection of Adequate Safety and
Efficacy Data Prior to Registration?

While the integration of pharmacogenetics into clinical
trials is based on newer technologies and newly dis-
covered knowledge of the genome, the issues raised by
using pharmacogenetic information in selecting pa-
tients is very similar to the issues raised by other forms
of enrichment. The utility of pharmacogenetic data
will depend on the following:

• the robustness of the study results (i.e., how well estab-
lished is the association between the pharmacogenetic
enrichment biomarkers, drug exposure, and clinical
endpoints?),

• whether patients can be readily identifiable in a prac-
tice setting (i.e., can they be preidentified with readily
available tests or assessments?), and

• whether there is an expectation that the drug will be
used only in this enriched population in practice.

In many cases, pharmacogenetically defined patient
groups will not display a dichotomous relationship be-
tween their genetic status and their response to treatment
but rather will show a gradation of responses. The smaller
the difference in response (efficacy or safety) between
the genetically defined group and the general popula-
tion, the more important it becomes to compare the re-
sponse in patients who are positive for the genetic bio-
markers and negative for the genetic biomarkers. This
will be necessary not only to help establish the clinical
utility of the biomarkers but also to establish an overall
risk/benefit ratio for the treatment if used in the general
population, including those negative for the genetic
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biomarkers. If there is reasonableexpectation thatdruguse
would occur in the wider population (with or without
knowledge of the genetic status of the patient), or if avail-
ability of the relevant pharmacogenetic test may be lim-
ited, preapproval testing in the negative population
will be necessary to ensure that the overall risk/benefit
of the drug in the general population is acceptable.

The amount of clinical data needed to confirm the
clinical value of a pharmacogenetic biomarker will dif-
fer depending on the prior knowledge of the genetics
involved and the mechanistic understanding of the
way the drug therapy works in relationship to the ge-
netics. For example, polymorphisms in a receptor that
is understood to affect drug binding will require less
data for confirmation than will polymorphisms in
genes whose biological role is unknown.

In most cases, there appears to be no overarching
ethical reason to exclude certain subsets of patients
from pharmacogenetic-based clinical trials, even those
who may be at increased risks of a particular toxicity.
However, each situation would need to be considered
in context, and the decision to include such patients
would depend on the severity of the disease being
treated, the severity and the reversibility of the known
or anticipated toxicities, and the current strength of ev-
idence on the predictive value of the pharmacogenetic
assessment for that treatment and disease.

Finally, for regulatory authorities to approve a drug
only for a defined pharmacogenetic subset of patients,
especially if tested only in that subset for safety and ef-
ficacy, it is highly likely that a clinical diagnostic assay
should be available at the time of approval of the drug.
While ideally this would be an approved in vitro diag-
nostic kit, this is not an absolute necessity since many
hospital or laboratory tests are not kits but are devel-
oped and validated within the testing laboratory
(“home brews”). In situations when regulatory agen-
cies will not formally regulate the test, it is advisable to
involve experts such as the College of American Pa-
thologists in the consideration of test standardization
and other quality control aspects.

Under What Circumstances Can a
“Pharmacogenetic Clinical Trial”
Be Conducted Using Samples and/or
Clinical Data from a Previously
Completed Drug Clinical Study?

Discussion at the workshop focused on whether the re-
sults from a pharmacogenetic study can be used for
drug evaluation and registration if the clinical data
came from a previously completed study not originally
designed for genetic stratification. Such a study would

be both retrospective with respect to the collection of
samples and clinical data and prospective with respect
to testing a genetic hypothesis. Initially, there were two
contrasting views. On one hand, some maintained that
any trial that had already been unblinded was a retro-
spective trial and so would not be acceptable as confir-
matory evidence for regulatory approval. However, it
would be an acceptable hypothesis-generating trial. On
the other hand, others viewed that such a trial could
have its own design, separate from the original study
protocol, and that the analysis would be thoroughly
blinded with respect to the clinical outcomes and so
should be an acceptable study for drug registration.

Specific considerations that emerged from this dis-
cussion were the following:

• While the original study would be adequately powered
for the expected outcome, the genetic study might be
underpowered. However, it was pointed out that, depend-
ing on the degree of association of the genotype with
the response, power in the genetic study could be suffi-
cient. Statistical power in the genetic study could be
determined at the time of protocol design if there was
sufficient preliminary knowledge of the association.

• Caution is needed because the original study may have
been designed for a particular population, but the ge-
netic study comprises a restricted, different population
such that the randomization may not have been consid-
ered appropriate for the genetic study.

Another key factor with regard to the acceptance of a
genotype study is the biology of the gene used as a
marker for stratification. In cases in which the genetic
biomarker is plausibly linked with the response of in-
terest (e.g., a polymorphism in the drug target or a drug-
metabolizing enzyme), the retrospective-prospective
trial may provide data that would be useful in the eval-
uation of the drug. Nevertheless, it was generally ac-
cepted that, under any circumstances, an independent
prospective trial with genotyping included in the basic
study design would be necessary. The requirement for
single or multiple confirmatory trials could differ de-
pending on whether the relevant outcome was efficacy
or safety and the strength of the association.

Other important issues that need to be considered
are the following:

• Careful collection and storage of the DNA samples
would be necessary, both from a stability standpoint
(generally not a problem) and for tracking and inventory.

• It is also crucial that the samples be collected with ade-
quate informed consent for whatever genotyping may
later take place.

• The nature of the test to be used to genotype patients in
the trial and subsequently in general use is also critical.
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This is especially so in tests that might involve multi-
ple sequences or multiple genes.

There was general agreement in the workshop that a
trial involving genotypic stratification using clinical
data from a completed study might be considered as ev-
idence for regulatory purposes if it were to meet several
specific conditions or criteria. Those conditions would
involve having (1) adequate power in the genetically
defined subsets, (2) appropriate informed consent, (3)
proper sample handling procedures, (4) an adequately
validated genotyping test, (5) clear biological relation
between the response and the gene(s), (6) a prospective
hypothesis for assessing the response-genotype rela-
tionship, and (7) follow-up by an independent pro-
spective trial. In the absence of these conditions, the
prospective-retrospective trial would be useful only for
purposes of hypothesis generation. Given the complex-
ities of the possible study designs and genetic associa-
tions, the determination that a retrospectively geno-
typed study would be acceptable for regulatory
purposes should be considered on a case-by-case basis.

Is It Appropriate or Possible to Use Anonymized
Samples or Data in Registration Studies?

Several processes are currently being used during drug
development for the collection of DNA samples and as-
sociated patient data. One recent article14 and one regu-
latory guidance15 summarize and describe terminology
and processes for the collection of samples and data.
Concerns exist that genetic data might be used
discriminatorily, for instance, for employment or in-
surance. Therefore, procedures for collection and data
generation have been developed to provide additional
confidentiality and privacy to patients by dissociating
genetic data from patient identifiers. The workshop
discussion focused on the merits of two types of
pharmacogenetics data: (1) data that can be linked back
to a patient’s code number and thus to a patient identity
(coded, single-coded, de-identified, double-coded) and
(2) data that cannot be linked back to a patient’s record
(anonymized, anonymous).

From the discussions, several important points were
highlighted:

• From a regulatory standpoint, it was emphasized that
data to be used for registrational purposes require an
audit trail back to the medical record, as is standard for
all other data submitted for this purpose. Anonymous
or anonymized data14 are not auditable and would not
be appropriate for registrational use.

• Eliminating the link between samples or data and the
patient record provides additional privacy and confi-

dentiality as long as there is strict adherence to stan-
dard operating procedures that prevent matching of
multiple recorded clinical phenotypes to reidentify an
individual. Such samples are not auditable but are use-
ful for research purposes and might be especially
suited for hypothesis generation.

• Anonymized or anonymous data and samples can be
collected in registrational studies but cannot be used to
support the primary objective of the trial in which they
were collected.

• Samples without a link to the patient record cannot be
used to validate and support new results and hypothe-
ses discovered during later stage development of a drug,
for example, in validating the relationship between a di-
agnostic reagent and clinical response observed in sub-
sequent trials or during postregistrational use.

Most workshop participants recommended that data to
be used to support drug safety and efficacy for registra-
tion should have a link to the patient record. In addi-
tion, samples linked to patients’ data have potential for
use in subsequent validation studies for uses unantici-
pated at the outset of drug development.

What Characteristics of Association
Data Are Expected in Exploratory
or Registration Studies?

Until there is greater experience with pharma-
cogenetics, the participants concluded that specific re-
quirements for the use of pharmacogenetic data in ex-
ploratory drug development or in registration trials
should be defined on a case-by-case basis. Currently,
there are few examples of pharmacogenetic-based
drugs on which regulatory guidance criteria can be
based. In general, the requirements for using predictive
genetic biomarkers are similar to those for nongenetic
biomarkers and should be based on equally compelling
scientific concepts and arguments.

Several limitations are inherent in applying
pharmacogenetic associations derived from case con-
trol data sets, even if statistically significant results are
observed. Replication of pharmacogenetic associations
identified in an initial study population may not al-
ways be possible in separate studies and populations.
Association studies also pose several inherent statisti-
cal challenges,16 and sponsors are unlikely to repeat
large Phase III trials solely for the purpose of confirm-
ing the genetic results. Nevertheless, the confirmation
of identified genetic associations is mandatory if
pharmacogenetic biomarkers are to be included in drug
labeling. To accomplish this goal, researchers should
identify such biomarkers in smaller exploratory stud-
ies and then confirm them in larger trials in which sta-
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tistical validation can be achieved. Informed consent
for genetic studies and routine collection/archiving of
genetic samples also should be considered, whether
there is a rationale or not, early in the drug develop-
ment process17 and should be adequate for future
marker identification, drug regulation, and assay de-
velopment. This will allow for genetic analysis of re-
sponses that may appear only at later stages of drug de-
velopment or marketing.

While such markers may be widely employed in the
design of exploratory trials to enable validation of
pharmacogenetics signals and to provide “proof of con-
cept,” the specific characteristics of genetic association
data for registration and labeling of a drug will depend
on the context of the experimental questions and the
pharmacogenetics objectives to be addressed. For ex-
ample, a predictive genetic biomarker of drug response
should be sufficiently common in applicable patient
populations, and the degree of enrichment of response
afforded should be clinically meaningful. These re-
quirements, in relative terms, will depend on clinical
factors, including the nature and severity of disease
and the extent of the unmet medical need, if any. Use of
genetic biomarkers to exclude individuals or popula-
tions at risk for adverse events will require rigorously
validated genetic associations, especially for serious
toxicity. Acceptability for false-negative results of ge-
netic biomarkers to predict drug toxicity will be very
low. Acceptability for false positives may be higher, es-
pecially if alternative therapies are available. It was
pointed out that while such biomarkers may be widely
employed in the design of exploratory trials to enable
validation of pharmacogenetics signals and to provide
proof of concept, the regulatory requirements for appli-
cation of such biomarkers in registration trials or in
drug labeling are uncertain and yet to be defined. The
confidence with which any pharmacogenetic
biomarker can be applied in clinical studies or practice
will be enhanced by supportive biologic experimental
data providing a credible scientific rationale for a
pharmacogenetic hypothesis.

If Exploratory Pharmacogenetic
Research Is Performed during the
Clinical Development of a Compound
outside the Basic Clinical Study Design,
under What Circumstances Would the
Results of a Pharmacogenetic Analysis
Warrant Reporting to a Regulatory Agency?

FDA regulations (e.g., CFR312.23) cover the reporting
obligations for exploratory studies of this type.
Pharmacogenetic data are to be considered a part of the

drug development process and should not be segre-
gated or differentially reported and, if relevant to the
safe and effective use of a product, should be reported
to the appropriate regulatory agencies for review. The
course of action by the regulatory agencies in response
to such data will depend in part on the quality of these
data (i.e., the validation of the study methodology) and
statistical power of any associations. Future actions
may be modified in the near term by the concept of a
“safe harbor” for exploratory genomic data (discussed
below), when and if this concept becomes better de-
fined and accepted as suggested by the FDA.

What Would Be the Implications
for Ethnic Diversity in Clinical Trials?

Throughout the workshop discussion, as well as in sci-
entific and nonscientific literature, the terms ethnicity
and race are often used interchangeably. There are sen-
sitivities surrounding these terms, and trying to get
consensus on the definitions was beyond the scope of
the workshop. It was recognized that both risk for dis-
ease and desirable and undesirable drug responses are
variable across the human species, and the variability
is dependent on both genetic and environmental fac-
tors, many of which may differ between populations.

However, the link between a particular genotype
and a clinical phenotype can only be established by
analysis of individuals. This information may be best
uncovered through understanding genetic diversity
within a given population. Observation of phenotype-
genotype relationships in different “population groups”
should be driven by analysis of genetic variation and
clinical parameters in parallel with classical assess-
ments that are socially and culturally acceptable. There
are several recent reviews and discussions covering ge-
netic diversity related to risk of diseases and the proba-
bility of drug response in different populations.18,19

REGULATORY PERSPECTIVES
ON PHARMACOGENETICS AND
PHARMACOGENOMICS

“Safe Harbor”

Pharmacogenetics and pharmacogenomics are being
integrated into drug development by most, if not all,
pharmaceutical research companies. Submission of
pharmacogenetic and pharmacogenomic data to regu-
latory agencies has been limited, but regulatory author-
ities are very interested in enabling this technology be-
cause of its potential to improve the drug development
process and public health.
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Regulatory agencies are encouraging pharmaceuti-
cal companies to explore and apply toxicogenomic,
pharmacogenetic, and pharmacogenomic technologies
in drug development and to submit such data for regu-
latory review. However, sponsors have concerns that
genomic-based data would be acted on prematurely by
regulatory authorities to interfere with or add to the
cost of drug development. The FDA expressed a will-
ingness to explore the feasibility of a “safe harbor” for
genome-based data on both lead and nonlead com-
pounds. This term was used to describe a process in
which exploratory genomic-based data generated and
submitted under an active IND would be submitted to
the FDA but would not undergo formal regulatory re-
view until more is known about the validity of the tech-
nology used and the appropriate interpretation of the
data. An example of exploratory genomic-based data
that might have tenuous or uncertain interpretation is
the activation or overexpression of an oncogene in a
DNA microarray assay in rat cells. The linkage of this
event to human adverse events is unknown or ex-
tremely uncertain and may be valuable only for gener-
ating new hypotheses but would not be appropriate as
the basis of a regulatory decision. The value of a safe-
harbor toxicogenomic database would be (1) to gain a
better understanding of the relationship between RNA
expression biomarkers and pathology, (2) to discover
integrated knowledge from data mining across submis-
sions, and (3) to learn how to interpret different data
sets over multiple technology platforms.

There are many details of a safe harbor that would
have to be worked out, including the format for the
safe-harbor presentation of data, the process for sub-
mitting such data, and the procedure for regulatory
review.

The FDA acknowledges the importance of having a
transparent process for decision making related to the
transition or bridging of genomic data from a safe har-
bor to a database subject to a formal regulatory review.
One suggestion by the FDA was to cosponsor addi-
tional public meetings or workshops as part of a pro-
cess to develop guidance on safe harbor or on
pharmacogenetics and pharmacogenomics in general.

FDA Perspective on Genotyping
and Clinical Efficacy/Safety Trials

While genomic-based technology may be at an early
stage, the issues and questions surrounding pharmaco-
genetics and pharmacogenomics are not necessarily
new. For example, genotyping in clinical trials repre-
sents a form of mechanistic or empirical “enrichment”
(i.e., a process for selecting or excluding individual pa-

tients or groups of patients for clinical trials). Regula-
tory agencies are quite familiar with criteria that have
been used in the past for routinely enriching clinical ef-
ficacy or safety trials for drugs such as inotropic agents,
topical nitrates, antiviral drugs, and antibacterials and
in diseases such as hypertension, stroke, and sepsis. A
well-known example of enrichment is the enrollment
of women with breast cancer who overexpress the
HER-2 protein in clinical trials of trastuzumab
(Herceptin®).

In the broadest sense, genotyping can also be used in
proof-of-principle trials and for individualization and
modification of dose based on genotype. Associations
between genotypes and clinical outcomes can also
be explored retrospectively, as was the case for
abacavir,20,21 but these are mainly exploratory and
would need confirmation in a clinical trial prospec-
tively. An important distinction was made between
two types of genome-based enrichment: the first type
(preferred) is when there is a well-understood, genome-
based pathophysiological ability to select responders
and nonresponders, and the second type is when
genomic-based predictions of differences in response
are observational, but the basis for pathophysiology is
not well understood. Some key points were (1) that if a
treatment cannot be limited to a genomically defined
patient population, then effects in the overall popula-
tion, especially safety in the nonselected patients, need
to be determined to assess the true risk/benefit of the
drug, and (2) confirmation of outcomes from
genomically guided clinical trials almost always need
repeating in a prospective trial to be persuasive. Sev-
eral study designs for clinical pharmacogenomic stud-
ies were discussed, and while all were acceptable, it is
important to clearly consider the objectives of the inves-
tigation (e.g., bioanalytical performance of a genome-
based diagnostic test, clinical utility of a diagnostic
test, safety in nonselected patients) in deciding on the
design of the clinical trial.

European Agency for the Evaluation of
Medicinal Products (EMEA) Perspective on
Pharmacogenetics and Pharmacogenomics

It is important to consider the impact of the known
pharmacogenetics (e.g., polymorphism in genes that
code for drug-metabolizing enzymes) in dealing with
the new pharmacogenomics in delineating a way for-
ward. Concern was expressed about the high percent-
age of patients who do not respond or respond incom-
pletely to drugs, as well as the substantial morbidity
and mortality due to adverse drug reactions, and that
perhaps greater attention should be paid to the known
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pharmacogenetics. Principles related to genes and drug
response are already included in several European and
international regulatory guidances. It was pointed out
that the new pharmacogenomics is in a transitional
phase where genome-based science is moving from re-
search to the clinic and from exploratory to confirma-
tory research. Regulatory agencies are preparing them-
selves for the anticipated increase in submissions that
include pharmacogenetics or pharmacogenomics.
Within Europe, a Committee for Proprietary Medicinal
Products (CPMP) expert group was formed in April
2001 and a CPMP position paper on terminology15 was
released for consultation and comment in December
2001; this position paper was adopted by the CPMP in
November 2002. Two concerns were expressed in re-
gard to post hoc genomic-based association studies,
similar to the FDA concerns: first, the reliability and re-
pro-ducibility of findings and, second, the need to con-
firm findings in a prospective clinical study that de-
fines the sensitivity and specificity of the genetic
marker. It was emphasized that regulatory agencies and
industry must continue to maintain dialogue as the
field moves forward quickly and that regulatory agen-
cies should consider future guidances depending on
the level of scientific knowledge, experience, and ap-
plicabilityofpharmacogeneticsandpharmacogenomics.

SUMMARY AND CONCLUSIONS

The workshop concluded with a panel discussion,
along with questions and answers from the audience
related to future deployment of pharmacogenetics and
pharmacogenomics in drug development and regula-
tory decision making. The broad conclusions from the
workshop were as follows:

1. Pharmacogenetics and pharmacogenomics should be
considered in all phases of drug development because
these sciences will only improve our understanding of
the safety and efficacy of new drugs and improve the
development of optimal dosing regimens. The use of
genetic and genomic technologies, however, should be
driven by science and applied where it can improve
decision making from lead compound selection to al-
lowing market access.

2. Greater clarity on the most appropriate applications of
pharmacogenetic and pharmacogenomic biomarkers
in drug development is needed to advance the field.

3. Continued dialogue between academic researchers,
industry scientists, and regulatory agencies is needed
to help guide strategies for exploiting pharma-
cogenetic and pharmacogenomic information to opti-
mize risk/benefit ratios.

The challenge of advancing pharmacogenetics and
pharmacogenomics has many dimensions: scientific,
economic, social, and political. In light of the huge po-
tential for these sciences to improve the drug develop-
ment process and address future public health needs,
professionals from academia, industry, and regulatory
agencies need to work together to achieve the potential
that pharmacogenetics and pharmacogenomics offers
to society. Given this challenge and the impact that
these sciences can have as they evolve rapidly in the
upcoming years, there are plans to conduct follow-up
public workshops that will focus on subsets of issues
identified in this workshop to develop a blueprint for a
way forward.
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