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Abstract

Mental health conditions are the largest single cause of disability in the UK and among the top 10
causes of disability worldwide. Their prevalence is increasing rapidly, especially since the COVID-19
pandemic. Globally, they cost £118 billion every year and are associated with a profound impact on
people, their families, and communities. Antidepressants and antipsychotics are the most common
treatments for mental illnesses. However, they are associated with troublesome and often significant
adverse drug reactions. It may be possible to identify those patients most at risk of developing severe
side effects and those who are unlikely to respond to treatment using their genetics.
Pharmacogenomics investigates the effects of inherited gene differences on the pharmacodynamics
and pharmacokinetics of drugs, and subsequently, drug exposure and therapeutic effects. This article
reviews the management of mental illnesses and the role of genetics in disease risk and response to
treatment. Pharmacogenomic testing, guidelines and some of the barriers to its implementation in
clinical settings will also be discussed.

Key words
Mental illness; antipsychotics; pharmacogenomics; pharmacogenomic testing; PGx

Introduction

The term pharmacogenomics (PGx) is often used interchangeably with pharmacogenetics in
association with precision medicine. The term pharmacogenetics is an older term that has been in use
since 1959. It refers to the idea that response to a drug is controlled by the person’s genes?,
particularly genes that determine drug metabolism?. As analytical methods improved, and the entire
human genome was sequenced in 1997, the term pharmacogenomics started to be used instead of
pharmacogenetics®. It holds a similar meaning to pharmacogenetics, in that a person’s response to a
drug is defined by their genetics; however, it explores the impact of a broader set of genes (not just
metabolism genes) and non-coding regions of DNA on drug response®?,

Pharmacogenomics (PGx) investigates the effects of inherited gene differences on the
pharmacodynamics®, and pharmacokinetics* of drugs, and subsequently, drug exposure and
therapeutic effects®, thereby improving the safety and therapeutic outcomes of pharmacological
treatments. This approach is key to personalising treatment to reduce the likelihood or impact of
severe adverse drug reactions, and tailor drug choice and dosing to achieve the desired therapeutic
outcomes®. Pharmacogenomics is a broad term that is associated with proteomics (i.e. the analysis of
the whole protein set of a cell/ tissue/ organelle) and metabolomics (i.e. the study of the entire set of
metabolites within a cell cell/tissue/organelle for a specific cellular function)®.
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Mental health conditions are the largest single cause of disability in the UK’ and are among the top
ten leading causes of disability worldwide®. In 2019, there were 10.3 million presentations of poor
mental health in the UK® and it is likely that 1 in 6 adults in England has experienced a common mental
health condition, such as anxiety and depression, in the past week. The COVID-19 pandemic has
further increased the prevalence (and undoubtedly the impact) of mental health disorders. The
prevalence of moderate to severe depressive symptoms rose from 10% at the start of the pandemic
to 19% by March 2021°. Recent reports suggest that more people are now experiencing psychotic
disorders, noting an increase from 0.4% in 2014 to 0.7% in 2017, and a 29% increase in referrals for
first suspected episode of psychosis between 2019 and 20212 Consequently, the prescribing of
antipsychotics® and antidepressants'**°> has increased significantly.

This article will review the management of mental health conditions and the role of genetics in disease
risk and response to treatment, with focus on antidepressants and antipsychotics. Pharmacogenomic
testing, existing guidelines and some of the barriers to its implementation in clinical settings will also
be discussed.

The burden of mental health conditions

Mental health conditions, especially severe mental illness (SMI), have a profound impact on people,
their families, communities and the UK economy. On average people with SMI die 15 to 20 years
earlier than the general population; 2 in 3 of those deaths are from preventable physical illnesses such
as cardiometabolic and respiratory diseases!®. Mental health conditions also cost the UK economy
over £117.9 billion every year, which represents 5% of UK Gross Domestic Product (GDP)®°. Most of
these costs are associated healthcare costs, loss of productivity as people suffering from mental health
conditions work less or take time out of work, and the costs of support from informal carers®.

The causes of mental illness are still subject to debate between those who suggest biological (e.g.
altered neurotransmitter release and signalling), social (e.g. loneliness and stigma), and psychological
(e.g. trauma) aetiologies are the driving factors, compared to those who consider mental illnesses as
neurological disorders and those who see them as sociological conditions’. Many believe in a multi-
factorial aetiology, that is the result of a complex interaction between biology and the environment
including social and psychological factors, all of which require tailored interventions’. Understanding
of the aetiology of mental illness is important, as it forms the basis of treatment, and influences
clinicians’ approach to its management®1°,

Isitall in the genes?

SMis tend to cluster in families and can be hereditary®. It is estimated that heritability (i.e. the
proportion of disease risk that can be attributed to genetic causes in a particular environment/
population) accounts for:

e 20-45% of anxiety disorders, obsessive-compulsive disorder, posttraumatic stress disorder,
and major depressive disorder;

e 50-60% of alcohol dependence and anorexia nervosa presentations;

e Over 75% of autism spectrum disorder (ASD), attention deficit hyperactivity disorder (ADHD),
schizophrenia, and bipolar disorders?%22,

The genetic basis of most psychiatric disorders (e.g. ADHD, schizophrenia and bipolar disorder) is
polygenic, which means that they are influenced by changes or variants in many genes. Each gene
variant confers a small increase in risk, but cumulatively, the risk increases significantly?2.



The DNA sequence is altered when a single nucleotide is changed, for example a nucleotide sequence
of ‘ACG’ changes to ‘ACT’. If this single nucleotide change is found in at least 1% of the population, it
is then referred to as a single nucleotide polymorphism (SNP). Notably, there is a growing shift towards
using more accurate genomic terminologies such as single nucleotide variant (SNV) instead of SNP, as
SNVs can be rare in a particular population but common in another population so are therefore more
reflective of a particular variation?. However, for consistency with the cited literature, we will
continue to refer to them as SNPs in this article.

A single alteration in nucleotide sequence may produce a different amino acid or cause an incomplete
amino acid chain, resulting in a protein that cannot fulfil its normal function, with the potential to
cause disease?®. Other genetic variants implicated in mental illness include duplication or deletions
of many nucleotide bases®. Individuals with a specific duplication of a portion of chromosome 16
(specifically in the 16p11.2 region) have been shown to hold a fourteen-fold increased risk of
psychosis and a sixteen-fold risk of developing schizophrenia®. Deletions on chromosomes 1, 15 and
22 are also associated with an increased risk of schizophrenia, and these deletions collectively remain
arare cause of the condition?®. Furthermore, SNPs affecting the dopamine reception D4 gene (DRD4),
monoamine oxidate A gene (MAOA), 5-hydroxytryptamine receptor 1A gene (HTR1A) and other genes
have also been associated with risks for major depressive disorder?. A comprehensive exploration of
the SNPs implicated in severe mental illnesses and cognitive function is presented in the study by
Golovina et al.%®

Understanding mental illness through genome-wide association studies

Genome-wide association studies (GWAS) allow for comparison of the DNA sequence of populations
with certain medical conditions against a healthy volunteer cohort, with the aim of identifying SNPs
that may be associated with diseases?. If certain SNPs are more frequent in the group of participants
with the disease, then these variations are suggested to be associated with the disease. Further
studies are then carried out on the locus (i.e., location) of the variation to understand the genetic
changes, as GWAS alone cannot establish causality between a genetic variant and disease®.

More than 241 loci have been linked with severe mental illnesses including schizophrenia, bipolar
disorder, major depressive disorder and others®. Twenty-two of the loci in question are implicated
in at least 2 of the following illnesses: ADHD, alcohol dependence, anorexia nervosa, autism, bipolar
disorder, major depression, obsessive-compulsive disorder, post-traumatic stress disorder,
schizophrenia and Tourette’s syndrome. The ANK3, NDST3, and PLXNA2 loci have a strong association
with both schizophrenia and bipolar disorders®!. However, it is thought that schizophrenia and bipolar
disorder result from a complex interplay of genetic polymorphisms and environmental factors (such
as cannabis use, urbanisation and migration)32. The link between genetic polymorphism and the
underlying biology of schizophrenia and bipolar disorder is complex and remains largely unknown,

Utilisation of GWAS also highlights the potential in targeting these genes/ pathways for therapeutic
management. Extensive efforts are underway to mine data available on drug-gene interactions to
identify potential drug targets. The Drug—Gene Interaction Database mines a range of resources (such
as DrugBank, PharmGKB, Chembl, Drug Target Commons and others) to help researchers annotate
genes with known drug-gene interactions and develop hypotheses about how these genes form
potential targets for drug development?*. For example, Gaspar and Breen’s modelling study suggests
that selective calcium channel blockers and antiseizure medicines (targeting GABA and glutamate
receptors) may be good candidates for repurposing for use in schizophrenia management3>337,

Antipsychotic and antidepressant medicines

Due to their activity on a range of neurotransmitters, antipsychotic and antidepressant medicines are
used to manage schizophrenia, bipolar disorder and many other severe mental illnesses. A recent



review of the efficacy and tolerability of 32 antipsychotics found little differences between them in
terms of their efficacy, however, their tendency to cause adverse drug reactions varies considerably
from one agent to another®,

Antipsychotics may be categorised as typical or atypical. Compared to atypical antipsychotics, typical
antipsychotics have a stronger affinity to bind to dopaminergic receptors and ability, at a dose which
is effective within the licensed dosage range, to induce extrapyramidal symptoms, for example,
dystonia, pseudo-parkinsonism (tremor and/or rigidity), akathisia (restlessness), and tardive
dyskinesia (abnormal movements)®. Furthermore, atypical antipsychotics tend to have a higher
affinity for serotoninergic receptors®. Antipsychotics may also be called first generation
antipsychotics (FGA) and second-generation antipsychotics (SGA) based on the time of introduction
into clinical practice, rather than on pharmacological activity or side effect profile3°.

Antipsychotics act primarily through dopamine receptor antagonism, inhibiting neurotransmission at
the dopamine receptors (D2 receptors) in the brain, which is particularly useful for the management
of positive symptoms, referred to as positive because they add on symptoms, such as hallucinations
and delusions. They also block adrenergic, muscarinic and histamine receptors, causing a wide range
of side effects*®. Each antipsychotic has a unique set of side effects that can affect people differently®..
However, FGAs (which usually include the typical antipsychotics) such as haloperidol and sulpiride are
more likely to cause extrapyramidal motor side-effects and hyperprolactinemia. Whereas SGAs (the
atypical antipsychotics), such as amisulpride, paliperidone, and risperidone are less likely to cause
these side effects. SGAs, such as aripiprazole, are more likely to cause significant weight gain
(cardiometabolic symptoms) and sedation3,

Olanzapine is a SGA that is used in the management of schizophrenia, bipolar disorder and depression.
Its mechanism of action, illustrated in figure 1, represents the mode of action of most SGAs*?. Patients
are likely to be prescribed these medicines on a long-term basis, and their side effects will likely affect
the patients’ cardiometabolic parameters, cognition, adherence and quality of life. Given that there is
variability in efficacy (improving positive and even negative symptoms) and side effects (mainly
cardiometabolic and neurological such as tardive dyskinesia) amongst individual antipsychotics, it is
important to carefully consider the side effect profile of antipsychotic medicines to maintain a
favourable risk benefit ratio3%3943,

Antidepressants affect the availability/ function of monoamine neurotransmitters (e.g. serotonin,
noradrenaline and dopamine), by inhibiting the reuptake of those neurotransmitters (e.g., selective
serotonin + noradrenaline and tricyclic antidepressants [TCAs]); exerting agonistic effects on post-
synaptic receptors (e.g. vortioxetine) and blocking a2-adrenoceptors to enhance noradrenaline
release (e.g., mirtazapine). Table 1 summarises the mode of action of many of the antidepressants on
the market in the UK**>4¢_Similar to antipsychotics, antidepressants can also cause a range of adverse
drug reactions including prolongation of the QT interval, hypertension, bleeding (due to inhibition of
platelet aggregation), gastrointestinal side effects and dry mouth®’.
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affinity binding for serotonin (SHT3) and muscarinic Mi1—s receptors. The therapeutic effects are likely
mediated through antagonism at dopamine and SHT2a receptors with antagonism at other receptors
resulting in side effects, especially the muscarinic Mz receptor that has been implicated in the increased

risk of diabetes,

Figure 1. Mechanism of action of olanzapine?*?

Table 1. A summary of the main classes of antidepressants and their mode of action
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Class Mode of action Examples Example side
effects
Nausea, vomiting,
. Citalopram, insomnia,
Selective - . . .
. Inhibit the reuptake of serotonin fluoxetine, drowsiness,
serotonin . - e .
increasing its availability in the fluvoxamine, headaches,
reuptake .
paroxetine, Sexual

dysfunction, and
agitation etc...

Selective
noradrenaline
reuptake
inhibitors
(SNaRl)

Inhibit the reuptake of noradrenaline
increasing its availability in the
synapse

Reboxetine

Accommodative
disorder;
akathisia; anxiety;
appetite
decreased;
dizziness; dry
mouth;
headache;
hypotension;
insomnia; sexual
dysfunction;
tachycardia; taste
altered; urinary
tract infection;
etc...
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dizziness;
drowsiness; dry
mouth; fatigue;
headache (on
discontinuation);
myalgia; nausea;
oedema; postural
hypotension;
sleep disorders;
tremor; vomiting;
weight increased
etc...

Serotonin 5-HT,
receptor
antagonists

Inhibit serotonin receptors preventing
serotonin reuptake. Note that
trazodone is also thought to be an
SSRI.

Trazodone

Aggression;
agranulocytosis;
alertness
decreased;
anaemia; anxiety;
aphasia; appetite
abnormal;
arrhythmias;
arthralgia;
asthenia; blood
disorder; chest
pain; confusion;
constipation;

delirium etc...
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disorder;
vomiting etc...

Dopamine and
noradrenaline
reuptake
inhibitors

Inhibit the reuptake of dopamine and
noradrenaline increasing their
availability in the synapse

Bupropion

Abdominal pain;
anxiety;
concentration
impaired;
constipation;
dizziness; dry
mouth; fever;
gastrointestinal
disorder;
headache;
hyperhidrosis;
hypersensitivity;
insomnia etc...

5-HT1a
serotonin
receptor
agonists

Activate presynaptic serotonin
receptors to stop serotonin release.
Over time, this causes desensitisation
of these receptors which eventually

causes them to be hyper-excitable
and release more serotonin.

Buspirone

Abdominal pain;
anger; anxiety;
chest pain; cold
sweat;
concentration
impaired;
confusion;
constipation;
depression;
diarrhoea;
dizziness;
drowsiness; dry
mouth; fatigue;
headache etc...

Benzodiazepine
receptor
agonists

They bind to the GABA receptor

(gamma-aminobutyric acid).
Activation of the receptor increases
the influx of chloride ions which
reduces the excitability of neurons in
the central nervous system.

Alprazolam

Alertness
decreased;
anxiety; ataxia
confusion
depression;
dizziness;
drowsiness;
dysarthria;
fatigue;
headache;
hypotension;
mood altered;
muscle weakness;

nausea;

respiratory
depression; sleep
disorders;
tremor; vision
disorders;
withdrawal
syndrome etc...




The limited efficacy and adverse effects of antidepressants and antipsychotics

Many patients may not respond to antipsychotic and antidepressant medication. It is thought that the
prevalence of treatment resistance in psychiatric disorders ranges from 20-60%", due to the varying
definition of treatment resistance used across studies. Reasons for treatment resistance are complex
and often unclear. However, PGx testing-guided prescribing may improve treatment response and
outcomes in those patients®. Treatment resistant schizophrenia can occur in up to 34% of patients,
whose symptoms persist despite a trial of 2 or more antipsychotic medicines at an adequate dose, for
an adequate treatment duration, and with confirmed adherence®®°!. Various theories have been
suggested to explain treatment resistance; one relates to the use of antipsychotics, and attributes
resistance to the changes in dopaminergic pathways, as a result of exposure to dopamine antagonists.
Blocking dopamine receptors (D2) for a prolonged period increases the density of dopamine receptors.
This then forces clinicians to increase antipsychotic medication to control the symptoms. Increasing
the dose/ medication will further increase the density of dopamine receptors, leading to increased
dopamine super-sensitivity and the re-emergence of positive symptoms®°. It is also thought that
treatment resistance is caused by changes in glutamate and serotonin transmission. However, the
mechanisms involved are less clear®®.

Treatment resistance has also been reported in patients with major depressive disorder, where only
42-53% of patients respond to antidepressants®2. This is thought to be due to a complex interplay of
factors including P-glycoproteins (P-gp) in the blood brain barrier limiting the movement of drugs to
the brain, structural brain changes, altered levels of neurotransmitters (e.g. serotonin and glutamate)
and subsequent changes in their signalling pathways>>>*. Noteworthy, although research interest in
treatment resistance is growing, it remains scarce, and hampered by the lack of consensus on
definitions of treatment resistance, poor understanding of underlying mechanisms of resistance and
the lack of effective interventions to manage it*.

Pharmacokinetics and adverse drug reactions

Another factor that may limit the efficacy of antipsychotics and antidepressants relates to the
pharmacokinetics of these medicines; the most relevant being their metabolism by the cytochrome
P450 (CYP) isoenzymes. Most antipsychotics are metabolised by CYP1A2, CYP2C9, CYP2C19, CYP2D6
and CYP3A4 isoenzymes>®. Variation in coding of the genes for these isoenzymes can result in altered
enzyme activity (i.e., their ability to metabolise drugs), which can impact the level of drug exposure
and their therapeutic effect®®.

Around 40% of antipsychotics involve the CYP2D6 isoenzyme in their metabolism, including
aripiprazole, risperidone, and haloperidol*”*®, Depending on the genetic variation of the CYP
isoenzymes people carry, they can be:

e Poor metabolisers (PM);

e Intermediate metabolisers (IM);
e Normal metabolisers (NM);

e Ultra-rapid metabolisers (UM)®.

Metaboliser status is CYP isoenzyme specific. The PM and IM tend to have higher drug levels and are
more likely to experience the drugs’ side effects, compared to NM and UM, meaning the lower /
slower the ability to metabolise drugs, the higher the drugs levels are in the body, increasing the risk
of side effects/ toxicity®®. Note that is this is relevant to active drugs as opposed to pro-drugs. A



prodrug is a pharmacologically inactive drug that gets converted to an active drug through a chemical
or enzymatic process®.

Depending on the CYP2D6 genetic variant patients carry>>®., side effects of antipsychotics include:
treatment resistance (the term resistance here was used to suggest increased switching from
risperidone to another antipsychotic when administrated to CYP2D6 poor or ultrarapid metabolisers),
hyperprolactinaemia, and increased length of hospital stay, with PM and UM staying longer in
hospital®®. The CYP2C19 genetic variants have been implicated in increased sedation with quetiapine
and a higher risk of metabolic syndrome with clozapine®.

The CYP2D6 and CYP2C19 enzymes are major metabolisers of most antidepressants. A meta-analysis
of probability estimates by Koopmans et al. suggests that 36% of the population globally are likely to
possess a CYP2D6 genetic variant, and that around 62% possess a CYP2C19 variant®?; these variants
can lead to non-normal metabolism. A study by Ricardo-Silgado et al. concluded that CYP2C19 poor
and intermediate metabolisers put on significantly more weight while taking citalopram compared to
normal and rapid metabolisers®®. Furthermore, CYP2B6 polymorphism (particularly CYP2B6*6) is
suggested to affect the antidepressant and smoking cessation effects of bupropion, a noradrenaline
and dopamine reuptake inhibitor®.

The limited efficacy of antidepressants and antipsychotics in many patients, coupled with the burden
of adverse drug reactions and the relapsing-remitting nature of mental illnesses account for high rates
of non-adherence to treatment, which have a subsequent impact on outcomes for these patients®.
Pharmacogenomics has the potential to improve the safety and outcomes of antipsychotics and
antidepressants through optimising drug choice and dosage to suit the patient’s variants>®,
Guidelines and prescribing support tools (such as the Canadian tool Sequence2Script®’) are being
developed to integrate and/ or streamline PGx testing, results and prescribing decisions to improve
the therapeutic and safety outcomes of medicines. In Canada, clinicians can enter the patient’s genetic
information and their current medication onto the Sequence2Script® online tool, which will then
generate a report highlighting suitable medication and recommended dosing based on the patient’s
genetic information®®,

Approaches to pharmacogenomic testing and improved treatment outcomes

It is estimated that around 95% of the general population carry at least one actionable
pharmacogenomic variant® (i.e. a variant for which there is sufficient clinical evidence to support dose
adjustment or alternative therapy). The chances of an individual being prescribed a drug affected by
a pharmacogenomic variant are fairly high; a longitudinal study of primary care patients reported that
around 60% of patients were prescribed > 2 drugs affected by a pharmacogenomic variant over a 20-
year period”.

Pharmacogenomic variation can be tested for single or multiple genes, either reactively, by testing at
the point of prescribing a specific drug, or pre-emptively, where results are held on the patient’s
medical record to guide future prescribing decisions’>”2. It is important to note that most approaches
to pharmacogenomic testing interrogate the most common variants only, and the patient may still
carry a rare variant with implications for drug metabolism’® despite a ‘negative’ pharmacogenomic
test result. Furthermore, the pharmacogenomic results should always be considered in the context
of a patient’s medical history and co-morbidities’. Other factors, such as the effect of drug
interactions and epigenetics remain important considerations’>’®,



Pre-emptive screening using a panel to detect variants across several genes for the most common
pharmacogenomic variants, has the potential to reduce the risk of delay to commencing personalised
treatment and may provide a cost-effective, efficient alternative to reactive testing of single gene
variants each time a relevant drug is initiated’””’#7°, However, the success of this approach relies on
clinicians’ awareness of test results and the integration of healthcare records to allow healthcare
professionals’ access to a patient’s results across all healthcare settings.

Variants in CYP2D6 and CYP2C19 in particular, can affect the metabolism of a number of
antidepressants and pre-emptive screening for variants in multiple genes in patients with depression
has shown promise®*8!, The GUIDED study randomised 1167 patients with major depressive disorder
who had inadequately responded to prior treatment, to either receive standard care or
pharmacogenomic testing to guide medication selection®. For patients in the pharmacogenomic
testing arm, genetic variants were screened across 8 genes (CYP1A2, CYP2C9, CYP2C19, CYP3A4,
CYP2B6, CYP2D6, HTR2A, SLC6A4). Whilst pharmacogenomic testing did not improve mean depression
symptom scores (primary outcome), a significant improvement was demonstrated in response and
remission rates at 8 weeks®2.

The recent PRIME clinical trial randomised 1944 patients with major depressive disorder to receive
either standard care or pre-emptive pharmacogenomic testing®. The study considered variation in
CYP1A, CYP2B6, CYP2C19, CYP2(C9, CYP3A4, CYP2D6, UGT1A4, SLC6A4 and HTR2A in relation to
antidepressants. Pre-emptive testing was shown to reduce the prescription of medicines with
predicted drug-gene interactions compared to standard care, but produced small and non-persistent
benefits in symptom remission®,

A 2021 Canadian health technology appraisal utilised systematic literature reviews of clinical and cost
effectiveness, coupled with patient and carer narratives to evaluate multi-gene testing and decision
support tools in major depression®. Fourteen studies were considered, totalling 3497 patients,
including 10 primary studies and 4 post-hoc analyses. The review concluded that effectiveness varied
markedly between different gene panels, ranging from showing no difference in depression scores
compared to standard treatment, to eliciting remission. The impact on adverse effects was
determined to be uncertain. The overall evidence for multi-gene panel testing in major depression
was determined as uncertain with low to very low confidence that the observed effects represented
true effects®®. The appraisal also reported that patients with major depression and their caregivers
generally supported multi-gene pharmacogenomic testing, but some voiced concerns regarding
confidentiality and of the possibility that pharmacogenomic guidance may replace patient-centred
care®. As some trials to date have been underpowered or considered heterogenous interventions, it
is hoped that larger prospective, randomised, controlled clinical trials will address these deficiencies,
in addition to providing more comprehensive health economic data®.

The Implementing Genomics in Practice (IGNITE) network is undertaking a randomised trial of pre-
emptive testing in patients with depression®. Patients will receive pre-emptive CYP2D6 and CYP2C19
testing, combined with clinical decision support, versus standard care followed by delayed
pharmacogenomic testing at 3 months. The study aims to assess if genotype-guided antidepressant
therapy results in improved control of depression assessed via patient reported outcome tools. Given
that patients remain at the centre of suffering from depressive illness, it is key that their perception
of the burden of depressive illness is assessed?®”. Effects on adverse effect burden and medication
adherence will also be investigated®®.

Pharmacogenomic studies have investigated the link between genetic variants and clozapine induced
agranulocytosis (i.e. severely lowered white blood cell count). The ability to detect which patients are
at lower risk of developing clozapine induced agranulocytosis, by the absence of specific genetic



variants, may allow a reduction in haematological monitoring®. However, the complex aetiology of
clozapine induced agranulocytosis and likely implication of variants of multiple genes, including HLA-
DQB1, HLA-B and SLCO1B3/SLCO1B7 have created challenges in producing a pharmacogenomic test
with appropriate sensitivity, specificity and adequate negative and positive predictive value®. A
recent systematic review and meta-analysis also found that individuals with the HLA-DRB1*04:02
genetic variant had a nearly six-fold increase of developing clozapine induced agranulocytosis®.
Although authors note the relatively poor positive predictive value (versus a strong negative predictive
value), the two studies of the HLA-DRB1*04:02 variant included in the meta-analysis comprised
relatively low patient numbers and considered only non-Jewish German and Ashkenazi Jewish
populations. The authors emphasise that further work is necessary to determine the clinical utility of
testing in wider ancestral populations, given that the frequency and predictive value for
agranulocytosis for the HLA-DRB1*04:02 variant may differ in patients of other ancestries®. A role for
genomic testing for benign ethnic neutropenia has also been evaluated®. This would identify patients
with neutropenia unrelated to clozapine, for whom monitoring parameters may be amended with the
aim of reducing treatment interruptions®.

A possible link between pharmacogenomic variants and an increased risk of tardive dyskinesia in
patients prescribed antipsychotics, has also been the subject of substantial research, with conflicting
conclusions that again, may not be applicable across different ancestries®>29394% A meta-analysis
of patients categorised as CYP2D6 poor metabolisers, demonstrated an increased risk of tardive
dyskinesia that failed to reach statistical significance®. Whilst a further meta-analysis found no
significant association overall with CYP2D6 or CYP1A2 variants in either Asians or Europeans, when
analysis was confined to prospective studies only, a statistically significant link was found for CYP2D6°°.
A study in 516 American patients with severe mental iliness highlighted links between variants in the
DRD3 gene, which codes for a subtype of dopamine receptor and severe tardive dyskinesia and the
deletion of the GSTM1 gene and tardive dyskinesia®. A recent large genome-wide association study
of more than 1400 participants discovered possible associations for variants in TNFRSF1B and
CALCOCO1, that authors advise further investigation is warranted®. As TNFRSF1B is a member of the
tumour necrosis factor receptor superfamily, this may implicate inflammatory processes in the
pathogenesis of tardive dyskinesia and the authors also note that CALCOCO1 may play a role in
regulating the activity of CYP P450 isoenzymes®®.

Pre-publication results of the Pre-emptive Pharmacogenomic Testing for Preventing Adverse Drug
Reactions (PREPARE) clinical trial’*®” demonstrate an impressive benefit for pre-emptive
pharmacogenomic testing in reducing adverse drug reactions across a range of prescribed medicines,
including antidepressants and antipsychotics. This is the first randomised, prospective, international
multi-centre trial of pre-emptive testing in Europe. It randomised nearly 7000 patients to standard of
care or pre-emptive testing followed by dose adjustment or alternative treatment. Variants across 13
genes relating to more than 40 drugs, including SSRIs, TCAs and antipsychotics were considered. Pre-
publication results indicate that adverse drug reactions were reduced by 30% by pre-emptive
pharmacogenomic testing®’.

Pharmacogenomic dosing guidelines for antidepressants and antipsychotics

For the successful implementation of pharmacogenomics in mental health management, clear clinical
guidelines are necessary to translate genomic laboratory test results into actionable prescribing
advice.

Pharmacogenomic dosing guidelines have been produced by a range of European and international
expert groups, including the Dutch Pharmacogenetics Working Group (DPWG)®, the French National



Network (Réseau) of Pharmacogenetics (RNPGx)®, the Canadian Pharmacogenomics Network for
Drug Safety (CPNDS)'® and the Clinical Pharmacogenetics Implementation Consortium (CPIC)0%102,
The Pharmacogenomics Knowledgebase (PharmGKB) summarises and grades evidence for drug-gene
pairs and signposts to dosing guidance and drug label annotations?®.

international
101

CPIC is an group, mainly consisting of volunteers, that aims to facilitate
pharmacogenomics use'®. CPIC creates and curates peer-reviewed, evidence-based clinical practice
guidelines for drug-gene combinations, focusing on providing information where genotype is known
as opposed to advising if or when genotyping should be undertaken. The guidelines translate
genotypes detailing the presence or absence of relevant genomic variants, into phenotypes or
metaboliser status for which dosing guidance is then provided. This is demonstrated in Figure 2, using
citalopram as an example of an antidepressant potentially affected by variants of CYP2C189.

b-i- -8 -

Patient undergoes
PRMTMACOQENOMIC testing
prior 10 starting ctalopram

CPIC gui classes patient as
‘poor metaboliser’ (2-15% of
popudation). CPIC advises thata
reduction of 50% should be
considered for citalopram starting
Patient has a variant in dose or an alternative treatment
the CYP2C19 gene prescribed that is not metabolised by
Cousing loss of cyp2c19.

function l

|

o

Figure 2. Example application of CPIC pharmacogenomic guidance for a patient with CYP2C19
variants prescribed citalopram?®.

Prescriber considers
PRTIACOENOMIC dosing
recommendations
slongside other patient
factors

Patient prescribed
petscnalised
antidepressant treatment
tailored 10 their
pharmacogencmic peofile

There are currently CPIC pharmacogenomic guidelines supported by level A evidence for TCAs and
SSRIs®®1 detailed in Table 2. Further CPIC guidelines are either planned or in development for
antipsychotics and further classes of antidepressants. In areas where evidence is weaker, guidance
may be conflicting, and the phenotype or metaboliser status may be updated as new evidence
emerges. In addition to clinical guidelines, pharmacogenomic annotations are being incorporated into
licensing information by several international bodies including the US Food and Drug
Administration'®, the European Medicines Agency'®, and Health Canadal®, which may support
clinical implementation.

Drug name/class Gene(s) Level of Stage of Comments
evidence* | guidance
Tricyclic antidepressants CYP2D6 A Published ABCB1 will
be evaluated
(TCAs) CYP2C19 .
in next
update
Selective serotonin reuptake CYP2D6 A Published Update in
inhibi rogress
inhibitors (SSRIs) CYP2C19 prog
Antipsychotics CYP2D6 B Planned




Serotonin & noradrenaline CYP2D6 In progress Evidence
reuptake inhibitors, level subject
. . Cyp2C19
noradrenergic and specific to change
serotonergic antidepressants with final
guidance

*Level of evidence determined by CPIC consortium; further details are available from cpicpgx.org

Table 2. Summary of CPIC pharmacogenomics guidelines for antidepressants and antipsychotics®%!

Pharmacogenomics and the NHS

Currently, within the NHS, widespread pharmacogenomic (PGx) testing is not embedded into routine
practice, except for DPYD testing for the gene encoding the dihydropyrimidine dehydrogenase enzyme
prior to fluoropyrimidine chemotherapy?®” and HLA-B screening for abacavir. It is envisaged that PGx
testing will become part of mainstream care in the future’%1% 19 ith a recent report on personalised
prescribing from the Royal College of Physicians and the British Pharmacological Society joint working
party, acknowledging that this is likely to be an iterative process®,.

Both TCAs and selective serotonin re-uptake inhibitors (SSRIs), are included in the PROGRESS project,
a pharmacogenomics pilot project in primary care supported by the NHS Genomic Medicine Service'°,
The PROGRESS project aims to assess the feasibility of embedding pharmacogenomic testing in
primacy care and to generate health economic data for use within the NHS setting. As outlined in the
recent NHS England Genomics Strategy, data from this, and other pilot projects, will inform wider
pharmacogenomics implementation in England’?.

Barriers to the widespread use of pharmacogenomics within mental health

There are no international examples of the implementation of PGx testing in countries with publicly
funded healthcare systems yet and evidence of cost-effectiveness is lacking'®®. However, by reviewing
the challenges faced in other countries, potential barriers and challenges to implementation in mental
health can be surmised.

A recent review by Jameson et al. identified several themes as potential barriers to implementing PGx
in mental health®. These include financial costs, lack of knowledge about PGx and the likely
challenging integration of PGx into existing workflows and are further explained in the following
section.

Cost effectiveness of PGx testing in mental health

A systematic review of various cost effectiveness studies highlighted that the most common mental
health conditions in economic evaluation studies of PGx were schizophrenia and major depressive
disorder!!!, Overall, although the cost-effectiveness of PGx testing appeared positive, these studies
varied in design and effectiveness measures, making like for like comparisons challenging®!.
Furthermore, a qualitative study in primary care identified concerns regarding the cost-effectiveness
of PGx testing, and the need to make informed commissioning decisions based on cost effectiveness
(i.e. whether PGx is good value for money), financial costs (i.e. extra costs associated with a new
venture), and opportunity costs (missing out on the benefits of choosing one option over another)*2,

Results from a meta-analysis and systematic review of PGx guided therapy in depressive symptom



remission® indicated that PGx testing did provide a modest yet significantly favourable effect on
improving symptoms. When considering the loss of productivity associated with poor symptoms’
control, along with the increased utilisation of healthcare resources, and the costs of managing
adverse drug reactions, there are likely to be cost savings across the board!®3.

A more recent systematic review of the cost-effectiveness of PGx testing with CPIC guidance indicated
that 71% of studies evaluated were determined to be cost effective or cost saving'*“. It is important
to acknowledge that most of the literature available for PGx testing in mental health is largely based
on information from the United States. One of the key differences, apart from treatment options and
guidelines in some cases, between the UK and the United States, is that the UK has a publicly funded
healthcare systems, thus direct transferability of health economic findings may not be applicable.

Ongoing or recently completed research studies will assess the clinical outcomes both in terms of
treatment efficacy and adverse effects experienced by patients who received PGx guided mental
health prescribing compared to standard care’**®, This forthcoming data, for example, from the
PREemptive Pharmacogenomic Testing for Preventing Adverse Drug REactions(PREPARE) trial, which
includes pharmacogenomic testing for antidepressants, antipsychotics and psychostimulant, will be
valuable in determining the implementation strategy of PGx testing in psychiatry within the NHS in
the UK (NCT03093818).

Workforce and workflow

Once PGx testing is integrated into workflows and undertaken, the sample will need to be processed
by NHS approved laboratories, followed by results’ analysis and interpretation into a therapeutically
meaningful recommendation. This data would need to be stored securely and relayed to the
healthcare professional for further action. The results/ recommendations should be underpinned by
dosing guidelines and be accessible to clinicians, who would make informed prescribing decisions
whilst also considering other patient and clinical factors. For mental health conditions, informed
consent could be complex, on occasions, due to the patients’ symptoms. Furthermore, the PGx test
results could open the door for further ethical considerations especially if the findings are relevant to
family members!®. It is important to note that PGx findings for mental health conditions are highly
likely to be relevant for other conditions/ disciplines as well e.g., the CYP2D6 gene codes for the
enzyme that metabolises medicines other than those used for mental health conditions such as
diabetes, cancer, cardiovascular medicine etc... Therefore, PGx will need to be implemented in a
“cross-pathway” manner to avoid duplication of efforts and costs and enhance the utility of findings!’.

For this cross-pathway approach to work, pharmacogenomic test results should be accessible across
different care interfaces, and especially so within mental health. Typically, depending on the
condition and treatment required, prescribing may sometimes be initiated by a consultant psychiatrist
in secondary care and then transferred to a primary care prescriber via a shared care pathway.
Therefore, the patient’s information needs to be visible systemwide, to a range of healthcare
professionals in both primary and secondary care, who are adequately trained to interpret results
against dosing guidance and relay results to the patient. The added challenge in mental health is
that treatment usually involves multi-professional healthcare involvement, across a variety of settings,
usually each using their own IT system. Furthermore, mental health bed shortages result in patients
being possibly sent hundreds of miles away for treatment (out of area placement) and may be placed
in private hospitals, exacerbating the issue of accessible healthcare records®®. Currently, electronic
healthcare systems are not adequately integrated, and laboratory capacity, bioinformatic analysis and
the education and training of the NHS workforce still requires substantial improvement®.



Validated PGx gene panels, diversity and patient concerns

Different populations exhibit differences in pharmacokinetics and pharmacodynamics and specific
drug-gene pairs still need to be validated for use in mental health conditions; this data should be
representative of diverse populations. Commercially available and direct to consumer (DTC) testing
kits, which may offer pharmacogenomic testing to drug metabolism (e.g., antidepressants), or pre-
disposition to mental health conditions (e.g., anxiety), may not be explicit in which variants are tested
for and may not be applicable or appropriate for different population groups®. The DTC test panels
may include genes where there is insufficient evidence to guide psychiatric prescribing e.g., DRD2 and
CYP1A2'°, Additionally, in mental health prescribing, the most relevant genes, as discussed earlier,
include CYP2D6, CYP2C19, CYP2(C9, however, even when the same genes appear on a testing panel,
there could be substantial variation in the number of sequence variations, or alleles, assayed within
those genes!®. Thus, where possible, standardised evidence-based panels should be utilised
instead!?!.

Genomic studies have predominantly enrolled patients of European descent!??, and this could
influence clinical interpretation'®. Within the UK Biobank 500 000 Genome Project, approximately
16% of data is from “non-white British” ancestry’®*. Efforts should be made to enhance recruitment
of diverse participants to provide information that is relevant to the diverse populations treated in
clinical settings.

Many populations are under-represented in clinical and genetic studies, therefore, patients from
these under-represented populations may worry that the treatment options offered may not
demonstrate the same effectiveness as in the studied population/ genotype!?> 126127 |t js possible that
in the future new treatments will be reserved for those with a particular genotype, in which a drug
demonstrates better effectiveness®.

Other patient concerns include how data could be used in the future and lead to employment, medical
treatment or health insurance discrimination due to potential preclusion on disclosure of predisposing
genetic conditions; storage of confidential information?%; and the use of technical medical language
that would prevent patients from understanding PGx**°. Although there are a number of resources
available for healthcare professionals, patient-facing resources that adequately address patients’
concerns remain lacking.

While it is important to note concerns, there is also widespread optimism and enthusiasm in the power
of PGx testing and its role in personalised medicine. There is acceptance, among patients and
clinicians, of PGx’s ability to reduce adverse drug reactions, improve precision prescribing, and
patients' outcomes. There is also hope that PGx testing will become part of routine practice, in both
primary and secondary care in the future®11% 130,131, 132,133

Lack of UK PGx evidence-based prescribing guidance

Whilst UK national dosing guidance is available for DPYD pharmacogenomic testing (oncology)*®*, this
is lacking in psychiatry. Currently, UK mental health guidelines do not include prescribing or treatment
recommendations based on PGx testing, thus, there is a lack of validated, pharmacogenomic-guided,
treatment algorithms in psychiatry3 131132133 However, recently, a guideline on the use of PGx in
psychiatric practice, for selection of appropriate antidepressant or antipsychotic dose according to
metaboliser status, based on DPWG and CPIC guidance, has been published*®; and could be considered
for adoption to UK practice. This a clinical guideline produced for prescribing psychotropic medicines,
based on current information from DPWG and CPIC, which summarizes the relevant literature and



provides general recommendations for psychotropic prescribing and specific recommendations for
specific psychotropic drug class, including CYP2C19 and CYP2D6 — the two most common genes in
drug-gene pairing in psychiatry®®.

Looking ahead

The future of pharmacogenomics’ implementation in the UK is promising. In October 2022, the UK
launched the first ever NHS genomics strategy” Accelerating genomic medicine in the NHS”. The
strategy envisages developing a pioneering service delivery model, over the next 5 years, where
genomics drives the prediction, prevention, diagnosis and management of diseases through precision
medicine’. Early this year, a pilot programme will take place in the Northwest of England where 5
general practices will be pharmacogenomic testing patients who are about to start a new statin,
certain antidepressants or proton pump inhibitors, or have a change of medicine, to ensure they are
prescribed the correct treatment option and reduce the risk of adverse drug reactions!°. If successful,
the service may become available nationally. The potential benefits of such offering to improving
patient safety and outcomes could not be overstated in the “Personalised prescribing: using
pharmacogenomics to improve patient outcomes” report by the Royal College of Physicians and
British Pharmacological Society!®®. Despite the optimism, the implementation of PGx testing within
the NHS will require a multidisciplinary approach and potentially span across multiple specialities. For
this, the road to normalising this offering is likely to be long and full of challenges®. Crucially, patients'
health care records must be integrated between the primary and secondary interface, where
pharmacogenomic information, alongside other information relevant to prescribing, is accessible to
clinicians across the care pathway through summary care records.

The Royal Pharmaceutical Society!® highlights the potential role of pharmacists within
pharmacogenomics, and its benefits to patients and multi-disciplinary teams working within the
NHS. One of the fundamentals of implementation, apart from the physical testing infrastructure, is
building capability and capacity within the pharmacy workforce. This can be achieved through
education and training of mental health pharmacists in genomic medicine to enhance their input into
clinical research, the development of infrastructure, health economics and governance of PGx testing
within mental health services.

Conclusions

The prevalence of mental illnesses is on the rise, and the costs associated with their care are straining
health budgets. The management of these conditions is long and complex, and if not optimised, can
exacerbate the burden of symptoms and adverse reactions associated with the treatments.
Pharmacogenomics offers the potential to identify risk factors associated with sub-optimal responses
to treatment, and even prevent severe and debilitating adverse drug reactions. Although the
implementation of pharmacogenomics for mental health is still in its infancy, there is potential for
significant benefits to patients in the future.
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