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English Medicines Landscape

1 million patients 
every 36 hours

1.1 billion 
community 

prescriptions

£20 billion 
annual cost

8000 hospital 
inpatients with ADRs

>£2.1 billion 
annual cost

237 million 
medication errors



Variability in Drug Response

Efficacy
90% of drugs only work in 30-50% of patients

Safety
6.5% of all hospital admissions are due 

to ADRs



Polypharmacy

• 15% of patients on 5 or more medicines, 7% on 
≥ 8

• Elderly, those with disabilities and minority 
ethnic backgrounds disproportionately affected



n ADRs accounted for 16.5% of hospital admissions
n Those with ADRs take more medicines and have more co-morbidities
n Mortality rate 0.34%
n Length of stay 6 days
n Cost to NHS England £2.21 billion per annum



Variability in Drug Response 

Age

Sex

Diseases

Renal function

Hepatic function

Drug interactions

Diet

Smoking
Alcohol

Genomics

Drug ResponsePregnancy Weight



Definition

Friedrich Vogel



Pharmacogenomic Variation

Country Number studied Proportion carrying at least one 

actionable genotype or diplotype

Reference

Australia 5408 95.9% J Neural Transm (Vienna) 126, 5-18 (2019)

Canada 98 96.9% NPJ Genom Med 2, 19 (2017)

Estonia 42092 99.8% Genet Med 21, 1345-1354 (2019)

Netherlands 498 99.4% Front Genet 10, 567 (2019)

Qatar 6045 99.5% NPJ Genom Med 7, 10 (2022)

UK 487,409 99.5% Clin Pharmacol Ther 109, 1528-1537 (2021)

UK 713 98.7% BMC Med 18, 367 (2020)

US 9,589 91.4% Clin Pharmacol Ther 95, 423-31 (2014)

US 1,013 99.0% J Mol Diagn 18, 438-445 (2016)



Polypharmacy Cohort (n=400)

Number

• Prospective cohort
• Admitted to hospital
• Followed up through EHR
• Unpublished preliminary 

data

Unpublished





Polypharmacy Cohort: Actionable PGx Drugs

Mean = 1.8±1.0
Median=2

Mean = 2.5±1.0
Median=2



Three Examples with Distinct Issues

Efficacy
• Clopidogrel

1
Dose
• Warfarin

2
Safety
• HLA alleles

3



Clopidogrel and CYP2C19

• Clopidogrel – pro-drug.  Requires activation by 
CYP2C19

• Recent RCT data in coronary artery disease
• But still not in major guidelines (including AHA 

and ESC)

• Greater acceptance by stroke physicians and 
this is now the main area for implementation 
in the UK

• Recent approval by NICE for stroke/TIA 
indication



CYP2C19 Polymorphism Data

n=360

CYP2C19 Metaboliser Phenotype

n=8

n=109

n=136

n=83

n=20
n=4

Actionable CYP2C19 Drug-gene pairs
Drug Patients receiving Drug-gene pairs (n)
Amitriptyline 44 15
Citalopram 31 19
Clomipromine 1 1
Clopidogrel 52 11
Escitalopram 2 2
Lansoprazole 141 51
Omeprazole 112 40
Pantoprazole 4 1
Sertraline 48 14

154

CYP2C19 Drug-gene pairs per patient 0 (66%)

1 (26%)

2 (6%) 3 (2%)



Cytochrome P450 2C19 (CYP2C19)

• 202 substrates listed on DrugBank
• Important substrates

• Clopidogrel
• Citalopram
• Voriconazole
• Omeprazole
• Phenytoin
• Proguanil



Unintended 
Consequence

s



fally liver disease

• Decrease in CYP2C19 mRNA in different NAFLD 
phenotypes

• Confirmed by meta-analysis in 16 studies
• Decrease by 43-58% in CYP2C19 mRNA
• Equivalent to an intermediate metaboliser
• NAFLD patients shown previously to have reduced 

effect to clopidogrel
• NAFLD often excluded from trials



Warfarin

CYP2C9

VKORC1 Total = 57.9%

Age: 11.2%
Height 3.56%
Weight: 5.98%
Interacting meds: 0.98%
Sum of interacting meds: 
2.2%
VKORC1: 25.61%
CYP2C9: 16.65%
CYP4F2: 0.49%

DISCOVERY ALGORITHM
(PRS)

CLNICAL UTILITY

IMPLEMENTATION



• Difficulties in changing clinician behaviour
• INR thought to be adequate
• EU-PACT vs COAG
• No recommendation in clinical guidelines
• Lack of availability of genotyping platforms
• Introduction of DOACs
• Pandemic hastening change in prescribing 

behaviour
• Lack of diversity in data

Difficulties in Implementing 
Warfarin Pharmacogenomics



Human Leucocyte Antigens (HLA) 

n On short arm of chromosome 6
n More than 200 genes
n Associated with more than 100 

diseases
n Involved in the pathogenesis of 

immune-mediated adverse drug 
reactions

HLA-B*57:01 and Abacavir
Hypersensitivity



Associations of Serious Adverse Drug Reactions with HLA Alleles



Carbamazepine Hypersensitivity

n Different phenotypes of 
carbamazepine hypersensitivity
� Skin (mild → blistering)
� Liver
� Systemic (DRESS)

n HLA-B*15:02 – replication and cohort 
studies have shown utility in SE Asian 
patients

n HLA-A*31:01 – replication and cohort 
studies have shown utility in several 
different ethnic groups worldwide

N

C

NH2

O



Difficulties in Implementation

Study 1 (Chen et al120)

• Based in Hong Kong
• Government paid for testing
• Physicians switched to other 

antiepileptic drugs instead of 
undertaking genetic testing

• The overall incidence of 
Stevens-Johnson 
Syndrome/Toxic Epidermal 
Necrolysis (SJS/TEN) did not 
change, although 
carbamazepine-induced 
SJS/TEN decreased

Study 2 (Lin et al121)

• Based in Taiwan
• Nationwide screening 

introduced
• Incidence of carbamazepine-

induced SJS/TEN decreased by 
87% over 10 years but the use 
of carbamazepine also 
decreased by 83%

• Only 25% of new 
carbamazepine users were 
screened for HLA-B*15:02

Study 3 (Sung et al122)

• Based in Singapore
• Genotyping introduced 2013 

with a 75% subsidy
• Phenytoin not recommended 

as a substitute
• Led to a 92% reduction in 

carbamazepine-induced 
SJS/TEN

• Number of new 
carbamazepine users 
decreased by one-third

Taken from Immunol Allergy Clin N Am: https://doi.org/10.1016/j.iac.2022.01.006



n Use of pre-stored HLA information from transplant recipients
n HLA-B*57:01, HLA-B*58:01, HLA-A*31:01, HLA-B*15:02, HLA-B*15:11, HLA-B*13:01, HLA-B*59:01, and 

HLA-A*32:01
n 11,988 HLA-tested transplant recipients

� 4092 (34.1%) had high risk alleles
� 4538 (38.2%) were prescribed risk drugs
� 580 (4.8%) experienced type B ADRs

n Availability of pre-emptive HLA information has the potential to prevent serious 
hypersensitivity reactions



HLA Allele Panel

n Able to genotype for multiple HLA 
alleles

n Move from reactive to pre-emptive
n Cheaper than single locus testing
n Cost dominant in health economic 

analysis
n Turnaround time ~48 hours
n Dynamic – change alleles as required



Implementation



104 
manuscripts

40 distinct 
programmes

95% high 
income 

countries

66% were in 
the USA



Report published by 
Royal College of 
Physicians and the 
British 
Pharmacological 
Society

shorturl.at/bBGSZ



Recommendations

Implementation in all 
sectors and centrally 

funded

Agile (respond to 
advances) and 

continually evaluated

Comprehensive 
education and training 

package

Support for clinicians Further research 
funding still needed

Clear lines of 
communication



PREemptive Pharmacogenomic testing for preventing 
Adverse drug Reactions (PREPARE)

New set of patients
Spain, Greece, Slovenia

Netherlands, UK, Austria, Italy

NCT03093818

Each site has its own therapeutic focus



Patient Journey Study Arm

T=2, 4, 8, 12 
weeks 

DNA 
sample

Record 
in EMR

PGx 
informed 

prescribing

Safety 
code card 
provided

eCRF: ProMise
Research Nurse Follow-up

Baseline (± 1 week)*
4 weeks (± 1 week) *
12 weeks (± 1 week)*

End of Study (± 4 weeks)

*For every newly prescribed drug of 
interest

LIM
Online Survey Follow-up

2 weeks*
8 weeks*

*For every newly prescribed drug of 
interest



Ubiquitous Pharmacogenomics

Genotyping platform

• 12 genes (including 
CYP2D6 and SLCO1B1)

• 44 variants
• 39 drugs

Pharmacogenomic Card



Primary endpoint

All occurred ADEs 

SEVERITY
Common Toxicity Criteria for 

Adverse Events

CAUSALITY
LCAT

Grade 1

Unlikely

Grade 2-5 CTC*

Definite
Probable
Possible

Clinically relevant ADRs, caused by the index drug

*For oncology patients only 
hematological toxicities of grade 
4-5 and non-hematological 
toxicities of grade 3-5 will be 
considered clinically relevant



Timeline

Total: 6,944 patients
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Now

• Data Cleaning
• Severity + Causality Assessments
• Genotyping controls
• Drug-Genotype assessment
• LAREB re-assessments
• Preparation of analyses



Patient flow

Informed consent 
N = 6,944

Control arm
N =3,602

Study arm
N = 3,342

Eligible
N = 3,270

Eligible
N = 2,923

No actionable drug-
gene interaction

N =2,437

Actionable drug-
gene interaction

N = 725

No actionable drug-
gene interaction

N = 2,198

Actionable drug-
gene interaction

N = 833

Lost to follow up  
N = 332

Lost to follow up  
N = 41922.2% actionable



Primary analysis in patients with an actionable test result:
• clinically relevant adverse drug reaction occurred in 152 

(21·0%) of 725 patients in the study group and 231 
(27·7%) of 833 patients in the control group 

• Odds ratio of 0.70 (95% CI 0.54-0.91); P=0.0075)

30% reduction in 
adverse drug 
reactions



Gatekeeping Analysis
Informed consent 

N = 6,944

Control arm
N =3,602

Actionable drug-
gene interaction

N = 923

Lost-to-
follow-up

N = 90
Actionable drug-
gene interaction

N = 833

NO ADR
833-231
 (72.3%)

ADR 
231 

(27.7%)

No actionable drug-
gene interaction

N =2,679
Lost-to-

follow-up
N = 242

No actionable drug-
gene interaction

N =2,437

NO ADR
2437-703
(71.2%) 

ADR 
934-231 
(28.8%)

Study arm
N = 3,342

Actionable drug-
gene interaction

N = 830
Lost-to-

follow-up
N = 105

Actionable drug-
gene interaction

N = 725

NO ADR
725-152
(79.0%) 

ADR 
152 

(21.0%)

No actionable drug-
gene interaction

N = 2,512
Lost-to-

follow-up
N = 314

No actionable drug-
gene interaction

N = 2,198

NO ADR
2198-476
(78.3%) 

ADR 
628-152 
(21.7%)



Confounding Effect of Case-Mix

Real-world design: addition of 
centers and changes in drugs 
and guidelines 

Low toxicity profile

High toxicity profile

Ø Post-hoc analysis including index drug and an index drug-by-country interactions:
Ø Effect decreases from 0.30 to 0.13 (OR 0.87 95CI 0.70-1.12) in all patients
Ø Effect increases from 0.30 to 0.39 (OR 0.61 95CI 0.51-0.74) in actionables 

Ø  Changes in drugs and centers (case-mix) main contributor to effect seen on gatekeeping analysis
Ø Effect of genotype panel still evident after correction for case mix



Reflections

• Large effect size because the panel contained well 
characterised drug-gene associations

• Efficacy unlikely to be impacted as guidelines based on effect 
of polymorphisms on drug exposure

• 70% of prescribers adopted the recommendations, 30% did 
not

• Test results available within 7 days, and so some patients 
initiated on original drugs may already have had the ADR 
before test result available

• We accepted grade 2-5 ADRs.  Mild and moderate ADRs are 
important because they affect patient quality of life and 
impact adherence



5-Fluorouracil

• Toxicity: haematological, GI and 
skin

• Used in 30% of chemotherapy 
regimens

• Dihydropyrimidine dehydrogenase 
(DPYD) the important catabolic 
pathway

• Subject to polymorphisms which 
vary with ethnicity

Other drugs metabolised by DPD:
Capecitabine, tegafur, 5-flucytosine



Dihydropyrimidine Dehydrogenase Polymorphisms

Variant Frequency (%)

DPYD∗2; rs3918290 0.65
DPYD∗13; rs55886062 0.03
HapB3; rs75017182 + rs56038477 1.3
D949V; rs67376798 0.32

• 4 polymorphisms tested
• In the UK, 38,000 tests per year
• Derived from European populations
• Non-European ancestry inevitably labelled as 

wild type



DPYD International Study

International study with the aim to recruit patients who have had Grade 3, 4, or 5 toxicity from the use of 5FU or its 
analogues

Focusing on non-Northern European ancestry populations

Sequence based analysis of DPYD

Assessment of functionality of the identified mutations

In the UK, provide evidence to increase the variants tested to reduce race inequalities

Of value to other countries as they introduce or expand DPYD testing now or in the future

If anybody interested in collaborating on this, then please contact me (munirp@liverpool.ac.uk)



Pre-emptive 
Pharmacogenomics

• More efficient than reactive, and 
fits in better with existing clinical 
pathways

• When? 

• When first prescribed a 
medicine with PGx guidance

• At a certain age, e.g. above 50

• Newborn genome sequencing

• How do we assess utility over the 
long-term?



Hippocrates: what sort of 
person has a disease than to 
know what sort of disease a 
person has

Paracelsus: The dose is either 
the remedy or poison

Osler: Variability is the law of 
life



Variability in Response 



Summary
• An important purpose of clinical 

pharmacology and 
pharmacogenetics is to improve 
the benefit-harm ratio of 
medicines
• We need to deal with complexity 

– pharmacogenomics is only one 
aspect of the complexity
• We currently deal with one 

factor, but most patients have 
multiple issues which need to 
evaluated and controlled at the 
same time
• In research, new technologies 

allow us to start to deal with 
complexity
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