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Royal College of Physicians

The Royal College of Physicians (RCP) plays a leading
role in the delivery of high-quality patient care by
setting standards of medical practice and promoting
clinical excellence. The RCP provides physicians in over
30 medical specialties with education, training and
support throughout their careers. As an independent
charity representing more than 40,000 fellows and
members worldwide, the RCP advises and works with
government, patients, allied healthcare professionals
and the public to improve health and healthcare.

British Pharmacological
Society

The British Pharmacological Society (BPS) is a
collaborative, global community at the heart of
pharmacology. Founded in 1931, the BPS represents
more than 4,000 members from over 60 countries. As a
vibrant science that studies drug action, pharmacology
lies at the heart of biomedical science, linking together
chemistry, physiology and pathology. Pharmacologists,
both clinical and non-clinical, work closely with a wide
variety of other disciplines that make up modern
biomedical science, including but not limited to clinical
medicine, biochemistry, neuroscience, molecular and
cell biology, genetics, immunology and cancer biology.
Clinical pharmacology and therapeutics is a medical
specialty recognised by the RCP.
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Foreword

The NHS is under tremendous pressure: health inequalities are widening, waiting times
for hospital treatment are lengthening, access to primary care is becoming more
difficult, the stock of ill health in the population is increasing and we are at the limits
of affordability. The model of care that has evolved since the NHS was created in
1948 has to change. And by change, I do not mean another reorganisation — enough
deckchairs have been moved over the years for us to know that that is not the answer.

Part of the answer is
revealed in this hugely
important document.
In simple terms, our
understanding of
human biology has
been transformed

by the sequencing of
the human genome
and our new-found
knowledge of genetic
variation. We have always known that we were
different, now we know why. And we can use that
knowledge to predict illness, diagnose illness and to
treat illness on an individual, personalised basis. This will
revolutionise medicine and, combined with a digitally
driven population health approach, fundamentally
change the traditional model of care.

But it will not change the fundamental value on which
the NHS is based: equality. Genomic medicine, of
which pharmacogenomics is an integral part, must
be available to everyone. It must therefore be funded
centrally; it is too important to risk a postcode lottery.
It gives the NHS a chance to reduce health inequality
—we must not risk the reverse. Implementation of
pharmacogenomics into the NHS would be the first
example in the world of integration into a whole
healthcare system, again highlighting the leadership
of the UK in genomics.

I remember a time some 5 years ago when

Prof Munir Pirmohamed came to see me to talk
about the obscure, unknown and overlooked subject
of pharmacogenomics, a subject of which T and most
others knew little. No longer. It is now mainstream, it is
the future, it can now help us to deliver a new, modern
personalised healthcare system fit for 2022, not 1948.

Lord David Prior
Chair of NHS England

© Royal College of Physicians and British Pharmacological Society 2022



Executive summary

We dll vary in our responses to medicines. Some people respond very well, while others
may not respond at all, and some may develop side effects from their medicines. At
present, we cannot predict how an individual will respond to the first medicine they
are prescribed. This variability in response to medicines can be due to many factors,

including an individual’s genes.

There is increasing scientific evidence that natural
variation in particular genes influences how well a
medicine works for an individual, and whether they

will experience side effects. The study of this area is
called pharmacogenomics. Pharmacogenomic testing
can be used to discover which variants of genes an
individual carries, and whether they impact on the
response to medicines they are given. This information
can be used to guide the choice of medicine and dose,
increasing the likelihood that each person receives the
most effective medicine for them, at the best dose, the
first time they are treated.

Pharmacogenomic testing is already benefiting NHS
patients in some special cases. For example, in breast
cancer and colorectal cancer it is used to understand
whether someone can safely be prescribed the drug
5-fluorouracil. Implementing pharmacogenomic testing
in daily practice in the NHS has the potential to benefit
many more people and improve their care.

However, wider implementation of pharmacogenomic
testing in the NHS has been hampered by:

the need for more research to understand the
scientific evidence for testing

high costs of testing in the past

poor availability of tests outside specialist settings

the need to train healthcare professionals in recent
advances in pharmacogenomics

a lack of pharmacogenomic information in the tools
used on a daily basis by healthcare professionals,
such as electronic healthcare systems.

© Royal College of Physicians and British Pharmacological Society 2022

This guidance, produced by the Royal College of
Physicians (RCP) and the British Pharmacological
Society (BPS) joint working party, considers these
barriers as well as the opportunities provided by
increasing pharmacogenomic testing. It includes a

set of recommendations encompassing steps along
the pathway to embedding pharmacogenomics in

the NHS. It covers understanding the evidence for
each test, working with patients and the public to
understand their needs and communicate potential
benefits of testing, training healthcare professionals to
exploit advances in pharmacogenomics, working with
leaders to develop the NHS National Genomic Test
Directory and commission testing through the relevant
pathways in the four nations, and ensuring that testing
is implemented effectively in practice. It is vital that any
pharmacogenomics service is adequately funded in all
four UK nations, and equally available across NHS regions
within each devolved nation.

The ultimate goal is to make pharmacogenomicbased
prescribing a reality for all in the UK NHS. This will
empower healthcare professionals to deliver better,
more personalised care, and in turn improve outcomes
for patients and reduce costs to the NHS. Although

we focus on the UK, many of the issues discussed in
the report are also relevant to other global healthcare
systems, and learning from each other will be important
in optimising medicines use around the world.



Summary for patients

and the public

Introduction

People are living longer today than ever before. But
an ageing population means more and more of us
are likely to live with long-term health conditions
that require medication. This means the number of
medicines we are taking is increasing.

Many currently available medicines are ‘one size fits all’.
This means that people are prescribed a medicine for a
particular health problem at a set dose. But medicines
don’t always work in the same way for different people;
some people might respond very well to treatment,
some might not show any response at all, and for some
their medication may also give them unwanted side
effects. We cannot completely predict how someone
will respond to the medicine they are prescribed,

but there is now good evidence that their genetic
information — the information stored in their DNA —
plays a key part.

What is pharmacogenomics?

Everyone has different genetic information, stored

in the genes they inherited from their parents.
Pharmacogenomics is the study of how genes affect
a person’s response to drugs. It brings together the
science of drugs (pharmacology) and the study of
genes and their functions (genomics) to develop and
prescribe medications that are tailored to a person’s
genetic makeup.

Scientists have learned a great deal about how
inherited differences in your genes can affect your
body’s response to medications. Pharmacogenomic
testing can be used to discover which variants of genes
you carry, and how they are likely to influence the

way your body responds to medicines you might be
given. Because your genes hardly change throughout
your lifetime, a pharmacogenomic blood test needs
to be done once. The test results could then be used
throughout your life to guide the choice and the dose
of medicine, making it more likely that you receive the
most effective medicine for you the first time you are
treated, and with the fewest potential side effects (see
the graphic on page 10).

© Royal College of Physicians and British Pharmacological Society 2022

What do we know so far?

Using a person’s genetic makeup to guide treatment is
already a redlity for some. The UK is a world leader in
mapping individual genomes (all of a person’s genetic
information), and the expertise and technology needed
to roll out this approach to treatment more broadly is
already well established.

In fact, pharmacogenomic testing is already benefiting
NHS patients in some cases. For example, in breast

and colon cancer, pharmacogenomics is used to
understand whether a person can safely be prescribed
the chemotherapy drug 5-fluorouracil. Research has
also shown that there are genetic differences in the way
people respond to the painkiller codeine. Codeine works
better for some people than others, while in some it
can have more side effects, but we do not routinely test
before prescribing codeine.

Using pharmacogenomic testing more widely has the
potential to keep people healthier for longer, improving
their NHS care and outcomes. Unwanted side effects
from prescription drugs cost the NHS £530 million
annually in hospital admissions. Getting it right the first
time could help save the NHS money and resources.
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What is the problem?

Making pharmacogenomics available to everyone is
not straightforward. The tests are not widely available.
There has also been a lack of training, and there is
limited information on pharmacogenomics in the
online systems and tools used by prescribers every day,
which makes it difficult to roll out more broadly.

What are the next steps?

Together, the Royal College of Physicians and the
British Pharmacological Society joint working party
on pharmacogenomics have set out a plan to try to
overcome these barriers.

The report brings together what healthcare
professionals know about pharmacogenomics and
makes recommendations for how we can combine
research, education and resources to bring this
technology to clinics across the UK.

© Royal College of Physicians and British Pharmacological Society 2022

The recommendations include working with patients
and the public to understand their needs. They also
include communicating about the potential benefits
of testing, understanding the evidence for each test,
training healthcare professionals to make the most

of advances in pharmacogenomics, working with

NHS leaders to commission testing, and ensuring that
testing is implemented effectively and fairly in practice.
Clearly, any genomic data collected by the NHS as

part of clinical care must be securely stored and kept
confidential in line with the UK General Data Protection
Regulation (GDPR).

The ultimate goal is to make pharmacogenomic
prescribing a reality for everyone within the NHS. This
will empower healthcare professionals to deliver better,
more personalised, care.

10 @



Recommendations

Clinical implementation of pharmacogenomics
should occur in both primary and secondary
care settings, as well as in specialised centres
across the four nations in keeping with the Genome
UK commitment. This should be implemented in a
manner that reduces health inequalities, upholds the
principles of the NHS, and reflects the wide range

of drugs that have actionable pharmacogenomic
recommendations available. Implementation into
the NHS is likely to be a gradual and iterative process,
which should evolve, steer towards and converge
onto a comprehensive service incorporating all the
elements outlined in this report.

Mainstreaming pharmacogenomic services

in the NHS throughout the UK should be
commissioned and funded through the relevant
pathways in the four nations rather than locally
driven to avoid a postcode lottery of care and
thereby exacerbate inequalities. Services should
include standards for test turnaround times, flexibility
in the type of technology used depending on the
gene—drug pair, and standards for reporting, storing
and incorporating test results in the electronic
healthcare record. The UK'is also a leader in whole
genome sequencing, and the number of people who
have had their genomes sequenced is increasing all
the time. Pharmacogenomic information contained
within these genomes should not be forgotten, but
used in a manner that benefits patients.

Pharmacogenomic services will need to be

agile and able to work at pace to include newly
discovered gene—drug pairs into the NHS National
Genomic Test Directory, but also refine the list or
recommendations of existing gene—drug pairs based
on evidence generated.

© Royal College of Physicians and British Pharmacological Society 2022

The implementation of pharmacogenomics
should be accompanied by a comprehensive
education and training package aimed at all
sectors of healthcare to improve the skills of the
workforce and embed pharmacogenomics into
curricula for training the future workforce. This should
include the following:

An audit to establish a baseline of where
pharmacogenomics is present in pre-registration
standards and post-registration curricula, and a
gap analysis to identify the standards and curricula
missing this information.

The provision of a layered approach to learning
so that healthcare professionals can access ‘just-
in-time” information, short courses or formal
qualifications, depending on their professional
requirements and personal interests.

Support for clinicians should be provided as
pharmacogenomic testing is rolled out. This
should consist of:

strategic planning of service delivery models to
incorporate workforce planning from the outset
to ensure that there are enough healthcare
professionals to deliver the service. There should
be consideration around expanding and clearly
defining the roles of existing staff to incorporate
pharmacogenomics and medicines optimisation

a pharmacogenomics consult service should be
developed within each integrated care system

(ICS) led by a multidisciplinary team comprising
clinical pharmacologists, pharmacists and other
interested specialists, taking into account guidelines
and prescribing information. Given that most

of the prescribing occurs in primary care, it is
important that GPs and pharmacists are considered
an essential component of this multidisciplinary
pharmacogenomics service
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work towards developing clinical decision support
systems that can be used in all healthcare settings,
focused not only on pharmacogenomics, but

also on other advances in medicine (including

rare disease and tumour genomics, and artificial
intelligence), to develop an end-to-end solution

considering whether currently available resources
such as the British National Formulary (BNF) should
include information on pharmacogenomics.

Pharmacogenomic services should be subject to
continuous and iterative evaluation — this should
include audit and research, together with patient
input, to develop a learning health system which
allows continual improvement in the service offered
to maximise patient benefits.

© Royal College of Physicians and British Pharmacological Society 2022

Funding for pharmacogenomic research

should be made available, not only to identify
new gene—drug pairs, but also to refine existing
gene—drug pairs, assess the public health benefits of
pharmacogenomic implementation, and undertake
patient-related work to understand uptake,
acceptance, feedback, equity of access, ethical,

legal and social issues, and changing perceptions of
pharmacogenomics. Pharmaceutical and diagnostic
industries, together with the regulators, should

be involved in defining the research agenda, and
provide funding where appropriate.

Pharmacogenomics implementation should be
accompanied by clear lines of communication
with patient representative bodies, the public and
the media. In addition, patients and the public
should be actively involved in service design for the
NHS to ensure that the service is patient centred.

12 @



Introduction

With increasing life expectancy and more people living with multiple long-term
conditions, the use of medicines is growing. In England alone, the NHS dispensed well
over 1 billion prescription drugs in 2015, 50% more than in 2005!

There is significant variability in people’s responses to
these drugs, and harm can arise from both adverse
drug reactions (ADRs) and lack of efficacy. In addition
to causing adverse patient events, avoidable ADRs are
estimated to cost the NHS £530 million annually in
hospital admissions.?

There is now evidence that the potential for both ADRs
and lack of efficacy for many drugs can be predicted
by genetic variation in someone’s genetic profile. This
is also known as ‘polymorphism’, ie different genetic
sequences at the same locus. This genetic variability
can be related to both pharmacokinetic (how the body
processes the drug) and pharmacodynamic (how the
drug affects the body) properties. A pharmacogenomic
approach, where genetic variation informs choice

of drug and dose, can facilitate greater precision in
prescribing and an increasingly personalised approach
to drug therapy (Fig 1). It has the potential to improve
patient outcomes by increasing the efficacy of
medicines and decreasing ADRs. This is associated with
reducing the number of preventable health conditions
and deaths, as well as the costs to the NHS.

© Royal College of Physicians and British Pharmacological Society 2022

The UK is at the forefront of a genomic revolution,
having first undertaken the 100,000 Genomes Project,
which is now aiming to extend to 5 million genomes. In
England, the NHS Genomic Medicine Service (formed
in 2018) and NHS Genomic Medicine Service Alliances
(formed in 2020) aim to integrate research, education
and diagnostic resources to bring pharmacogenomics,
as a branch of personalised genomictargeted medicine,
to the bedside (Fig 2). Similar schemes are also present
in Scotland, Wales and Northern Ireland. Guided by the
National Genomic Test Directory, pharmacogenomics-
informed prescribing has the potential to be a daily
prescribing reality across the UK, and therefore
professional body leadership should issue guidance and
recommendations to support bedside integration by
clinicians.? To that end, this joint RCP/BPS working party
report looks at evidence presented by representatives
of a number of physician specialist societies as well

as representatives from other royal colleges and the
Royal Pharmaceutical Society. It aims to summarise the
current state and promise of pharmacogenomics within
the NHS in the UK and to highlight opportunities for
further development. Representatives were nominated
by their respective societies to give evidence on behalf
of their specialty body.
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Fig 1. Interindividual drug response
Clinically, it is clear that there is marked interindividual variability in the response to drugs that are taken, affecting their

efficacy and toxicity. This variation is largely attributable to four key factors: demographic, health, exogenous drug and food

interactions, and genomic variation.

National level

Linked priorities with medicines value programmes
NHSE/I and HEE Workforce Steering Group
National Genomics Pharmacy Advisory Group
International collaboration and horizon scanning

Regional level

NHS Genomic Medicine Service Alliances

Local level

A network of genomics champions

Fig 2. An example of how personalised medicine is being embedded in England
NHSE/I = NHS England and Improvement; HEE = Health Education England

© Royal College of Physicians and British Pharmacological Society 2022
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2

A brief background
to pharmacogenomics

Pharmacogenomics refers to the interface between drugs and genomics, using
a patient’s genetic information to improve therapeutic effect and decrease
inadvertent harm by giving a drug and dose that are optimal. It may also inform
more targeted therapeutic drug or clinical monitoring.

This is based on an understanding of how genetic
variants affect drug absorption, metabolism,
distribution and excretion (pharmacokinetics), as well
as drug targets such as receptors, enzymes and ion
channels (pharmacodynamics) (Fig 3). Cytochrome
P450 enzymes (CYPs) commonly impact drug
metabolism, and are coded by genes (sometimes called
pharmacogenes) that vary in the population (Fig 4).
Differential metabolism by such enzymes can lead to
diverse metaboliser phenotypes, ranging from ultra-
rapid (able to metabolise a drug at a much greater
rate than the population mean) to poor (complete lack
of metabolism or lower rate of metabolism than the
population mean) metabolisers.

Humans have a germline (nuclear) and a mitochondrial
genome present in most cells of the body. The

nuclear genome is transmitted from both parents
(germline DNA) and follows Mendelian inheritance,
while the mitochondrial genome is exclusively
maternally inherited. Sequence variations within

these genomes can affect the pharmacokinetics and
pharmacodynamics of drugs. The focus of this report

is on germline and mitochondrial DNA variation. It
does not cover somatic genetic mutations, which are
alterations that occur after conception or arise in a
clonal manner in a malignancy. In oncology, knowledge
of somatic gene driver mutations is now successfully
used in targeted therapies for cancer. Lastly, this report
also does not cover (a) conditions due to ultra-rare
genetic mutations that are amenable to bespoke
pharmacological intervention; and (b) techniques which
are used for drug discovery based on genomics data.

© Royal College of Physicians and British Pharmacological Society 2022

Pharmacogenomics is currently used for a small
number of drugs which span multiple specialties.

For example, human leukocyte antigen (HLA) testing
is mandated before starting abacavir to treat HIV
infection. Pharmacogenomic tests should also be used
before starting thiopurines and fluoropyrimidines,

as well as carbamazepine, particularly in people

of Asian descent. In most cases, genetic testing is
needed to identify genetic variation in an individual,
but phenotypic testing can be also used for some of
the genetic polymorphisms. For example, thiopurine
S-methyltransferase (TMPT) testing in the UK is
often phenotypic, measuring the enzyme activity in
the blood, rather than using genetic data to assess
metaboliser status. However, in some centres in the
USA, both genotype and phenotype are tested prior
to drug prescription.
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Abacavir - HLA-B*57:01

A 33-year-old man with bilateral pneumonia is found to be HIV positive
and agrees to commence antiretroviral therapy (ART). He undergoes genetic
testing, which shows that he does not carry the HLA allele HLA-B*57:01,

and is commenced on abacavir/lamivudine/dolutegravir, which he tolerates.

Abacavir is a nucleoside reverse transcriptase inhibitor (NRTI) that inhibits

HIV replication.

The HLA allele HLA-B*57:07 was found to be strongly associated with abacavir hypersensitivity syndrome
(AHS) in 2002,* and a pivotal randomised controlled trial demonstrated that immunologically confirmed
AHS could be completely eliminated by avoiding abacavir in patients with the HLA-B*57:01 allele.

Abacavir is thus contraindicated in patients who carry the HLA-B*57:017 allele® and so screening for
HLA-B*57:01 prior to prescribing abacavir has been part of routine clinical care in the NHS

and other healthcare systems for over a decade.

Prior to introducing pre-prescription HLA-B*57:01 testing, AHS occurred in approximately 5—7 %

of patients receiving abacavir.*’

Genetic testing for HLA-B*57:07 has been shown to be cost-effective® and to reduce the incidence of AHS

in real-world clinical practice ™

The abacavir—HLA-B*57:07 association is often considered as a paragon of

pharmacogenomics in clinical practice.

Specialties impacted by drugs affected by
pharmacogenomic variation span multiple disciplines,
including allergy and immunology, cardiology,
dermatology, endocrinology, gastroenterology,
infectious diseases, nephrology, neurology, oncology,
respiratory medicine and rheumatology. Cross-cutting
specialties such as clinical pharmacology, working in
collaboration with pharmacists, will be of the utmost
importance in the future to provide therapeutic
guidance across specialties. Pharmacogenomics is

also relevant to paediatrics, psychiatry, anaesthetics
and other specialties, and will impact in particular on
primary care services, which oversee the long-term care
of patients and undertake the majority of prescribing in
the NHS.

Establishing an evidentiary threshold to implement
further pharmacogenomicguided prescribing in
mainstream practice has not been straightforward,
but international consortia have now provided
brief guidance which supplements that provided
by regulatory agencies in the summary of product
characteristics (SmPC). The most widely recognised
consortia are the Clinical Pharmacogenetics
Implementation Consortium (CPIC) and the Dutch

© Royal College of Physicians and British Pharmacological Society 2022

Pharmacogenetics Working Group (DPWG)."""2
However, these guidelines often assume pre-existing
availability of genetic data (ie they don'’t provide testing
eligibility criteria). PharmGKB, a curated database,
compiles a comprehensive summary of data relating
to each gene—drug pair,”® and is a highly useful

source of information. If a pharmacogenetic test is
commissioned, it will need to have been included in
the National Genomic Test Directory, which will outline
eligibility, testing scope and actionability within the
whole of the UK NHS.

If a patient is tested for the purpose of
pharmacogenomics, questions sometimes remain
about the best approach (Table 1):

[s it best to pre-emptively check a panel of
pharmacogenes or only the variant of interest?

Should testing take place before prescribing, after
an adverse event occurs or where there is lack of
efficacy?

As whole exome or whole genome testing becomes
more widespread, how can we efficiently extract
pharmacogenomic information?
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Off-target

Type B ADRs

Fig 3. Pharmacokinetic and pharmacodynamic factors affecting drug response
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Fig 4. Cytochrome P450 pharmacogenetic variation leading to changes in enzyme activity and thereby
metaboliser status
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Table 1. Comparison of different pharmacogenomic testing approaches

(S Vo,

«

4 B

Testing
approach

PGx gene panel

Turnaround  3-7 days
time

Examples  Variant-targeted
SNP panels

(eg Sequenom)
or sequencing

(eg Nimagen)

Shortlist of drug
—gene pairs
scoped via PGx
working group

Simultaneous
testing of
multiple PGx
targets to
inform future
prescribing

Advantages

Cost-effective in
long term

Challenges High cost
Implementation
across all
healthcare
sectors

Requires linked
electronic
healthcare
records

Treatment
algorithms
may change as
PGx evidence
develops

Gene targeted

24-72 hours

Real-time PCR
testing for TPMT/
NUDT15 for
immunosuppressant

LAMP testing
for DPYD

Rapid
Targeted

Inexpensive

Multiplexing more
challenging

Gene targeted
point of care

<24 hours
(can be 30 mins)

m.1555A>G
variant with
aminoglycosides

Algorithm to guide
warfarin dosing

Rapid
Targeted

Technology
advances may
lower costs

Different pathway
—requires training
of clinical staff

Large gene panels
with secondary
PGx targets

7-14 days

DPYD testing added
to large cancer
panels

SLCO1B1 gene
testing for statins
added to FH panel

Cost-effective

Easily incorporated
into existing clinical
pathways

Limited applications
—may only be
relevant for a subset
of patients

Whole genome
sequencing

4—6 weeks

100K Genomes
Project return
of PGx results
(ongoing work)

Optimises use of
existing data

Requires
bioinformatics
pipeline and
interpretation

Implementation
issues for PGx
panel testing
apply

SNP = single nucleotide polymorphism; TPMT = thiopurine methyltransferase; NUDT 15 = nudix hydrolase 15; DPYD = dihydropyrimidine dehydrogenase;
LAMP = loop-mediated isothermal amplification; POCT = point of care testing; FH = familial hypercholesterolaemia
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3 Current clinical
implementation

3.1 The current situation in the NHS with the abacavir SmPC, which states that abacavir

. . N should not be used in patients carrying the HLA-B*57.01
Despite the growing awareness and recognition allele to avoid abacavir hypersensitivity syndrome.’s On
of the potential benefits of pharmacogenomics to the other hand, routine screening for the HLA-B*15:02
patients and healthcare providers through safer, more allele is not available on the NHS, despite the

efficacious and likely more cost-effective prescribing, carbamazepine SmPC recommending that individuals
widespread implementation of pharmacogenomics of Han Chinese or Thai ethnicity be screened for

into any healthcare system, including the NHS, has HLA-B*15:02 prior to initiating carbamazepine

not yet occurred. Nevertheless, testing for HLA-B*57.01  « hanever possible’’ These examples highlight the

before starting abacavir in patients with HIV became non-uniform manner in which pharmacogenomics has
routine in the NHS from 2005 This testing is in line been adopted by the NHS.

Carbamazepine - HLA

A 58-year-old woman of Han-Chinese descent goes to her GP with a
2-month history of paroxysms of severe, short-lasting stabbing pain around
her left cheek. She is diagnosed with trigeminal neuralgia and prescribed
carbamazepine. She tolerates carbamazepine well and her symptoms abate.
However, after taking carbamazepine for 2 weeks, she develops Stevens-Johnson
syndrome and ends up being hospitalised for 6 weeks.

Carbamazepine is indicated in some forms of epilepsy, bipolar affective disorder and trigeminal neuralgia.

Although generally tolerated, carbamazepine can rarely cause serious hypersensitivity reactions, including
Stevens—Johnson syndrome (SJS) and toxic epidermal necrolysis (TEN), which can be fatal.

HLA-B*15:02 is highly prevalent in Southeast Asia and has been strongly associated with carbamazepine-
induced SJS-TEN."

HLA-B*15:02 has also been linked to SIS-TEN in patients taking oxcarbazepine'® and phenytoin."®

Prospective testing for HLA-B*15:02 can significantly reduce carbamazepine SIS-TEN.2° However,
implementing HLA-B*15:02 screening into clinical practice requires clear prescribing recommendations
to aid appropriate selection of alternative drug therapy.?’

HLA-A*31:07 is more prevalent in Northern European populations' and is associated with a broader range
of carbamazepine-induced hypersensitivity reactions (including common maculopapular rash) than
HLA-B*15.02.%

Pharmacogenomics guidance has now been developed for carbamazepine based on both HLA-A*31.01
and HLA-B*15:02."

In the above case, it is highly likely that the patient is HLA-B*15:02 positive and genotyping could have
avoided this serious adverse reaction.
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3.2 Pharmacogenomic testing
in other countries

Internationally, particularly in the USA and European
countries, pharmacogenomic testing has been mainly
restricted to academic and other highly specialised
centres. The drivers have often been clinical researchers
championing pharmacogenomics, which in most
cases has been embedded within clinical research,
implementation science programmes and other quality
improvement initiatives.

One example is the pan-European Ubiquitous
Pharmacogenomics consortium, which implemented
real-world pharmacogenomic testing within a
prospective implementation research study,? testing
44 variants across a 12-gene panel relevant to 42 drugs
in approximately 7,000 patients.

Another is St Jude Children’s Research Hospital in the
USA, an early adopter site that began offering pre-
emptive pharmacogenomic testing in 2011. By 2019,
actionable results for 11 genes relevant to 35 drugs
had been implemented into the electronic healthcare
records (EHRs) for nearly 5,100 patients.>? St Jude enrols
patients onto its PG4KDS protocol, which uses a clinical
trial framework primarily to obtain informed consent
to both withhold results from the many interrogated
genes that are not currently deemed clinically
actionable, and to enable return of clinically relevant
unexpected findings (eg Klinefelter syndrome).*

Similarly, the PREDICT programme in Vanderbilt
University Medical Center was set up in 2010 to enable
pre-emptive pharmacogenomic testing, and over
10,000 patients were tested within its first 4 years.?®

It has gradually grown and now provides genotyping
and clinical decision support for 16 drugs and has
established a new genomics and therapeutics clinic.?®

These examples demonstrate international advances and
expertise in pharmacogenomics, but also the clustering of
efforts to highly specialised centres of excellence.

A further driver has been legal challenges, particularly
in the USA. This is explored separately in section 6.

3.3 Genomic research

The UK has been at the forefront of genomic research,
with accomplishments ranging from development of

© Royal College of Physicians and British Pharmacological Society 2022

sequencing technologies (eg Sanger sequencing) to
large-scale, big data population-based cohort studies (eg
UK Biobank). Of particular importance was the 100,000
Genomes Project, a pioneering national initiative to
expedite translation of genomics into the clinic. This
world-leading project was coordinated by Genomics
England, a company set up in 2012 and wholly owned
and funded by the Department of Health and Social
Care. The project recruited ¢.85,000 NHS patients from
Genomic Medicine Centres (GMCs) across England and
the devolved nations with a focus on rare disease and
cancer. It returned actionable genetic results to the NHS
healthcare teams caring for the patients. In the first-
pass analysis of patients generally recruited because
earlier panel gene tests were negative, actionable
findings were found in 20-25% of recruited patients
with arare disease, and further analyses are pending.
Findings in approximately 50% of cancer cases contain
the potential for a therapy or a clinical trial.” Genomics
England also began a pilot study in 2019 involving
analysis of whole-genome sequencing (WGS) data from
cancer patients to identify the four clinically relevant
DPYD variants that affect the safety of fluoropyrimidine
therapy. The results are then returned to the healthcare
teams in the NHS Genomic Medicine Centres so
treatment can be adjusted where necessary.?®

3.4 Genomic medicine services

Building on the success of the 100,000 Genomes Project,
NHS England launched the Genomic Medicine Service
(GMS) in October 2018 to further embed genomics into
the NHS (Fig 5). Prior to this, genomic testing facilities
across England were reconfigured into seven regional
genomic laboratory hubs (GLHSs) to consolidate and
enhance genomic testing capacity and capability.” The
GLHs provide a national testing network that underpin
the GMS as it strives to meet its commitment to the NHS
Long Term Plan to sequence 500,000 whole genomes
from patients as part of their routine NHS care by 2023—
24,3° Similar testing facilities have also been established
in Scotland, Wales and Northern Ireland (Fig 5). There is
a broader ambition of the UK government to sequence
five million genomes in 5 years, as outlined by the
secretary of state for health and social care in October
20183 The NHS currently offers whole-genome analysis
to seriously ill children with a suspected genetic disorder,
and to adult patients who have certain rare diseases or
difficult-to-treat cancers.”'
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In December 2020, seven GMS Alliances were launched
across England to further establish the infrastructure
embedding genomics into mainstream clinical care

and to accelerate delivery of precision medicine. The
GMS Alliances bring together multidisciplinary teams
including clinical, digital and operational expertise,

the GLHs at the core of the GMS, clinical genetic
services, primary and secondary healthcare provider
organisations, researchers and academia, and patients
and public representatives.®? The GMS Alliances operate
across the 42 integrated care systems (ICSs), which are
regional partnerships borne out of sustainability and
transformation partnerships (STPs) to improve regional
coordination of care and collaborative working practices
between community-based services and hospitals,
physical and mental health services, and between
health and social care.*®

Germline pharmacogenomic test results remain
constant across an individual’s lifespan. Thus, to
maximise the potential utility of pharmacogenomic
testing, pharmacogenomic test results need to be

Fluoropyrimidines - DPYD

A 68-year-old man goes to his GP with altered bowel habits and is
diagnosed with a left-sided colon adenocarcinoma. The oncologist undertakes
DPYD genetic screening which reveals the patient carries a reduced-function
DPYD genetic variant. He commences chemotherapy, which includes capecitabine
at a 50% reduced starting dose. He tolerates this reduced dose and it is cautiously
incremented to 75% of the standard dose over subsequent cycles.

appropriately embedded into the cross-boundary, cross-
disciplinary joined-up care mechanisms to enable test
results to be available to physicians, pharmacists and
other prescribers at the point of prescribing, irrespective
of the particular community or hospital setting. This
would go along way to achieving the government’s
objective: ‘To achieve, maintain and measure success
over the next 10 years we will have a clear evidence-
based position on whether and how pharmacogenomics
should be implemented in the health service at scale’ as
outlined in the Genome UK report

NHS England created a pharmacogenomics working
group (including representation from all four devolved
nations), which has undertaken initial work defining the
pharmacogenes and variants that should be included in
the National Genomic Test Directory, as well as developing
dlinical pharmacogenomics guidance tailored to the

UK NHS. An important milestone for implementing
pharmacogenomics into the NHS was reached in 2020
when the NHS commissioned genomic testing for the four
DPYD variants as a pre-treatment screening test prior to
administrating fluoropyrimidine-based therapies.®

Fluoropyrimidines are antimetabolite chemotherapy drugs indicated in gastrointestinal, breast and head
and neck cancer treatment. Fluoropyrimidines include parenterally administered 5-fluorouracil (5-FU) and
its oral inactive forms (prodrugs) capecitabine and tegafur.

Approximately 10-40% of patients who receive fluoropyrimidine therapy develop serious adverse
reactions (eg myelosuppression, diarrhoea),*® and fatal toxicity occurs in ~1% of patients.*’

Dihydropyrimidine dehydrogenase (DPD) is an enzyme that inactivates ~80% of 5-FU*® and is encoded by
the gene DPYD. DPD activity varies between individuals.

Genetic studies have so far established four DPYD genetic variants that encode DPD with reduced activity
and increase the risk of 5-FU-related serious adverse reactions.*

Prospective DPYD-genotype-guided fluoropyrimidine prescribing has been shown to reduce the risk of
fluoropyrimidine-related serious adverse reactions.°

NHS England and the relevant NHS organisations in Scotland, Wales and Northern Ireland commissioned
DPYD genomic testing in October/November 2020, making routine testing for the four variants available.”'

© Royal College of Physicians and British Pharmacological Society 2022

2@



Northern Ireland
Genomics Medicine Centre

NHS North West Genomic
Medicine Service Alliance

All Wales Medical
Genomics Service

NHS South West Genomic
Medicine Service Alliance

NHS Scotland Laboratory
Genetic Services

NHS North East and Yorkshire

Genomic Medicine Service Alliance

NHS East Genomic
Medicine Service Alliance

NHS North Thames
Genomic Medicine
Service Alliance

NHS South East Genomic
Medicine Service Alliance

Fig 5. NHS genomic medicine services in England (including genomic testing) are delivered via Genomic
Medicine Service Alliances, with similar genomic testing services present in Scotland, Northern Ireland

and Wales
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Education and training

Around 1.6 million people work for the NHS in the UK. Approximately half have
a clinical role, either patient-facing or in laboratories or other clinical services. The
working party agreed that all healthcare professionals (HCPs) should have an

awareness of pharmacogenomics.

There was, however, recognition that not all HCPs
will need the same level of competence. This means
that there will be different levels of knowledge and
skill needed by an HCP depending on their discipline,
specialism (and subspecialism) and if they are
prescribers or involved in other aspects of medicines
management.

Idedlly, pharmacogenomics will be integrated into
relevant clinical pathways, and it is likely to expand
beyond the existing pathways and specialisms that
currently use pharmacogenomic tests. This aligns
to patient preferences to have pharmacogenomics
integrated within their clinical plan“> and means
that pharmacogenomic education and training
requirements are not confined to one specialism or
professional group.

It is likely that, alongside an education and t