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Severe adverse drug reactions (ADRs) are a major problem in drug develop-
ment and clinical practice and the most common cause of market withdrawals
of drugs. Individualised drug safety aims at the prospective identification of
single patients who carry genetic predispositions for the development of
serious or fatal ADRs under drug treatment. For a comprehensive individual-
ised drug safety evaluation a clearly structured organisation, linkage and rep-
resentation of diverse and heterogeneous, yet related, knowledge is
imperative. To efficiently support experts in this process a platform, coined
OKAPI, was specified that combines multiple concepts in knowledge manage-
ment to perform ontological knowledge acquisition, processing and integra-
tion. SafeBase™ (TheraSTrat) is an ontology driven implementation of the
OKAPI specification and an innovative, user-friendly and interactive platform
for storage, management and visualisation of knowledge across multiple
scientific disciplines pertinent to current and future theragenomics-based drug
discovery and development and to strategies of individualised drug safety.
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1. Introduction

Severe adverse drug reactions (ADRs), including, but not restricted to, idiosyncratic
drug reactions, which occur unpredictably and at low frequency on exposure of
human individuals to drugs (and many chemicals beyond drugs) are a major problem
in drug development, clinical practice and the assessment and regulation of the safety
of drugs and chemicals. Meta-analyses in the past have suggested that in the US in
1994, ADRs were responsible for > 100,000 deaths, making them between the fourth
and sixth leading cause of death 1]. Although these numbers were criticised [2], they
nevertheless emphasise the importance of ADRs. Indeed, there is good evidence that
ADRs account for up to 5% of all hospital admissions [3] and increase the length of
stay in the hospital at the expense of increased cost of ~ $2500/patient [,5].

ADRs are one of the most common causes of drug withdrawals and bans of drug
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use in postmarketing phases (Table 1), which lead to substantial registration delays
when at the end of the clinical development (Phase I11) not all safety issues are resolved
(for example, omalizumab, tegaresod, lumiracoxib and ximelagatran), and often lead
to the discontinuation or temporary suspension of further clinical development (as, for
example, in the cases of etomixir, raglitazar, repaglinide and tysabri). Each of these
scenarios has enormous financial implications for affected pharmaceutical companies.
A The situation of frequent discontinuation in clinical development of promising
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new drug candidates and of market withdrawals of drugs that have been both
www.ashley-pub.com

effective and safe in the vast majority of patients is increasingly creating an unmet
medical need, namely to develop integrated therapeutic strategies in order to keep
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Table 1. Recent examples of drugs withdrawn from the market because of subpopulation (idiosyncratic) forms of
severe adverse drug reactions. Withdrawals may have been worldwide or restricted to selected markets (not

specified here).

Drug Adverse drug reaction Company Withdrawal
Valdecoxib Cardiovascular disease Pfizer April 2005
Tysabri* Progressive multifocal Biogen Idec/Elan February 2005
leucoencephalopathy
Rofecoxib Cardiovascular disease Merck September 2004
Serzone Liver failure Bristol-Meyer Squibb June 2004
Epdedra Haemorrhagic stroke Several* April 2004
KavaKava Liver failure Several® January 2003
Cerivastatin Rhabdomyolysis Bayer August 2001
Rapacuronium Bronchospasm Organon March 2001
Alosetron Ischaemic colitis GlaxoSmithKline November 2000
Cisapride Cardiac arrhythmia Jansen Pharmaceuticals June 2000
Troglitazone Liver toxicity Warner-Lambert May 2000

Grepafloxacin
Pemoline
Astemizole
Bromfenac
Mibefradil
Terfenadine
Dexfenfluramine

Fenfluramine

Prolonged QT intervals
Liver toxicity

Cardiac arrhythmia
Liver toxicity
Drug-drug interaction
Cardiac arrhythmia
Heart valve disease
Heart valve disease

Glaxo

Abbott

Jansen Pharmaceuticals
Wyeth

Roche

Hoechst-Marion Roussel

Interneuron
Wyeth

October 1999
September 1999
June 1999

June 1998

June 1998
December 1997
September 1997
September 1997

*Market suspension; *Mostly suppliers of dietary supplements; SMostly suppliers of herbal foods and herbal medicinal products.

successful drugs on the market, even though there exist a few
individuals within the targeted patient population who, based
on their genetic predisposition, cannot tolerate a given drug.

2. Adverse drug reactions

ADRs can be classified in terms of their clinical, pharmaco-
logical and chemical characteristics [6,71. Thus, from a clinical
point of view, ADRs comprise type A and B reactions.
Type A, or augmented, reactions can be predicted from the
known pharmacology, and often represent an exaggeration of
the pharmacological effects of the drug. These reactions are
usually dose-dependent and may be reversed by dose reduc-
tion. Type B, or bizarre (idiosyncratic), reactions cannot be
predicted from a knowledge of the basic pharmacology of the
drug and have no simple dose—response relationship, that is,
there is a lack of correlation between dose and risk of toxicity.
Host-dependent factors seem to be important in predisposi-
tion to these reactions, and they are thought to have both
metabolic and immunological components, which may deter-
mine individual susceptibility. These reactions tend to be
serious and account for many drug-induced deaths. From a
chemical (i.e., structural) point of view, ADRs may comprise
type C and D reactions. Type C, or chemical, reactions are

those reactions whose biological characteristics can be either
rationalised or even predicted based on the chemical structure
of the parent drug, or of reactive intermediates and meta-
bolites thereof. Type D or delayed reactions may occur many
years after treatment such as, for example, second tumours
years after treatment with chemotherapeutic agents. Also
included in this category of ADRs are teratogenic effects seen
in children after drug intake by the mother during pregnancy.

Serious, but rare, ADRs (including idiosyncratic reactions)
are usually detected only once a given drug has been used
widely in a large patient population in the postmarketing phase
of the drugss life cycle. Serious ADRs do occur, despite extensive
preclinical evaluation of a given new chemical entity (i.e., drug
candidate) in laboratory animals and large numbers of patients
enrolled in clinical trials in order to evaluate the efficacy and
safety of this drug candidate in humans. Several reasons for this
phenomenon may exist, including the fact that large clinical
trials, exposing perhaps up to 10,000 patients to the new drug
prior to registration, may not suffice to reliably detect rare
ADRs. Complicating the understanding of rare ADRs is the
occurrence of confounding factors, for example, pre-existing
disease, diet, occupational and/or social exposure to a wide
variety of compounds, and so on, all of which may contribute
to the predisposition of a single individual for the development
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Table 2. Selected examples of clinically important pharmacogenetic polymorphisms in genes that influence drug

metabolism and safety.

Gene Frequency of major polymorphism  Drug(s) Adverse drug reaction
CYP2C9 14 - 28% (heterozygotes) Warfarin Haemorrhage
0.2 - 1% (homozygotes) Tolbutamide Hypoglycaemia
Phenytoin Phenytoin toxicity
Losartan Decreased antihypertensive effect
CYP2D6 5 - 10% (poor metabolisers) Antiarrhythmics Proarrhythmic and other toxic affects
0.1 - 10% (ultrarapid metabolisers) Antidepressants Inefficacy in ultrarapid metabolisers;
Antipsychotics toxicity in poor metabolisers
Opoids Tardive dyskinaesia
Inefficacy of codeine as analgesic;
narcotic side effects; dependency
CYP2C19 3 - 6% (Caucasians) Omeprazole Higher cure rates when given with
10 - 20% (Asians) Diazepam clarithromycin
Prolonged sedation
DPD 0.1% 5-Fluorouracil Myelotoxicity
Neurotoxicity
TPMT 0.3% Mercaptopurine Myelotoxicity
Thioguanine
Azathioprine
NAT2 40 - 70% (Caucasians) Sulfonamides Hypersensitivity

10 - 20% (Asians)

Amonafide

Myelotoxicity (in rapid acetylators)

CYP: Cytochrome P450; DPD: Dihydropyrimidine dehydrogenase; NAT: N-acetyltransferase; TPMT: Thiopurine methyltransferase.

of a serious ADR. The exposure of an organism to a drug or
other chemical (xenobiotic and/or endobiotic) induces com-
plex interactions between the molecular structure of the com-
pound and genes, receptors, transporters, metabolising
enzymes, and so on, with various contributions to a beneficial
or adverse response towards the compound, and most of these
interactions may depend on the genetic outfit of single indi-
viduals; some of the deleterious functional consequences may
depend on genetic constellations (i.e., alleles, haplotypes) that
occur very rarely in the population.

3. Genetic and structural predispositions for
adverse drug reactions

Several new concepts of pharmacogenetics/-genomics (PGx)
and toxicogenetics/-genomics (TGx) are emerging, with the
hope to alleviate the dilemma posed by the rare, seemingly
unpredictable, severe ADRs in patient populations. For the
sake of simplicity, in the present report, the collective term
‘theragenomics’ is used, in order to refer to the combination of
PGx/TGx, which aims at providing safer and better therapies
to patients, including those with predisposition for ADRs.
Among the best-studied causes of individual differences in
human response to drugs and other chemicals are differences in
the activities of xenobiotic-metabolising enzymes, caused either
by genetic or environmental factors [gg). Genetic poly-
morphisms of these enzymes have been shown to cause frequent
interindividual variation in the ability to metabolise drugs and
chemicals to either inactive (detoxication) or reactive

metabolites (toxication). Prototypic and very well-characterised
pharmacogenetic polymorphisms are those associated with the
cytochrome P450 (CYP) family of drug-metabolising enzymes.
In fact, one of the most extensively studied enzymes is
CYP2D6, which plays a role in the metabolism of ~ 25 — 30%
of all prescribed drugs. The rate of metabolism of a given drug
whose metabolism is catalysed in a rate-limiting fashion and to
a considerable (> 30%) proportion through CYP2D6 may vary
by a factor of 100 between ‘extensive’ and ‘poor’ metabolisers. It
is interesting to note that Roche Diagnostics has developed the
first CYP450 microarray test, coined AmpliChip CYP450 Test,
which searches for 29 polymorphisms and mutations for the
CYP2D6 gene and two polymorphisms for the CYP2C19
gene, and runs on a chip developed by Affymetrix. The test is
already widely used in clinical trials to help select the appro-
priate patients or healthy volunteers, and has very recently
received FDA approval [101] as an in vitro diagnostic tool.

Such tests may prove useful in clinical practice also. An
example could be atomoxetine, which is a selective noradrena-
line reuptake inhibitor and was approved by the FDA for
attention deficit hyperactivity disorder in 2002. Atomoxetine
is primarily metabolised through the CYP2D6 enzymatic
pathway 0. CYP2D6 poor metabolisers have a 10-fold
higher area under the curve (AUC) and a 5-fold higher peak
concentration to a given dose of atomoxetine compared with
extensive metabolisers. The blood levels in poor metabolisers
are similar to those attained by taking strong inhibitors of
CYP2D6. The higher blood levels in poor metabolisers may
lead to a higher rate of some adverse effects of atomoxetine,
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Table 3. Selected examples of clinically important toxicogenetic traits.

Gene Compound(s) Adverse drug effect
ALDH2 Cyclophosphamide SCE-frequency in lymphocytes
Vinyl chloride
DIA4 Ubiquinones Menadione-associated urolithiasis
Menadione
Mitomycin C
KCNH2 Quinidine Drug-induced long QT syndrome
Cisapride Drug-induced Torsade de Pointes
KCNQ1 Terfenadine disopyramide meflaquine Drug-induced long QT syndrome
hKCNE2 Clarithromycin Drug-induced arrhythmia
SCN5A Mexiletine Efficacy for long QT syndrome secondary to SCN5A
mutations, but not to hERG mutations
RYR1 Halothane succinylcholine Drug-induced malignant hyperthermia
UGTA1 Irinotecan Diarrhoea, myelosuppression
UGTAL Tranilast Hyperbilirubinea
HLA-B*5701, HLA-DR7, HLA-DQ3 Abacavir Hypersensitivity reactions*

*Example of the presence of a haplotype, which shows very high association of drug exposure with adverse clinical effect [24].

ALDH: Aldehyde dehydrogenase; DIA4: NAD(P)H dehydrogenase (quinone); hKCNE2: Potassium voltage-gated channel subfamily E member 2; HLA: Human leukocyte
antigen; KCNH2; Potassium voltage-gated channel, subfamily H (eag-related), member 2; KCNQ1: Potassium voltage-gated channel, KQT-like subfamily, member 1;
RYR1: Ryanodine receptor 1 (skeletal muscle-type ryanodine receptor); SCE: Sister chromatid exchange; SCN5A: Sodium channel, voltage-gated, type V, o (long QT

syndrome 3); UGT: Uridine 5'-diphosphate glucuronosyltransferase.

some of which may be serious forms of liver toxicity [102].
Although in its approval the FDA did not request a restriction
of the drug to certain phenotypes, because clinical safety
signals were not definitive enough to warrant genotype-guided
dosing, the prescription information accompanying atomoxet-
ine warns expressly and repeatedly of the polymorphisms’
impact on the metabolism of the drug, and mentions that
laboratory tests are available to identify CYP2D6 poor
metabolisers and propose dosage modifications.

More recently, genetic polymorphisms of drug receptors
and transporters have been associated with ADRs. These
polymorphisms usually were discovered by the occurrence of
ADRs in some patients, followed by family studies, identifica-
tion of the target enzyme and its gene, and demonstration
that the mutations in the gene cause the adverse reaction phe-
notype. As discussed above, from a clinical perspective, ADRs
may be classified as augmented reactions (type A), which are
predictable from the pharmacodynamics (PD) and/or phar-
macokinetics (PK) of the drug or chemical in questions. Phar-
macogenetic (Table2) and to some extent toxicogenetic
(Table 3) traits have been identified that form the basis for
type A adverse reactions, mostly because they affect rate-
limiting processes, which are dominated by one or very few
genes, and which play a predominant role in the clearance of
drugs with a narrow therapeutic window.

In contrast, many of the type B (idiosyncratic), C (chemical)
and D (delayed) ADRs, which are unpredictable from the
knowledge of the basic PD/PK parameters and show marked
individual susceptibility and no simple dose-dependency, are

mediated by toxic metabolites and interactions of these meta-
bolites with cellular targets. Consequently, complex processes
beyond drug metabolism are expected to contribute to individ-
ual susceptibility [11-131. This means that a single trait that is
associated with an ADR might constitute a risk factor, but
might neither be necessary nor sufficient to produce the adverse
reaction by itself. In fact, very complex patterns of chemical
(i.e., reactive intermediates, reactive metabolites, etc.) risk fac-
tors combined with pharmaco- and toxicogenetic traits are
expected to form the molecular basis for the type B (idiosyn-
cratic), C (chemical) and D (delayed) ADRs. Some recently
identified examples of such traits may include the TNF-a. pro-
moter region G308A polymorphism associated with serious
hypersensitivity reactions to carbamazepine [14], and the R576A
polymorphism of the a-subunit of the IL-4 receptor, which is
strongly associated with atopy [15]. Moreover, animal models for
acetaminophen hepatotoxicity such as the Nrf2 knockout
mouse [16,17] Or mice transgenic for a dominant-negative human
K18 mutant [18] may help to identify genetic traits that in addi-
tion to traits in drug or xenobiotic metabolism contribute
significantly to the predisposition for ADRs.

In clinical practice, besides polymorphisms of the CYP2D6
gene, the identification of polymorphisms of at least two
additional genes has become increasingly important in
determining the predisposition of carriers of selected alleles
for the occurrence of untoward drug effects. Thus, geno-
typing for the rare variant ABCB1 1236C > T, as well as for
other rare genetic variants of the uridine 5’-diphosphate
glucuronosyltransferase (UGT)1A1 gene [19], may be factors
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assisting with dose optimisation of irinotecan chemotherapy in
cancer patients and avoidance of severe toxicity (i.e., neutro-
poenia, myelotoxicity) in carriers of these alleles. Additional
investigation is required to confirm these findings in a larger
population and to assess relationships between irinotecan dis-
position and the rare variant genotypes, especially in other eth-
nic groups. Moreover, recently, a DNA repeat polymorphism
of the UGT1AL gene, which has previously been identified as
an aetiological factor for Gilbert’s disease [20], was identified as
the susceptibility locus for hyperbilirubinaemia in patients
exposed to the antirestenosis drug tranilast [21).

Similarly, thiopurine methyltransferase (TPMT) catalyses
the S-methylation of thiopurines. TPMT exhibits genetic
polymorphism(s), and TPMT-deficient patients treated with
standard doses of thiopurines accumulate excessive thio-
guanine nucleotides in haematopoietic tissues, leading to
severe, potentially fatal haematological toxicity. TPMT-
genotyping is increasingly used to identify the carriers of the
offending allelic variants in order to adjust doses accordingly
or to exclude altogether the carriers of said alleles from thera-
pies with thiopurines [22). To that end, Prometheus Laborato-
ries proposes its PRO-PredictRXTPMT genetic test to help
the physician to tailor drug therapy and lower doses for
TPMT-deficient or intermediate patients [103].

Genetic factors influencing drug metabolism and the
immune response, including the human leukocyte antigen
(HLA) genotype, might be involved in drug hypersensitivity
reactions, including carbamazepine-induced Stevens—Johnson
syndrome (CBZ-SJS). Interestingly, genotyping 157 CYP
single-nucleotide polymorphisms (SNPs) revealed no signifi-
cant association between any of the CYP SNPs and occur-
rence of CBZ-SJS [23]. However, genotyping the same patients
for all HLA-B, -C, -A and -DRB1 alleles indicated that the
alleles B*1502, Cw*0801, A*1101 and DRB1*1202 within
the HLA region occurred at increased frequency in CBZ-SJS
patients relative to the control patients. In particular, HLA-
B*1502 was present in 100% (44/44) of CBZ-SJS patients,
but in only 3% (3/101) of CBZ-tolerant patients and in 8.6%
(8/93) of the general population [23). When the CBZ-tolerant
group was used as the control, the presence of B*1502
achieved a 93.6% positive-prediction value for CBZ-SJS,
whereas its absence has a negative-prediction value of 100%.
In a test for CBZ-SJS, the HLA-B*1502 allele should, there-
fore, have 100% sensitivity and 97% specificity. Further anal-
ysis revealed an ancestral haplotype, that is, B*1502,
Cw*0801, A*1101 and DRB1*1202, which was present in
66% of the CBZ-SJS patients and in only 3% of the normal
subjects, but was absent in CBZ-tolerant patients [23].

Abacavir is a nucleoside analogue reverse transcriptase
inhibitor taken in combination with other anti-HIV
medications. A potentially fatal hypersensitivity, or allergic reac-
tion, has been associated with the use of abacavir in at least 5%
of patients; abacavir hypersensitivity was identified in
18 patients and drug tolerance was confirmed in 167 patients
after 6 weeks of therapy in a recent study in a predominantly
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white, male study population [24]. Patients with the allele HLA-
B*5701 were > 100-times more likely to be hypersensitive to
abacavir; this allele was present in 14 (78%) of the 18 patients
with abacavir hypersensitivity, and in 4 (2%) of the 167
abacavir-tolerant patients. The genetic region was marked by
the combination of HLA-B*5701 and -DR7, and HLA-DQ3
(the 57.1 ancestral haplotype) was present in 13 (72%) hyper-
sensitive patients and none of the tolerant patients [247. All
patients with the full 57.1 ancestral haplotype experienced
abacavir hypersensitivity. Because four patients in the study
developed abacavir hypersensitivity without presenting the sus-
ceptibility haplotype, there seem to exist additional suscepti-
bility factors, which are possibly related to the disposition of
abacavir in the nontolerant patient population.

Overall, it appears that theragenomics-based patient selec-
tion for targeted therapy approaches with safety aspects at
centre stage is increasingly being used in the clinical setting.
One should be aware, however, that at present a narrow line
of distinction between the causation trough and the correla-
tion with a genetic predisposition for ADRs might exist.
Although the aberrant handling of atomoxetine, irinotecan
and the thiopurines through allelic variants of CYP2DS6,
UGT1A1 and TPMT, respectively, might reflect the cause of
the associated ADRs, a mere albeit significant correlation of
the carbamazepine- and abacavir-induced hypersensitivity
reactions with HLA allelic variants seems to exist [23,24]. Only
a more profound analysis of all involved components in the
pathways that form the etiological basis for the observed drug-
induced hypersensitivity reactions will reveal the causative
genetic variants as well and eventually yield positive predictive
values sufficient to identify all patients at risk for hyper-
sensitivity reactions to carbamazepine or abacavir [25] across
diverse patient populations of varying ethnic origin.

4. Theragenomics-based knowledge base and
knowledge management platform

As is easily evident from the few examples cited above,
handling of the knowledge and data space surrounding thera-
genomics is a daunting task. Individualised drug safety aims at
the prospective identification of individual patients who carry
genetic predispositions for the development of serious or fatal
ADRs under drug treatment. The analysis and predictive
understanding at the molecular level of the combination of
chemical and genetic risk factors that eventually predispose a
patient for the development of a severe ADR rely on various
underlying data such as chemical structures and metabolic
pathways, gene and protein sequences, theragenomics-derived
data including genotype and haplotype determinations and
clinical data on a single patient basis, which all need to be
integrated for comprehensive drug safety evaluation on the
basis of a single individual. In fact, in order to perform thor-
ough analyses and reach insightful decisions of high impact in
a field as complex as theragenomics-based individualised drug
safety, a holistic view on relevant knowledge, information and

Expert Opin. Drug Metab. Toxicol. (2005) 1(3) 541



Theragenomic knowledge management for individualised safety of drugs, chemicals, pollutants and dietary ingredients

data are necessary. Such knowledge/data are heterogeneous
and originate from many different scientific disciplines, and
its collection is arduous and convoluted. Often, in the public
domain and within organisations, the information is dis-
persed in a variety of databases and/or systems in noncompat-
ible formats. To efficiently address these challenges
comprehensive knowledge bases and platforms with a
well-defined and clearly structured organisation, linkage and
representation of the dispersed yet related knowledge are
imperatively needed and have been missing so far.

4.1 Filling the gap

The traditional approaches of creating relational data stores for
storage of this sort of information have been considered prob-
lematic, and with the increasing desire to integrate multiple
data sources new approaches are needed. An ideal platform
should be able to consistently support the acquisition, integra-
tion and processing of information from several sources. It
should provide a concise representation of actual knowledge
available at a given point in time, and last, but not least, it
should encourage by design the sharing and augmentation of
knowledge, and to use it in a forward-looking way.

In order to enable and support scientific experts in efficient
and high-impact assessment of theragenomics-based drug
safety, a functional platform has been designed that combines
various concepts in the area of knowledge management to
perform ontological knowledge acquisition, processing and
integration. This platform has been coined OKAPI; together
with the adverse drug reactions information scheme (ADRIS;
see below), it comprises the framework for the implementa-
tion of SafeBase™ (TheraSTrat): the knowledge base and
platform for theragenomics-based individualised drug safety.

The value of scientific knowledge management relates
directly to the effectiveness with which the managed knowl-
edge enables a single expert (e.g., molecular toxicologist) or a
group of experts (e.g., cross-disciplinary international devel-
opment team) to make a high impact decision based on a
given situation (e.g., unresolved serious safety issue). Without
on-demand access to managed knowledge, every situation is
addressed based on what the single expert or a group of
experts can contribute to the resolution of the safety issue in
question. In contrast, with on-demand access to managed
knowledge, every issue can be addressed with the sum total of
knowledge and experience anyone in an organisation has ever
gathered about an issue of a similar nature. Learning and act-
ing from experience, using known cases serving as patterns for
solutions within similar new situations is highly relevant in
corporate knowledge management, as the value of being able
to retain and learn from experience should be evident. This
methodology is the basis for case-based reasoning (CBR) [26].
To approach a problem using CBR one has to retrieve the
most similar case(s), then based on the information and
knowledge gathered using these cases one could propose or
revise a solution for the problem. Much of importance is to
retain the parts of such a CBR approach in a knowledge

management system, as it is likely to be useful for future
problems in similar areas.

Commonly used linear storage and representation of know-
ledge, whether in reports, tables, slide presentations or other
form, fail to capture the networked nature of knowledge. All
information and data are interconnected, and only in its inter-
connected representation does one see the context in which a
particular piece of information is placed. Seeing information
and data within its context allows the extraction of knowledge
from this information and data. The OKAPI platform stores
and represents its data in a semantic network that organises log-
ically, relates and integrates the diverse data needed for a CBR-
based safety assessment. A semantic network is a graphical
notation for representing knowledge in patterns consisting of
nodes and relations. The nodes represent objects, concepts or
situations within a specific knowledge domain. The relations
represent and define relationships between the nodes. Semantic
networks are often used to represent the knowledge of human
experts. Computer implementations of semantic networks were
first developed for artificial intelligence and machine trans-
lation, but earlier versions have long been used in philosophy,
psychology and linguistics.

With different information resources coming together in one
system designed for the use of experts from various scientific
disciplines, a common understanding of the structure of this
information is crucial. To address this, ontologies are emerging
as a key aspect of information management in many areas, from
the interchange of data to corporate knowledge management.
Simply put, an ontology is a way of defining a shared common
understanding about the kinds of objects and relationships that
are being discussed within a knowledge domain, so that
dependable communication can happen between people using
this information. Of course, ontologies are dependent on the
subject matter (i.e., knowledge space) they represent. To that
end the ADRIS has been designed to address conceptionally the
ontological organisation as well as the logical and semantic rela-
tion of the factors that are relevant in the knowledge space of
individualised drug safety. Thus, ADRIS provides the holistic
yet structured view on molecular factors that form the basis for
the aetiology of ADRs at the level of individual patients.
ADRIS served as the ontological prerequisite for the creation of
the theragenomics-based knowledge base and knowledge man-
agement platform, termed SafeBase. Recently [27], in a first
publication, the possibilities of ontology based knowledge man-
agement in drug safety were discussed and presented, using
troglitazone-induced hepatotoxicity as a model case [28]. Such
analyses help to identify alleles in the population that associate
with huge variations in single mechanistic steps of drug meta-
bolism and toxicity. In the case of troglitazone metabolism, it
became immediately evident that there exist huge gaps in the
knowledge on the ST1A3 and SULT1ALl genes and their
handling in the population of a major metabolic step in
troglitazone disposition in vivo [2g].

Driven by and based on the ADRIS ontology, the OKAPI
platform provides predefined terms for physical and logical
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Figure 1. Simplified interaction map providing a top level overview of the knowledge (knowledgelets and their relations)
centered around a selection of human cytochrome P450 enzymes (i.e., CYP1A1, -2C9, -2C19, -2D6 and -3A4), including their
coding genes and allelic variants, a limited number of their substrates, inhibitors, inducers, and primary steps of drug
metabolic processes they catalyse, as well as a selection of outcomes of these processes. Note that for clarity reasons, the
representation here is in simple view; in the life SafeBase™ platform, views for medium and expert levels are available, which reveal
medium and high levels of detail, respectively, for each single represented knowledgelet and relation. Concept and graphical rendering
are from within SafeBase.
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nodes (i.e., processes, other compounds, proteins, genes, etc.) is given. Concept and graphical rendering are from within SafeBase™.
ATC: Anatomical Therapeutic Chemical Classification; CAS: Chemical Abstracts Service; ICD-10: International Classification of Diseases, version 10.

objects, their properties and the relationships and interactions
between these objects. By implementing these conceptual
pieces in one system the OKAPI platform facilitates the travel-
ling of the knowledge space on individualised drug safety.
When it comes to an unresolved drug safety issue, the mapping
of this space allows researchers and regulators alike to ask seem-
ingly simple yet possibly high-impact questions such as i) do
you know what you know; ii) do you not know what you
know; iii) do you know what you dont know; and iv) do you
not know what you dont know? The facile representation of
some of the answers to such questions lets researchers and
physicians in drug development, clinical practice and regulatory
authorities quickly identify strengths, weaknesses, threats and
opportunities in theragenomics-guided drug development and
safety evaluations, make theragenomics-based knowledge
broadly available and allow such knowledge to be used both in
retrospective and prospective ways. Figure 1 illustrates an exam-
ple of a top level overview of the interactions in the knowledge

space centred around a selection of human CYP enzymes (i.e.,
CYP1A1, -2C9, -2C19, -2D6 and -3A4), including their cod-
ing genes and allelic variants, a limited number of their sub-
strates, inhibitors and inducers, and primary steps of metabolic
processes they catalyse.

4.2 Innovative use of technology and methodology to
achieve results

SafeBase is an actual implementation of the specification of the
OKAPI platform, and as such offers an innovative and power-
ful solution to integrate knowledge and data across multiple
scientific disciplines pertinent to both drug development and
drug safety. SafeBase integrates information from chemistry,
pharmacology, toxicology, kinetics, pharmacogenetics, toxico-
genetics, preclinical and clinical research, as well as pharmaco-
vigilance, including data for individual patients. SafeBase
allows the selection of any discrete entity of knowledge, obser-
vation and investigation of its relationships and details, and
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determination of the source of any attribute information.
Users can easily identify the entity’s ontological relatives and
navigate through their relationships to investigate their
characteristics in more detail.

SafeBase is a multitier, multiuser system. It consists of a
rich Java 2, Swing [104] client application, that is, the ‘Intelli-
gent Knowledge Browser’, which provides the functionality
to store, process, query and visualise the information in the
central data libraries. The client application connects to an
internet- or intranet-based server architecture using the
standard secure HTTPS protocol. The server architecture
consists of web servers (in this case based on Apache 1.3.x
r105]), which distribute requests to a Java-based application
server layer called ‘SafeBase Toxilico’. The application servers
access relational databases containing the core data libraries,
using an object-relational mapping layer. The application
servers can also access Web pages and/or Web services and
integrate their content and visualise it within the system.
This results in a very scalable platform architecture, which
can easily be adapted and/or expanded to the needs of indi-
vidual users. In addition, the use of standard protocols, Java
and standard SQL92 relational databases supported by a
large variety of platforms allows running SafeBase client as
well as the SafeBase server part on multiple platforms and
with various databases.

4.3 Innovations for the field
SafeBase is primarily designed to handle theragenomic know-
ledge and information, but not raw data, as information is
much richer than simple data sets. Whereas data are a syntactic
correct container of characters, information contains concrete
relations to and representations of the real world, thus making
information significantly more valuable than raw data. The
need to integrate this information was realised and, conse-
quently, SafeBase is designed to contain, besides the informa-
tion itself, semantic relationships and annotations that add a
logical meaning to the information. The system supports the
identification of knowledge among pieces of information stored
in SafeBase, and because this information covers a broad range
of know-ledge disciplines, SafeBase also allows easy crossing of
boundaries between multiple scientific disciplines.
ADR-relevant information is stored, maintained, constantly
updated and curated by scientific experts in the data libraries of
SafeBase. Within the semantic network maintained by the sys-
tem, this information is abstracted in an object-oriented way
and consists of discrete predefined entities termed ‘knowledge-
lets'. These knowledgelets are ontologically organised and rep-
resent individual elements such as compounds. Figure 2 shows
the ontological relatives of the knowledgelet ‘compound’. Typi-
cally, a knowledgelet networks with its nearest neighbours
through directed relations (node-in and -out) as well as through
nondirected relations. This allows each single knowledgelet to
be part of several concepts depending on the context in which
the knowledgelet plays a role; each knowledgelet ‘knows’ about
its relative position within a selected knowledge space.

Gut & Bagatto

There are many types of elements that can faithfully repre-
sent theragenomics knowledge. The top-level categories of
knowledgelets include:

« individuals (including single patients, groups of patients,
subpopulations, populations)

« end points (toxicological and clinical)

 genes (e.g., coda, gDNA, mRNA, SNPs, alleles)

 proteins (e.g., adducted proteins, antibodies, allelic variant
proteins, etc.)

e compounds (e.g., drugs and other chemicals, substructures,
mixtures, formulations, combination medications, bio-
molecules, etc.)

 processes (cellular, dynamic, molecular, mechanistic, toxi-
cological, etc.)

e outcomes (genetic, kinetic, dynamic, mechanistic and
numeric, including genotype, haplotype, expression level,
pharmacokinetic, toxicokinetic, drug—drug interaction,
pharmaco- and toxicodynamic, covalent binding, adduct
formation, molecular mimicry, antigenicity, K, Vi Ki,
ICy,, half-life, C,,,, etc.)

« relations (logical, semantic, distant, others)

Knowledgelets are annotated with entity specific predefined
properties that add relevant information with specific seman-
tic characteristics. These properties can be entered in various
formats such as numeric, textual, pick-list and byte data, and
can cover attributes such as chemical structures, gene
sequences, covalent maodifications, synonyms, Chemical
Abstracts Service numbers, and so on.

Knowledgelets relate to each other, and the relations them-
selves can be annotated with relation-specific properties. Safe-
Base integrates actual and metadata (i.e., descriptive
information) in one system in order to efficiently organise and
query ADR-related information. Unlike other data sources
that mainly contain links to external data repositories, Safe-
Base organises and stores the relevant data locally. Links
pointing to external data sources are included where applica-
ble. As a result, the immediate availability and the integration
of this vast amount of heterogeneous data allows to efficiently
mine and visualise this information in one single system, thus
enabling the user to gain new knowledge related to ADRs.

New ADR data are created constantly. For example, SNPs,
splice variants and gene expression analyses are revealing new
insights in drug action and disease mechanisms. SafeBase is
designed to accommaodate this emerging information in the
form of knowledgelets. Their properties can easily be defined
and added to the system in a consistent way, thus allowing the
system to grow with current and future needs.

Within the client front-end of SafeBase, knowledgelets,
including their properties and relationships to other enti-
ties, are represented as semantic networks. The client pro-
vides an efficient and easy way to navigate through large
amounts of information while maintaining the overview.
For example, starting from an individual’s genotype, one
can navigate via the corresponding gene to the protein and
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ABT: Acetylbenzothiophene; ADR: Adverse drug reaction; CYP: Cytochrome P450; GSH: Glutathione; LKM: Liver kidney microsomal; NAC: N-acetyl cysteine;

PPAR: Peroxisome proliferator-activated receptor.

its variants, to metabolic pathways and to clinical end
points all within one system.

SafeBase provides knowledge management, visualisation and
querying tools such as nearest neighbours identification, eluci-
dation of mechanistic paths between knowledgelets, automated
layouts, and so on. Critical functionalities to manipulate infor-
mation such as molecular structure drawing and similarity
search tools, along with DNA- and protein-sequence manage-
ment modules are seamlessly integrated. Besides drawing and
inspecting chemical compounds, automatic generation and
parsing of canonical SMILES and chemical hashed fingerprint-
ing necessary for the search of similar molecular structures are
provided as well. Various DNA- and protein-sequence-specific
tasks (e.g., evolution of allele-specific variations in gene
sequences and introduction of drug-specific covalent
modification sites in protein sequences) are also integrated.

4.4 Other systems in this field

Several databases and platforms, both in the public domain and
from commercial outfits, try to address the demands of the sci-
entist when dealing with theragenomics to varying degrees. Ini-
tially, one might to refer to nucleic acid and protein sequence
information, which is mainly obtained and edited from public

database collections such as those available at the National
Center for Biotechnology Information [i06], the European
Molecular Biology Laboratory Nucleotide Sequence Database
(1071 and SWISS-PROT [108]. Allelic variants and information
on their functions are accessible from databases such as the
Human Gene Mutation Database [109] and, with particular
emphasis on their familial inheritance, from the Online Men-
delian Inheritance in Man™ (OMIM™:; Johns Hopkins Uni-
versity) database [110]. The Biomolecular Interaction Network
Database (BIND) [111] is a publicly available Internet tool con-
taining a growing collection of records on molecular interac-
tions including information gathered from scientific literature.
Interactions are the basic units of BIND and can be linked
together to form molecular complexes and pathways. BIND
supports researchers in understanding publicly available experi-
mental data in a global context. PharmGKB [112] is a publicly
available internet-based research tool. It is a central repository
for genetic and clinical information about individuals who have
participated in research studies at various medical centres. In
addition, genomic data, molecular and cellular phenotype data,
and clinical phenotype data are accepted from the scientific
community at large. PharmGKB’s aim is to aid researchers in
understanding how genetic variation among individuals
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CYP: Cytochrome P450.

contributes to differences in reactions to drugs. PharmGKB is
the nearest to the SafeBase knowledge base with respect to
content, and might hold more pharmacogenetic data in that
the population of its knowledge base occurs through an estab-
lished network of scientific experts in pharmacogenetics.
PharmGKB offers its users PharmGKB Pathways, which are
drug-centred, gene-based interactive pathways that aim to
highlight candidate genes and gene groups and associated
genotype and phenotype data. These overviews are similar to
concepts available in SafeBase (see Figures 3 — 5), which
extend, however, far beyond pharmacogenetic data and
include numerous molecular toxicological and mechanistic
concepts. In both systems, these pathways and concepts may
be updated as new evidence is published. Functionally, Safe-
Base goes much further than PharmGKB in that, for example,
chemical similarity searches are implemented, recognition of
stereoselectivity of parent compounds and metabolites is auto-
mated (inclusive the generation of stereo SMILES), concepts
can be travelled for crossing and intersecting pathways, and
graphical representation of pathways is fully under control of

the individual user by the system’s inherent rendering
capabilities (see Figures 3 — 6).

Several commercial systems may resemble by design the Safe-
Base approach, although their focus might vary. For example,
GeneGo [113) supports with their products the assembly of
experimentally determined enzymatic reactions and signalling
protein interactions into interconnected networks. By analysis
of databases on a fundamental understanding of human biology
they assist scientists in drug target selection, validation and
identification of molecular biomarkers for disease states. A
recent publication by scientists of the company [29] presented a
novel method for visualising nuclear hormone receptor net-
works relevant to drug metabolism in their MetaDrug™ data-
base product. Ingenuity Systems [114] delivers systems biology
expertise through pathways analysis databases and platforms.
The Ingenuity Pathways Knowledge Base provides value
throughout the drug discovery process, from early-stage target
identification and validation, to later-stage activities such as
toxicology, pharmacogenomics, biomarker identification and
alternative indications of approved drugs. Moreover, their
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Figure 5. Visualisation of the results of a pharmacogenetic study in vivo on the genotype-dependent metabolism of
benzydamine by human individuals (Mayatepek et al. [36]). The benzydamine N-oxygenation capacity of a group of individuals
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view; in the life SafeBase™ platform, expert and simple levels of views are available that reveal high and low levels of detail, respectively,

for each single represented knowledgelet and relation. Concept and graphical rendering are from within SafeBase.

FMO: Flavin-containing monooxygenase.
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Rofecoxib

Figure 6. Simplified interaction map giving a top-level graphical overview on candidate genes (and allelic variants thereof)
responsible for rofecoxib-induced myocardial infarction. Note that, with the exception of the central node on rofecoxib, which is in
medium level view, for clarity reasons, the representation here is in simple view; in the life SafeBase™ platform, views for expert and low
levels are available that reveal higher and lower levels of detail, respectiviey, for each single represented knowledgelet and relation.
Concept and graphical rendering are from within SafeBase.
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approach enables companies to create and maintain a common,
enterprise-wide knowledge asset that captures, structures and
shares biological knowledge. Iconix Pharmaceuticals [115] is
active in the field of chemogenomics: the integration of chemis-
try and genomics to profile drug candidates. By investigating the
broad spectrum of effects of chemical compounds on a living
system the company provides genomic patterns that are predic-
tive of specific forms of toxicity and mechanisms of action, all of
which are accessible and stored using the DrugMatrix® database.

One should also be aware of concepts that have the poten-
tial to serve as the technological basis for the design of plat-
forms and knowledge systems similar to the ones describe here.
For example, Protégé [116] is a tool that allows users to con-
struct domain ontologies, customise data entry forms, and
enter data. It is a platform that can be extended to include
graphical components such as graphs and tables. Protégé is
designed to allow experts to reuse domain ontologies and
problem-solving methods, thereby shortening the time needed
for the maintenance of knowledge-based systems [30]. More-
over, Cytoscape [117] is an open source software project for
integrating biomolecular interaction networks with high-
throughput expression data and other molecular states into a
unified conceptual framework. Cytoscape is most powerful
when used in conjunction with large databases of protein—
protein, protein—-DNA, and genetic interactions that are
increasingly available for humans and model organisms. Cyto-
scape provides basic functionality to layout and query the net-
work, in order to visually integrate the network with expression
profiles, phenotypes, and other molecular states, and to link the
network to databases of functional annotations [31].

5. Use of retrospective knowledge on adverse
drug reactions in a forward-looking way

Theragenomics-based knowledge, which is available and aug-
mented through knowledge management platforms, is used at
several stages of the drug development process.

5.1 Identification of candidate genes of
predisposition
In one approach, theragenomics-based knowledge is being used
to identify candidate genes, and allelic variants thereof, that
may render single patients susceptible to the development of
serious ADRs when exposed to a given drug. Such candidate
gene profiles will then be used in cohort studies to verify the
positive and negative predictive values of single alleles, combi-
nations thereof, or haplotypes to identify susceptible individu-
als. Eventually, such profiles will end up in diagnostic
companions for drugs that carry a certain risk of provoking seri-
ous adverse reactions in susceptible individuals. Theragenom-
ics-based knowledge bases and platforms are facilitating the
initial steps in this process, namely the candidate gene selection.
Except for situations where a single gene dominates in a
rate-limiting manner a single step in the disposition of a drug
with a narrow therapeutic window, the aetiology of ADRs

expectedly is based on the interaction of multiple genes.
Extensive analyses in the SafeBase knowledge base, in order to
identify candidate genes for selected ADRSs that are frequently
the reason for discontinuations of clinical development of
drug candidates or for the withdrawal of drugs from the mar-
ket, are in line with this expectation (Table 4). Figure 6 shows
the graphical output of such an analysis for the identification
of candidate genes (and their allelic variants) from within
SafeBase, which may render single patients susceptible to
myocardial infarction, as induced by the COX-2 inhibitor
rofecoxib. Candidate gene selection for a selected end point
can be achieved by examining and analysing any combination
of data repositories, holding the necessary data (for example,
the OMIM database [110] as a starting point). However, this
might be a cumbersome and extremely time consuming proc-
ess and offers few clues to interactions of selected candidate
genes with other clinical end points. In contrast, within the
fully expanded knowledge space of candidate genes for
rofecoxib-induced myocardial infarction, for the expert user,
it becomes immediately clear that many of the candidate
genes identified so far, including, but not limited to,
ALOX5AP, APP, BRI, CST3, NOTCH3, CYP3A4, CYP8AL,
PLA2G7 and TBXAS1, are likely to play a role in rofecoxib-
induced myocardial infraction, in pre-existing susceptibility
for the same condition, in ischaemic and/or haemorrhagic
stroke and in other ADRs that affect the cardiovascular system
(Gut et al., manuscript in preparation). Moreover, immediate
overviews on how other ‘-coxibs’, for example, celecoxib,
valdecoxib, lumiracoxib, etoricoxib, cimicoxib, deracoxib,
firocoxib, parecoxib and tilmacoxib, may be associated with a
candidate gene profile similar or identical to that obtained
with rofecoxib are obtainable. The ontology based networking
of knowledge also leads to the identification of ‘hidden’ or
‘confounding’ risk factors such comedications, ingredients of
dietary supplements (e.g., ephedrine), phytohormones and
designer drugs with genes that are constituents of the candi-
date gene set for rofecoxib-induced myocardial infarction
(Gut et al., manuscript in preparation).

5.2 Guidance of the drug development process

In a second approach, such knowledge becomes usable for guid-
ance in the drug discovery process. Modern lead selection and
optimisation processes may be guided by questions such as:

e What are the most important overlooked factors in the
chemical structures of a lead compound that may, later in
preclinical and clinical development, lead to metabolism-
and disposition-related problems of the molecule?

« Are there (possibly rare) allelic variants of genes present in
the future target patient population that may handle the
lead compound dramatically different from the
corresponding wild-type allele?

« Have chemical substructures present in the lead compound
led to severe toxic effects in patient populations or
subpopulations?
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Table 4. Overview on the number of candidate genes and the resulting number of candidate allelic variants that
have been identified from within the SafeBase™ knowledge base that are associated with the aetiology of a
selection of adverse drug reactions frequently occurring in drug development or leading to drug withdrawals.

Adverse drug reaction Candidate genes

Candidate alleles

Myocardial infarction (rofecoxib) 48
Rhabdomyolysis 15
Liver toxicity 68
Cholestasis 37
Agranulocytosis 9
Ischaemic colitis 9
Myopathy 167
Haemolytic anaemia 84
Thrombocytopoenia 87
Neutropoenia 55
Thrombosis 54
Heparin related 73
Lactic acidosis 41
Genes of the immune system* 741
Genes of metabolism and disposition* 74

247
2746
3683
510
248
198
389
2202
2256
1449
2124
890
838
4891
1252

*The total number of candidate genes identified so far that may a play role in any aetiology of adverse drug reactions with any given drug or chemical beyond drugs.
For a drug-induced disease caused by a selected single drug, the number of candidate genes from this group will be considerably lower and largely depend on the

pathways of disposition of the selected drug.

Taken together, theragenomics-based evidence may lead to
optimisation of molecules at this stage of development in
order to increase the likelihood of success in preclinical and
clinical development, thereby achieving an early attrition as
opposed to late attrition of drug candidates. In fact, collabora-
tions are emerging that take advantage of guidance in the lead
optimisation process based on knowledge from thera-
genomics-based knowledge bases according to the concept
shown schematically in Figure 7. The goal is to select lead mol-
ecules for the further development process that do not carry
structural risk factors, or produce them in the course of their
disposition as reactive intermediates or metabolites thereof, of
which there exists evidence in the patient population for seri-
ous ADRs. As an example, the case of tienilic acid is pre-
sented, which produces, by a fairly well-understood
mechanism, tienilic acid-induced autoimmune-type hepatitis
in some patients [321. The process involves the mechanism-
based inactivation of, and adduct formation to, CYP2C9
[33,34] with the ensuing recognition of the adducted CYP2C9
by autoimmune-type liver kidney microsome-2 autoantibodies
and the development of tienilic acid-induced hepatitis in some
patients (see left side of concept in Figure 3) [32-34].
Mechanism-based inhibition and adduction to CYP2C9 (and
possibly other protein targets) is a general, unfavourable prop-
erty of thiophene substructures (341 and a quick chemical
substructure search from within the SafeBase knowledge base
reveals within seconds a multitude of chemical compounds

(parent molecules and metabolites alike), all of which carry
thiophene-type substructures with the potential of
mechanism-based inactivation of and adduction to CYP2C9
(see the right panel of the concept in Figure 3).

Theragenomic-based knowledge may come into play at
these very early stages of the drug development process
because allelic variants of a given gene may handle com-
pounds very different from wild-type alleles, and each single
step in the disposition of a molecule may be subjected to this
variability. This is illustrated in Figure 4 for one single meta-
bolic step of troglitazone biotransformation, catalysed by
allelic variants of CYP2C19 [35). This single biotransforma-
tion step will encounter huge variability, depending on
whether individual patients are homozygotes or heterozygotes
for the wild-type alleles or functional aberrant allelic variants
of CYP2C19 (Figure 4). Particularly the frequency by which
such alleles occur in the targeted patient population may influ-
ence the decision process on a lead selection. Such early knowl-
edge on critical alleles could prove very useful in the case of
safety concerns during drug development in clinical Phases |
and Il, in which the early and rapid identification on safety
relevant alleles (SNPs, haplotypes, genotypes) could provide
confidence for a commitment to full drug development. It
may guide the development towards certain subpopulations of
patients not predisposed for the development of undesired
adverse events. A likely strategy has been presented for the
development of tranilast [20,21].
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Figure 7. Schematic representation on how theragenomics-based knowledge on compounds in late development or on the
market, and obtained from public domain and company databases, may be (re-)used in the very early stages of the drug
development process (i.e., hit finding, lead optimisation, candidate selection).

6. Conclusion

The question of whether theragenomics-based tests for drug
safety help to make drugs safer in the population may still be
unanswered; however, the fact that in the clinical setting,
genotyping is beginning to be used for dose adjustment for drugs
or for exclusion of certain patients from therapies, as discussed
above, indicate that the use of theragenomics-based knowledge
will soon play an important role at all stages of the drug develop-
ment process and eventually increase the safety of drugs consider-
ably. What remains is the formidable task for pharmaceutical
companies and regulators to transfer the huge amount of data
that is currently generated in the field of theragenomics into con-
textual knowledge for the benefit of the patient, and to make this
knowledge accessible in a productive manner.

This task is where platforms such as SafeBase and others, as
discussed above, come into play. The advantages and strengths
of ontology driven platforms are: i) the handling of diverse
pieces of knowledge; ii) the integration of holistic knowledge
spaces amenable for easy evaluation from very different points
of view (i.e., experts from different disciplines can access the
same knowledge); and iii) the visualisation of relations and
interactions of such knowledge at any level of detail. Accord-
ingly, knowledge bases and platforms need to be able to inte-
grate the necessary knowledge(lets). As an outlook, in Figure 5,
a view is presented on how knowledge bases and platforms in
theragenomics might be able to make information accessible to
scientists in early and late stages of drug development and to
physicians in clinical practice; for example, how the genetic
background of individual patients forms the basis of handling
single steps in the disposition of a drug in vivo, how this might

affect the safety (and of course the efficacy) of this drug and for
which patients adjustments in therapeutic strategies (dose
adjustments, initiation of alternative therapies because of intol-
erance, etc.) need to be considered. The example chosen here is
the visualisation of the pharmacokinetic outcome of the expo-
sure of patients of defined flavin-containing monooxygenase 3
genotypes to benzydamine, an NSAID ze]. This type of data/
knowledge is emerging rapidly from the theragenomics field
and will take centre stage in decision making in the drug
development process.

7. Expert opinion

Theragenomic knowledge bases and platforms will not only
have a role in support of future theragenomics-based risk analy-
sis and safety assessments for drugs, it is becoming increasingly
clear that the disposition of chemicals, pollutants and dietary
ingredients, for example, is under pharmacogenetic control, as
is the susceptibility of humans for adverse reactions towards
these agents. Thus, paraoxonase 1 genotype-dependent disposi-
tion of the organophosphorus insecticide diazinon [37], seem-
ingly elevated risks for carriers of certain combinations of alleles
of CYP2D6 and N-acetyltransferase 2 for susceptibility to mul-
tiple chemical sensitivity [3s], the emerging association of cer-
tain alleles of CYP2E1l, myeloperoxidase, NAD(P)H
dehydrogenase quinone 1, glutathione-S-transferase (GST)M1
and GSTT1 with benzene exposure related haematotoxicity
R940], and the vast array of pathways by which dietary
ingredients may interact with the disposition of drugs and
chemicals (giving way to a new research field coined ‘nutritional
genomics’ [41]) are but a few examples for this development.
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These knowledge spaces need to be integrated into meaningful
theragenomics-based risk assessment, as they may contribute
hidden factors to the predisposition of a single patient for the
development of seemingly unpredictable ADRs.

Few databases or knowledge management systems today
address this problem satisfactorily. SafeBase is one of these
tools and provides the user with a range of possibilities to eas-
ily visualise and communicate very complex problems on the
level of both an expert and a layperson. It is the firm belief of
the authors of this review that these knowledge integrative
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