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INTRODUCTION

Genetic variation between individuals can affect the efficacy and safety of a drug.
The field of pharmacogenomics (PGx) aims to determine these genetic variants
and poses as a cornerstone of personalized medicine providing guidance for drug
treatment based on the genetic factors influencing drug response. The first PGx
candidate gene studies started more than 30 years ago, but the sequencing of the
human genome, advances in next generation sequencing technologies and the
wave of genome wide association studies started a new era of PGx research in the
past decade.

Several studies of drug efficacy have indicated the role of genetic variants, but
there is less research on the genetic factors influencing the incidence of adverse
drug reactions. One of the reasons for that is the rare nature of these reactions that
makes the collection of samples more difficult. Further, the issue with small
sample sizes in many pharmacogenomics studies also makes the replication of
discovered associations more challenging. The combination of electronic health
records (EHRs) with genetic data has brought the research of complex diseases
into the next stage by providing a way to gather sufficient sample sizes to identify
novel genetic associations with a plethora of phenotypes extracted from EHRs.
Population-based biobanks can serve as the potential untapped resource for
different routes of PGx research as well.

This thesis focuses on characterizing the value and results of using EHRs
linked with genetic information of Estonian biobank (EstBB) participants for dif-
ferent pharmacogenomics research directions. In the first part of the thesis [ will
cover the elements of pharmacogenomics based on the literature: The onset of
drug response and different factors influencing it; describe adverse drug reactions;
the wave of pharmacogenomic research and the potential of electronic health
records; the translation of pharmacogenomics into the clinic and future outlooks
for unlocking the full potential of genetics for a more guided pharmacotherapy.
In the second part, I will describe the first proof of concept search for genetic
associations with adverse drug reactions among individuals with prescriptions of
specific drugs by using the information embedded in EHRs and linked with popu-
lation-based Biobanks. Further, I will demonstrate the potential of human genetics
for the study of drug target mediated adverse events and finally, I will discuss the
translation of genetic data into pharmacogenomic recommendations.
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1. REVIEW OF THE LITERATURE

1.1. Drug response - pharmacokinetics- and dynamics

The main focus of pharmacogenomics (PGx) is to determine the genetic variants
that influence drug efficacy, drug safety, or both and to use this information for a
more guided pharmacotherapy, aiming to improve the clinical outcome of
treatments (Lonergan et al. 2017). After administration, the drug is absorbed and
distributed to its site of action where it interacts with the target molecules, receptors,
and as a final step, undergoes metabolism followed by elimination (Figure 1).
Genetic variants that influence any of these processes by altering drug pharmaco-
kinetics — drug absorption, distribution, metabolism and elimination (ADME) —
or pharmacodynamics — modifying targets — may pose a clinically significant effect
on the treatment outcome (Weinshilboum 2003; Mary V. Relling and Evans 2015).

1.1.1. Pharmacokinetics - what the body does to a drug

The first studies in PGx mainly focused on uncovering relevant variants in drug
metabolism (Weinshilboum 2003). Usually the objective of drug metabolism is
to convert drugs into metabolites that are more water soluble and, thus can be
more easily eliminated. An exception of this is the metabolism of prodrugs —
partially inactive modified drug molecules (Testa 2004), that are first converted
through metabolism into therapeutically active compounds (Buxton and Benet
2015). The chemical processes that are relevant in metabolism pathways are
generally divided into two, phase I reactions (e.g oxidation, hydrolysis, reduction)
and phase Il reactions (like glucuronidation, sulfation, acetylation, methylation),
that all involve different families of drug metabolizing enzymes (Weinshilboum
2003; Wilkinson 2005) The major source of variability in drug pharmacokinetics
are the polymorphic cytochrome P-450 (CYP) enzymes, the most important family
of enzymes catalyzing phase I reactions (Nebert and Russell 2002; Zanger and
Schwab 2013). Humans are known to have 57 putatively functional CYP enzymes
(D. R. Nelson et al. 2004) of which around a dozen are involved in the biotrans-
formation of most drugs and other lipophilic xenobiotics (Zanger and Schwab
2013). It has been estimated that six of the CYP enzymes are jointly accountable
for 80-90% of the metabolism of all drugs (Wilkinson 2005; Evans and Relling
1999; Lynch and Price 2007). Although CYP enzymes have a substrate spe-
cificity to a certain region of a drug molecule, there may also be a considerable
overlap. This means that for a given drug, an individual CYP may be the enzyme
primarily responsible for the metabolism, or there may be a contribution of
numerous CYP enzymes (Wilkinson 2005). Between different populations there
is a large variability in the distribution and frequency of genetic variants in genes
encoding CYP enzymes (Zanger and Schwab 2013). If the metabolism of a given
drug is predominantly dependent on a single CYP, a polymorphism that is
impairing its functionality may have a serious effect on the clinical outcomes
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(Wilkinson 2005). In the case of multiple pathways by which drugs are meta-
bolised, abolished functionality of one CYP due to different polymorphisms is
likely to exert a minor effect on drug response (Roden et al. 2011).

In general, pharmacokinetic phenotypes of drug metabolizing enzymes can be
divided into four categories (Figure 1):

1) Poor metabolizers (PM) are carriers of homozygous or compound hetero-
zygous alleles that are lacking functionality;
2) Extensive or normal metabolizers are carriers of alleles conferring the

“normal” phenotype, in most cases referring to the majority of the population;
3) Intermediate metabolizers (IM) are carriers of one normal and one non-

functional or decreased function allele, or carriers of two alleles with decreased

function;
4) Ultrarapid metabolizers (UM) are carriers of gain-of-function alleles (Zanger

and Schwab 2013).

When considering these phenotypes in the clinical context, variants decreasing
or abolishing function might reduce the elimination of a drug and thus as a
consequence increase its plasma concentrations, while variants leading to gain in
function might increase drug elimination and therefore diminish drug
concentrations. In the case of an active drug, increased concentrations may lead
to drug toxicity resulting in adverse drug reactions (ADR), while decreased
concentrations often lead to low or absent drug efficacy. This situation is especially
relevant in case of drugs with a narrow therapeutic range, i.e. the margin between
therapeutic and toxic doses (Figure 1). In the case of a metabolically activated
prodrug, one can expect a contrary effect compared to an active drug (Zanger and
Schwab 2013) (Figure 1).

Drug transporters are relevant determinants of drug distribution and
elimination (Petzinger and Geyer 2006). For a desired drug effect, it is necessary
that the drug would reach its target at an adequate concentration, and this can be
resolved by the balanced activity of multiple uptake and efflux transporters.
Uptake transporters enable the translocation of drugs into cells, and efflux
transporters facilitate their export from the intracellular to extracellular
environment, which is often carried out against high concentration gradients (Ho
and Kim 2005). Transporters are expressed in tissues throughout the body as
membrane-bound proteins and for a drug response the ones expressed in liver,
intestine and kidney are particularly of interest due to their relevance in drug
disposition (DeGorter et al. 2011). Two superfamilies of transporters with
relevant roles in drug efficacy and toxicity are solute carrier (SLC) uptake
transporters and ATP-binding cassette (ABC) efflux transporters. Members of the
SLC family translocate their substrates across membranes through various
mechanisms, while members of the ABC superfamily use energy from the
hydrolysis of ATP for transport (Ho and Kim 2005; DeGorter et al. 2011).
Similarly, to drug metabolism, several studies have also indicated the relevance
of different genetic polymorphism in transporter genes for the observed
therapeutic efficacy or toxicities of certain drugs (Yee, Chen, and Giacomini
2010; Schaller and Lauschke 2019).
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Figure 1. Drug response. (A) Illustration of drug pharmacokinetics and pharmaco-
dynamics (B) Pharmacokinetic phenotypes of drug metabolizing enzymes. Examples of
the contrary response phenotypes in the cases of active and prodrugs.
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One of the most prominent examples is studies of simvastatin pharmacokinetics
where several works have demonstrated the increased risk for myopathy caused
by polymorphisms reducing Solute Carrier Organic Anion Transporter Family
Member 1B1 (SLCO1B1) function (Pasanen et al. 2006; Meade et al. 2008).

1.1.2. Pharmacodynamics - what a drug does to the body

In addition to pharmacokinetic sources of variation, genetic variability in genes
encoding drug effector molecules may have a major effect on drug efficacy and
toxicity (Evans and Relling 1999). In order to have therapeutic action, drugs may
target and act on ion channels, receptors, enzymes and nucleic acids. Poly-
morphisms that modify or inactivate these targets may influence drug therapeutic
action. For example, in case of warfarin treatment, polymorphisms in the gene
encoding vitamin K epoxide reductase complex 1 (VKORC1) may affect the
variability of the necessary warfarin dose up to 25% (Rieder et al. 2005). Another
example is ivacaftor treatment for cystic fibrosis where treatment is not recom-
mended in case of specific deletions in Cystic fibrosis transmembrane con-
ductance regulator gene (CFTR) (Clancy et al. 2014). Germline genetic variants
in drug target genes is also relevant for the success of cancer treatment. Functio-
nal variants in drug targets carry over to the cancer genome and thus influence
the treatment outcome (Schérfe et al. 2017).

Importantly, genetic variability of drug targets has a beneficial side for drug
development by guiding the prediction of efficacy and adverse effects as well as
for understanding the associative relationship of a target and outcome. There are
several examples of when genetic associations studies have led to the identi-
fication of potential drug targets and development of drugs (Plenge, Scolnick, and
Altshuler 2013). One of the most prominent examples is Proprotein convertase
subtilisin/kexin type 9 (PCSK9). Gain of function variants in the gene were first
associated with elevated low-density lipoproteins (LDL) levels (Abifadel et al.
2003), and later another study demonstrated that loss of function variants reduce
LDL levels and thereby lifetime risk for coronary artery disease (CAD)(Cohen et
al. 2006). This led to the development of PCSK9 inhibitors for the treatment of
elevated LDL levels and prevention of CAD. In addition to first providing
insights for drug development, genetic variants have the potential to shorten the
entire process and increase the probability for the success of a drug candidate.
Studies have indicated that 50% of drugs fail due to efficacy during phase II of
the drug development process and 25% due to toxicity (Arrowsmith 2011;
Harrison 2016). If the aspects for these failures would be known before the
developmental phases, there is a higher potential for trials success. Human
genetics can be used to estimate the on-target side effects associated with the drug
effect. As in case of PCSKY, naturally occurring loss of function variants of the
gene can add insight as to what phenotypes occur with the complete inhibition of
PCSK9 (Plenge, Scolnick, and Altshuler 2013). Strong evidence has already
emerged that drug targets with support by human genetic studies are more likely

15



to be successful when compared to those without such genetic validation (M. R.
Nelson et al. 2015; King, Wade Davis, and Degner 2019).

PGx studies enable the prediction of pharmacodynamics effects in the early
stages of drug development processes, which can be complemented with data
from cohorts with retrospective information (Liou, Stringer, and Hirayama 2012).
Considering this, individual level clinical data followed over long periods of time
together with genetic information, e.g. population-based biobanks coupled with
electronic health records, serve as a valuable resource for studies on drug targets.
Once known genetic variants in drug targets have been proven to be safe, these
and previously uncharacterized genetic variants may still influence drug response.
This is the area that pharmacodynamics studies focus on.

1.2. Adverse drug reactions

Unfortunately, besides the therapeutic action of drugs, there is always a risk for
unwanted adverse drug reactions (ADRs). A meta-analysis of prospective studies
in the US indicated the incidence of serious ADRSs to be 6.7% among hospitalized
patients and the cause of more than 100,000 deaths annually (Lazarou, Pomeranz,
and Corey 2003). In Europe it has been estimated that 3.5% of hospital admis-
sions are due to ADRs and 10.1% of patients experienced ADRs during hospitali-
zation (Bouvy, De Bruin, and Koopmanschap 2015). Evaluation of the direct
costs of ADRs range from €702.21 to €40,273.08 in ambulatory care, and from
€943.40 to €7,192.36 in the hospital (Marques et al. 2016). It is clear that the
development of efficient prediction methods of ADRSs is a crucial step for better
healthcare.

The European Medicines Agency defines an adverse drug reaction as an un-
intended and noxious response to a medicinal product (Medicines Agency 2017).
When the clear causality of the adverse outcome is not yet linked to a specific
drug, the term ‘adverse event’ (ADE) should be used instead, acknowledging this
way that that respective adverse outcome is not necessarily always drug related
(Edwards and Aronson 2000). ADRs are typically classified into two types. Type
A reactions are more predictable, based on the pharmacological action of a drug
by change in drug pharmacokinetics, -dynamics and indicating also a clear dose—
response relationship. These types of reactions are, for example, bleeding due to
warfarin or higher risk for toxicity due to impaired metabolism of amitriptyline
by cytochrome P450 family 2 subfamily D member 6 (CYP2D6) (Osanlou,
Pirmohamed, and Daly 2018). Type B reactions are less predictable, considered
dose-independent and caused by allergic or non-allergic mechanisms additionally
involving the immune system of the host (Bohm and Cascorbi 2016; lasella,
Johnson, and Dunn 2017; Ana Alfirevic and Pirmohamed 2017). Although type
B ADRs are less frequent than type A reactions, they are commonly more serious
than and more frequently lead to the withdrawal of drugs from the market (Iasella,
Johnson, and Dunn 2017). Type B reactions are often missed in clinical trials and
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sometimes discovered yeas later during post-marketing surveillance (Charlton
and Thompson 2017).

Genetic variants have a role in the occurrence of both types of ADRs and the
degree of the contribution depends on a specific drug and patient. One of the
challenges in predicting ADRs is that the mechanism of their occurrence is often
unknown (Charlton and Thompson 2017). This complexity of not knowing the
exact targets and pharmacokinetic aspects adds further difficulty in estimating the
contribution of genetic factors in susceptibility to ADRs (Ana Alfirevic and
Pirmohamed 2017). Thus, further pharmacogenetic studies are needed not only
to validate and replicate previously reported genetic association with ADRs or to
find clinically actionable variants, but also to better understand the mechanisms
of ADRs.

1.1.2. Drug induced hypersensitivity

Since the majority of type B reactions involve the immune system, they are also
named hypersensitivity reactions (Negrini and Becquemont 2017). Type B
reactions are caused by allergic or non-allergic mechanisms. Typically, hyper-
sensitivity reactions are further divided into four types, and as non-allergic
reaction cannot be fitted into these categories, they are described separately. The
mechanism of non-allergic hypersensitivity, formerly also known as pseudo-
allergy, is not well understood, but the involvement of complement activation or
direct effects on mast cells have been proposed (Zhang et al. 2018). Based on the
timing of their onset, allergic hypersensitivity reactions are also divided into
immediate (type I) and delayed reactions (type IV). Type II and III are uncom-
mon, involve IgG and IgM antibodies, and their time of onset is variable — 1 to 3
weeks after drug exposure (Riedl and Casillas 2003). Type I reactions are IgE-
mediated, symptoms usually occur within an hour after drug exposure. Delayed
type IV hypersensitivity reactions can occur days or weeks after drug exposure
and are T-cell mediated through three proposed immunopathogenic models: the
hapten/prohapten model, pharmacological interaction (p-i) and altered peptide
repertoire hypothesis(Negrini and Becquemont 2017; Pavlos et al. 2015). These
theories are not mutually exclusive and mechanism valid for a given drug, may
not be true for another. In case of all of these three mechanism, type IV ADRs
indicate a strong association with a plethora of the human leukocyte antigen
(HLA) alleles (Bohm and Cascorbi 2016) (Tablel).
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Tablel. Well-defined association of HLA-drug hypersensitivity reactions.

Drug HLA allele Reaction OR
Abacavir Bx 57:01 HSR >950
Allopurinol Bx* 58:01 SJS/TEN and DRESS/DIHS >800
Carbamazepine B* 15:02 SJS/TEN >1000
Dapsone B+ 13:01 DRESS/DIHS 20
Flucloxacillin Bx* 57:01 DILI 81

Abbreviations: DIHS, drug-induced hypersensitivity syndrome; DILI, drug-induced liver disease;
DRESS, drug reaction with eosinophilia and systemic symptoms; HLA, human leukocyte antigen;
HSR, hypersensitivity reaction; OR, odds ratio. Table adapted from Pavlos et al. (2015).

The HLA system, also named the human major histocompatibility complex
(MHC), is responsible for T-cell stimulation to create an immune response, and
is the most polymorphic region in the human genome (Vandiedonck and Knight
2009). This variability determines the different shape of the peptide-binding
pocket in HLA molecules, which in turn ensures the huge repertoire of peptides
that can bind to a specific HLA molecule and thereafter can be presented to a
T-cell, a key step in adaptive immune response (Negrini and Becquemont 2017).
However, this variety may additionally increase the risk for off-target binding of
small drugs or haptens by HLA molecules, that can generate immune system-
mediated ADRs (Illing, Purcell, and McCluskey 2017). The exact mechanism of
most of the HLA-drug interactions is not understood yet, except for association
between abacavir hypersensitivity syndrome and HLAB*57:01 that is resolved at
amechanistic level (Negrini and Becquemont 2017; Illing, Purcell, and McCluskey
2017). Furthermore, drugs can induce hypersensitivity through several mechanism,
for example, penicillin can cause both immediate and delayed types of ADRs
(Blanca et al. 2009). Despite the increasing evidence and studies showing the role
of the HLA system in drug induced hypersensitivity, much remains to be learned
by conducting further studies, and HLA molecules are only part of the story.

1.3. Pharmacogenomic research

Studies of associations between genetic variants and drug response are crucial for
highlighting actionable variants that could one day be clinically implemented to
improve treatment outcome. The recent decade has provided us with a number of
associations ready for implementation into the clinic and a plethora of associa-
tions that require further validation studies.

PGx research started out with candidate gene studies where a genetic variant
was linked to the studied phenotype in a group of subjects (Maggo, Savage, and
Kennedy 2016). These types of studies were “educated guesses” where the
presumed association was based on the known metabolism pathway or function
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of a certain receptor, enzyme etc. Genes encoding these relevant enzymes or
receptors were then examined for variants that may contribute to the variability
in drug response (Collins, Carr, and Pirmohamed 2016). Although in general the
clinical implementation of these associations from candidate gene studies has
been slow, there are still various examples already proven to be beneficial in
clinical practice, and these studies also laid a solid foundation for further PGx
research (Collins, Carr, and Pirmohamed 2016; Daly 2010). Limitations apply for
a candidate gene approach in a sense that it requires a degree of insight into the
mechanism of a studied drug, thus prior pharmacological research would be
relevant (Collins, Carr, and Pirmohamed 2016). The launch of genome-wide
association studies (GWAS) helped to bring PGx research into a new era with the
hypothesis-free approach broadening the horizon to contributions of less obvious
genes and leading to the discoveries of novel relevant mechanisms.

In a GWAS, hundreds of thousands to millions of genetic variants across the
genome of a number of individuals with a given phenotype is tested against controls
to identify genotype-phenotype associations. Over the past decade, GWASes
have provided a range of discoveries for human complex traits and diseases,
demonstrating the important role of genetics in these phenotypes (Bush and Moore
2012; Visscher et al. 2017; Tam et al. 2019). Due to the challenges in pharmaco-
genomic GWAS, only 5% of all the GWASes represent drug response phenotypes
(Osanlou, Pirmohamed, and Daly 2018). However, since 2007 these published
PGx GWASes have demonstrated the benefit of using a genome-wide approach
for the study of drug response by revealing several novel drug-phenotype asso-
ciations. A survey of the published literature reported that around 70% of all the
PGx GWASes are studies of drug response and the remaining are of ADRs (Daly
2010). The main reason for this is the rare nature of ADR phenotypes, which
makes the sample collection for well-powered GWAS more difficult. However,
with the first GWASes of both ADRs and drug response in general, it became
clear, that even with a small sample size, one can see large genetic effects driven
by few risk alleles in PGx studies (SEARCH Collaborative Group et al. 2008;
Daly et al. 2009). With some exceptions, usually in case of common traits, small
to moderate effects are detected in GWASes and the odds ratios (OR) for the
effect are typically < 1.5 (K. Zhou and Pearson 2012). The effect sizes of PGx
phenotypes are much greater and therefore even with small sample sizes novel
associations have been identified (Daly et al. 2009; SEARCH Collaborative
Group et al. 2008; Harper and Topol 2012). Overall, large effect sizes are seven
times more frequent in PGx GWAS when compared with human disease risk or
complex traits (K. M. Giacomini et al. 2012). A comparison of allele frequency
(AF) distributions between common diseases and drug response also indicated
that an excess of low AF variants exist in the signals of drug response (K. Zhou
and Pearson 2012). Thus, the studies of rare ADRs are indicating a plausibility
that genetic contribution to rare ADRs is more similar to monogenic than complex
diseases. However, PGx GWASes with larger sample sizes have also identified
variants with moderate effects, thereby indicating that drug response phenotypes
are similar to common diseases (Daly 2010; K. Zhou and Pearson 2012). For
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example, the existing knowledge of warfarin response and the role of variants in
the VKORC1 and (Cytochrome P450 Family 2 Subfamily C Member 9 (CYP2C9)
genes (Cooper et al. 2019) was broadened with the role of an additional gene
Cytochrome P450 Family 4 Subfamily F Member 2 (CYP4F2) by gaining a larger
sample size for the GWAS (Takeuchi et al. 2009). Evidently, common variants
with small effects have a contributing role in the variation of drug response, but
to properly study the influence of rare variants in a given population, further studies
using whole genome sequencing is needed. Thus, performing well-powered
GWAS in large patient cohorts with the potential to reveal the complete spectrum
of alleles is necessary to elucidate the extent of genetic variants that is relevant in
drug response.

Since the biological mechanism of treatment outcome of many commonly
used drugs is poorly understood (K. Zhou and Pearson 2012), studies performed
without the advantage of hypothesis-free design, has been a limiting factor for
studies of pharmacodynamics. The era of GWAS also enabled the detection of
new associations of drug target genetics (Cao and Moult 2014). For example, the
contribution of genetic factors in the occurrence of drug induced prolongation of
QT intervals was further examined by GWAS studies and new candidate genes
were identified (Niemeijer et al. 2015). New pharmacodynamics genetic variants
have been identified for cisplatin-induced deafness (Xu et al. 2015) and variants
in HLA genes associated with type B ADRs provide a number of examples of
pharmacodynamics variants (Pavlos, Mallal, and Phillips 2012; A Alfirevic and
Pirmohamed 2009; Becquemont 2010). Further, Metformin has been used to
decrease blood glucose levels in patients with type 2 diabetes for some time, and
recently a GWAS of 3,920 patients clarified the genetic basis for its mechanism
(GoDARTS and UKPDS Diabetes Pharmacogenetics Study Group et al. 2011).
In addition to holding promise in the context of drug development as means to
identify novel drug targets, GWAS efforts can retrospectively help to identify the
genetic basis for drugs already in use. GWASes can also be used for drug
repurposing, finding new indications for an already existing therapeutic drug and
thereby potentially speeding up the approval and marketing process of new drugs
(Robinson et al. 2018).

One of the main challenges in applying GWAS to PGx has been the collection
of cases due to the rare nature of ADR phenotypes, especially in case of very rare
ADRs (Maggo, Savage, and Kennedy 2016). Additionally, there is also evidence
of significant global under-reporting of ADRs, including severe ADRs (Hazell
and Shakir 2006). Further, since there are a number of drugs available for the
treatment of most common diseases, it is sometimes difficult to obtain adequate
numbers of patients who received the same drug (Kathleen M. Giacomini et al.
2017). Gathering a substantial number of well phenotyped samples is an obstacle
for PGx GWAS and for further research of relevant variants in the occurrence of
ADRs it is necessary to find new approaches for identifying and collecting data
on ADR phenotypes.
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1.3.1. The value of electronic health records

Electronic health records (EHRs) have been growingly appreciated for genomic
studies of diseases and have provided several opportunities for in-depth research.

EHRs are real-time longitudinal records of the health information of individuals,
which is generated at the point of care by healthcare providers. Systematic col-
lection of patient information enables sharing and accessing it across healthcare
systems to obtain more comprehensive clinical care (Abul-Husn and Kenny
2019). The information that is stored in the EHR is a combination of structured
and unstructured data. Structured data uses a uniform format for recording infor-
mation on the patient’s diagnoses, dispensed medications, procedures and addi-
tional analyses of biochemistry, which can all be made available through EHRs,
thus enable us to construct a detailed clinical picture of each individual (Abul-
Husn and Kenny 2019; Kohane 2011). An important aspect of structured data is
the use of controlled vocabularies like International Classification of Disease
codes (ICD) for patient diagnoses, procedures, complications and The Anatomi-
cal Therapeutic Chemical (ATC) Classification System for classification of
drugs. In contrast, unstructured data does not follow any particular format and
enables the healthcare providers to enter all health information as free text (Abul-
Husn and Kenny 2019). While structured data is consistent, unstructured data
requires specific tools like natural language processing (NLP) for extraction of
information (Pendergrass and Crawford 2018).

Nationwide biobanks are emerging in several countries and provide a rich
resource for discovery studies and can also be stepping stones for translation of
genomics into clinical practice (Abul-Husn and Kenny 2019). Linking the afo-
rementioned comprehensive medical records with the biological material of
individuals poses as a powerful resource for further genomic research. Since the
EHRs supply longitudinal information on medication exposures and diagnoses,
coupling these with the genotype data of biobanks also makes it an important
platform for the study of drug effects (Robinson et al. 2018). One of the key
advantages of EHRs over clinical trials is the opportunity to collect data on a large
number of individuals in a timely manner, not to mention at a low expense and
faster completion (Robinson et al. 2018). This is particularly relevant in PGx
research where the rapid collection of ADR cases for clinical trials can be limited,
especially for cases of rare ADRs. However, these can be systematically and
retrospectively retrieved from large population-based EHRs (K. Zhou and
Pearson 2012). One of the possible solutions for the identification of ADR is to
use the ICD-10 coded diagnoses, that are routinely used in the hospital (Hodgkin-
son, Dirnbauer, and Larmour 2009; Stausberg and Hasford 2010). Furthermore,
through EHRs, a great deal of information in free-text clinical notes can be made
available with NLP algorithms, thus providing a further source to obtain infor-
mation on ADRSs. In PGx studies, the use of EHRs also enables to control for
polypharmacy that is not always captured in clinical trials (K. Zhou and Pearson
2012). In addition to the use of EHRs for the PGx discovery studies, it has the
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potential to be easily used for the validation of previously documented PGx asso-
ciations across different health systems, populations, and clinical contexts (Abul-
Husn and Kenny 2019; Wilke et al. 2011; D M Roden et al. 2012).

EHRs linked with biorepositories also have limitations that need to be
accounted for and understood in research. Since the primary purpose of EHR data
is clinical use and billing, not research, there may be particular challenges of
inaccuracy and missingness (Hersh et al. 2013). The quantity of available infor-
mation can vary greatly, and there can be some inaccuracies caused by clinical
uncertainty or billing errors (Robinson et al. 2018). For example, clinicians bill
for the evaluation of a diagnosis, and this is recorded, even if the evaluation does
not reveal the disease (Kohane 2011). Furthermore, in countries that lack national
health identification systems, it can be a challenge to combine EHR data for large
population studies (Kohane 2011). Thus, data may be partial due to the various
healthcare providers and centers a patient may visit (Robinson et al. 2018).

In general, however, EHRs combined with genotype information has introduced
a new wave in genetic studies of diseases and provide sufficient sample sizes for
association studies, despite the noise they contain. Furthermore, EHRs are also a
key resource for the implementation of genomic data into healthcare. Integrating
clinical decision support (CDS) tools together with EHRs have the ability to
support other care-related activities to provide necessary knowledge at appropriate
times to improve the quality of clinical care (Abul-Husn and Kenny 2019).

1.4. From pharmacogenomic associations
to treatment recommendations

The main intention of comprehensive PGx studies is to find actionable genetic
information that can be used in everyday clinical practice to guide the drug treat-
ment of patients. Despite several decades of PGx research, implementation into
the clinic has been lagging behind due to several barriers. Nevertheless, within
recent years the number of implementation initiatives has increased and for over-
coming the obstacles, these efforts have given rise to constantly improving solu-
tions and resources for more straightforward PGx implementation (Krebs and
Milani 2019).

One of the challenges on the path towards implementation of PGx has been
the question of platform choice for genetic testing that further includes the choice
of which variants or genes to test. Different implementation initiatives have
selected among various PGx arrays that enable simultaneous analysis of a number
of SNPs in several genes (Arbitrio et al. 2016; J. M. Pulley et al. 2012; van der
Wouden et al. 2017). Limitations such as capturing newly identified but
potentially clinically relevant alleles, or the case of differences in the designs of
assays that might pose some difficulties for the comparison of results from several
assays (Kalman et al. 2016), have tilted the decision of some initiatives towards
more comprehensive approaches. Despite the fact that the cost of whole-genome
sequencing is continuing to decline, it still remains too expensive for wider
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clinical use and there are currently other barriers as well (Krebs and Milani 2019).
One possible solutions is the use of capture libraries to sequence only the genes of
interest, e.g. all the currently known relevant pharmacogenes, thereby balancing
cost, throughput, and deep coverage(Gordon et al. 2016; Rasmussen-Torvik et al.
2014). Genome-wide genotyping arrays also have the potential as a method that
balances well between comprehensiveness and cost. Using genotyping together
with phasing and imputation, the genotypes for the relevant alleles can be esti-
mated. When considering the precision of imputation, a higher accuracy can be
achieved with a population-specific reference panel for imputation (Mitt et al.
2017). The comparison of the different opportunities and barriers in the use of
genome-wide arrays against sequencing-based methods for the detection of
currently defined pharmacogenetically relevant alleles is valuable since it would
be a highly cost-effective tool for identifying individuals who need altered dosing
recommendations.

1.4.1. Opportunities for translation of genetic data into
recommendations

With the first implementation initiatives of pharmacogenetics, several challenges
were revealed in the translation of PGx test results into clinical action. This
resulted in the development of several resources to aid the translation of acquired
information on pharmacogenetic genotypes into treatment recommendations.

As a solution to the challenge of interpreting genetic test results into clinical
action, two consortia, the Dutch Pharmacogenetics Working Group (DPWG)
(Jesse J. Swen etal. 2018; J J Swen et al. 2011) and the Clinical Pharmacogenetics
Implementation Consortium (CPIC) (M V Relling and Klein 2009) developed a
list of therapeutic recommendations to help facilitate the translation of pharmaco-
genetics into clinical care. These drug guidelines offer direct guidance to clinicians
regarding the dosing recommendations or options for alternative medication
based on drug-gene pairs that are selected through careful curation and have a
clear evidence-based impact on the outcome of pharmacotherapy. Consequently,
these guidelines additionally solve the question of which pharmacogenes that are
relevant for testing.

As a next challenge after having available PGx guidelines is the question of
translating genotype data at hand into phenotype information or prescription
recommendations more specifically. The Pharmacogenomics Knowledge Base
(PharmGKB) was created 20 years ago with the purpose of collecting and curating
knowledge about the impact of human genetic variants on drug response (Whirl-
Carrillo et al. 2012; Barbarino et al. 2018). Through well-defined criteria that are
based on the careful curation of the literature, variant—drug associations are
assigned with a level of evidence. Under the summaries of ‘very important phar-
macogenes’ (VIP), the database lists all the critical genes in drug response accom-
panied with detailed overviews (Whirl-Carrillo et al. 2012). Further, PharmGKB
and CPIC provide specific translation tables on how to define pharmacogenetic

23



alleles on the basis of genetic variants for gene-drug pairs covered in these guide-
lines (Caudle et al. 2014). They additionally provide knowledge on how to assign
diplotypes against the interpreted phenotypes. However, some challenges still
remain concerning the assignment of actionable alleles when multiple variants,
e.g. gain and loss of function, occur on the same allele. Also, the PGx nomencla-
ture can be confusing.

To determine diplotypes based on microarray and sequencing data knowing
the correct phase is crucial for actionable pharmacogenetic alleles that are assigned
by more than one variant. Computational phasing of genotypes provides the
easiest and fastest solution for identifying variants co-located on the same chromo-
some and several well-known algorithms have been designed for that purpose
(Browning and Browning 2011; Choi et al. 2018).

The translation tables for interpretation that are provided by PharmGKB are
based on the star (*) allele nomenclature — the most widely used nomenclature in
pharmacogenomics. It indicates haplotype patterns defined at the level of the gene
(also termed as pharmacogene). Usually, the allele that is most frequent in a
population and coding a functional protein product, is designated with *1 (Robarge
et al. 2007). Haplotypes that contain one or more variants are designated with
other numeric labels. Often the assignment of a reference allele is done in the
absence of variants defining other alleles, thus *1 designation depends on the
variants interrogated.

Therefore, despite the available resources, the assignment of PGx diplotypes
still remains somewhat challenging. Straightforward guidelines for adapting
these tables with input data coming from microarrays, sequencing, or any other
platform, is needed for the implementation of PGx.

1.5. Future directions of pharmacogenomics

PGx is in the forefront of personalized medicine with its wide implementation into
the clinic in several countries. With the current ongoing trials and initiatives, the
following years will probably bring even more knowledge and evidence of its
value in specific contexts.

This year, the PREemptive Pharmacogenomic Testing for Preventing Adverse
Drug Reactions (PREPARE) study of the Ubiquitous Pharmacogenomics con-
sortium funded by the European Comission is scheduled to report the results of
its pre-emptive PGx testing strategy for the reduction of ADRs (van der Wouden
et al. 2017). For half of the patients, treatment is guided based on the results of
genetic testing and the outcome is compared with conventional treatment and
dosing. This will potentially bring direct evidence of the value of preemptive PGx
testing and will help to increase its world-wide adoption in the clinic. Moreover,
because questions have been raised regarding the amount of evidence for the cost-
effectiveness of PGx testing, which is relevant for the key decision makers when
it comes to reimbursement U-PGx, are evaluating this area to add more proof.
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Despite the extensive knowledge base for the implementation of PGx, further
research of the effects of rare variants in pharmacogenes is necessary to explain
more of the variability in drug response. With the continuing decrease in the cost
of whole genome sequencing there will be more studies describing the complete
spectrum of variants in drug response. Current and future methods for obtaining
more information from EHRs will help to design more genetic association studies
with larger sample sizes and for different drugs. One of the barriers in PGx
GWASes and in genomic research in general has been the failure or difficulties
in finding opportunities for replication of discovered associations (Daly 2010;
McCarthy et al. 2008). The increasing use of EHRs in different countries and
growth in population based genetic information will enable more collaboration
between different research groups to validate discovered associations in similar
settings. The growing numbers of detected rare variants in pharmacogenes and
GWAS studies of drug response will likely reveal more knowledge about the
potential polygenicity in the variability of a specific drug response. This, together
with the numerous protein-altering genetic variants in each gene, will make the
basis for the development of PGx polygenic risk scores (PRS). As both common
and rare variants in different pharmacogenes might influence drug PK and PD
and thereby drug response, developing scores that consider the entire spectrum
of variants would be relevant for better guidance of treatment.

Since the occurrence of type B ADRs (ADRs considered as dose-independent
and caused by allergic or non-allergic mechanisms) is rare the collection of enough
cases for genetics studies has been challenging, and therefore, less is known about
the nature of hypersensitivity. Due to their severity, more studies of immuno-
pharmacogenetics are crucial to understand the mechanism of their occurrence.
Using EHRs together with genetic data will help brake the barrier of sample size
to gain more knowledge of genetic risk factors in the occurrence of hyper-
sensitivity.

The increase in the use of genetics in drug development and repurposing is
driven by the clear supporting evidence of the success in using genetics for drug
target validation. Potential drug repurposing opportunities were covered extens-
ively in a study where 92 genes were mapped to a GWAS trait different than their
drug indications (Sanseau et al. 2012). Furthermore, a recent study indicated that
phenotypes that have been associated with genes encoding drug targets, can
predict side effects in clinical trials (Nguyen et al. 2019). Thus, human genetics
data can not only help in selecting effective drug targets for development, but
also aid the development of safer drugs.

It is clear that, in addition to previously known physiological parameters, an
individual’s genetic variants have a substantial role in drug response, but there
are other aspects to consider as well. Recent studies have indicated the relevance
of the gut microbiome in the development of drug response (Spanogiannopoulos
et al. 2016). One study reported that many drugs are chemically modified by the
microorganisms in the gut, which can add more variability in individuals’ re-
sponses to medicines (Zimmermann et al. 2019). Moreover, the connection can
occur in the reverse manner, a drug affects the microbiome that then, in turn,
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facilitates adverse phenotypes. This is illustrated by a study with metformin,
which showed that altered gut microbiota mediated some of metformin’s anti-
diabetic effects (Wu et al. 2017). Thus, more studies are needed that not only
account for genetic variants in human cells, but also consider the role of the meta-
genome for monitoring of treatment response or understanding the adverse side
effects of prescribed drugs.

Knowledge of pharmacogenomic variants is rapidly increasing and several
ongoing important frontiers and advancements will pave the way for more
personalized treatment, improved health and drug development (Lauschke, Zhou,
and Ingelman-Sundberg 2019).
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2. AIMS OF THE STUDY

The aim of this thesis was to study the genetics of adverse events in pharmaco-
therapy and explore the translation of genotype data into clinical recommenda-
tions using population-based biobanks linked with electronic health records.

The specific objectives of this thesis were following:

» To characterize genetic variants associated with adverse drug events using the
information imbedded in EHRs and genetic information from population-
based Biobanks

* To evaluate possible drug target-mediated adverse events by analyzing
associations between cardiovascular phenotypes from EHRs and genetic
variants mimicking the inhibiting effect of a drug

* To develop and test algorithms that systematically translate the genotype or
sequencing data of Biobank participants into treatment recommendations
based on existing genotype—phenotype associations
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3. RESULTS AND DISCUSSION

3.1. Population-based biobanks in combination
of electronic health records for research on adverse
drug events (Ref. I, 1)

Despite the recent decades of PGx studies, which have provided a considerable
amount of knowledge about the role of genetic variants in drug response, for most
drugs the relevance of genetic variants is yet to be discovered. The proportion of
studies that focus on ascertaining relevant genetic variants in ADEs have been
minimal and, of the studies that have been performed, most have not been
replicated. There is a need for well-powered genome-wide studies to reveal both
common and low frequency variants relevant in the onset of ADEs and to find
new ways to validate associations that have already been identified. However,
gathering enough cases for the study of ADEs has been a challenge, especially
for rare ADE:s.

The first part of the thesis focuses on studying the role of genetic variants in
the occurrences of ADEs on a population-scale by utilizing the large amount of
information on drug dispense data and diagnoses imbedded in the EHRs.

3.1.1. Description of cohorts and methods

The basis of discovery studies for this part of the thesis was the Estonian Biobank
cohort of ~52,000 participants at the time of the study, which is approximately
5% of the adult population of Estonia (Leitsalu et al. 2015).

For the detection of individuals with variants in pharmacogenes we studied
the whole genome sequencing (GS) data of 2,240 participants and, at the time of
the first study (Ref. I), 13,986 biobank participants had been genotyped with
Illumina microarrays. A population-specific reference panel of 16.5%10° SNV
(Mitt et al. 2017) was used to impute missing variants into the genotype data. We
set a separate focus on the variants of 64 pharmacogenes with previous evidence
of relevance in drug response (Supplementary Table 2, Ref. I). The list was
assembled based on the core list of genes from the PharmaADME database and
very important pharmacogenes (VIP) listed in PharmGKB.

For the identification of the phenotype of interest, we studied the use of
medications based on data in EHRs, which store the longitudinal collection of
medication exposures, thus making it a potentially relevant platform for studies
of drug effects. The participants of the biobank have signed a broad informed
consent form that allows their records to be repeatedly updated by linking to
central EHR databases. We have drug dispensing data for every participant,
including drug Anatomical Therapeutic Chemical (ATC) Classification System
codes, prescription status, and purchase date (if available). Diagnosed diseases
are classified based on the ICD10 coding system. We used this resource to
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retrospectively identify participants with a prescription of drugs that have been
previously designated as high-risk for an unwanted drug response among carriers
of a specific genetic variants. To assess the incidence of ADEs among the afo-
rementioned biobank participants we assembled a list of 79 ICD10 codes indicating
a possible drug-induced reaction (Supplementary Table 1 in Ref. I). The ICD10
codes, which made no direct mention of the relationship with the drug in the name
of the diagnosis were further manually curated by reviewing the free-text fields
in medical histories for affirmative comments from the treating physician about
the link between the diagnosis and drug. Finally, all the individuals who reported
ADEs in the Biobank questionnaire were included in the list of cases. This
information on drug prescriptions and ADE phenotypes, together with a wealth
of genetic information, set the basis for a hypothesis-free population study to find
relevant associations in the occurrences of ADEs, focusing first solely on
pharmacogenes and then more broadly by performing a GWAS.

By the time of the second study (Ref. II), all of the first 52,000 Biobank parti-
cipants had been genotyped using Illumina’s Global screening array (n=33,157)
or earlier arrays (HumanOmniExpress and HumanCoreExome arrays). In this
study, the focus was set on type B ADRs by assessing the occurrence of hyper-
sensitivity related adverse events caused by penicillin. Here, a second source of
information was harnessed by gathering the same information on drug sensitivity
from the EHRs of the UK Biobank (UKBB). UKBB is a cohort of approximately
500,000 participants with both genome-wide genotype data and a rich variety of
phenotypic and health-related information collected for each participant (Bycroft
et al. 2018). In the second study, cases were defined as participants with a Z88.0
ICD10 code, reporting a history of allergy status due to penicillin. Due to the few
cases with Z88.0 codes in EstBB, all the participants that had reported drug
allergy at the recruitment interview were categorized by drug class, using the
ATC code JO1C* (beta-lactam antibacterials, penicillins) to match this to the
respective Z88.0 ICD10 code. We performed separate genome-wide association
studies in both cohorts and combined the result in a meta-analysis. To fine-map
the association with HLA alleles, we used imputed SNP to HLA typing data for
up to 22,554 and 488,377 individuals from the Estonian and UK cohorts,
respectively. The results were replicated in two additional cohorts involving a
total of 1.14 million individuals.

3.1.2. A plethora of rare variants

We studied the genome sequencing data of 2,240 participants from EstBB and
identified 1,314 variants distributed across 64 candidate pharmacogenes that have
arole in drug pharmacokinetics or pharmacodynamics (Table 2). Notably, 80.3%
of these variants were rare (MAF < 1%) and 42.6% were singletons. Furthermore,
we found 41 predicted loss of function variants of which 58.5% were singletons
or doubletons and 32.5% of the participants carried at least one LoF variant in an
ADMET gene (Table 2).
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Table2. Numbers of detected variants and proportion of loss-of-function (LoF) variants
in targeted pharmacogenes (n = 64) from whole-genome sequences (n = 2,240).

Variants in 64 targeted pharmacogenes n %
Unique variants 1,314
Novel variants 267 79.7
Known variants 1047 12.5
MAF < 1% 1055 80.3
Singletons 560 42.6

Loss-of-function variants in 64 targeted pharmacogenes

Unique variants 41 3.1

Unique genes with LoF 25 39.1
Individuals (n= 2,240) with at least 1 LoF 727 32.5
Novel variants 10 24.4
Known variants 31 75.6
MAF <0.05 % 24 58.5

With the growing number of sequencing-based studies in PGx, the proportion of
rare variants discovered in pharmacogenes is increasing (Ingelman-Sundberg et
al. 2018; Wright et al. 2018; Kozyra, Ingelman-Sundberg, and Lauschke 2016).
This part of the thesis demonstrates this as well: that sequencing can potentially
yield a significant amount of additional information for pharmacogenomic pre-
dictions in the form of functional rare variants. However, the potential action-
ability and effect of these rare variants on drug response need to be determined —
variants need to pass through functional validation studies before clinical imple-
mentation — a prerequisite in the translation of PGx research.

Computational prediction of variant function is the fastest solution, but the basis
of algorithms of most of the better-known prediction methods are not modified
for pharmacogenetic variants as they are calibrated on disease data sets (Lauschke
and Ingelman-Sundberg 2016). However, recently an optimized framework for
prediction was developed especially for pharmacogenetic assessments that out-
performs the previous computational algorithms (Y. Zhou et al. 2019) thus
making the functionality predictions of PGx variants more feasible. More import-
antly, the past decade brought a revolutionizing tool for biological research — the
bacterial clustered, regularly interspaced, short palindromic repeats (CRISPR)—
Cas9 system — which can be used for the experimental validation of novel
variants (Shalem, Sanjana, and Zhang 2015; Adli 2018). Gathering information
on rare variants discovered in pharmacogenes within different populations is
valuable for future studies and depositing this information in public databases is
necessary to enable open access for different research groups. This is one of the
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goals of the eMERGE initiative in which targeted PGx sequencing is used and rare
variants with unknown significance are linked to a repository (Rasmussen-Torvik
et al. 2014). With this study, we added resources on population-scale PGx vari-
ability that can be used for further validation of variants and their functional
outcomes.

3.1.3. First pass discovery and replication of genetic variants
associated with ADEs (Ref. )

To examine the role of genetic variants in the occurrence of ADEs, we coupled
phenotypic information of medication exposures and incidence of ADEs with the
genotype data of the participants of EstBB. From the discovery set of biobank
participants we identified 1,187 (7.1%) individuals with possible ADE diagnoses,
of which the most prevalent were allergic skin reactions or muscle inflammation
(Extended Table 3 in Ref. I).

The main objective of Ref. I was to validate to some extent the EHR-based
approach for studying ADEs. For this we first aimed to replicate the PharmGKB
variant-drug associations ranked as ‘high-confidence’ or ‘moderate evidence’ in
our discovery setting. We managed to replicate two of the variant-drug associations
ranked by the PharmGKB as high-confidence and four ranked as moderate (Table 2
in Ref. I, Figure 2 A). Next, we explored whether we could identify novel
associations by testing new putative high-impact variants in the genes in the same
manner. After conditional analysis with the previously known gene-drug variants
as co-variates we identified nine novel independent signals (Figure 2, C).

To further discover novel genes potentially relevant in the occurrences ADEs,
we performed an association analysis at the whole-genome level among partici-
pants who have prescriptions for a specific drug. To have the power to study a
whole spectrum of variants, including potential variants with relatively low
effects, we focused on 43 different drug groups that had each been prescribed to
at least 1000 Biobank participants. Although we discovered 63 associations that
will all need further replication, we restricted the first-pass replication stage to
five associations. The choice was based on a literature survey and functional and
pathway analyses, but also on the descriptive summaries of significant associations
(Ref. I. Supplementary Table 4). We managed to replicate one association in an
independent sample set from the EstBB using Taqman assays. The association is
between a non-coding variant rs75495219 (replication P-value = 6x10*; meta-
analysis p = 2.47x107) in the seventh intron of the catenin alpha 3 (CTNNA3)
gene and the occurrence of myopathy-related ADEs among individuals taking
oxicams (Figure 2; B, D). However, further attempts to gain biological insight
into this non-coding variant remained challenging. There are some hints of the
relevance of CTNNA3 or other catenins in drug response (Biernacka et al. 2015;
Menke et al. 2012; Hamada et al. 2014; Asthma et al. 2012), but whether this
variant truly has a role in Oxicam related myositis needs further functional
investigation. Although we did not find any previously related eQTL associations
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of this variant, the current hypothesis is that rs75495219 might influence the
occurrence of ADE by influencing the expression of relevant genes in the oxicam
pathway.
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Figure 2. Discovery of genetic variants associated with putative ADEs obtained from the
electronic health records of Estonian biobank participants. Validation (A) and new
associations (C) of variants in 64 pharmacogenes. Odds ratios (dots) and 95% confidence
intervals (horizontal lines) are displayed; the arrow indicates upper Cl-s exceeding the
limits of the x-axis. (B) Top five significant findings from genome-wide analysis.
Discovery associations are displayed in green and replication in purple (D) Regional plot
of replicated loci. Colored dots show linkage disequilibrium values for surrounding
single-nucleotide variants that are calculated from the 1000 Genomes Project release of
2012 (EUR population) and human hg19 assembly.

3.1.4. Genetic variants in penicillin-induced hypersensitivity
(Ref.1l, unpublished)

After experiencing the challenges of the broad approach used in Ref I, we decided
to pursue a more focused study in Ref II. We found that although penicillin
allergy, a type B ADR, is one of the most well-known hypersensitivity reactions
to drugs, little was known about its genetic causes. We searched for penicillin-
induced allergy using the Z88.0 ICD10 code in UKBB and EstBB, and we
identified 15,690 unrelated individuals (4.2%) in UKBB and only 7 (0.02%)
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individuals in EstBB. Therefore, we expanded the list of cases in EstBB by
including participants who had reported allergy in the recruitment questionnaire.
As a result, we then had 961 (2.9%) unrelated cases with penicillin allergy for
further GWAS analysis in EstBB.
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Figure 3. (A) Manhattan plot of the genome-wide association study of self-reported
allergy status to penicillin. The X-axes indicate chromosomal positions and Y-axes —
log10 of the P-values. Individual dots represent a single nucleotide polymorphism (SNP).
The genome-wide P-value threshold (P-value<5.0x10-8) is represented with a dotted
line. (B) HLA-B*55:01 allele association with penicillin allergy. Dots are odds ratios with
95% confidence intervals (CI, horizontal lines) and plot is annotated with P-values and
case-control numbers. Color coding blue and black indicates the results for discovery
cohorts Estonian UK biobank and green and purple are replication results of the HLA*B-
55:01 allele in 23andMe research cohort and Vanderbilt University’s biobank BioVU
Odds ratio of meta-analysis with all four cohorts is indicated with a red diamond.
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To ascertain the relevant genetic variants associated with penicillin-induced
allergy, we ran a genome-wide study with the allergy reported cases and undiag-
nosed controls in both the Estonian and UK biobanks (Ref. II). With the meta-
analysis we demonstrate a strong genome-wide significant signal in the HLA
locus (lead variant rs114892859, MAF(EstBB) = 0.7%, MAF(UKBB) = 2%,
P =4.59x10%, OR 1.59 95% CI 1.47-1.73; Figure 3 A). To fine-map this signal
to a specific HLA allele, we used an additive logistic regression model to test for
associations between different four-digit HLA alleles and penicillin allergy in
UKBB and EstBB (Supplementary table 5 in Ref. II), and with the meta-analysis
we see the strongest association for penicillin allergy with the HLA-B*55:01
allele (P-value 4.63x107%%; OR 1.47 95% CI 1.37-1.58), which is also tagged
(*>0.95) by the GWAS lead variant rs114892859. We obtained further
confirmation for this association of the HLA-B*55:01 allele with self-reported
penicillin allergy by replicating it among 87,996 cases and 1,031,087 controls
from the 23andMe research cohort and among 58 cases and 23,598 controls from
the published dataset of Vanderbilt University’s biobank BioVU (Figure 3 B).
With the meta-analysis of results in the discovery and replication cohorts, this
part of the thesis demonstrates a novel, strong association of the HLA-B*55:01
allele with penicillin allergy (P-value 2.23x107% OR 1.33 95% CI 1.29-1.37;
Figure 3 B). There is one previous GWAS with beta-lactam induced hyper-
sensitivity, where patients with an immediate type of allergic reactions to -lactams
were studied and variants of HLA-DRA, MHC class II alleles, predicted a 1.6-fold
reduction in allergy risk (Guéant et al. 2015). There are also studies with beta-
lactams indicating strong associations of MHC class I molecules with drug-
induced liver-injury, another idiosyncratic ADE (Daly et al. 2009; Clare, Miller,
and Dillon 2017).. Almost all cells express MHC I molecules, which are needed
to present peptides for cytotoxic CD8+ T cells (Negrini and Becquemont 2017,
Chaplin 2010). Several MHC I alleles have previously been associated with drug-
induced hypersensitivity (Negrini and Becquemont 2017; Pavlos, Mallal, and
Phillips 2012; Sousa-Pinto et al. 2016) and cytotoxic CD8+ T cells have been
shown to be relevant especially in allergic skin reactions (Kalish and Askenase
1999; Romano et al. 2004; Adam, Pichler, and Yerly 2011). Here we see an
association with the MHC class I molecule and HLA-B*55:01 allele as well as
further indications of the tag-SNP overlapping with T cell regulatory annotations,
and an association with lymphocyte levels (Ref. II), which hints that we are
detecting a predisposition to a T cell-mediated, delayed type of penicillin allergy.

This part of the thesis draws the conclusion that EHRs can be a valuable
resource, not only for confirming previously reported gene-drug associations of
ADEs, but also to carry their potential over to discovery studies. Furthermore,
when considering the extensive work of collecting cases and building a research
cohort, the longitudinal nature of EHRs enables retrospective identification of
potential ADE cases, including reactions that are considered rare.
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3.2. The potential of human genetics studies in
the prediction of drug target mediated adverse
events (Ref. Ill)

Evaluating drug target-mediated adverse effects is a crucial step in the drug
development process. Only a very small fraction of drug candidates achieve
approval due to failures in showing safety and efficacy, despite all the extensive
efforts made in the prediction of safety (Waring et al. 2015). Research has
demonstrated that naturally occurring genetic variants in humans can be used to
approximate the drug’s likely efficacy and adverse drug reactions and demon-
strate the association between targets and outcomes (Dan M Roden et al. 2019;
Plenge, Scolnick, and Altshuler 2013). Several pieces of evidence support the
indication that drug targets confirmed by human genetic studies will have
increased success in reaching the market (Sanseau et al. 2012; M. R. Nelson et
al. 2015).

Sclerostin is a protein encoded by the SOST gene, secreted by osteocytes and
negatively regulates bone formation. The discovery that a loss of function
mutation in SOST leads to high bone mass, formed the basis for the development
of romosozumab (Figure 4 A), a drug for the treatment of osteoporosis that acts
through SOST inhibition (Brunkow et al. 2001). Despite the phase II and III
randomized control trial (RCT) showing romosozumab to be effective in increasing
heel-bone bone mineral density (BMD), data on adverse events reported in the
phase III trials have proposed that romosozumab has a role in an increased risk
of cardiovascular events (Lewiecki et al. 2018; Saag et al. 2017).

Using genetic variants as a proxy for the inhibiting effect of romosozumab and
EHRs for finding their association with an increased risk for cardiovascular
adverse events, this part of the thesis characterizes the valuable opportunity to
improve drug development processes with human genetics studies.

3.2.1. Description of cohorts and methods

As one of the participating cohorts of the meta-analysis study, we used the pheno-
typic and genotypic data of 36,073 unrelated Biobank participants with an
average age of 45 years. Participants were either genotyped with one of the [llumina
microarrays (Global Screening Array, Infinium CoreExome-24 BeadChips,
HumanCNV370-Duo BeadChips or HumanOmniExpress Beadchips) and, for
2420 participants, genome sequencing data was available for the analysis. To
study SOST inhibition we selected two independent genetic variants in the SOST
locus and to investigate the effects of SOST inhibition on the occurrence of
cardiovascular adverse events (Figure 4 B), we used the EHRs to identify
individuals with prevalent coronary artery disease (ICD-10 codes 120, 121, 122,
123, 124, 125), infarction (ICD-10 codes 121, 122, 125.2) and utilized the infor-
mation on systolic blood pressure measured at recruitment to the Biobank. To
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find an association of two SOST SNPs with the cardiovascular phenotypes, we
obtained the effect estimates using a logistic regression and adjusting for age, sex,
and 15 principal components calculated based on the participants genotype data.
All the associations were tested under an additive model using the glm function
with R software (3.3.2).

3.2.2. Assessing the risk for adverse events with genetic variants
in drug target
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Figure 4. (A) Effect of romosozumab drug for treatment of osteoporosis. (B) Using natu-
rally occurring two SOST variants as proxy to study the risk for drug target mediated
adverse events.

As a first step to study SOST inhibition, two independent genetic variants,
rs7209826 (A>G, AF(G) in EstBB = 48%, in UKBB = 40%) and rs188810925
(G>A, AF(A) in EstBB = 10%, in UKBB = 8%)), were selected for testing in the
SOST locus based on the latest GWAS for estimated heel-bone bone mineral
density (BMD) (Kemp et al. 2017).

First, to confirm whether inhibition of sclerostin leads to a lower risk of
osteoporosis and fracture, we tested the association of the SNPs with osteoporosis
and fracture phenotype. Meta-analysis of both SNPs indicated a 57% lower risk
of osteoporosis (OR, 0.43; 95% CI, 0.36-0.52; P-value=2.4x10""*) and a 41%
lower risk of sustaining a bone fracture (OR, 0.59; 95% CI, 0.54-0.66;
P-value=1.4x10"%%).
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As a next step, we analyzed the association of these SNPs with cardiovascular
events (Figure 4 B). In a meta-analysis of 69,649 cases, these variants were
associated with an 18% higher risk of myocardial infarction (OR, 1.18; 95% CI,
1.06-1.32; P-value=0.003), and using a wider definition of coronary heart disease
yielded a 10% increased risk of disease (OR, 1.10; 95% CI, 1.00-1.20;
P-value=0.04). Further, we saw that the SOST variants were significantly
associated with 1.3 mmHg higher systolic blood pressure (95% CI, 0.76-1.91;
P-value=5.9x10"°), but observed no effect on diastolic blood pressure.

The value of using human genetics to estimate the effects or phenotypes
mediated by drug targets has been assessed by others before (Nguyen et al. 2019;
Plenge, Scolnick, and Altshuler 2013; Jill M. Pulley et al. 2017; Sanseau et al.
2012; Holmes 2019). With the results of this study showing the increased risk of
coronary heart disease from sclerostin inhibition, we validate and support the
Food and Drug Administration boxed warning of cardiovascular events with
romosozumab (Moritz, Knezevich Emily, and Spangler Miayla 2019). We further
hypothesize that, at least partially, this risk might be driven by an increase of
cardiometabolic risk factors, like hypertension. It is noteworthy that with these
analyses an increased risk of cardiovascular events could have been recognized
before the clinical development step, and perhaps enabled a better trial design or,
as indicated before, sped up the development process (M. R. Nelson et al. 2015).

This part of the thesis emphasizes the tremendous value of human genetic data
from biobanks linked with EHRs to evaluate the inhibiting/stimulating effects of
drug targets and their potential impact on drug development. Further, with retro-
spective studies, more insight can be gained for the post-marketing surveillance
of drugs. Using this valuable resource systematically in the future during the
process of drug development and also for the discovery of new safe targets should
be considered.

3.3. Translating the various sources of genetic data into
pharmacogenetic recommendations (Ref. IV)

The various ongoing implementation studies of PGx have applied different
approaches for testing variants and clinical implementation (Krebs and Milani
2019). Methods used for genotype assessment include specific panels of candidate
pharmacogenes (Hoffman et al. 2014; J. M. Pulley et al. 2012; O’Donnell et al.
2012; Blagec et al. 2018), but also more comprehensive approaches like targeted
sequencing (Rasmussen-Torvik et al. 2014). Since the key decision-makers in
implementation request cost-saving solutions (Patrinos and Mitropoulou 2017),
the underlying question is finding a method with a balance between cost-
effectiveness and comprehensiveness of a test. When considering that genome-
wide genotyping arrays allow the detection of detailed information about the
individuals’ genetic variants, the assessment of the accuracy in calling already
known high-risk PGx association based on these arrays would be practical.
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By harnessing the preexisting genotype information in the Estonian Biobank,
this part of the thesis covers ways of translating the data of over 44,000 partici-
pants acquired by genome sequencing, exome sequencing, and genotyping together
with imputation into pharmacogenetic recommendations and evaluates the
distribution of identified phenotypes requiring dose adjustments.

3.3.1. Description of cohorts and methods

We compared the translation of genetic data to pharmacogenetic recommendations
among 44,448 Estonian Biobank participants of which 8132 have been genotyped
using the HumanOmniExpress beadchip (OMNI) and 33,157 using the Global
Screening Array (GSA) from Illumina, 2445 have exome (ES) and 2420 genome
sequencing data (GS). For calling pharmacogenetic star alleles from microarray
data we used the genotyped variants together with imputed variants. All the
genotypes from different platforms were phased for further star allele calling.

The next step was to prepare the publicly available information for calling the
star alleles. We set our focus on 11 pharmacogenes that are covered in CPIC
guidelines, i.e. they have a validated clinically important impact on drug response.
PharmGKB and CPIC provide gene-specific definition tables on how to call star
alleles based on the SNP-based genotype information, indicate what the function
of the star alleles are, show how to further assess the phenotypes and what the
allele frequency is in different populations. Before setting up a decision tree for
variant calling we first pruned the allele definition tables based on functional
effects of the variants and removed duplicates as well as proxy alleles. The
decision pipeline was designed by first examining only the existence of non-
functional star alleles, allowing these to over-rule other variants, and then testing
the remaining star alleles (Figure 1 in Ref. IV). In ideal cases, only a single
matching star allele was detected. Finally, for all the participants, a subsequent
phenotype of an allele diplotype was called based on PharmGKB’s diplotype-to-
phenotype mapping tables.

3.3.2. Comparison of predictions obtained by the different platforms

Our aim was to compare the PGx predictions obtained from any of the different
microarrays or sequencing platforms. The most important conclusion based on
the comparison was that the microarray-based methods combined with imputation
produce results that are very similar to genome sequencing (GS) (Figures 2 and
3 in Ref. IV). However, as seen in Ref. I, when assessing the proportion of rare
variants based on sequencing data, we see that 89% of putatively LoF or missense
variants detected by GS and ES in these 11 highly relevant pharmacogenes, are
rare with MAF < 1% (Table 1 in Ref. IV). For the detection of both rare and
common variants, GS is the most precise and comprehensive technology. None-
theless, considering the striking similarity in the PGx results obtained by
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sequencing and microarray data, we proposed that genotyping with phasing and
imputation represents a cost-effective and comprehensive alternative when the
focus is set on predefined alleles. Moreover, computational phasing enables precise
haplotype calls, which is particularly relevant in cases where actionable star alleles
are defined by multiple variants. However, for wider use, some of the challenges
emerging with phasing and imputation need to be overcome, such as the need for
a specific pipeline to first perform imputation and later evaluate its accuracy.

Another aspect is that rare variants will be discovered most accurately with
GS and, when considering the proportion of rare variants seen in PGx studies and
in this thesis as well, it is clear that their role in drug response needs to be further
investigated and accounted for. Yet, since pharmacogenetic reports should only
include actionable alleles with clear effects, the function and relevance of this
plethora of rare variants need to be validated before they can be included in the
allele assessments. Bearing this in mind, it is fair to say that genotyping arrays
are clearly a more cost-effective and reliably comprehensive alternative. Admit-
tedly, the collection of information on rare variants and adding them into testing
panels is still highly beneficial for further functional research and development
projects to one day add them to the allele assessment as well.

3.3.3. Proportion of PGx high-risk phenotypes

When we focused on alleles that define phenotypes that require dose adjustments
(poor, rapid, or ultrarapid metabolizers), — commonly referred to as high-risk
phenotypes — we found that nonstandard dosing information is necessary based
on at least one gene for 99.8% of the participants (Figure 5). A similar proportion
has been reported by other studies as well. For example, the studies of the
Vanderbilt Pharmacogenomic program indicated that 91% of the genotyped
patients had more than one actionable PGx variant (Van Driest et al. 2014). The
PG4KDS PGx study at St. Jude Children’s Research Hospital reported that
around 98.5% of whites and 99.1% of blacks in the US carry at least one high-
risk PGx diplotype (Dunnenberger et al. 2015). Further, the PGx implementation
programs, the Mayo RIGHT and eMERGE-PGx, outline that 99% and >96% of
individuals, respectively, carry high priority PGx actionable variants (Dan M.
Roden et al. 2018; Ji et al. 2016). Considering these studies together with this part
of the thesis, it highlights the large portion of individuals who would potentially
benefit from testing, even when using a conservative panel of well-established
pharmacogenes.
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Figure 5. Proportion of phenotypic predictions requiring drug therapy adjustments. High-
risk phenotypes are defined as phenotypes requiring a different drug dosing or recom-
mendation.

To further characterize the relevance of the detected phenotypes, we analyzed
the frequency of the prescription of medications covered in the CPIC guidelines.
We compared the drug consumption in defined daily doses (DDD) based on the
annual statistics of five Nordic countries. Notably, some of the active substances
covered in the CPIC guidelines are more commonly used, with DDDs for 1000
inhabitants ranging up to 40, which corresponds to a daily use of this drug by 4%
of the population (“Statistics on Medicines” n.d.). We further examined the
dispensing of medications covered in the CPIC guidelines among EstBB
participants and, as an example, 12,254 individuals have had a prescription of at
least one drug linked to CYP2C19, and 40.7% of them carry the CYPC219 high-
risk phenotype. Thus, they may have needed dosing adjustments to improve the
treatment outcome. Further, in a review that covered an analysis of the dispensing
of the active substances of 46 PGx drugs reported in the CPIC guidelines, we
revealed that 37% (19198/52062) of the participants of the Estonian biobank have
purchased at least one prescription for a PGx high-risk drug (Krebs and Milani
2019). Other studies have characterized the proportion of individuals taking PGx-
guided medication as well. The Vanderbilt study established that 65% of the
52,000 surveyed individuals had consumed medications with PGx guidance
(Schildcrout et al. 2012). A US study of insurance claims of >55 million indi-
viduals revealed that around one-quarter had been prescribed a drug with a PGx
recommendation label (Frueh et al. 2008). Furthermore, a study of pediatric
patients demonstrated that during a 1-year period, 48% of the patients had
received a PGx drug (Dunnenberger et al. 2015).

Thus, this part of the thesis confirms that although some drugs with PGx
recommendation labels are rarely prescribed, in general, PGx medications are
frequently used. With further PGx research, more and more associations will be
ascertained and the necessity or benefit of PGx testing will no longer be a question.
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CONCLUSIONS

Knowing the predisposing genetic risk factors of drug efficacy and adverse
reactions has the potential to help personalize treatment towards the desired
outcome. Biobanked genetic data coupled with Electronic health records (EHRs)
is a valuable resource for different pharmacogenomics research directions that
help to determine the entire spectrum of genetic variants influencing drug response.
Discovered and validated actionable genetic markers can be implemented in the
clinical setting to detect the individuals in need of dosing adjustments for safer,
more effective, cost-saving treatments.

The main conclusions drawn from this thesis are as follows:

Studies of adverse events (ADE) that are extracted from EHRs and linked with
the genetic information of individuals sets a framework for the validation and
discovery of potential genetic risk factors for the incidence of ADEs.

EHRs enable the rapid collection of a large number of cases with ADEs, such
as hypersensitivity due to penicillin. A strongly significant and replicated
association of penicillin allergy with the MHC class I molecule HLA-B*55:01
suggest its role in creating predisposition a hypersensitivity reaction. Further
signals of the tag-SNP for the association, which overlapped with regulatory
annotations in T cells and correlated with lymphocyte levels, proposes the
HLA-B*55:01 alllele’s role in T-cell-mediated, delayed type of penicillin
allergy.

Genetic variants in the SOST gene that encodes sclerostin have been associated
with a higher bone mineral density and lower fracture risk, which lead to the
development of romosozumab, a first-in-class sclerostin inhibitor for the
treatment of osteoporosis. However, variants mimicking the therapeutic
inhibition of sclerostin indicate an association with the increased risk of
cardiovascular disease in large-scale biobanks, supporting the evidence of
adverse cardiovascular effects reported in clinical trials of romosozumab. This
demonstrates the potential value that could be gained if genomic guidance
were embedded in drug development programs to avoid serious side-effects.
Microarray-based methods combined with imputation produce pharmaco-
genetic recommendation results that are very similar to genome sequencing
(GS) in their accuracy. Although GS is the most precise and comprehensive
technology for the detection of both rare and common variants, when the focus
is set on predefined validated PGx alleles, genotyping with phasing and impu-
tation presents as a potentially cost-effective and comprehensive alternative.
Furthermore, the high percentage of individuals with at least one genotype
associated with non-standard drug dosing of a medication, illustrates the large
proportion of individuals who would potentially benefit from PGx testing.
Finally, algorithms that enable the semi-automated analysis of genetic data of
individuals form the basis of decision support software that can be implemented
in clinical care.
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SUMMARY IN ESTONIAN

Farmakoteraapias esinevate kdrvaltoimete geneetika uurimine
biopankade ja elektrooniliste terviseandmete pdhjal

Inimeste geneetiline varieeruvus voib mojutada ravimi efektiivsust ja ka korval-
toimete tekkimist. Farmakogenoomika kui teadusharu eesmirk on tuvastada
sellised geneetilised markerid, mis mojutavad ravimi efektiivsust ja toksilisust
ning kasutada seda informatsiooni ennetavalt, et aidata suunata ravi soovitud
tulemuse saavutamiseks.

Inimese genoomi sekveneerimine koos uue polvkonna DNA analiiiisi-
meetodite arenguga ning iilegenoomsete assotsiatsioonianaliiliside lainega toi kiill
viimaste aastakiimnete jooksul palju edasiarenguid komplekshaiguste geneetikas,
kuid farmakogenoomikas on areng olnud mdnevdrra aeglasem. Uheks pdhjuseks
on ravimivastuse kui fenotiilibi médramise keerukus, mis on eriti probleemne
ravimi korvaltoimete korral, kuna juhtumid on harvad ja alaraporteeritud. Nii
struktureeritud kui ka mittestruktureeritud elektroonilised terviseandmed on viga
mahukas ressurss, mis vdimaldab erinevate analiiliside l&biviimist ning retro-
perspektiivset indiviidide ravimikasutuse ja korvaltoimete esinemise jalgimist.
Sidudes need andmed biopankades olemasolevatega on véimalik uurida ka
geneetilise varieeruvuse moju. Varasemate teadusuuringute kidigus tuvastatud
ravimi tohusust ja ohutust mdjutavaid geneetilisi seoseid saab lisaks voimalikule
kasutusele ravi suunamisel potentsiaalselt dra kasutada ka ravimiarenduse vald-
konnas.

Kéesoleva doktoritéo kéigus uuriti andmemahukaid elektroonilisi tervise-
andmeid koos populatsiooni pohiste biopankade andmetega selleks, et 1dbi viia
erinevaid farmakogenoomilisi uuringud. T66 esimeses pooles antakse teadus-
kirjandusele tuginev iilevaade farmakogenoomika kui teadusharu olemusest ja
sellest, kuidas geneetiline varieeruvus ravimivastust mojutab. Eraldi kesken-
dutakse geneetika rollile ravimite kdrvaltoimete, sealhulgas ravimite iilitundlikkus-
reaktsioonide tekkes. Lisaks kirjeldatakse erinevaid, juba varasemalt teostatud
farmakogenoomika-alaseid uuringuid ning nende l&biviimisel kasutatud metoodi-
kaid. Viimasena antakse {ilevaade farmakogeneetika rakendamisest meditsiini-
valdkonnas ja vdimalikest rakendussuundadest tulevikus. T66 eksperimentaalse
osa eesmargiks oli analiilisida elektrooniliste terviseandmete kasutamist koos bio-
pankade geeniandmetega, et tuvastada ravimite korvaltoimete teket mojutavaid
geneetilisi pohjuseid ning kajastada geenidoonorite kohta juba varasemalt
kogutud geneetiliste andmete alusel farmakogeneetiliste ravimisoovituste loomist
ja selle rakendamise vdimalikkust.

Ravimi korvaltoimete tekkimise geneetiliste seoste uurimisel on olnud iiheks
viljakutseks kiillalt suure hulga juhtude leidmine nende analiilisimiseks, eriti
harvaesinevate korvaltoimete korral. Piisavalt suur valim on vajalik, et kirjeldada
geneetilist varieeruvust koigis olulistes aspektides ja tagada analiiiisi statistiline
usaldusvaédrsus. Me analiilisisime ravimite korvaltoimetega seotud geneetiliste
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variantide leidmist kasutades Eesti geenivaramu geenidoonorite elektroonilisi
terviseandmeid. Antud teadust6d on esimene uuring, kus piiiitakse kasutada
elektroonilisi tervise- ja biopankades leiduvaid andmeid selleks, et uurida ravimi
korvaltoimeid ja mille tulemusena dnnestus kinnitada varem néidatud farmako-
geneetilisi seoseid ning tuvastada uusi. Lisaks sellele néitas see uuring harvade
geneetiliste variantide suurt hulka populatsioonis, mis vajaksid edasisi analiilise,
et tuvastada nende tdpsemat rolli ravivastuse kujunemisel.

Ravimitest tingitud {ilitundlikkusreaktsioonid esinevad kiill harvemini, kuid
on oma olemuselt {ihed kdige tdsisemad korvaltoimed, mis tingivad sageli tosi-
seid meetmeid kuni ravimite turult tagasikutsumiseni voi viivad patsiendi d4rmi-
selt kriitilisse tervislikku seisundisse. Penitsilliiniallergia on {iks tihedamini
esinev ravimi poolt pohjustatud iilitundlikkusreaktsioonidest. Selleks, et tuvastada
penitsilliiniallergiat raporteerinud isikud, kasutasime nii Eesti kui Inglismaa
biopanga terviseandmeid ning teostasime iilegenoomse assotsiatsioonianaliiiisi,
et leida selle teket mojutavaid voimalikke geneetilisi variatsioone. Metaanaliiiisi
tulemusena nédgime tugevat signaali inimese koesobivusantigeeni (HLA) piir-
konnas ning seose tépsemaks kaardistamiseks leidsime edasise HLA tiipiseerimis-
andmete analiilisimisel molemas biopangas olulise seose HLA-B*55:01 markeriga,
mida ei ole varem kirjeldatud. Leitud HLA markeri ja penitsilliiniallergia vahelise
seose tugevust kinnitas kahes tdiendavas kohordis (23andMe ja Vanderbilti
Ulikooli biopank BioVU) 14bi viidud analiiiis, mis hdlmas kokku 1,14 miljonit
inimest. Antud tulemus on paljulubavaks aluseks edasisteks uuringuteks, et moista
mehhanismi HLA-B*55:01 markeri ja penitsilliiniallergia vahel. Lisaks on
reaktsioonide suhtes vajalik selleks, et anda alus kliiniliselt kasutatava ja ravi
suunava seose kujunemiseks.

Ravimiarendus on véga kulukas ja ajamahukas protsess ning vidga vihesed
ravimikandidaadid jouavad turule, kuna nende puhul ei dnnestu veenvalt ndidata
ravimi piisavat ohutust ja tShusust. Mitmed uuringud on néidanud, et inimeste
geeniuuringute abil kinnitatud ravimikandidaadid on turunduse seisukohalt edu-
kamad. Véttes analiiiisis arvesse sklerostiinivalku (SOST) kodeeriva geeni geneeti-
lisi variatsioone uurisime selliselt arendusjargus oleva osteoporoosi kanditaat-
ravimi romosozumab terapeutilist SOSTi pérssivat toimet. Elektroonilistest
terviseandmetest saadud diagnoosiandmete seoseanaliilisi kaudu tuvastasime
erinevate biopankade indiviididel SOSTi inhibeerimise jargselt suurenenud riski
kardiovaskulaarsete korvaltoimete tekkeks. Seega kinnitavad meie tulemused ka
juba kolmes romosozumabi kliinilises uuringus nihtud seost riski suurenemisega.
Antud analiiiis illustreerib biopankade ja elektrooniliste terviseandmete kasuta-
mise suurt potentsiaali, mis vGimaldaks ennustada juba enne ravimikandidaadi
kliinilisi uuringuid véimalike korvaltoimete tekkimist, aidates sellega vihendada
ravimite viljatdotamise protsessis suuri kulutusi ja tdstes ravimiohutust.

Farmakogeneetiliste uuringute peamine siht on tuvastada olulised geneetilised
markerid, mida saaks igapdevases kliinilises praktikas patsiendi ravi méaramisel
abiks kasutada. Viimaste aastakiimnete jooksul avaldatud teadusuuringud on
tuvastanud mitmeid tdenduspdhiseid geen-ravim seoseid, mille puhul on vilja
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tootatud ka arstidele suunatud ravijuhised, mis annavad soovitusi patsientide ravi
muutmiseks ldhtuvalt nende geneetilisest eripérast. Vottes aluseks 11 geen-ravim
seost vordlesime 44,000 Eesti geenivaramu geenidoonori erinevate meetodite abil
saadud geeniandmete kasutamist farmakogeneetiliste ravijuhiste médramiseks.
Olulise tulemusena ndgime, et genotiipiseerimisandmed koos jérgneva imputeeri-
misega annavad tdpsuselt sarnase tulemuse kui kogu genoomi sekveneerimise
andmete abil. Kuigi harvade variantide leidmiseks on kogu genoomi sekveneeri-
mine endiselt kdige tdpsem meetod, siis kui eesmirgiks on méérata varieeruvus
eelnevalt kinnitatud, olulistes farmakogeneetilistes markerites, on mikrokiibi
analiiiis koos jdrgneva imputeerimisega selleks piisavalt pohjalik ja samas véga
kulutdhus alternatiiv. Lisaks nigime, keskenduses ainult korge riskiga farmako-
geneetilistele fenotiilipidele, et inimeste hulk, kellel vihemalt ihe geeni varieeru-
vuse alusel oleks vajalik tavapédrasest erinev ravimiannus, on 99,8%. See téhen-
dab, et praktiliselt koik inimesed saaksid potentsiaalselt kasu selle paneeli farmako-
geneetiliste geenide ennetavast testimisest.

Kokkuvotteks anname antud t06ga panuse farmakogenoomika valdkonna
arengusse, tuues uusi teadmisi farmakoteraapiasse ravimiohutuse suurendamiseks
ja efektiivsema ravi tagamiseks.
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