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Introduction
Pharmacogenomics and pharmacogenetics have the potential to 

improve the discovery, development, and use of medicines. Clinically 
relevant pharmacogenetic examples, involving variation in single or 
small number of genes mostly related to drug metabolism have been 
known for decades. The concept of pharmacogenetics has evolved into 
pharmacogenomics, with a shift from a focus on individual candidate 
genes to genome-wide association studies.

Since the first pharmacogenetic discovery of glucose-6-phosphate 
dehydrogenase deficiency resulting in hemolysis after primaquine 
treatment [1], the field has been attracting increasing interest with a 
promise of enhancing healthcare delivery in the 21st century. With 
major advances in genomic science and its application to drug response, 

the number of publications associated with pharmacogenomics have 
been dramatically increased [2].

Genomics has been able to explain interindividual variability in 

Abstract
Pharmacogenetics and pharmacogenomics are rapidly developing areas of research, with potentially enormous 

clinical implications and an increasing number of requests for inclusion of pharmacogenetic discoveries in drug labels. 
While academic centers have been central to the development of research in this area, the need for collaboration 
amongst academia, industry and regulators is important in order to proceed with high quality and utmost speed.

As a number of issues need to be addressed jointly by the different parties, the Group for the Respect of Ethics 
and Excellence in Science, a not-for-profit organization that constitutes an interface between regulators, academic 
scientists and representative of the pharmaceutical industry in Europe, organized a meeting to discuss the use of 
pharmacogenetics/genomics in drug development.

The areas for discussion amongst the participants included design of pharmacogenetic studies, regulatory 
requirements in the European Union, pharmacokinetic and pharmacodynamic aspects with a proposal on future 
prospects for recognition of pharmacogenetic biomarkers in Europe. A common principle agreed by the group was 
that there was a need to discover much earlier areas that would have an impact on the safety or efficacy of a new 
drug. Future guidelines should offer guidance using different scenarios with the common goal of improving the 
process of drug development.
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pharmacokinetics and pharmacodynamics of medicinal products, also 
influenced by factors including age, gender, weight, renal, and hepatic 
function. Markers of genomic variation included single nucleotide 
polymorphisms (SNPs), DNA insertions/deletions, and gene copy 
number variation (CNV).Certainly, the actual and future sequencing 
techniques will facilitate rapid whole-genome sequencing. Moreover, 
the establishment of large biobanks from well-characterized patients, 
also in collaboration with the pharmaceutical industry, will offer 
novel and unique opportunities. Impact of environmental factors 
on individual variability to drug response should also be evaluated 
through genomic science (Figure 1). Recently, the epigenome has 
attracted great interest in pharmacogenomic response, providing a 
foundation for future studies exploring key epigenetic modifications 
(i.e., differences in phenotype/gene expression caused by mechanisms 
other than differences in the underlying DNA sequence) [3]. Moreover, 
control of gene expression by microRNAs and alternative splicing are 
cellular mechanisms that through influence on proteome diversity 
can affect variability in drug response [4,5]. The future integration 
of genomics, proteomics, metabolomics, and epigenetics will likely 
facilitate identification of genetic factors associated with drug response.

Theoretically, genomic biomarkers should offer the advantage 
of improved specificity and reduction of heterogeneity, becoming 
very attractive in drug development, for the potential ability to 
reduce overall developmental costs and to use novel development 
strategies at various stages, both in pre-clinical and clinical phases. 
The environment of innovation in pharmacogenomic knowledge, 
combined with the development of advanced genetic technologies, has 
affected the number of requests for inclusion of pharmacogenomic 
discoveries in drug labelling [6,7]. Pharmacogenomic principles are 
now being used in drug development to, for example, identify the best 
dose for all carriers, without this becoming necessarily manifested in 
drug labels. The availability of the therapeutic dose recommendations 
during the process of therapeutic decision making represents already 
an important step in the clinical use of pharmacogenetic information.

As both genomic science and its application to drug response 
were undergoing major advances [8,9], a number of stakeholders not 
always acted in a coordinated way. The regulatory agencies, both the 
United States (US) Food and Drug Administration (FDA) and the 
European Medicines Agency (EMA), recognized pharmacogenetics 
as an opportunity to individualized therapy, raising the issue of the 

level of evidence required to show clinical utility [10-17]. Academic 
and professional societies have been central to the development of 
pharmacogenomic research, focusing mostly on well established 
drugs and usually publicly founded (Table 1). In parallel, the 
Industry Pharmacogenomics Working Group (http://i-pwg.org) has 
published practical perspectives regarding potential guidelines for 
pharmacogenomic study design and analyses [18].

Altogether these efforts have made it possible to advance the 
field with significant progress already made, but a number of issues 
need still to be solved. Certainly, the respective roles of the different 
stakeholders in the evaluation of pharmacogenomic analyses for the 
clinic have to be defined. Also, the evaluation of genomic biomarkers 
in the qualification process in the context of clinical development 
and assessment of benefit (i.e., risk balance of medicinal products or 
selection of the relevant target population) should be clearly defined. 
Moreover, development of genomic biomarkers may involve the 
construction of specific tests (companion diagnostics) or specific kits 
(platforms) to detect their presence. No matter what level of evidence 
is required for each situation, it will be necessary to develop simple 
clinical algorithms to aid physicians in their interpretation and use of 
genetic data. Finally, developing the right study designs might help 
to close the gap between the extensive academic research data on the 
importance of pharmacogenomics in medicine and the very limited 
introduction of this knowledge in clinical practice.

For all these reasons, the need for a collaboration among regulatory 
authorities, academia, industry, and other relevant stakeholders in the 
appropriate application of pharmacogenomic biomarkers is required 
(Figure 2). The Group for the Respect of Ethics and Excellence in 
Science (GREES), an non-for-profit organization frequently involved 
in producing reflection papers in various areas of medicine and 
ethics and that constitutes an interface between regulators, academic 
scientists and representatives of the pharmaceutical industry, organized 
a meeting to provide an overview on evidence-based considerations 
on pharmacogenomic biomarkers from regulatory and industrial 
viewpoints. Indeed, while a number of scientific aspects are discussed 
in several publications, specific issues related to drug development and 
discussion on regulatory considerations have lagged behind. 

The workshop provided the opportunity for a constructive and 
fruitful dialogue among all stakeholders. The invited participants, all 
scientists with a recognized knowledge in the field of pharmacogenomics, 
were supposed to actively participate in the presentations and 
discussions. Awareness was raised among all attendees regarding 
the type of challenges that exist in clinical trial decision-making and 
the substantial unknowns and uncertainties that are integral to drug 
development, the theme of a soon coming Reflection Paper from the 
EMA, focused on evidence based considerations of genomic biomarkers 
in drug development.. The intent of the workshop was, therefore, to 
help steer the content of this official Reflection Paper through an ample 
discussion among experts from academia, regulatory bodies, and 
industry. The meeting and its publication, co-authored by the active 
participants, provide a summary of those independent discussions.

Current and Future Methodologies to Pharmacogenetic/
Genomic Study Designs
State of the art

Genetic polymorphisms may affect all aspects of drug therapy. The 
influence of genetic variation on drug transport and metabolism is 
well recognized. Polymorphisms in genes coding for drugs’ receptors Figure 1: 
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and signalling pathways (pharmacodynamics) may affect the action of 
medicines. With regard to pharmacokinetics, polymorphisms in genes 
coding either for membrane transporters or for drug-metabolizing 
enzymes result in substantial variations in drug’s bioavailability, 
delivery to the target site, and plasma concentration (pharmacokinetics). 
Moreover, genetic polymorphisms also affect dose-related adverse 
drug reactions. However, with so much knowledge accumulated, very 
few current drugs are selected or dosed in accordance with individual 
pharmacogenetic biomarkers [19,20].

The reason for the slow pace of the application of genomics to 
clinical medicine can be found in the challenges associated with the 
lack of replication of study findings, as the knowledge of clinical 
pharmacogenomic research methodology was initially poor [21]. 
Today, both the European and US regulatory agencies and international 
organizations or boards have issued Guidelines or reports on this 
subject [22-24].

The two stakeholders on charge for pharmacogenetic/genomic 
research, the academia and the industry, have been working in parallel, 
with rare points for common projects to be carried out. On one side, 
for early drug development the industry concentrates its efforts around 
pharmacokinetics in terms of mean dose-related exposure, focusing 
on pharmacogenetic studies in later developmental stages only in 
the case of drugs with a narrow therapeutic windows. Moreover, the 
industry tends to focus on genes whose enzymatic consequences are 
understood (i.e., CYP genes), with a reluctancy to introduce untargeted 
pharmacogenetics in drug development. On the other side, academic 
studies, usually publicly founded, often evaluate well-established 
drugs with known serious adverse events (Table 1), with a focus on 
science, novel technologies, and mechanisms, usually identified in 
small pilot studies. Subsequent validation of these markers is, however, 
difficult, as samples from large controlled studies are rarely available. 
The harmonization between industry and academia programs could 
be found through the mutual understanding of quantified risks and 
benefits, where pharmacogenetic/genomic designs are developed in 
a discussion that involves regulatory agencies. The potential benefits, 
along with the type and quality of evidence gained in different study 
design are evaluated below.

Future methodologies

The two most common strategies to test a pharmacogenetic/

genomic question are candidate-gene and genome-wide association 
(GWA) approaches. Candidate-gene investigations should focus on 
variations/alterations in genes causing anticipated functional effects 
on gene expression or function of the gene products, thus resulting in 
marked alterations in phenotype [25]. An example of this is warfarin, 
where CYP2C9*2 and CYP2C9*3 polymorphisms, known to impact on 
the functionality of the CYP2C9 enzyme, were selected for evaluation 
and determined to be associated with warfarin’s dose requirements 
[26-28]. This is an example where the pharmacokinetic component 
(i.e., CYP2C9 polymorphism) is only one factor influencing dose 
requirement and is complemented by pharmacodynamic variation in 
the VKORC1 gene, which codes for the enzyme inhibited by warfarin, 
which together provides much better assessment of variability. 
The process needed to select candidate-genes is not always so 
straightforward, as the functional effects may not be known, and the 
choice has to be made from several polymorphisms. The selection of 
SNPs can be based on allele frequency or whether the SNP acts as a “tag” 
for other SNPs through the process of linkage disequilibrium [29, 30]. 
It is acknowledged that stratification by genotype is difficult for very 
rare genetic variants, where individual studies will not have adequate 
statistical power to detect the effect, and pooled analysis of study data 
or formal meta-analysis may be valuable. Major disadvantages of the 
candidate-gene approach are that knowledge of the function of the 
gene regarding the drug response should be known in advance and that, 
given the risk of false association, the findings have to be replicated in 
at least one independent population [31]. However, this approach has 
the fundamental advantages of being less expensive and of requiring a 
smaller sample size than the genome-wide type of methodology [32].

With the advance of technology, more global profiling of, for 
example, inter-individual variability can be provided through the use 
of the absorption, distribution, metabolism, and excretion (ADME) 
chip. This method represents a well validated analytical platform 
which is widely available and encompasses 1,936 drug metabolism 
markers in 225 gernes. An alternative is the use of genome-wide chips, 
with the advantage to evaluate variants in both pharmacokinetic and 
pharmacodynamic pathways. In addition, this approach can make 
possible the discovery of new pharmacogenomic markers, for example 
those associated with adverse drug reactions, not always predictably 
associated with the known pharmacology of a drug [33]. However, these 
types of approach require large number of patients and are, therefore, 
costly. Moreover, as with the candidate-gene association design, the 
results have to be replicated in one independent population [31].

Study designs

Postmarketing pharmacogenetic/genomic research has been using 
various study designs for assessing efficacy and safety.

Figure 2: 

1.	 Drug-induced Liver Injury
-DILIGEN (UK)
-EUDRAGENE (Europe)
-DILIN (US)
-Spanish DILI Registry  

2.	 Long QT
-DARE (UK)

3.	 Stain-induced Myopathy
-SEARCH collaborative (UK)
-STAGE (UK)

Table 1: Publicly-Funded Pharmacogenetic Studes On Serious Adverse Reactions.
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Individual pharmacogenetic case reports related to adverse drug 
reactions represent an important source of information, but uniquely 
as hypothesis-generating data as it happened in carriers of inherited 
thiopurine methyltransferase deficiency [34].

Frequently, pharmacogenetic/genomic biomarkers are described 
in non-randomized cohort or single arm studies, also outside of drug 
development programmes and often lacking pre-defined biomarker-
related end points. The study designs used encompass cross-sectional 
studies, case-control studies and studies in cohorts in their natural 
settings in the absence of controls [35-38]. Lack of replication in these 
types of designs remains an important issue, often related to lack of 
robustness, of proper clinical end points, of careful phenotypic quality 
controls, and of appropriate statistical considerations [18]. These 
exploratory studies, mostly carried out postmarketing, are usually 
based on poorly selected cohorts limited in size, with lack of possibility 
to establish the predictive value, the sensitivity and the specificity for 
a pharmacogenetic marker. Any conclusions derived from these types 
of models must be interpreted with caution, and this is true both for 
candidate-gene and genome-wide approaches. The main limit are 
external influences or confounding variables [39]. Bias also may play 
a considerable role in validation of a pharmacogenomic biomarker, as 
selection and measurement bias are of great importance.

In order to reduce the confounders and bias, pharmacogenetic/
genomic studies should be carried out within controlled clinical 
studies in the different phases (I, II, and III), either prospectively or 
retrospectively, up to studies specifically designed to assess the value 
of pharmacogenetic diagnostics [24,39-41]. Exploratory investigation 
of genomic biomarkers through randomized clinical trials is often 
possible where preliminary information regarding the value of a 
predictive marker is based on published literature. However, even if 
in a pharmacogenetic study within a randomized controlled clinical 
drug trial it is possible to evidence the predictive value for a particular 
drug effect, these studies may be neither possible nor necessary to carry 
out for any genomic biomarker. In retrospective analyses of completed 
controlled clinical trials certain elements are critical, such as the size of 
the sample, quality of the trial, and a pre-defined analysis plan. Analysis 
of data from two (or more) high quality independent controlled clinical 
trials would provide the strongest evidence. Certainly, prospective 
controlled trials for the identification and even validation of genomic 
biomarkers would be ideal, but very expensive, time and effort intensive, 
and often need significant preliminary evidence to demonstrate either 
association or biological plausibility. A prospective trial should be 
confirmatory in nature for prospective validation of predictive genomic 
biomarkers, with various forms of design (i.e., unselected, enriched or 
targeted, hybrid, and adaptive).When new prospectively designed trials 
are not feasible to test the predictive ability of a marker, a retrospective 
validation may become possible. It is evident that for any retrospective 
validation crucial elements are: preliminary data from one or more high 
quality prospective controlled clinical trials, availability of genomic 
biomarkers status from a large number of subjects to avoid selection 
bias, predefined hypothesis as well as analysis plan, and a statistically 
compelling association adjusted for multiple testing. Overall, even 
tough prospective controlled pharmacogenomic studies appear as the 
gold standard, the value of any design may differ depending on the 
context and the details of how exactly the studies were designed and 
conducted.

Irrespective of the type of trials used for exploration, it is important 
to collect information not only on the predictability of the genomic 

biomarker, but also on its clinical validity. The latter is a complex 
interplay of sensitivity and specificity and the penetrance of the genomic 
marker. The developmental studies should be the basis to indicate the 
feasibility of further evaluation for a given genomic biomarker. 

In contrast to the study design described above, in which the 
pharmacogenetic analysis is performed after the assessment of the 
study outcomes, in sequential before-after design pharmacogenetic 
evaluations are performed during the study. In a study with this before-
after sequence, patients receive drug therapies first before genotyping 
and then again after genotyping, with individual cross-over design 
being relatively easy to perform.

Community intervention design, in which a region or a hospital 
performing pharmacogenetic analyses are compared to other region(s) 
and hospital(s) that are not performing such tests [42]. In applying this 
approach the introduction of individualized medicine into medical 
practice could be facilitated.

Quality of the assays

Finally, for newly identified genomic biomarkers development of 
specific assays/kits might be necessary, parallel to the drug development.

As the above study designs offer limitations in some cases and 
appear unaffordable in others, the need for innovative designs is 
urgently felt. The focus on patients with severe adverse reactions 
or on poor responders could open the door to pharmacogenetics in 
disorders difficult to be treated, even in second- or third-line therapy. 
Another approach is to develop studies in genotypically pre-selected 
populations, as pharmacogenetic diagnostics is particularly valuable 
for sub-groups, especially in the case of rare genotypes [43].

The concept of replication and confirmation become essential 
in any clinical development of pharmacogenomic research, as the 
reproducibility of pharmacogenetic, even of data showing strong 
association, is not over 60% [44,45]. By definition confirmatory studies 
should be powedered not only to replicate previous studies, but also 
populations different than those included in the exploratory studies.

Last, but not the least, economical, ethical, social, and regulatory 
issues associated with genomic medicine are complex and challenging. 
An example, of ethical issue comes from the observation that, if strong 
data out of controlled clinical studies indicate the possibility that 
pharmacogenetic biomarkers can save life, these cannot be disregarded. 
In this case, proper evaluation of non randomized pharmacogenetic 
studies can make possible to ensure safety or efficacy of a given 
compound.

Future prospects

In conclusion, any clinically oriented research in pharmacogenetics/
genomics should encompass up to three phases: a) hypothesis generation 
and definition; b) reproducibility; and c) risk-benefit assessment for 
pharmacogenetic diagnostics to proof that genotype-based therapy is 
better than therapy without these inputs. The achievements so far have 
been limited, as reproducible data for most cases are still not available. 
Based on limited success, it is recognized that the challenges facing 
individualized drug therapy should be addressed individually at the 
different stages in clinical development. As the knowledge is increasing, 
the collaboration with regulatory bodies will become essential.

Regulatory Requirements in the European Union
The regulatory impact of pharmacogenetics is still a developing 
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area. Regulators (including competent authorities, national 
departments of health, and regulatory agencies) have a significant 
role in translating pharmacogenetics into clinical practice. Common 
questions faced by regulators include the consistency of findings and 
results, the requirement for confirmation of pharmacogenetic data, 
the applicability of association studies to the clinical area, and the 
evaluation of the impact of pharmacogenetic testing in clinical practice. 
The main role of regulators with respect to available pharmacogenetic 
data is to interpret them with respect to their consistency and clinical 
applicability, to match them to legal limitations, and to use them to 
protect and improve public health. All of this is achievable only through 
tight and constructive interactions between regulators, academia, and 
industry. In Europe, this interaction has been promoted by the 2005 
constitution of the Pharmacogenomic Working Party (PGWP) of the 
Committee for Medicinal Products for Human Use (CHMP) of the 
EMA. The PGWP was set up in 2005 by CHMP to assist on scientific 
discussions relevant to the implementation of pharmacogenomics 
in medicines development and the impact on regulatory assessment. 
The components of the PGWP are scientists of recognized reputation 
in various fields such us genomics, ethics, medicine, and regulatory 
issues, all relevant to the new genomic technologies in medicinal 
products development and assessment. Within this group an informal 
process of sharing scientific and technical information is facilitated 
and only successively transferred to applicants and regulators. Via 
briefing meeting the Working Party gets inputs from applicants on the 
circumstances and rationale under which pharmacogenetic data are 
generated. These dialogues may contribute to minimizing the risks of 
creating obstacles to the use of novel technologies. A short summary 
of the briefing meetings will form a dedicated section in the PGWP 
minutes to the CHMP. Issues identified and questions debated during 
the briefing meetings are the basis for scientific advice and marketing 
authorization applications and future guidance. This Working Party 
has its own work plan and interacts with other agencies worldwide, 
such as the US FDA and the Japanese Pharmaceuticals and Medical 
Devices Agency (PMDA). This interactive network of regulatory 
bodies provides the opportunity to discuss recent developments and 
ethical/legal questions. 

Regulatory involvement pushing the use of pharmacogenetic 
biomarkers in both drug development and clinical practice is evidenced 
by the public documents generated in the past five years by agencies 
worldwide [10-16]. However, these documents provide only an initial 
framework for building policy. They are yet insufficient to address 
the moral, ethical, and economic implications of the application of 
genotypic information to the development of personalized therapeutics. 
Before pharmacogenetics can be routinely applied, multiple issues will 
need to be addressed by various stakeholders: privacy issues concerning 
the use of genotype information in multiple studies; informed consent 
and the need (if any) for genetic counseling; public access to genetic 
testing for prediction of therapeutic response; sample size and eligibility 
requirements for association study evaluation; public access to genetic 
testing for prediction of therapeutic response; and standardization of 
data across patient populations.

The recognition of these problems made it possible for the EMA 
to implement a validation process recommended or required to allow 
transition from exploratory to valid pharmacogenetic biomarkers. 
There are five major qualification phases: internal qualification, external 
qualification, clinical trials (phase I and II; checking for safety and 
efficacy), large clinical trials (phase III), and continuous surveillance. 
The level of confidence that a candidate biomarker can attain depends 

on the phase of validation that has been reached. Ideally, biomarkers 
may reach the point of surrogacy and replace known clinical end 
points. However, this designation requires agreement with regulatory 
authorities, as well as long-term data and evidence for safety and 
efficacy, as clearly the consequences of a flawed surrogate biomarker 
could be significant and adversely impact on public health.

Another area that needs to be addressed is the involvement of 
Institutional Review Boards and Ethic Committees in pharmacogenetics 
research. These organizations will review and approve, disapprove or 
modify all the submitted research proposals concerning human subjects, 
submitted by the academic community or by the pharmaceutical 
industry. As research moves in the direction of genome analyses 
based on computational methods, it becomes increasingly important 
for participating members of IRBs and Ethic Committees to possess 
specific knowledge to properly evaluate the possible implications of a 
pharmacogenetic study. It might be that in the future, institutional-
independent review boards with such specialized knowledge are 
created that can be contracted to perform study analyses and provide 
guidance on study conduct [44].

In this direction, Reflection Papers on the use of pharmacogenetics 
in the pharmacokinetic evaluation of medicinal products were 
published by the EMA in collaboration with the CHMP and the 
PGWP [16,45,46]. The objective of the work of the PGWP in briefing 
meetings is to discuss in an informal setting the technical, scientific and 
regulatory issues that arise by the inclusion of pharmacogenomics in the 
development strategy and to assess their potential implications in the 
regulatory process. The papers aimed to harmonize the development 
and reporting of pharmacogenetic/pharmacokinetic studies, and 
to inform on the possible consequences of pharmacogenetic results 
for drug labeling. Since the drafting of these papers, progress in the 
field continues. In light of the evolution and broad acceptance of 
genotyping methods, as well as increased experience in the use of such 
pharmacogenetic methodologies during drug development, an update 
was considered necessary to align this progress. A Reflection Paper will 
soon be available, providing expanded and improved guidance for both 
the pharmaceutical industry and regulatory authorities regarding the 
application of pharmacogenetic methodologies in pharmacokinetic 
studies of medicinal products.

The future implementation of pharmacogenomic labelling will 
encompass different uses [47]. At present mandatory use is given 
for few drugs, mostly related to oncology, for which a clear basis for 
responsiveness has been demonstrated [47]. Today, pharmacogenomic 
information is contained on about 10% of drug labels approved by the 
FDA [48].

Finally, initiatives to implement pharmacogenomic information 
into clinical practice has been adopted by various organizations, in 
order to provide guidance on the use of such tests in the clinic [49,50].

General Issues with Pharmacogenetics/Genomics on 
Pharmacokinetics and Pharmacodynamics

The preclinical data that predict interindividual variations in the 
efficacy and side effects of the drugs in humans should encompass 
analyses either in the drug membrane transport and metabolism 
(pharmacokinetics) or in the targeted pathways (pharmacodynamics). 
Indeed, pharmacogenetic variations may be predicted from in vitro and 
in vivo data, usually available before first in human studies, therefore 
accelerating clinical drug development.
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The pharmacokinetics of all medicinal products are prone to 
interindividual variability, with the highest level of genetic heterogeneity 
registered in drug metabolism. Phase I metabolism of approximately 
40% of drugs used clinically is affected by polymorphic enzymes. The 
most important of these enzymes are the cytochrome P450 enzymes, 
such as CYP2C9, CYP2C19 and CYP2D6. With respect to phase II 
enzymes, the genetic variability of the UDP-glucoronosyltransferases, 
N-acetyltransferase-2 and some methyltransferases have been shown 
to influence interindividual variability in drug pharmacokinetics. 

ADME gene sequences have long been studied for the presence of 
mutations or polymorphisms leading to functionally relevant genetic 
variation. These sequence variations have been consistently associated 
with pharmacokinetic properties of a broad range of drugs in vitro 
and in vivo. Whether these variations also correlate with variations in 
clinical outcomes is a matter of debate, and often not fully investigated. 
The metabolizing enzymes account for 80% of drugs which have 
pharmacogenetic data in their label currently. In recent years, examples 
have also been published on specific gene polymorphisms in drug 
transporters, with possible contribution to the efficacy and safety 
of medicinal products [51,52]. Drug transporters can be regarded as 
completing the phase I and II enzyme-based detoxification system; 
drug uptake delivers the drug to the detoxification system to facilitate 
metabolism, whereas drug efflux decreases the load on detoxification 
enzymes [53,54]. It is anticipated that this area will greatly expand in 
the near future, as knowledge about the role of drug transporters is 
rapidly developing. 

Whereas pharmacogenetic traits influencing drug disposition are 
now relatively well identified, the genetic variability of drug targets 
remains to be explored. Many genetic polymorphisms affect drug 
response by modulating the functions of proteins that are drug direct 
response. These polymorphisms happen to occur in genes encoding for 
drug target protein function, for drug-target interaction, or for both 
[55-61].

Either for pharmacodynamic or pharmacokinetic studies, 
basic research will continue to be necessary both to understand the 
pathogenesis of human disorders (making possible the development 
of targeted therapies) and to recognize the genes encoding for 
target or drug disposition genes (making possible to uncover drug 
response variation). It would be difficult to develop a common 
model of when pharmacogenetics/genomics of pharmacodynamics 
or pharmacokinetics should be studied, as this will greatly depend 
on the information offered for each given drug by basic research and 
explorative studies.

For pharmacokinetics EMA issued a Reflection Paper [16] that 
focused on the situations in which should the effect of pharmacogenetics 
on pharmacokinetics be studied. This happens to be needed when 
exposure to a substance could affect safety and efficacy of its use. The first 
step is, therefore, the knowledge of the enzymes and proteins involved 
in drug metabolism and transport, along with the identification of 
pharmacologically active metabolites. If human in vitro data suggest 
major involvement of a protein known to be the subject of functionally 
important polymorphisms, inclusion of genotyping directed to 
the candidate gene is warranted in early phase I studies. When the 
involvement of the polymorphic gene has been verified, in vivo studies 
of the effects of specific polymorphisms on the pharmacokinetics 
of the pharmacologically active compounds likely to contribute to 
clinical efficacy and /or safety are recommended. In case of unforeseen 
pharmacokinetic observations of potential clinical relevance in phase I 

or subsequent studies, pharmacogenetics of pharmacokinetics should 
be performed as early as possible in the drug developmental program. 
This will make possible to increase the amount of data that will support 
the recommendations for use in the genetic subpopulation(s). If there 
is a need for a dose adjustment, the following routes could be applied: 
dose titration regardless of genotype, dosing based on genotype or 
phenotype, or optional gene-based dosing.

The standardization of criteria for evaluating genetic tests 
encompass analytic validity, clinical validity, clinical utility and 
ethical, legal and social implications. However, these concepts are not 
always clear in pharmacogenetics. Therefore, efforts should be made 
to incorporate pharmacogenetic methodology into premarked drug 
development, continuing postmarket observational and mechanistic 
studies.

Future Perspectives for Development of 
Pharmacogenetic Biomarkers in Europe

Throughout the workshop the focus was on methodological issues 
associated with pharmacogenomic biomarkers in relation to clinical 
development. A number of questions, partially raised in previous 
Reflection Papers from EMA [13-16,45,46],were considered of 
particular interest by the group.

Which is the appropriate trial design or the right time for data 
analysis of pharmacogenetic/genomic studies in the drug development 
process?

Evidence regarding the potential impact of pharmacogenetics on 
drug development is accumulating at a speed that makes previous 
Reflection Papers from EMA no longer sufficient. Industry, in attempting 
to incorporate pharmacogenetics/genomics in drug development, 
is confronted with several issues, including high start-up costs and 
the potential limited utility of the pharmacogenomic biomarkers for 
its compounds. The important issues to limit the resistance from the 
Industry appear to be the employment of the appropriate trial design 
or data analysis methodology at the right time in the drug development 
process. Signals for genomic biomarkers may be generated based on 
theoretical plausibility or based on an association noted in preliminary 
studies, and then confirmed empirically during the exploratory phase 
of development of the genomic biomarkers. The group recognized 
the diverse exploratory development strategies to be considered, as 
listed in table 2. The exploratory development of a genomic biomarker 
would encompass: prospective and retrospective non-randomized 
and randomized studies. Following the exploratory development, 
confirmatory studies should be validated either retrospectively or 
prospectively. 

Studies on pharmamacogenetic of pharmacokinetics have been 
taken most of the attention by the reaserach, as they follow the path 
already traced within the early drug development models. However 
polymorphisms in genes encoding for drug target structures (i.e., 
receptors, targeted enzymes, intracellular signalling molecules, and 

-	 Do Nothing
-	 Collect “Insurance” Samples
-	 Proactively Genotype Retrospectively
-	 Genotype Prospectively and Randomize According to Genotype
-	 Select Patients Based on Genotype (specifically exclude or include 

polymorphisms)

Table 2: Main Exploratory Pharmacogenetic Strategies In Drug Development.
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structural proteins) will become relevant for dosing purposes. This 
approach is typically represented by the warfarin story [26-30].

Which is the role of the diagnostic performance of the 
pharmacogenetic/genomic biomarker?

Irrespective of the type of the exploratory trials used, the 
pharmacogenetic/genomic biomarker should be evaluated for 
predictability and clinical validity. Indeed, the developmental studies 
themselves should aim to indicate whether further validation of the 
biomarker is feasible. The standards of diagnostic performance should 
conform to the accepted standards for qualification and validation, 
as previously indicated by EMA [62]. The diagnostic performance 
relates essentially to evaluation of sensitivity and specificity of the 
biomarker, and to the penetrance of the genomic sequence. Moreover, 
extrapolation to populations different than the one tested would need 
to be adequately justified.

What are the potential external influences on the evaluation of a 
pharmacogenetic/genomic marker?

Genomic and non-genomic factors not related to the 
pharmacogenomics of a drug response can influence the therapeutic 
effect and the adverse events related to a given compound. An 
example is offered by drug drug interactions (DDI). Polypharmacy, 
often common in disorders that are progressive and multimorbid in 
nature, may substantially contribute to harmful effects in such settings 
via DDI. Apart from the mode of action of the respective drugs, a 
substantial proportion of adverse effects could have been caused by 
the pharmacokinetic and pharmacodynamic pathways of the drugs 
and their interactions. DDI clinical trials are conducted frequently as 
part of early drug development programs, offering the opportunity 
of an early and effective integration of pharmacogenetic analyses. 
Indeed, the use of CYP450 substrates or inhibitors administered 
together with tamoxifen has been argued to influence treatment 
outcomes in mammary cancer. Similarly, the response to a drug may be 
affected by polymorphisms of genes encoding different metabolizing 
enzymes. Genotyping of the populations included in DDI studies 
should be recommended when pharmacogenetics is expected to 
affect pharmacokinetics or pharmacodynamics of any of the active 
substances. A detailed discussion on evaluation of pharmacogenomic 
biomarkers in early studies is available in a Guideline edited by EMA 
[46].

Race may sometime be a proxy for pharmacogenetic differences 
because toxicities or response-modifying genotypes may occur at 
different frequencies among races [63]. An example is the warning on 
the carbamazepine label recommending testing for the HLA-B*1502 
allele in patients of Ham Chinese and Thai ancestry before initiating 
carbamazepine therapy because of the high risk of developing 
carbamazepine-induced Stevens-Johnson syndrome and toxic 
epidermal necrolysis [64]. In general, there are little comparative data 
available regarding the genetic bases of drug response and toxicity 
among different racial groups. However, it is important to note that 
race is not always a good surrogate for pharmacogenetic differences, 
as evidenced by the fact that HLA-B*5701 acts as a marker for abacavir 
hypersensitivity in all races. Thus, further investigation of the basis for 
marked racial differences in relevant pharmacogenetic pathways, a 
potential explanation for different response rate and adverse reactions, 
are worthy of future prospective studies.

Age may also be a variable for pharmacogenetic-driven variability. 
For example, in the elderly differences in metabolism may be 

combined with reduced organ function and with the need for multiple 
medications. The consequences of organ impairment may also be 
different in genetically different populations and this multiply the 
variability to drug response. Dosage is certainly crucial in children, 
where overdosing and underdosing are frequent. Age and weight 
determine the dosage, but enzymes and transport proteins may be 
quantitatively and qualitatively different in the paediatric population 
when compared to adults. Therefore, if a significant impact of a genetic 
polymorphism on the pharmacokinetic of a drug has been established 
in adults, the potential consequences in the paediatric and elderly 
populations should be further elaborated.

Are there methodological issues to be considered?

Technology advancement has been enormous in the past decade. 
Indeed, as the cost of whole-genome sequencing is decreasing, 
the studies to use information even from whole-genome for 
pharmacogenomic purposes will increase. The first such study was 
published only last year [65]. In the future, there will probably be an 
arsenal of new pharmacogenomic markers identified, even in new fiels 
such as RNA-interference and epigenetic. Therefore, the problem of 
validation of a marker is still an element to be seriously considered. 
For a marker whose an acceptable assay is already available, validation 
should be limited to the disease treatment under consideration. For 
new pharmacogenomic biomarkers the development of an acceptable 
assay should parallel the drug development process.

Methodological bias in measurement of a genomic biomarker is 
an important consideration, mostly for retrospective analyses and for 
meta-analyses, when different instruments or assays are inevitably used. 
A centralized measurement facility is always recommended and when 
this is not possible a careful selection of pooled data sets of predefined 
criteria could contribute to reduce some types of bias.

Another problem that needs to be regulated from a methodological 
point of view is the collection of biological samples, often limited by 
informed consent, patient privacy, intellectual property, and storage 
issues. Ideally, avenues should be established by which anonymized 
samples could be collected and stored indefinitely for subsequent 
analysis, for example in publicly-founded repositories, without risk 
to the individual patient. Both academic centers and industry could 
submit and utilize samples as needed for further analysis and the 
intellectual property that arises from the use of such samples could be 
shared in public-private partnerships.

What is the impact of adverse event frequency and severity?

An increasing number of serious adverse reactions have been 
reported by the FDA between 1998 and 2005. The cost of adverse events 
is huge and estimated to be 40-50 billion US$ per year for the healthcare 
system. Rare but severe adverse events represent a major reason why 
drugs are withdrawn after FDA approval. A pharmaceutical company 
can loose as much as 1 billion US$ if a marketed drug has been 
withdrawn. The successful clinical application of pharmacogenomics 
could increase the likelihood that drugs are effectively dosed and reduce 
the incidence of adverse reactions associated with drugs. Until recently 
rare severe allergic reactions to drugs were interpreted as idiosyncratic, 
but today more and more allergic reactions can be explained by 
screening for genotypes of the HLA gene locus. However, although it 
is possible to attempt a replication of a given adverse event with a gene 
variant [66], it is often difficult to collect sufficient observations of rare 
adverse drug reactions for genome-wide analysis.
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Certainly, the area of adverse reactions to a given drug is going to 
remain the most appealing both to the academic investigators and to 
the industry-driven investigations, but equally important will be the 
willingness of researchers to reexamine suboptimal pharmacological 
management programs.

Which are the major questions related to clinical translation of a 
biomarker?

Despite the growing number of drugs of pharmacogenetic data 
in the label (www.fda.gov/Drugs/ScienceResearch/ResearchAreas/
Pharmacogenetics/ucm083378.htm), most are not accompanied by 
recommendations that necessitate immediate genetic testing, although 
a few labels recommend specific actions to reach a therapeutic decision. 
The slow pace of the clinical application of pharmacogenetics has 
several reasons. 

Certainly, the first question to be answered for clinical 
implementation of a pharmacogenomic biomarker is the evidence for 
its validity and utility, but the consensus on the level of data necessary 
to establish clinical utility of a given marker is still limited [67]. A gold 
standard example is offered by studies on abacavir hypersensitivity, 
where (due to the strength of the evidence base, to the replication in 
multiple studies, to the confirmation of clinical utility in a specifically 
designed trial, to the favourable cost-effectiveness data, and to a 
knowledgeable and vocal patient lobby) both FDA and EMA approved 
label changes. This culminated in prescribing physicians who are 
amenable to implement the genomic test request in clinical practice.

However, often even if either the payers would provide 
reimbursement for routine use of a pharmacogenomic biomarker 
or the regulatory agencies take increasingly activist stance, it will be 
necessary to develop easy algorithms to aid physicians in formulating 
the request of genetic data and in interpreting the results. Education 
is going to become a strategic effort. Various educational measures 
will be required, including seminars, symposia, and public assessment 
reports, as well as the institution of consistent and continuously 
updated programs at medical and pharmacy schools.

Conclusions
This meeting was a valuable opportunity to learn and understand the 

expectations of different stakeholders in the area of pharmacogenetic/
genomic testing within the drug development process. Industry is 
facing real challenges in generating and interpreting pharmacogenetic/
genomic biomarkers and is supported in this endeavour by the 
academic centers. The regulatory agencies are promoting development 
of Reflection Papers and Guidelines that will help the industry to 
recognize the parameters indicated in the early drug development 
phases, maintaining frequent communication with the authorities 
regarding plans and results. The participation of all the stakeholders 
into this meeting and the preparation of a Reflection Paper by EMA on 
the topic of designs for pharmacogenetic studies in drug development 
are important proofs of a common interest towards the development 
of better medicinal products and an improved practice of medicine.

Pharmacogenetics/genomics has already identified clinically 
relevant loci which alter the response to several drugs. Such genetic 
information is now taken into account by drug regulatory agencies, 
as evidenced by recent drug label modifications integrating 
pharmacogenetic-based prescription.

However, dramatic efforts need to be made in the selection of 

genetic tests and in the interpretation of tests for physicians to adapt 
their treatment on pharmacogenetics. Clinical application will also 
require a blend of trained clinical workforce, validated genetic tests, 
payers willing to fund pre-treatment tests, and psychological factors.

Oncology will probably be the most promising field in 
pharmacogenomics, because the tumoral genomic variability is 
enormous, new targeted anticancer drugs are several, and new selective 
tests might really bring benefits to patients.

Examples of constitutional or somatic pharmacogenetic tests that 
are clinically available and relevant to cancer drug selection or dosing 
or both are: UGT1A1*28 gene variant and neutropenia in irinotecan 
therapy for colon cancer [68]; CYP2D6 gene polymorphisms and 
clinical efficacy of tamoxifen in estrogen receptor-positive breast 
cancers (H); and PTPMT gene variants and mercaptopurine use in 
lymphoid malignancies [69].

In conclusion, the development of new effective pharmacogenetic 
biomarkers in drug development is the common goal for regulatory 
authorities, academia, and industry. To achieve this, it is important 
that regulatory requirements do not hinder innovation and vice 
versa. A dialogue is ongoing among the different stakeholders, whose 
responsibility is to ensure continuous exchange in an environment 
characterized by rapid scientific advances and global development 
programs. This integration is already contributing to the improvement 
in the current health scenario.

Highlights from the meeting

The intention of this paper was to provide an evidence based 
considerations of genomic biomarkers related to drug development, 
with focus on patient selection and trial methodology.

The main recommendations derived from this work were 
recognized in:

•	 Predictive genomic biomarkers should occupy the highest area 
of interest

•	 The selection and evaluation of the genomic biomarkers in any 
development programme should be dependent on the expected 
primary role on the genomic biomarker under consideration

•	 The patient selection would be enhanced using a genomic 
biomarker for better definition of disease prognosis, for 
excluding patients at increased risk and for prediction of drug 
response

•	 Using of a central laboratory may reduce the risk of different 
misclassifications

•	 Validation studies can be prospective or retrospective, non-
randomized or randomized

•	 Irrespective of the type of trials used for exploration, it is 
important to collect information on the performance of the 
biomarkers for predictability and clinical validity

•	 For newly identified or specific genomic biomarkers, 
development of a specific assay/KIT might be necessary
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