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Preamble

As medicine advances, personalized medicine is emerging as a transformative
approach, revolutionizing healthcare by tailoring treatments to individual genetic, phenotypic,
and environmental factors. This book provides a comprehensive examination of personalized
medicine, beginning with an overview of its fundamental concepts and historical evolution. It
highlights the shift from traditional practices to personalized healthcare, emphasizing the
potential benefits and challenges of this approach.

The exploration continues with a detailed look at clinical research and
pharmacogenetics, covering the essential principles and the role of pharmacogenetics in
optimizing drug therapies through real-world case studies. It delves into genetic testing and

phenotyping, discussing the methodologies and their impact on diagnosis and treatment.

Advancements in pharmacogenomics are thoroughly reviewed, including recent developments
and their influence on drug efficacy and safety, with a forward-looking perspective on emerging
trends. The book also examines the role of biomarkers across various fields, especially
oncology, and explores new approaches in personalized medicine, such as innovations in
genetics, proteomics, metabolomics, and the microbiome. Epigenetics and its clinical

implications are also discussed.

Next-generation sequencing technologies, including exome sequencing, are detailed,
showcasing their impact on research and personalized medicine. The book addresses
constitutional pharmacogenomics and its application in tailoring individualized treatment plans,

illustrated with practical examples.

The current clinical applications of personalized medicine are analyzed across diverse fields,
including cardiovascular diseases, pain management, psychiatry, rheumatology, and the
management of adverse drug effects and drug-induced liver injury (DILI). The industrial
perspective is covered as well, with a focus on the development of companion diagnostics and
targeted therapies, highlighting the challenges and opportunities in this area.

Finally, the book provides insights into the processes of research valorization, patent
jurisdiction, and practical experiences in the field. This detailed exploration aims to equip
readers with a thorough understanding of personalized medicine’s principles, applications, and

future directions.
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I. Introduction

Personalized medicine, also known as precision medicine, is an innovative approach to
healthcare that tailors medical treatment to the individual characteristics of each patient. This
approach considers factors such as genetics, environment, and lifestyle, allowing for more
precise diagnoses, risk assessments, and treatment strategies. By leveraging advancements in
genomics, molecular biology, and bioinformatics, personalized medicine aims to move beyond
the traditional "one-size-fits-all* model of treatment. Key components include
pharmacogenomics, where genetic variations influence drug response, and biomarker
identification, which helps in predicting disease susceptibility and treatment outcomes. This
paradigm shift not only enhances the effectiveness of interventions but also minimizes adverse
drug reactions, offering a more targeted and efficient healthcare model. Personalized medicine
holds promise in various fields, including oncology, cardiology, and rare genetic disorders, and

represents a significant step forward in the evolution of modern medicine.

I.1. Some concept on pharmacogenetic

| .1.1. Pharmacodynamics:
a. Mechanisms of Action: Pharmacodynamics investigates how drugs exert their effects

at the molecular, cellular, or systemic levels. This includes interactions with specific
receptors, ion channels, enzymes, and other biological targets. For instance, drugs can
act as agonists, binding to and activating receptors, or as antagonists, blocking receptor
activity (Figure 01).

b. Dose-Response Relationships: The relationship between drug dose and the magnitude
of its effect is a central concept. Pharmacodynamic studies often involve determining
the therapeutic window (the range of doses that produces the desired effect without

causing toxicity) and the maximum efficacy a drug can achieve.

c. Therapeutic and Toxic Effects: Understanding the beneficial and adverse effects of
drugs helps in optimizing their use. Pharmacodynamics aims to maximize therapeutic
effects while minimizing side effects, which is crucial in drug development and clinical

practice.
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Figure 01: Representation of Pharmacodynamic
(https://fr.slideshare.net/slideshow/pharmacodynamicspptx-253605268/253605268.
Mise a jour 08-08-2024))

Pharmacokinetics:
Absorption: This refers to how a drug enters the bloodstream after administration.

Factors such as the drug's formulation, route of administration (oral, intravenous, etc.),
and the presence of food can influence absorption. Bioavailability, the proportion of the

drug that reaches systemic circulation, is a key concept here (Figure 02).

Distribution: Once absorbed, drugs are distributed throughout the body, often binding
to proteins like albumin in the blood. The distribution phase determines where the drug
will act and how much of it will reach its target site. Concepts like volume of
distribution (Vd) describe the extent to which a drug disperses into body tissues
(Figure 02).

Metabolism: Drugs are metabolized primarily in the liver by enzymes such as the
cytochrome P450 family. Metabolism can convert active drugs into inactive forms or
vice versa (prodrugs). The rate of metabolism influences the drug's half-life and
duration of action (Figure 02).

Excretion: Finally, drugs and their metabolites are eliminated from the body, mainly
through the kidneys (urine) or the liver (bile). Pharmacokinetics examines how quickly

drugs are cleared from the body and how this process affects dosing regimens.
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Figure 02: ADME. https://www.shutterstock.com/fr/search/pharmacokinetic. Mise a jour 08-

08-2024.

1.1.3. Pharmacovigilance:

a.

Adverse Drug Reactions (ADRs): A primary focus of pharmacovigilance is the
identification and analysis of ADRs, which are unwanted or harmful effects experienced
after the administration of a drug. ADRs can range from mild side effects to severe, life-
threatening reactions.

Post-Marketing Surveillance: After a drug is approved and marketed,
pharmacovigilance activities continue to monitor its safety in the broader population.
This includes collecting reports from healthcare providers and patients, analyzing data
from electronic health records, and conducting epidemiological studies.

Risk Management: Pharmacovigilance also involves assessing the risk-benefit balance
of drugs and implementing strategies to mitigate risks, such as revising drug labels,

issuing safety warnings, or even withdrawing drugs from the market if necessary.

1.1.4. Pharmacogenomics:

a.

Genomic Variability: Pharmacogenomics studies the impact of genetic variation across
the entire genome on drug response. For example, variations in genes encoding drug-
metabolizing enzymes, drug transporters, or drug targets can lead to differences in drug

efficacy and toxicity among individuals.
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b. Biomarker Identification: Pharmacogenomic research often focuses on identifying
genetic biomarkers that can predict drug response. For instance, specific genetic variants
in the CYP2D6 gene affect the metabolism of drugs like codeine, influencing whether

patients will experience effective pain relief or potential toxicity.

c. Personalized Therapy: By incorporating genomic information into clinical practice,
pharmacogenomics enables the development of personalized treatment plans. This
could involve selecting a drug that is more likely to be effective for a patient’s genetic

profile or adjusting doses to minimize adverse effects.

1.1.5 Pharmacogenetics:
a. Single Gene Variants: Pharmacogenetics zeroes in on the impact of variations in individual

genes on drug metabolism, response, and safety. For example, mutations in the TPMT gene can

lead to severe toxicity in patients treated with thiopurines, a class of immunosuppressive drugs.

b. Clinical Implementation: Pharmacogenetics has led to the development of clinical
guidelines for drug dosing based on genetic testing. For example, the FDA recommends genetic
testing for certain variants of the HLA-B gene before prescribing abacavir, an antiretroviral
drug, due to the risk of severe hypersensitivity reactions.

c. Ethical Considerations: The field also navigates the ethical implications of genetic testing,
such as privacy concerns, the potential for genetic discrimination, and ensuring equitable access
to pharmacogenetic testing.

1. Clinical Research and Pharmacogenetics

Clinical Research and Pharmacogenetics are both integral to the development and
implementation of personalized medicine, though they focus on different aspects of healthcare

research and practice. Here’s a detailed explanation of each and their intersection:

I1.1. Clinical Trials
Clinical trials are systematic studies conducted in human volunteers to evaluate the safety,

efficacy, and overall impact of medical, surgical, or behavioral interventions. They are the gold
standard for generating evidence that guides medical practice. Clinical trials are highly
structured and are divided into phases, each serving a specific purpose in the drug development
process (Figure 03):
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Figure 03: Clinical trial phases. Mise a jour 08-08-2024

11.1.1. Phase I Trials:
The primary focus is on safety. Phase | trials test a new drug or treatment in a small group of

20-100 healthy volunteers or patients (if the drug is too toxic for healthy individuals).

= Dose-Escalation Studies: These studies start with a low dose, which is gradually increased
to find the highest dose that can be given without causing severe side effects.

= Pharmacokinetics and Pharmacodynamics: Researchers study how the drug is absorbed,

distributed, metabolized, and excreted by the body, as well as its effects on the body.

= Outcome: Phase | trials determine the appropriate dosage range and identify potential side

effects. Successful completion allows the drug to progress to Phase 11 trials.

11.1.2. Phase Il Trials:
The goal is to assess the drug’s efficacy in a specific patient population while continuing

to evaluate its safety.

= Larger Sample Size: Typically involves 100-300 patients who have the condition the drug is

intended to treat.

= Efficacy Studies: These trials test whether the drug works as intended by comparing it to a

placebo or standard treatment. Researchers also refine dosing strategies.
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= Safety Monitoring: Side effects are closely monitored, and the therapeutic window is further
defined.

= Outcome: Phase Il trials help determine whether the drug has the desired effect in patients
and whether it warrants further testing in Phase 111 trials.
11.1.3. Phase 111 Trials:
These are large-scale trials designed to confirm the efficacy of the drug, monitor side

effects, and compare it to current standard treatments.

= Large and Diverse Population: Involves several hundred to thousands of patients across

multiple centers, often in different countries, to ensure that results are generalizable.

= Randomized Controlled Trials (RCTs): Patients are randomly assigned to receive either the
new treatment, a placebo, or the standard of care. Blinding (single or double) is often used to

reduce bias.

= Long-Term Monitoring: Researchers assess not only immediate outcomes but also longer-

term effects, including survival rates and quality of life.

= Regulatory Approval: Positive results from Phase Il trials are critical for obtaining
regulatory approval from agencies like the FDA or EMA.

= Outcome: If successful, the drug is submitted for approval, and if approved, it becomes
available for clinical use.
11.1.4. Phase IV Trials:
Conducted after a drug has been approved and marketed, these trials focus on post-

marketing surveillance to monitor the drug’s performance in the general population

= Long-Term Safety and Efficacy: These studies identify any rare or long-term side effects
that may not have been evident in earlier trials. They also explore the drug’s effectiveness in

different subpopulations.

= Real-World Data: Phase IV trials provide valuable information on how the drug performs
outside the controlled environment of earlier trials, considering factors like patient adherence

and drug interactions.

= Label Expansion: Data from Phase IV studies can lead to the approval of the drug for new

indications or patient populations.
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= Outcome: Continuous monitoring ensures that the benefits of the drug outweigh any risks,
leading to adjustments in clinical guidelines or, in rare cases, withdrawal from the market.
11.2. Observational Studies

Observational studies do not involve interventions but rather observe outcomes in
participants based on naturally occurring conditions. These studies are crucial for understanding
the real-world implications of diseases, risk factors, and treatment outcomes. Key types of

observational studies include:

11.2.1. Cohort Studies:
o Design: A cohort study follows a group of people (cohort) over time to observe how certain

exposures (e.g., smoking, medication use) affect outcomes (e.g., disease incidence).

o  Prospective Cohort Studies: Researchers identify a cohort and follow them forward in time,

recording exposures and outcomes as they occur.

o Retrospective Cohort Studies: Researchers look back at historical data to study exposures

and outcomes that have already occurred.

o Outcome: Cohort studies are valuable for identifying associations between exposures and

outcomes, such as the link between smoking and lung cancer.

11.2.2. Case-Control Studies:
o Design: These studies compare individuals with a specific outcome or disease (cases) to those

without the disease (controls) to identify factors that might have contributed to the disease.

o Retrospective Design: Case-control studies are usually retrospective, meaning they look back

in time to determine exposure to a potential risk factor.

oOutcome: Case-control studies are efficient for studying rare diseases and identifying risk
factors, though they cannot establish causality as effectively as cohort studies.

11.2.3. Cross-Sectional Studies:

o Design: These studies collect data on exposures and outcomes at a single point in time,

providing a snapshot of the population’s health status.

o Outcome: Cross-sectional studies are useful for assessing the prevalence of diseases or health

behaviors in a population but are limited in their ability to infer causality.
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I1.3.Translational Research
Translational research is the process of applying discoveries made in the laboratory to

clinical practice, bridging the gap between basic science and patient care. It is often described
as "bench-to-bedside" research:

11.3.1. Preclinical Studies:
Before moving to clinical trials, researchers conduct preclinical studies using cell cultures

and animal models to test hypotheses generated from basic research.

These studies provide preliminary evidence that a new drug or treatment might be safe and

effective in humans.

11.3.2. Phase 0 Trials:
Exploratory Trials: Phase O trials involve very small doses of a drug given to a small number

of participants to gather early data on pharmacokinetics and pharmacodynamics.: These trials
help decide whether a drug should move forward to more extensive testing.

11.3.3. Translational Pathways:
Translational research accelerates the development of new therapies, diagnostics, and

preventive measures, ensuring that patients benefit from scientific advancements
o T1 Research: Translates basic scientific discoveries into potential new treatments.
o T2 Research: Translates the results of clinical studies into everyday clinical practice.

11.4. Epidemiological Studies
Epidemiological studies examine the patterns, causes, and effects of health and disease

conditions in defined populations. These studies are vital for public health planning and

intervention:

11.4.1. Descriptive Epidemiology:
Describes the distribution of diseases in populations by time, place, and person. For

example, tracking the incidence of a disease over time or across different geographic regions.

Descriptive epidemiology helps identify public health problems and informs the allocation of

resources.

11.4.2. Analytical Epidemiology:
Investigates the causes and risk factors of diseases, often using observational study designs

like cohort and case-control studies. Analytical epidemiology identifies potential interventions

to reduce disease risk, such as lifestyle changes or vaccinations.
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11.4.3. Experimental Epidemiology:
Involves controlled experiments, often in the form of randomized controlled trials, to test

the effectiveness of interventions at the population level. Experimental epidemiology provides

robust evidence for public health interventions, such as mass vaccination campaigns.

Epidemiological studies are essential for understanding the broader impact of health
interventions and informing public health policies. They help identify at-risk populations,

evaluate preventive measures, and guide health promotion efforts.
1. Genetic Testing and Phenotyping

Genetic Testing and Phenotyping are both essential tools in the fields of genetics,
personalized medicine, and clinical research. They provide valuable information about an
individual's genetic makeup and how it manifests in physical traits or responses to treatments.

Here’s a detailed explanation of each:

I11.1. Genetic Testing
Genetic testing involves analyzing an individual's DNA to identify specific genes, mutations,

or variations that could be associated with diseases, conditions, or particular traits. Genetic
testing can be performed at various levels, ranging from a single gene to the entire genome, and

serves several purposes:

I11.1.1. Types of Genetic Testing:
-Diagnostic Testing: Used to confirm or rule out a specific genetic condition in symptomatic

individuals. For example, testing for mutations in the BRCAL and BRCA2 genes can diagnose

a predisposition to breast and ovarian cancers.

- Predictive and Pre-symptomatic Testing: Conducted in asymptomatic individuals to
determine their risk of developing a genetic disorder later in life. This is often used for

conditions like Huntington's disease.

- Carrier Testing: Identifies individuals who carry one copy of a gene mutation that, when
present in two copies, causes a genetic disorder. Carrier testing is often performed in

prospective parents to assess the risk of passing on inherited conditions like cystic fibrosis.

- Pharmacogenetic Testing: Determines how a person’s genetic makeup affects their response
to specific drugs, guiding personalized treatment plans. For example, testing for variations in

the CYP2C19 gene can help tailor dosages of certain antiplatelet medications.
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- Prenatal Testing: Performed during pregnancy to detect genetic abnormalities in a fetus.
Tests like amniocentesis or chorionic villus sampling (CVS) can identify conditions such as

Down syndrome.

- Newborn Screening: Conducted shortly after birth to identify genetic disorders that can be
treated early in life. This often includes testing for metabolic conditions like phenylketonuria
(PKU).

- Whole Exome and Whole Genome Sequencing: These advanced tests sequence all the
protein-coding genes (whole exome) or the entire genome (whole genome) to identify genetic

variants that may contribute to disease.

I11.1.2. Methods of Genetic Testing:
-Polymerase Chain Reaction (PCR): A technique used to amplify small segments of DNA to

detect mutations or genetic variations.

- DNA Sequencing: Determines the exact sequence of nucleotides in a DNA segment. Next-
generation sequencing (NGS) allows for rapid and comprehensive analysis of large portions of
the genome.

- Microarray Analysis: Detects variations in DNA, such as single nucleotide polymorphisms
(SNPs), or identifies large-scale changes like copy number variations (CNVSs).

- Fluorescence In Situ Hybridization (FISH): Used to detect and localize specific DNA
sequences on chromosomes, often employed in diagnosing chromosomal abnormalities.
111.1.3.Applications of Genetic Testing:

a.Personalized Medicine: Tailoring medical treatment to the individual characteristics of

each patient based on their genetic profile.

b. Risk Assessment: Evaluating the risk of developing genetic conditions or passing them

on to offspring.

c.Guiding Clinical Decisions: Informing decisions on preventive measures, lifestyle

modifications, and therapeutic interventions.

111.1.4.Ethical and Practical Considerations:
d. Privacy and Confidentiality: Genetic information is sensitive, and its use must be carefully

regulated to protect individuals from discrimination.
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e.Informed Consent: Patients should fully understand the implications of genetic testing,

including the potential psychological impact of learning about genetic risks.

f.Genetic Counseling: A critical component of the genetic testing process, providing

individuals and families with information and support to make informed decisions.

111.2. Phenotyping
Phenotyping refers to the process of assessing and categorizing the observable characteristics

or traits of an individual, which result from the interaction of their genetic makeup (genotype)
with the environment. Phenotyping is essential for understanding how genetic variations
manifest in physical, biochemical, or clinical features:

111.2.1. Types of Phenotypes:
o Physical Phenotypes: Observable traits such as height, skin color, eye color, and facial

features. These traits can be influenced by multiple genes as well as environmental factors.

o Biochemical Phenotypes: Traits related to metabolic and enzymatic activities, such as blood
glucose levels, cholesterol levels, or the presence of specific enzymes. For example, the
activity level of the enzyme phenylalanine hydroxylase is used to phenotype individuals for
phenylketonuria (PKU).

o Clinical Phenotypes: Medical or pathological traits, such as the presence of certain diseases,
response to medications, or susceptibility to conditions. For instance, the presence of sickle-

shaped red blood cells is a phenotypic characteristic of sickle cell anemia.

o Behavioral Phenotypes: Traits related to cognitive functions, personality, and behavior,
which may have a genetic basis and can be assessed through various psychological and

neuropsychological tests.

111.2.2. Methods of Phenotyping:
oPhysical Examination: The most basic form of phenotyping, where a healthcare provider

observes and records physical traits.

o Imaging Techniques: Technologies like MRI, CT scans, or X-rays are used to phenotype

individuals based on internal structures, such as brain anatomy or bone density.

oLaboratory Tests: Blood tests, urine analysis, and other biochemical assays provide

information on metabolic and enzymatic phenotypes.
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oFunctional Tests: Tests that assess specific physiological functions, such as lung function
tests or cardiovascular stress tests, help phenotype individuals in terms of their organ system

performance.

oMolecular Phenotyping: This involves the assessment of gene expression, protein levels,
or metabolite profiles using technologies like mass spectrometry or RNA sequencing to
understand how genetic variations impact biological processes.
111.2.3. Applications of Phenotyping:
oDisease Diagnosis: Phenotyping is crucial in diagnosing genetic disorders by correlating
specific physical or biochemical traits with underlying genetic causes.

oDrug Response Prediction: In pharmacogenetics, phenotyping helps determine how an

individual might respond to a particular drug, allowing for personalized treatment plans.

o Epidemiological Studies: Phenotyping large populations helps identify risk factors for
diseases and the prevalence of certain traits within specific demographic groups.

oResearch: Phenotyping in model organisms (like mice) helps researchers understand the
effects of genetic modifications and the interaction between genes and the environment.
111.2.4. Phenotyping in Personalized Medicine:
o Precision Diagnosis: Combining genetic testing with detailed phenotyping allows for more
accurate diagnosis and treatment of diseases, especially in complex cases where multiple

factors contribute to the condition.

o Tailored Treatment Plans: Phenotyping can help guide therapeutic decisions by revealing
specific characteristics of a patient’s disease, such as the aggressiveness of a cancer or the

likelihood of response to a particular medication.

o Monitoring Disease Progression: Continuous phenotyping helps track how a disease evolves
over time, which is crucial for adjusting treatment strategies.
111.3. Intersection of Genetic Testing and Phenotyping
The combination of genetic testing and phenotyping is powerful in understanding the full

spectrum of an individual's health:

« Genotype-Phenotype Correlations: Studying how specific genetic variations lead to
particular phenotypes helps elucidate the mechanisms of diseases and guides the development of

targeted therapies.
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« Pharmacogenetics: By combining genetic testing (to identify drug-metabolizing gene variants)
with phenotyping (to assess actual drug response), clinicians can tailor medication regimens more
effectively.

« Personalized Medicine: The integration of genetic and phenotypic data is at the heart of
personalized medicine, enabling the customization of healthcare to the unique characteristics of

each patient.
IV.  Advances in Pharmacogenomics

Pharmacogenomics has evolved rapidly, driven by breakthroughs in genomic
technologies, computational biology, and a growing understanding of the genetic basis of drug
response. One of the most significant advances is in the identification and functional
characterization of single nucleotide polymorphisms (SNPs) and other genetic variations that
affect drug metabolism. For instance, polymorphisms in the CYP450 family, particularly
CYP2D6, CYP2C9, and CYP3A4, are well-documented for their role in metabolizing a wide
range of drugs, including opioids, anticoagulants, and chemotherapeutic agents. Variants in
these genes can lead to different metabolic phenotypes, such as poor, intermediate, extensive,

or ultra-rapid metabolizers, significantly impacting drug efficacy and safety.

Next-generation sequencing (NGS) and whole-genome sequencing (WGS) have
revolutionized the field by enabling the comprehensive analysis of the entire genome,
uncovering not only common variants but also rare and novel mutations that may influence
drug response. This has led to the identification of new pharmacogenomic biomarkers, such
as variants in ABCB1 and SLCO1B1, which affect drug transport and disposition. These
discoveries are increasingly being incorporated into clinical decision support tools and

pharmacogenomic testing panels, allowing for more personalized drug prescribing.

Another area of progress is the integration of pharmacogenomics into electronic health
records (EHRSs) and clinical decision support systems (CDSS). This integration ensures that
genetic information is readily available at the point of care, enabling real-time, data-driven
decisions about drug therapy. Pharmacogenomic guidelines, such as those from the Clinical
Pharmacogenetics Implementation Consortium (CPIC), provide actionable recommendations

based on genetic test results, further supporting clinicians in optimizing drug therapy.

Epigenetic modifications, such as DNA methylation and histone modification, are also

gaining attention in pharmacogenomics. These changes can influence gene expression and,
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consequently, drug response, offering another layer of complexity and opportunity for
personalized medicine. For instance, epigenetic alterations in the GSTP1 gene, which encodes

a detoxifying enzyme, have been associated with variations in response to chemotherapy.

Moreover, the role of pharmacogenomics in addressing health disparities is an emerging
area of research. Studies have shown that the frequency of certain pharmacogenomic variants
can vary significantly across different populations, underscoring the importance of including
diverse populations in pharmacogenomic research to ensure that the benefits of personalized

medicine are equitably distributed.

Finally, advances in computational pharmacogenomics are enabling the prediction of
drug-gene interactions and the modeling of complex biological systems. Machine learning
and artificial intelligence (Al) are being applied to integrate vast amounts of
pharmacogenomic data with other omics data, such as transcriptomics and proteomics, to

predict patient-specific drug responses and identify new therapeutic targets.

These advances in pharmacogenomics are moving the field closer to the goal of truly
personalized medicine, where drug therapies are tailored not just to the disease but to the

individual’s unique genetic makeup, maximizing efficacy and minimizing adverse effects.
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Chapter I1: Role of Biomarkers in

Various Fields and in Oncology
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. Introduction

In pharmacogenetics, biomarkers are pivotal for tailoring drug therapies to
individual genetic profiles, ensuring optimal efficacy and minimizing adverse effects. Here’s a

more detailed exploration of the different types of biomarkers in pharmacogenetics:

I.1. Diagnostic Biomarkers:
These biomarkers are used to identify genetic variations that influence drug

metabolism, efficacy, or safety. They help determine whether a patient carries specific genetic

traits that will impact their response to a particular medication.

Example: The CYP2D6 gene is a well-known diagnostic biomarker in pharmacogenetics.
Variants of CYP2D6 can categorize individuals as poor, intermediate, extensive, or ultra-rapid
metabolizers. This classification is crucial for drugs like codeine and certain antidepressants,
where metabolism speed directly affects drug efficacy and the risk of adverse effects.

1.2. Predictive Biomarkers:
Predictive biomarkers are essential for forecasting how a patient will respond to

a specific treatment. They help clinicians choose the most effective drug and dosage, reducing

the likelihood of adverse reactions.

Example 1: The HLA-B*5701 allele is a predictive biomarker used to anticipate severe
hypersensitivity reactions to abacavir, an antiretroviral drug used in HIV treatment. Screening
for HLA-B*5701 allows healthcare providers to avoid prescribing abacavir to patients with this

allele, thus preventing potentially life-threatening reactions.

Example 2: VKORC1 gene polymorphisms influence sensitivity to warfarin, a widely used
anticoagulant. Patients with certain VKORCL variants require lower doses of warfarin to

achieve therapeutic anticoagulation, reducing the risk of bleeding complications.

1.3. Prognostic Biomarkers:
These biomarkers provide insights into the likely course or outcome of a disease

based on genetic factors, independent of the treatment. In pharmacogenetics, prognostic

biomarkers are valuable for anticipating long-term treatment responses and disease progression.

Example: TPMT (thiopurine S-methyltransferase) enzyme activity is a prognostic biomarker
for patients receiving thiopurine drugs, such as azathioprine or mercaptopurine, used in treating

leukemia and autoimmune diseases. Patients with low or absent TPMT activity are at higher
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risk for severe, life-threatening myelosuppression if standard doses are used, making dose

adjustments essential based on TPMT status.

I.4. Safety Biomarkers:
Safety biomarkers identify patients at increased risk of adverse drug reactions,

allowing for the selection of alternative therapies or dose modifications to enhance safety.

Example: Variants in the SLCO1B1 gene are associated with an elevated risk of statin-induced
myopathy, particularly with high doses of simvastatin. Identifying patients with these variants
helps clinicians either lower the statin dose or choose a different cholesterol-lowering

medication to avoid muscle toxicity.

I.5. Pharmacodynamic Biomarkers:
Pharmacodynamic biomarkers are used to monitor the biological effects of a drug in

relation to the patient’s genetic profile. They help in adjusting the dosage and optimizing

treatment outcomes.

Example: The CYP2C19 genotype is crucial for guiding the use of clopidogrel, an antiplatelet
medication. Patients with CYP2C19 loss-of-function alleles are poor metabolizers of
clopidogrel, leading to reduced drug efficacy and a higher risk of cardiovascular events.
Genotype-guided therapy can involve choosing alternative antiplatelet drugs, such as prasugrel

or ticagrelor, for these patients.

1.6. Companion Diagnostics:
These are specific types of predictive biomarkers used in conjunction with certain

therapies to determine patient eligibility for treatment. Companion diagnostics are essential for

the implementation of personalized medicine.

Example: HER2 testing in breast cancer is a companion diagnostic for the use of trastuzumab
(Herceptin). Only patients with HER2-positive tumors are likely to benefit from trastuzumab,

making HER?2 testing a critical step before initiating therapy.

1.7. Response Biomarkers:
These biomarkers help monitor the response to a drug, providing early indications of

treatment success or failure. They guide adjustments in therapy to improve outcomes.

Example: PD-L1 expression levels are used as a response biomarker in cancer immunotherapy.
High PD-L1 expression in tumors can predict a better response to immune checkpoint inhibitors

like pembrolizumab, enabling personalized immunotherapy strategies.
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Il. Example 1 ; Cardiovascular disease and Warfarine

I1.1. Description of the Drug
Warfarin is an oral anticoagulant used to prevent and treat thromboembolic disorders,

including deep vein thrombosis (DVT), pulmonary embolism (PE), and stroke prevention in
patients with atrial fibrillation (AF) or mechanical heart valves. It belongs to the class of vitamin
K antagonists (VKAS), which reduce blood clot formation by interfering with the blood clotting

cascade (Figure 04).
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Figure 04: Warfarin Chemical formula. Uploaded by by Nagham Turkey.

11.2. Mode of Action in Cardiovascular Disease
Warfarin acts by inhibiting the enzyme vitamin K epoxide reductase (VKOR), which

is crucial in the cyclic conversion of vitamin K. Vitamin K is a cofactor necessary for the
carboxylation of glutamic acid residues on the N-terminal regions of vitamin K-dependent
clotting factors, including factors Il (prothrombin), VI, IX, and X, as well as proteins C and S.
By inhibiting VKOR, warfarin reduces the regeneration of active vitamin K, leading to the
production of partially carboxylated and biologically inactive clotting factors. This impairs the

coagulation cascade, thereby reducing the ability of the blood to form clots (Figure 05).
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Figure 05: Warfarin mechanism action. https://creativecommons.org/licenses/by/3.0/. Mise a
jour 08-08-2024

11.3. Pharmacodynamics:
a.Duration of Action: Warfarin has a delayed onset of action, typically taking 24 to 72 hours

to begin exerting its anticoagulant effects. The full therapeutic effect may take 5 to 7 days. The
drug has a long half-life, averaging around 36 to 42 hours, which allows for once-daily dosing
but also contributes to a prolonged time to reach steady-state levels and a similarly prolonged

time to reverse its effects after discontinuation.

b.Therapeutic Range: The therapeutic effect of warfarin is monitored using the International
Normalized Ratio (INR), a standardized measure of prothrombin time (PT). The target INR
typically ranges between 2.0 and 3.0 for most indications, but may be higher for certain

conditions, such as mechanical heart valves.

c.Side Effects: Warfarin’s primary adverse effect is bleeding, which can be minor (e.g.,
bruising, nosebleeds) or major (e.g., gastrointestinal bleeding, intracranial hemorrhage). Other

side effects include warfarin-induced skin necrosis and, in rare cases, purple toe syndrome.

11.4. Pharmacokinetics:
a.Absorption: Warfarin is well absorbed from the gastrointestinal tract, with bioavailability

approaching 100%. It is usually administered orally.

b.Distribution: Warfarin is highly protein-bound, mainly to albumin, with approximately 99%

of the drug bound in plasma. This high degree of binding can lead to drug-drug interactions, as
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warfarin can be displaced from its binding sites by other medications, increasing the risk of
bleeding.

c.Metabolism: Warfarin is a racemic mixture of two enantiomers: R-warfarin and S-warfarin.
The S-enantiomer is more potent (3-5 times) than the R-enantiomer and is primarily
metabolized by the CYP2C9 enzyme in the liver. R-warfarin is metabolized by several
enzymes, including CYP1A2 and CYP3A4. The metabolites are inactive and excreted mainly
via urine (Figure 06).
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Figure 06: Warfarin phamacokenitic.uploaded by phamaGKB.

d.Elimination: Warfarin’s half-life varies depending on the enantiomer, with S-warfarin
having a half-life of approximately 29 hours and R-warfarin about 45 hours. This long half-life

contributes to its cumulative effects and necessitates careful dose adjustments.

11.5. Pharmacogenetics:
The pharmacogenetics of warfarin is primarily influenced by polymorphisms in two

genes: VKORCL1 and CYP2C9.
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11.5.1.VKORC1 Marker:
a. Gene and proteine Description:

VKORC1 (Vitamin K Epoxide Reductase Complex Subunit 1) is a gene that encodes
the enzyme vitamin K epoxide reductase, which is crucial for the synthesis of vitamin K-
dependent clotting factors. This enzyme is a target of the anticoagulant drug warfarin.The
VKORC1 gene is located on chromosome 16 (16p11.2) and spans approximately 16.3 kb. It
comprises several exons and introns, with the coding sequence including 7 exons.The VKORCL1
protein is approximately 163 amino acids long. Its molecular weight is around 18.5 kDa (Figure
07).

Translation start site

Transcription start site

Promoter region 1173 C>T, Intron 1
Promoter polymorphism- 1639 G>A Intron region
Exon 3
s =
Exon 1 Exon 2

VKORC1 complete gene sequence
11190 bp

Figure 07: VKORC1 gene map. uploaded by Tanuj Shukla
b. Role of VKORC1 in Pharmacogenetics

VKORCL1 polymorphisms significantly influence individual responses to warfarin, a
commonly used anticoagulant. Warfarin acts by inhibiting VKORC1, reducing the availability
of vitamin K and thereby decreasing the synthesis of vitamin K-dependent clotting factors.
Variations in VKORC1 can affect the enzyme's activity, altering warfarin sensitivity and dosage
requirements. Key VKORCL1 Polymorphisms:

e -1639G>A (rs9923231): One of the most studied polymorphisms, located in the
promoter region of VKORC1. The presence of the A allele is associated with reduced
VKORCL1 expression, leading to increased sensitivity to warfarin. Individuals with the

AA genotype generally require lower doses of warfarin.

e -129C>T (rs7294): Another important variant in the promoter region, this
polymorphism also influences VKORC1 expression levels. The T allele is associated

with lower VKORCL1 activity and increased warfarin sensitivity.
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e -1173C>T (rs2359612): This variant affects the VKORC1 gene expression and
contributes to variability in warfarin dosing requirements. The C>T transition is linked
with changes in the required dose for optimal anticoagulation.

e Other Variants: Additional polymorphisms, such as -49G>A (rs9923231) and -32C>T
(rs9923231), also contribute to variability in VKORC1 function and warfarin
sensitivity. These variants can have a cumulative effect on warfarin dosing and

therapeutic outcomes.
c. Clinical Implications:

e Personalized Dosing: Understanding VKORCL1 genotypes allows for more accurate
warfarin dosing, minimizing the risk of adverse effects and achieving optimal
anticoagulation. Genetic testing for VKORCL1 polymorphisms is recommended to guide

individualized therapy, especially in patients initiating warfarin treatment.

e Genotype-Based Dosing Algorithms: Clinical guidelines incorporate VKORC1
polymorphisms into dosing algorithms to predict warfarin dose requirements. This
approach helps personalize treatment and improve patient outcomes by adjusting doses

based on genetic predisposition.

11.5.2.CYP2C9 Marker
a. Gene and protein Description

CYP2C9 (Cytochrome P450 2C9) is a gene that encodes an enzyme involved in the
metabolism of various drugs, including the anticoagulant warfarin. CYP2C9 is part of the
cytochrome P450 family of enzymes, which play a critical role in drug metabolism and
detoxification. The CYP2C9 gene is located on chromosome 10 (10g24.3) and spans

approximately 27 kb. It consists of nine exons and eight introns. The CYP2C9 protein is about

490 amino acids long, with a molecular weight of approximately 55 kDa (Figure 08).
b. Role of CYP2C9 in Pharmacogenetics

CYP2C9 polymorphisms significantly influence the metabolism of warfarin and other
drugs metabolized by this enzyme. Variations in CYP2C9 can lead to differences in enzyme
activity, affecting drug clearance, efficacy, and risk of adverse effects. Key CYP2C9

Polymorphisms:
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Figure 08: CYP2C9 gene map by Tanuj Shukla

CYP2C9*2 (rs1799853): A common polymorphism involving a missense mutation

(Arg144Cys), where arginine (Arg) is replaced by cysteine (Cys) at position 144. This variant

reduces CYP2C9 enzyme activity, leading to slower drug metabolism and an increased risk of

drug toxicity, particularly with warfarin.

CYP2C9*3 (rs1057910): Another significant polymorphism involving a missense
mutation (Ile359Leu), where isoleucine (lle) is replaced by leucine (Leu) at position
359. This variant further decreases CYP2C9 activity compared to *2, resulting in even
slower metabolism and a higher risk of adverse drug reactions.

CYP2C9*4 (rs28371686): A less common variant with a missense mutation
(Arg102Cys), where arginine (Arg) is replaced by cysteine (Cys) at position 102. This
variant also affects enzyme activity, though its impact is generally less pronounced than
*2 and *3.

Other Variants: Additional polymorphisms, such as CYP2C9*5, *6, *8, and *11, also
contribute to variability in enzyme activity and drug metabolism. These variants may

have varying effects on enzyme function and drug response.

c. Clinical Implications:

Warfarin Dosing: CYP2C9 polymorphisms are crucial for personalized warfarin
dosing. Patients with variant alleles (e.g., *2 or *3) may require lower doses of warfarin
to achieve therapeutic anticoagulation and reduce the risk of bleeding complications.
Genetic testing for CYP2C9 variants helps guide dose adjustments and improve

treatment outcomes.
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e Drug Interactions and Safety: Variations in CYP2C9 can also impact the metabolism
of other drugs, such as nonsteroidal anti-inflammatory drugs (NSAIDs), phenytoin, and
some antihypertensives. Awareness of CYP2C9 genotype can help manage drug

interactions and avoid adverse effects.

11.5.3.Clinical Implications:
Pharmacogenetic testing for VKORC1 and CYP2C9 variants can guide initial dosing of

warfarin, particularly in populations with a high prevalence of these polymorphisms. It helps in
achieving therapeutic INR levels more quickly, reducing the risk of bleeding or

thromboembolic events during the initiation phase of therapy.

11.5.4.0ther Genetic Factors:
Other genes, such as CYP4F2 and GGCX, have also been implicated in warfarin dosing

variability, though their influence is generally less significant than VKORC1 and CYP2C9.

I11. Example 2; Psychiatric disease and venlafaxine and nortriptyline.

I11.1. Description of the Drug:
Nortriptyline is a tricyclic antidepressant (TCA) primarily used to treat major depressive

disorder (MDD). It is also prescribed for neuropathic pain, chronic pain syndromes, and
sometimes for migraine prophylaxis. Nortriptyline is the active metabolite of amitriptyline,
another TCA, and it works by modulating neurotransmitter levels in the brain (Figure 09).
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Figure 09: Nortriptyline Chemical formula. by Harbin

111.2. Mode of Action in Psychiatric Disorders:
Nortriptyline functions by inhibiting the reuptake of norepinephrine (NE) and, to a lesser

extent, serotonin (5-HT) at presynaptic neurons. By preventing the reuptake of these
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neurotransmitters, nortriptyline increases their availability in the synaptic cleft, enhancing
mood and reducing depressive symptoms. Additionally, nortriptyline has antagonistic effects
on various receptors, including histamine (H1), alpha-adrenergic, and muscarinic receptors,

contributing to both therapeutic effects and side effects (Figure 10).
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Figure 10: Key mechanisms of action for the antidepressants uploaded by Jeongseop Kim

111.3. Pharmacodynamics:
a. Action: The antidepressant effects of nortriptyline generally begin to appear after 2 to 3

weeks of consistent use, with maximum therapeutic effects often taking 4 to 6 weeks.

b. Side Effects: Nortriptyline’s side effects are linked to its broad receptor activity, including
sedation (due to H1 receptor antagonism), dry mouth, constipation, urinary retention (due to
muscarinic receptor antagonism), and orthostatic hypotension (due to alpha-adrenergic receptor
antagonism). The drug’s side effect profile may limit its use in certain populations, particularly
the elderly.

111.4. Pharmacokinetics:

a.Absorption: Nortriptyline is well absorbed orally, with peak plasma concentrations occurring

within 2 to 8 hours after administration.
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b.Distribution: The drug is highly protein-bound (~93%), which means that changes in protein
levels (e.g., due to other medications or liver disease) could affect its free concentration in
plasma.

c.Metabolism: Nortriptyline is primarily metabolized in the liver by the CYP2D6 enzyme into
inactive metabolites. Other enzymes, such as CYP1A2 and CYP3AA4, also play a role in its

metabolism to a lesser extent (Figure 11).
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Figure 11: Pharmacokenetic of Nortriptyline

d.Elimination: The elimination half-life of nortriptyline is around 18 to 44 hours, allowing for

once-daily dosing. The drug and its metabolites are primarily excreted in the urine.

I11.5. Pharmacogenetics:

111.5.1.CYP2D6 Polymorphisms:
a.Gene and protein Description:

CYP2D6 (Cytochrome P450 2D6) is a gene that encodes an enzyme involved in the
metabolism of a wide range of drugs, including antidepressants, antipsychotics, beta-blockers,
and opioids. CYP2D6 is part of the cytochrome P450 family, which plays a crucial role in the
oxidative metabolism of various substances. The CYP2D6 gene is located on chromosome 22
(22913.1) and spans approximately 50 kb. It comprises nine exons and eight introns.The
CYP2D6 protein is about 495 amino acids long, with a molecular weight of approximately 55
kDa (Figure 12).
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Figure 12: Human CYP2D gene family and common variants in the CYP2D6 (Adopted from

Ingelman, 2005).

b. Role of CYP2D6 in Pharmacogenetics:

CYP2D6 polymorphisms lead to variability in drug metabolism, affecting both the

efficacy and safety of medications metabolized by this enzyme. Individuals can be classified

into different metabolizer phenotypes based on CYP2D6 activity, ranging from poor to ultra-

rapid metabolism. Key CYP2D6 Polymorphisms:

CYP2D6*2 (rs1065852): This polymorphism involves a single nucleotide
polymorphism (SNP) that results in an increased enzyme activity. The *2 allele is
associated with normal or increased CYP2D6 activity, leading to normal drug

metabolism.

CYP2D6*3 (rs35742686): This variant involves a deletion of a portion of the CYP2D6
gene, leading to a non-functional enzyme. The *3 allele results in reduced or absent
CYP2D6 activity, classifying individuals as poor metabolizers.

CYP2D6*4 (rs3892097): This SNP causes a frameshift mutation that results in a non-
functional enzyme. The *4 allele is also associated with reduced or absent CYP2D6

activity and contributes to poor metabolizer status.

CYP2D6*5 (rs5030655): This variant involves a gene deletion, leading to no CYP2D6
enzyme production. It contributes to the poor metabolizer phenotype.
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CYP2D6*10 (rs1065852): A common variant in Asian populations, this SNP results in
reduced enzyme activity compared to the wild-type. Individuals with the *10 allele have
reduced CYP2D6 activity, leading to intermediate metabolism.

CYP2D6*17 (rs28371725): This variant is associated with decreased enzyme activity
and contributes to the intermediate metabolizer phenotype.

c. Clinical Implications:

Drug Metabolism and Dosing: CYP2D6 polymorphisms significantly impact the
metabolism of drugs, influencing dosing requirements and potential side effects. For
example, individuals with poor metabolizer status may require lower doses of drugs
metabolized by CYP2D6 to avoid toxicity, while ultra-rapid metabolizers may require
higher doses to achieve therapeutic effects.

Antidepressants and Antipsychotics: Variability in CYP2D6 can affect the efficacy
and side effects of medications such as selective serotonin reuptake inhibitors (SSRIs),
tricyclic antidepressants (TCAs), and antipsychotics. Personalized treatment strategies

are necessary to optimize drug therapy based on CYP2D6 genotype.

Opioids: CYP2D6 polymorphisms can influence the effectiveness of opioid
medications, such as codeine and tramadol. Poor metabolizers may experience reduced
efficacy, while ultra-rapid metabolizers may be at risk for overdose due to increased

conversion of prodrugs to active metabolites.

111.5.2. Therapeutic Drug Monitoring:
Due to its narrow therapeutic index and the variability introduced by CYP2D6 polymorphisms,

therapeutic drug monitoring (TDM) is often recommended for patients on nortriptyline.

Adjusting the dose based on CYP2D6 genotype and TDM can help optimize efficacy while

minimizing the risk of toxicity.

111.5.3.Clinical Implications:
Pharmacogenetic testing for CYP2D6 can inform nortriptyline dosing. PMs may require lower

doses to avoid adverse effects, while UMs may need higher doses or alternative therapies for

effective treatment.
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IV.Example 3; Respiratory disease and corticosteroid inhalers

IV.1.Description of the Drug:
Corticosteroid inhalers are a cornerstone of treatment in chronic respiratory diseases

such as asthma and chronic obstructive pulmonary disease (COPD). These inhalers contain
synthetic corticosteroids, which are anti-inflammatory agents designed to deliver medication
directly to the lungs. Common corticosteroids used in inhalers include beclomethasone,

budesonide, fluticasone, and mometasone (Figure 13).
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Figure 13: Chemical structures of inhaled glucocorticoids. uploaded by Peter J Barnes

IVV.2. Mode of Action in Respiratory Diseases:
Corticosteroids work by suppressing inflammation in the airways, which is a key

pathological feature of asthma and COPD. They inhibit the production and release of various
inflammatory cytokines, chemokines, and other mediators by immune cells (such as
eosinophils, T-lymphocytes, and mast cells) that contribute to airway inflammation,

hyperresponsiveness, and remodeling.

By reducing inflammation, corticosteroids decrease the frequency and severity of asthma
attacks, improve lung function, and prevent exacerbations in both asthma and COPD. In asthma,
they are often used as maintenance therapy to control persistent symptoms and prevent long-
term airway damage.

IVV.3. Pharmacodynamics:

a. Duration of Action: Inhaled corticosteroids (ICS) typically begin to reduce airway
inflammation within a few hours of administration, but full therapeutic effects, such as
improved lung function and reduced exacerbations, may take several days to weeks of

consistent use.
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b.Dose-Response Relationship: The therapeutic effects of corticosteroid inhalers are dose-
dependent, with higher doses providing greater anti-inflammatory effects. However, higher
doses also increase the risk of systemic side effects, as some of the drug may be absorbed into

the bloodstream.

c.Side Effects: The most common side effects are local, including oral thrush (candidiasis),
hoarseness, and throat irritation. Systemic side effects are rare but may include adrenal
suppression, osteoporosis, and growth retardation in children at high doses or with long-term

use.

IV.4. Pharmacokinetics
a.Absorption: After inhalation, corticosteroids primarily act locally in the lungs. However, a

portion of the dose is inevitably swallowed and absorbed from the gastrointestinal tract. The
fraction absorbed from the lungs directly enters the systemic circulation, contributing to the
drug's systemic effects.

b.Distribution: Once in the bloodstream, corticosteroids are widely distributed throughout the
body, binding extensively to plasma proteins, particularly albumin and corticosteroid-binding
globulin.

c.Metabolism: Corticosteroids are metabolized primarily in the liver by enzymes such as
CYP3A4 into inactive metabolites. The rate of metabolism varies among different
corticosteroids; for example, fluticasone is rapidly inactivated, which limits its systemic side

effects.

d.Elimination: The inactive metabolites are excreted primarily in the urine. The half-life of
inhaled corticosteroids varies depending on the specific drug but typically ranges from 1.5 to 7

hours.

IVV.5. Pharmacogenetics:
Genetic variability can influence the response to corticosteroids in individuals

with respiratory diseases. Variants in genes involved in corticosteroid metabolism, transport,

and receptor binding can affect drug efficacy and the risk of side effects.

IVV.5.1.Glucocorticoid Receptor Gene (NR3C1):
a. Gene and protein Description:

NR3C1 (Nuclear Receptor Subfamily 3 Group C Member 1), also known as the
glucocorticoid receptor (GR) gene, encodes a receptor that mediates the effects of
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glucocorticoids, which are critical for regulating inflammation, metabolism, and immune
responses. NR3CL1 is a key target for corticosteroids used in the treatment of various conditions,
including inflammatory and autoimmune diseases. The NR3C1 gene is located on chromosome
5 (5g31.3) and spans approximately 120 kb. It consists of 10 exons and 9 introns.The NR3C1
protein, the glucocorticoid receptor, is approximately 777 amino acids long, with a molecular
weight of about 88 kDa (Figure 14).
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Figure 14: Map of glucocorticoid receptor gene (NR3C1) on chromsome 5931 and
polymorphisms. uploaded by Gregory A Hawkins

b. Role of NR3CL1 in Pharmacogenetics:

Polymorphisms in the NR3C1 gene can affect the expression and function of the
glucocorticoid receptor, impacting individual responses to corticosteroid therapy. Variations
can influence therapeutic efficacy, side effects, and the risk of developing corticosteroid

resistance or sensitivity. Key NR3C1 Polymorphisms:

e« NR3C1 -98 (rs6198): A common polymorphism in the promoter region, this variant is
associated with variations in glucocorticoid receptor expression. The -9 allele is linked
with altered receptor sensitivity and has been associated with differences in treatment

response to corticosteroids.

e NR3C1 2 (rs41423247): This polymorphism involves a single nucleotide change in
exon 2, leading to an amino acid substitution that can impact receptor function. The
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variant is associated with altered glucocorticoid receptor activity and potential

variations in therapeutic outcomes.

NR3C1 3 (rs6195): This variant in exon 3 affects receptor binding and function. It has
been associated with altered sensitivity to corticosteroids and variations in clinical

responses.

NR3C1 4 (rs4537864): A polymorphism in the 3' untranslated region (UTR) that can
affect receptor stability and expression levels. This variant is associated with differences
in drug response and susceptibility to corticosteroid side effects.

c. Clinical Implications:

Personalized Corticosteroid Therapy: NR3C1 polymorphisms can influence
individual responses to corticosteroids, affecting dosing and efficacy. Genetic testing
for these polymorphisms can help tailor treatment regimens to achieve optimal

therapeutic outcomes and minimize adverse effects.

Corticosteroid Resistance and Sensitivity: Variants in NR3C1 can contribute to
variations in corticosteroid resistance or sensitivity. Understanding these genetic factors
can aid in managing conditions such as asthma, rheumatoid arthritis, and other

inflammatory disorders, where corticosteroids are commonly used.

Side Effects Management: Polymorphisms affecting glucocorticoid receptor function
may also influence the risk of developing side effects, such as osteoporosis, weight gain,
and glucose intolerance. Personalized treatment strategies can help mitigate these risks

by adjusting doses or selecting alternative therapies.

IV.5.2. TBX21 Marker:
a. Gene Description:

TBX21 (T-box Transcription Factor 21), also known as T-bet, encodes a

transcription factor crucial for the differentiation and function of T cells, particularly Th1 cells.

TBX21 plays a significant role in immune responses, including the regulation of inflammatory

and autoimmune processes. It influences the expression of cytokines such as IFN-y and TNF-

a. The TBX21 gene is located on chromosome 17 (17921.31) and spans approximately 55 kb.

It includes 10 exons and 9 introns. The TBX21 protein is approximately 535 amino acids long,

with a molecular weight of around 58 kDa (Figure 15).
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Figure 15: TBX genetic map uploaded by Kispert A.

b. Role of TBX21 in Pharmacogenetics:

Polymorphisms in the TBX21 gene can impact immune responses and
susceptibility to various diseases. These genetic variations can influence responses to
treatments for autoimmune disorders, inflammatory diseases, and certain cancers. TBX21

polymorphisms may also affect the efficacy of immunomodulatory therapies. Key TBX21

Polymorphisms:

TBX21 -11T>C (rs17250932): This polymorphism is located in the promoter region of
TBX21 and affects gene expression. The -11C allele is associated with altered TBX21

expression levels, which can influence immune responses and disease susceptibility.

TBX21 +1423T>C (rs4787128): A polymorphism in the 3' untranslated region (UTR),
this variant can affect mRNA stability and TBX21 protein levels. The +1423C allele

has been linked with variations in immune function and response to therapies.
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TBX21 +265A>C (rs17250932): This SNP in the coding region results in an amino
acid substitution that can impact T-bet function. The +265C allele is associated with
changes in T-bet activity and subsequent immune response alterations.

TBX21 1402A>G (rs3752147): This polymorphism is located in the coding region and
affects T-bet's DNA binding capacity. The 1402G allele can influence the

transcriptional regulation of immune-related genes.

c. Clinical Implications:

Autoimmune and Inflammatory Diseases: TBX21 polymorphisms can influence
susceptibility to autoimmune and inflammatory diseases such as rheumatoid arthritis,
systemic lupus erythematosus, and Crohn's disease. Variants affecting TBX21 function
may alter disease progression and response to treatment.

Cancer Therapy: Variations in TBX21 can impact responses to immunotherapy and
other cancer treatments. Understanding TBX21 genotypes may help tailor therapeutic

strategies for better outcomes in cancers with an immune component.

Pharmacogenetic Testing: Testing for TBX21 polymorphisms may be useful for
predicting responses to immunomodulatory drugs and optimizing treatment regimens

for conditions influenced by immune dysregulation.

IVV.5.3. FCER2 Marker
a. Gene Description:

FCER2 (Fc Fragment of IgE Receptor 11), also known as CD23, encodes a low-affinity

receptor for immunoglobulin E (IgE) (Figure 16). This receptor plays a critical role in the

regulation of IgE levels, which are important in allergic responses and asthma. FCER2 is

involved in the regulation of B cell growth, differentiation, and the allergic inflammatory

response. The FCER2 gene is located on chromosome 19 (19p13.3) and spans approximately

12 kb. It comprises 11 exons and 10 introns. The FCER2 protein is approximately 321 amino

acids long, with a molecular weight of around 37 kDa.
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Figure 16: FCER2 receptors. Uploaded by helen Turner.
b. Role of FCER2 in Pharmacogenetics:

Polymorphisms in the FCER2 gene can influence the expression and function of
the CD23 receptor, impacting IgE-mediated allergic responses. These genetic variations are
associated with differences in susceptibility to allergic diseases, asthma severity, and responses

to treatments like anti-1gE therapies (e.g., omalizumab). Key FCER2 Polymorphisms:

e FCER2-T2206C (rs28364072): This polymorphism is located in the promoter region
and affects the transcriptional activity of the FCER2 gene. The -T2206C variant has
been linked to altered CD23 expression levels, which can influence IgE regulation and

allergic disease severity.

e FCER2-C2370T (rs28364045): Another promoter region polymorphism, this variant
affects the binding affinity of transcription factors, altering gene expression. The -
C2370T allele is associated with changes in IgE levels and asthma risk.

e FCER2-R62W (rs2228137): This nonsynonymous polymorphism results in an amino
acid substitution from arginine (R) to tryptophan (W) at position 62 in the protein. The
R62W variant affects the receptor's binding affinity for IgE and has been linked to

variations in allergic disease susceptibility and treatment responses.

e FCER2 -Y307C (rs144113878): This rare variant involves a tyrosine (Y) to cysteine
(C) substitution at position 307. The Y307C polymorphism may impact the receptor's

function and influence IgE-mediated immune responses.
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c. Clinical Implications:

o Asthma and Allergic Diseases: Polymorphisms in FCER2 can affect susceptibility to
asthma and other allergic diseases, as well as the severity of these conditions.
Understanding these genetic variants can help in predicting disease progression and
tailoring treatment strategies.

e Anti-IgE Therapy: Variations in FCER2 may influence the response to anti-IgE
therapies, such as omalizumab. Patients with certain FCER2 genotypes may experience
different levels of efficacy, necessitating personalized treatment approaches.

e Pharmacogenetic Testing: Testing for FCER2 polymorphisms can aid in identifying
patients at higher risk for severe allergic reactions or those who may benefit from
specific therapeutic interventions, improving the management of allergic diseases.

IV.5.4. Clinical Implications
» Personalized Medicine: Understanding the pharmacogenetic profiles of patients can help

tailor corticosteroid therapy in respiratory diseases. For instance, patients with
polymorphisms that reduce corticosteroid sensitivity may benefit from higher doses or the
addition of other anti-inflammatory agents, while those with increased sensitivity may
require lower doses to avoid side effects.

» Biomarker-Guided Therapy: Biomarkers such as blood eosinophil counts and fractional
exhaled nitric oxide (FeNO) levels can also guide corticosteroid therapy, helping to predict

which patients are most likely to respond to treatment.

V. Example 4; Virology disease and abacavir (antiretroviral)

V.1. Description of the Drug
Abacavir is an antiretroviral medication used in the treatment of HIV (human

immunodeficiency virus) infection. It is a nucleoside reverse transcriptase inhibitor (NRTI) and is
commonly included in combination therapy regimens for managing HIV. Abacavir is sold under the

brand names Ziagen and as part of fixed-dose combinations such as Kivexa and Triumeq (Figurel7).
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Figure 17: Abacavir chemical formula. https://www.unipex.com/molecules/abacavir/. Mise a
jour 08-08-2024.

V.2. Mode of Action in Virology
Abacavir works by inhibiting the enzyme reverse transcriptase, which is essential for the

replication of HIV. It is a nucleoside analogue that mimics the natural nucleosides used by the virus to
synthesize DNA. Once incorporated into the growing viral DNA chain by reverse transcriptase, abacavir
causes premature chain termination because it lacks the necessary components to form a complete DNA

strand. This inhibition of reverse transcriptase prevents the virus from replicating and spreading.

V.3. Pharmacodynamics
a.Duration of Action: Abacavir is absorbed rapidly from the gastrointestinal tract, and its antiviral

effects are evident within a few days of initiating therapy. The drug has a relatively long half-life,

allowing for once- or twice-daily dosing, which improves patient adherence.

b.Efficacy: Abacavir is effective in reducing the viral load in HIV-infected patients and increasing
CD4+ cell counts. It is typically used in combination with other antiretrovirals to achieve a suppressive

effect on viral replication and improve clinical outcomes.

c.Side Effects: Common side effects include nausea, diarrhea, fatigue, headache, and rash. Serious side

effects include hypersensitivity reactions, which can be severe and potentially life-threatening.

V.4. Pharmacokinetics:
a.Absorption: Abacavir is well absorbed after oral administration, with peak plasma concentrations

reached within 1 to 2 hours. It is usually administered as a tablet or oral solution.

b.Distribution: The drug is widely distributed throughout the body and crosses the blood-brain barrier.

It is about 50% protein-bound in the plasma.

c.Metabolism: Abacavir is primarily metabolized in the liver through glucuronidation by the enzyme

UGT2B7 and UGT2B17, producing inactive metabolites. It does not undergo significant metabolism by
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cytochrome P450 enzymes, which reduces the risk of drug-drug interactions related to CYP450
pathways (Figure 18).
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Figure 18: Abacavir pharmacokinetic. Uploaded by pharmaGKB.

d.Elimination: The drug and its metabolites are excreted mainly through the kidneys, with
about 62% of the dose eliminated in the urine. The elimination half-life of abacavir is
approximately 1.5 to 2.5 hours, though its clinical effect extends due to its long duration of

action.

V.5. Pharmacogenetics

V.5.1.HLA-B*5701 Polymorphism:
a. Gene and protein Description:
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HLA-B (Human Leukocyte Antigen B) (Figure 19) is part of the major
histocompatibility complex (MHC) class I, which plays a crucial role in the immune system by
presenting peptide antigens to T cells. The HLA-B*5701 allele is a specific variant of the HLA-
B gene that is particularly important in the context of drug hypersensitivity reactions, most
notably to the antiretroviral drug abacavir. The HLA-B gene is located on chromosome 6
(6p21.33) within the MHC region, which is one of the most polymorphic regions in the human
genome. The HLA-B gene itself spans approximately 3.6 kb and includes 8 exons. The HLA-
B*5701 protein, like other HLA-B proteins, is composed of approximately 362 amino acids

and has a molecular weight of about 40 kDa.
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Figure 19: HLA structure.
(https://www.sciencedirect.com/science/article/abs/pii/S0369811409000029. 08-08-2024)

b. Role of HLA-B*5701 in Pharmacogenetics:

The HLA-B*5701 allele is strongly associated with a hypersensitivity reaction to
abacavir, a nucleoside reverse transcriptase inhibitor used in the treatment of HIV. This
reaction, known as abacavir hypersensitivity syndrome (AHS), is potentially life-threatening
and involves multiple organ systems. Screening for HLA-B*5701 has become standard practice
before initiating abacavir therapy, as the presence of this allele is a contraindication for the
drug. Key HLA-B*5701 Polymorphism:

e HLA-B*5701: This specific allele within the HLA-B gene is the key polymorphism
associated with abacavir hypersensitivity. It results from a unique combination of
nucleotide sequences within the HLA-B gene that alter the peptide-binding groove of
the HLA-B protein, leading to the presentation of abacavir-modified peptides to T cells

and triggering an immune response.
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c. Clinical Implications:

Abacavir Hypersensitivity: Individuals carrying the HLA-B*5701 allele are at a
significantly increased risk of developing AHS. This reaction typically occurs within
the first six weeks of therapy and can include symptoms such as fever, rash,
gastrointestinal distress, and respiratory symptoms. In severe cases, it can lead to

systemic involvement and even death.

Pharmacogenetic Testing: Routine screening for HLA-B*5701 before prescribing
abacavir is recommended. Patients who test positive for this allele should avoid abacavir
to prevent hypersensitivity reactions. This practice has significantly reduced the
incidence of AHS and improved the safety of HIV treatment.

Personalized Medicine: The identification of HLA-B*5701 is one of the most
successful examples of pharmacogenetics in clinical practice, demonstrating how

genetic screening can prevent adverse drug reactions and guide personalized therapy.

V.5.2.0ther Genetic Factors:
While HLA-B*5701 is the primary genetic factor influencing abacavir safety, other genetic

variants may affect the metabolism and efficacy of antiretrovirals in general. For example,

variations in genes related to drug transport and metabolism could potentially influence

individual responses, though they are less well-studied in the context of abacavir specifically.

VI.Example 5 ; Analgesics codeine

V1.1. Description of the Drug

Codeine is an opioid analgesic used to relieve mild to moderate pain and to alleviate

cough. It is often combined with other medications such as acetaminophen or aspirin to enhance

its analgesic effects. Codeine is commonly used in combination products like Tylenol #3 (with

acetaminophen) and Kodan (with acetaminophen or other non-opioid analgesics) (Figure 20).
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Figure 20: Codéine chemical formula.

https://www.chm.bris.ac.uk/motm/codeine/codeineh.htm. 08-08-2024

V1.2. Mode of Action in Pain Management:
Codeine works primarily by binding to opioid receptors in the central nervous system

(CNS), particularly the mu-opioid receptors. This binding produces analgesia by altering the
perception of pain and the emotional response to pain. Codeine also has antitussive (cough-
suppressing) effects by acting on the cough reflex center in the medulla oblongata.

V1.3. Pharmacodynamics

a.Duration of Action: Codeine is absorbed rapidly from the gastrointestinal tract, with peak
plasma concentrations occurring within 1 to 2 hours after oral administration. Its analgesic

effects generally begin within 30 to 60 minutes and last for about 4 to 6 hours.

b.Efficacy: Codeine is effective for managing mild to moderate pain, such as that associated
with post-operative recovery or minor injuries. However, its efficacy is generally less than that

of more potent opioids like morphine or oxycodone.

c.Side Effects: Common side effects include nausea, constipation, drowsiness, dizziness, and
dry mouth. Serious side effects may include respiratory depression, particularly in cases of
overdose or in susceptible individuals such as those with certain genetic variants affecting

metabolism.

V1.4. Pharmacokinetics
a.Absorption: Codeine is well absorbed from the gastrointestinal tract, with bioavailability

around 40% due to first-pass metabolism in the liver.

b.Distribution: After absorption, codeine is widely distributed throughout the body and crosses

the blood-brain barrier. It is about 7% protein-bound in plasma.

c.Metabolism: Codeine is metabolized primarily in the liver. Approximately 5-10% of codeine
is metabolized into morphine by the enzyme CYP2D6, which is responsible for its analgesic
effect. The rest is metabolized into inactive compounds by UGT2B4 and UGT2B7 (Figure 21).

d.Elimination: Codeine and its metabolites are excreted primarily through the kidneys. The
elimination half-life of codeine is approximately 3 to 4 hours, which supports its frequent

dosing regimen.
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Figure 21: Codéine metabolization. Uploaded pharmaGKB.

V1.5. Pharmacogenetics

V1.5.1.CYP2D6 Polymorphisms
a. Gene ans protein Description:

CYP2D6 (Cytochrome P450 Family 2 Subfamily D Member 6) is a gene encoding an
enzyme that belongs to the cytochrome P450 superfamily. This enzyme plays a crucial role in
the metabolism of a significant portion of commonly used drugs, including antidepressants,
antipsychotics, beta-blockers, opioids, and others. CYP2D6 is highly polymorphic, meaning
there are many genetic variations that can influence its activity. The CYP2D6 gene is located
on chromosome 22 (22g13.2) and spans approximately 4.4 kb. It consists of 9 exons. The
CYP2D6 enzyme is composed of 497 amino acids and has a molecular weight of about 55
kDa.

b. Role of CYP2D6 in Pharmacogenetics:

CYP2D6 polymorphisms are critical in determining the rate at which an
individual metabolizes certain drugs. Depending on the specific variants present, individuals

can be classified into different metabolizer phenotypes: poor metabolizers (PMs), intermediate
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metabolizers (IMs), extensive metabolizers (EMs), and ultra-rapid metabolizers (UMs). These

differences can lead to variations in drug efficacy and the risk of adverse drug reactions. Key
CYP2D6 Polymorphisms:

CYP2D6*1: This is the wild-type allele, associated with normal enzyme activity.

Individuals with two copies of this allele are considered extensive metabolizers.

CYP2D6*2: Also associated with normal activity but can sometimes be associated with

duplications that lead to ultra-rapid metabolism.

CYP2D6*3 (rs35742686): This allele contains a frameshift mutation that leads to a

non-functional enzyme. Individuals with this variant may be poor metabolizers.

CYP2D6*4 (rs3892097): A splicing defect variant that results in a non-functional
enzyme, making it one of the most common alleles associated with poor metabolizer

status in Caucasians.

CYP2D6*5: This allele represents a gene deletion, leading to no enzyme production,

and is associated with poor metabolizer status.

CYP2D6*10 (rs1065852): Common in Asian populations, this variant results in

reduced enzyme activity, typically leading to intermediate metabolizer status.

CYP2D6*17 (rs28371706): Found predominantly in African populations, this variant
also leads to reduced enzyme activity, affecting the metabolism of certain drugs.

CYP2D6*41 (rs28371725): This variant leads to reduced enzyme activity and is often

seen in intermediate metabolizers.

c. Clinical Implications:

Drug Dosing: Individuals with different CYP2D6 phenotypes require different dosing
strategies. Poor metabolizers may require lower doses to avoid toxicity, while ultra-
rapid metabolizers may need higher doses or alternative medications to achieve

therapeutic effects.

Adverse Drug Reactions: Poor metabolizers are at an increased risk of adverse drug
reactions due to slower drug clearance, whereas ultra-rapid metabolizers may

experience subtherapeutic effects due to rapid drug elimination.
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e Personalized Medicine: Pharmacogenetic testing for CYP2D6 polymorphisms can
help guide the selection and dosing of medications, particularly for drugs with narrow
therapeutic windows or those metabolized primarily by CYP2D6.

Example 6; Immunology disease and thiopurines

VI1.1. Description of the Drug
Thiopurines are a class of immunosuppressive medications used primarily in the

treatment of autoimmune diseases, such as systemic lupus erythematosus (SLE), rheumatoid
arthritis, and inflammatory bowel disease (IBD), including Crohn's disease and ulcerative
colitis. The two main thiopurines are azathioprine and 6-mercaptopurine. Azathioprine is a

prodrug that is metabolized into 6-mercaptopurine in the body (Figure 22).
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Figure 22: Thiopurine chemical formula. http://www.chemspider.com/Chemical-
Structure.24769487.html. 08-08-2024

VI11.2. Mode of Action in Immunological Disorders:
Thiopurines work by suppressing the immune system to reduce inflammation

and prevent the immune system from attacking the body's own tissues. They achieve this by
inhibiting the proliferation of lymphocytes (particularly T and B cells) through interference

with purine synthesis, which is essential for DNA replication and cell division.

Azathioprine is converted to 6-mercaptopurine, which then gets metabolized into several active
metabolites that inhibit de novo purine synthesis. These metabolites interfere with the synthesis
of nucleic acids, leading to the suppression of cell proliferation, particularly in rapidly dividing

immune cells.

V11.3. Pharmacodynamics:
a.Duration of Action: The therapeutic effects of thiopurines develop gradually over several

weeks to months. They are not used for acute symptom relief but rather for long-term
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management of chronic autoimmune conditions. The immunosuppressive effects are due to the

gradual depletion of proliferating lymphocytes.

b.Efficacy: Thiopurines are effective in reducing disease activity and maintaining remission in
various autoimmune diseases. They are often used in combination with other

immunosuppressive agents to enhance therapeutic outcomes.

c.Side Effects: Common side effects include gastrointestinal disturbances (nausea, vomiting,
diarrhea), bone marrow suppression (leading to leukopenia and anemia), and liver toxicity.

Long-term use can also increase the risk of infections and certain malignancies.

VI11.4. Pharmacokinetics:
a.Absorption: Thiopurines are well absorbed from the gastrointestinal tract. Azathioprine is

rapidly converted to 6-mercaptopurine in the liver, where it is further metabolized.

b.Distribution: Once absorbed, 6-mercaptopurine is widely distributed throughout the body,

including into tissues and the central nervous system.

c.Metabolism: 6-Mercaptopurine is metabolized by several enzymes, including thiopurine S-
methyltransferase (TPMT) and xanthine oxidase. TPMT inactivates 6-mercaptopurine to

inactive metabolites, while xanthine oxidase also contributes to its metabolism (Fifure 23).

d.Elimination: The inactive metabolites are primarily excreted in the urine. The half-life of 6-
mercaptopurine is approximately 1 to 2 hours, but its clinical effects extend due to its impact

on lymphocyte proliferation.
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Figure 23: Thiopurine metabolization, uploaded pharma GKB
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VI11.5. Pharmacogenetics:

VIL5.1.TPMT Polymorphisms:
a. Gene Description:

TPMT (Thiopurine S-methyltransferase) encodes an enzyme that plays a crucial role in
the metabolism of thiopurine drugs, such as azathioprine, mercaptopurine, and thioguanine.
These drugs are commonly used in the treatment of autoimmune disorders, leukemia, and organ
transplant recipients. TPMT catalyzes the S-methylation of thiopurine drugs, which is a key
step in their inactivation. The TPMT gene is located on chromosome 6 (6p22.3) and spans
approximately 34 kb. It consists of 10 exons. The TPMT enzyme is composed of 245 amino

acids and has a molecular weight of about 28 kDa.
b. Role of TPMT in Pharmacogenetics:

Variations in the TPMT (Figure 24) gene can lead to significant differences in the
enzyme's activity among individuals. Depending on the specific polymorphisms present,
patients can be classified into different metabolizer phenotypes: normal metabolizers,
intermediate metabolizers, and poor metabolizers. These variations can influence the risk of

toxicity and efficacy of thiopurine drugs. Key TPMT Polymorphisms:

TPMT*1: This is the wild-type allele associated with normal enzyme activity.

Individuals with two copies of this allele are considered normal metabolizers.

e TPMT*2 (rs1800462): This variant involves a G238C substitution, resulting in an
alanine-to-proline change at position 80 (A80P). This polymorphism leads to

significantly reduced enzyme activity, associated with an increased risk of drug toxicity.

e TPMT*3A (rs1800460 and rs1142345): This is the most common variant associated
with low TPMT activity, particularly in Caucasian populations. It includes two
mutations: a G460A substitution (A154T) and an A719G substitution (Y240C).
Homozygous individuals for TPMT*3A are typically poor metabolizers.

e TPMT?*3C (rs1142345): This variant includes the A719G substitution (Y240C) alone
and is more common in Asian and African populations. It also leads to reduced enzyme

activity and an increased risk of toxicity.
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e TPMT*4 (rs1800584): This variant involves a G292T substitution, leading to a
glycine-to-valine change at position 98 (G98V). It is associated with low enzyme

activity.
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Figure 24 : TPMT polymorphisms map.
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c. Clinical Implications:

e Drug Dosing: Patients with low or absent TPMT activity are at high risk for severe
myelosuppression when treated with standard doses of thiopurines. Therefore, dosage
adjustments based on TPMT genotype are crucial. Poor metabolizers (homozygous for
low-activity alleles) may require a 10- to 15-fold dose reduction, while intermediate

metabolizers (heterozygous) may need a more moderate reduction.

e Adverse Drug Reactions: Patients with reduced TPMT activity are at a higher risk for
severe bone marrow toxicity, including leukopenia, thrombocytopenia, and anemia,

when treated with standard doses of thiopurine drugs.

e Pharmacogenetic Testing: TPMT genotype testing is recommended before initiating
thiopurine therapy to guide dosing and reduce the risk of toxicity. Testing for common
variants like TPMT2, TPMT3A, and TPMT*3C can identify patients at risk for adverse

reactions.

VIl. Oncology; Breast cancer and Trastuzumab (Herceptin)
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VI11.1. Description of the Drug:
Trastuzumab, marketed under the brand name Herceptin, is a monoclonal antibody used

in the treatment of breast cancer and other HER2-positive cancers. It specifically targets the
HER2/neu receptor, which is overexpressed in approximately 20-30% of breast cancer cases.
HER2 (human epidermal growth factor receptor 2) is a tyrosine kinase receptor that, when

overexpressed, is associated with aggressive tumor growth and poor prognosis.
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Figure 25: Trastuzumab chemical formula.
https://www.chemicalbook.com/CAS/20180808/G1F/180288-69-1.gif. 08-08-2024

VI111.2. Mode of Action in Breast Cancer
Trastuzumab binds to the extracellular domain of the HER2 receptor, inhibiting its

activation and preventing downstream signaling pathways that promote cell proliferation and
survival. By blocking HER2, trastuzumab disrupts the growth and survival signals of HER2-

positive cancer cells.

Additionally, trastuzumab mediates antibody-dependent cellular cytotoxicity (ADCC). The
binding of trastuzumab to HER2 on cancer cells recruits immune cells, such as natural killer
(NK) cells, to destroy the tumor cells.

VI111.3. Pharmacodynamics

a. Duration of Action: Trastuzumab is administered intravenously (1) and begins to work by
inhibiting HER2 signaling within hours to days of administration. The clinical effects, such as

tumor shrinkage or stabilization, may take weeks to months to become apparent (Figure 26).
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b,Efficacy: In HER2-positive breast cancer, trastuzumab has significantly improved outcomes,
including increased overall survival and progression-free survival. It is often used in

combination with other chemotherapy agents or as part of adjuvant therapy following surgery.

VI11.4. Pharmacokinetics:
a.Absorption: Trastuzumab is administered via intravenous infusion, with direct entry into the

bloodstream. It is not given orally due to poor gastrointestinal absorption.

b.Distribution: The drug is widely distributed throughout the body, including the tumor tissues
where HER?2 is overexpressed. It crosses the blood-brain barrier to a limited extent.

c.Metabolism: Trastuzumab is metabolized primarily by proteolytic degradation in various tissues,
including the liver and lymph nodes. The process involves cellular mechanisms rather than hepatic

metabolism.
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d.Elimination: The elimination half-life of trastuzumab is approximately 5 to 8 days, but this
can vary based on patient-specific factors and concurrent treatments. The drug is cleared from
the body through a combination of cellular uptake and degradation.

VI11.5. Pharmacogenetics:

VI11.5.1.HER2 Marker:
The HER2 gene (also known as ERBB2) is located on chromosome 17912 and spans

approximately 40 kb of DNA. It consists of 26 exons. The HER2 gene encodes a transmembrane
tyrosine kinase receptor that belongs to the epidermal growth factor receptor (EGFR) family.
The protein produced, HER2, has a mass of about 185 kDa and comprises 1,255 amino acids.

Several polymorphisms and mutations have been reported in the HER2 gene, which can affect

its expression and function. Key polymorphisms include:

o lle655Val (rs1136201): A single nucleotide polymorphism (SNP) in exon 17, where
isoleucine (lle) is substituted by valine (\Val) at codon 655. This variant is associated
with altered HER2 protein function and has been studied for its potential role in breast

cancer susceptibility and response to therapy.

e Proll70Ala (rs1058808): Another SNP located in exon 25, resulting in a proline (Pro)
to alanine (Ala) substitution at codon 1170. This polymorphism has also been explored
in the context of cancer risk and therapeutic outcomes.

e -3444C/T (rs8106140): A promoter region polymorphism that can influence the
transcriptional activity of the HER2 gene, potentially altering HER2 expression levels.

VIII. Oncology; Lung cancer and Doxorubicine

IX. 1. Description of the Drug:
Doxorubicine are a class of immunosuppressive medications used primarily in the

treatment of autoimmune diseases, such as systemic lupus erythematosus (SLE), rheumatoid
arthritis, and inflammatory bowel disease (IBD), including Crohn's disease and ulcerative
colitis. The two main thiopurines are azathioprine and 6-mercaptopurine. Azathioprine is a
prodrug that is metabolized into 6-mercaptopurine in the body.
I1X.2. Mode of Action in Immunological Disorders:

Doxorubicine work by suppressing the immune system to reduce inflammation and
prevent the immune system from attacking the body's own tissues. They achieve this by
inhibiting the proliferation of lymphocytes (particularly T and B cells) through interference

with purine synthesis, which is essential for DNA replication and cell division.
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Azathioprine is converted to 6-mercaptopurine, which then gets metabolized into several active
metabolites that inhibit de novo purine synthesis. These metabolites interfere with the synthesis
of nucleic acids, leading to the suppression of cell proliferation, particularly in rapidly dividing

immune cells.

IX.3. Pharmacodynamics:
a.Duration of Action: The therapeutic effects of thiopurines develop gradually over several

weeks to months. They are not used for acute symptom relief but rather for long-term
management of chronic autoimmune conditions. The immunosuppressive effects are due to the

gradual depletion of proliferating lymphocytes.

b.Efficacy: Doxorubicine are effective in reducing disease activity and maintaining remission
in various autoimmune diseases. They are often used in combination with other

immunosuppressive agents to enhance therapeutic outcomes.

c.Side Effects: Common side effects include gastrointestinal disturbances (nausea, vomiting,
diarrhea), bone marrow suppression (leading to leukopenia and anemia), and liver toxicity.

Long-term use can also increase the risk of infections and certain malignancies.

IX.4. Pharmacokinetics:
a.Absorption: Doxorubicine are well absorbed from the gastrointestinal tract. Azathioprine is

rapidly converted to 6-mercaptopurine in the liver, where it is further metabolized.

b.Distribution: Once absorbed, 6-mercaptopurine is widely distributed throughout the body,

including into tissues and the central nervous system.

c.Metabolism: 6-Mercaptopurine is metabolized by several enzymes, including thiopurine S-
methyltransferase (TPMT) and xanthine oxidase. TPMT inactivates 6-mercaptopurine to

inactive metabolites, while xanthine oxidase also contributes to its metabolism.

d.Elimination: The inactive metabolites are primarily excreted in the urine. The half-life of 6-
mercaptopurine is approximately 1 to 2 hours, but its clinical effects extend due to its impact

on lymphocyte proliferation.

IX.5. Pharmacogenetics:

IX.5.1.TPMT Markers:
The TPMT (Thiopurine S-methyltransferase) gene is located on chromosome 6p22.3

and spans approximately 34 kb of DNA. The gene comprises 10 exons. The TPMT gene
encodes a cytosolic enzyme, TPMT, which is involved in the metabolism of thiopurine drugs

such as azathioprine, mercaptopurine, and thioguanine. The TPMT protein has a mass of about
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28 kDa and consists of 245 amino acids. Several polymorphisms in the TPMT gene are
clinically significant, as they can influence the enzyme's activity and, consequently, drug

metabolism:

e TPMT*2 (rs1800462): A missense mutation in exon 5, where alanine (Ala) is replaced
by proline (Pro) at codon 80 (Ala80Pro). This variant is associated with decreased

enzyme activity.

e TPMT*3A (rs1142345 and rs1800460): The most common variant in Caucasians,

which includes two missense mutations:

o C.T719A>G (rs1142345): Results in a tyrosine (Tyr) to cysteine (Cys)
substitution at codon 240 (Tyr240Cys).

o C.460G>A (rs1800460): Results in an alanine (Ala) to threonine (Thr)
substitution at codon 154 (Alal54Thr). This combination of mutations leads to

a substantial reduction in TPMT enzyme activity.

e TPMT*3C (rs1142345): A variant similar to TPMT*3A but with only the c.719A>G
(Tyr240Cys) mutation. This variant is more common in Asian and African populations

and also results in reduced enzyme activity.

IX.5.2.Clinical Implications:
TPMT genotype testing is recommended before starting thiopurine therapy to tailor dosing and

minimize the risk of adverse effects. This personalized approach helps in optimizing therapeutic
efficacy while reducing the risk of severe side effects.

IX.Oncology; Colorectal cancer and Fluoropyrimidines (5-fluorouracile “5-
FU”)
X.1. Description of the Drug
5-Fluorouracil (5-FU) is a cornerstone chemotherapy agent used in the treatment of
colorectal cancer. It is a fluoropyrimidine, a class of drugs that includes other agents such as
capecitabine and tegafur. 5-FU is an antimetabolite that interferes with DNA synthesis and cell

division by mimicking the natural pyrimidine base uracil (Figure 27).
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Figure 27: 5FU chemical formula. https://file.medchemexpress.com/product_pic/hy-
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X.2. Mode of Action in Colorectal Cancer:
Inhibition of Thymidylate Synthase: 5-FU is primarily effective due to its ability to

inhibit thymidylate synthase (TS), an enzyme critical for DNA synthesis. TS catalyzes the
conversion of deoxyuridine monophosphate (dUMP) to deoxythymidine monophosphate
(dTMP), a precursor of thymidine. Thymidine is essential for DNA replication and repair. By
inhibiting TS, 5-FU depletes thymidine levels, leading to disrupted DNA synthesis and

ultimately, cell death.

RNA Incorporation: 5-FU is also incorporated into RNA, where it interferes with RNA

processing and function, further contributing to its antitumor effects.

X.3. Pharmacodynamics:
a.Duration of Action: 5-FU is administered intravenously or orally (as capecitabine). Its

antitumor effects are observed within a few weeks of initiating therapy. The duration of action

can extend beyond the administration period due to its impact on DNA synthesis and cell cycle.

b.Efficacy: 5-FU is effective in treating colorectal cancer and is often used in combination with
other chemotherapeutic agents (e.g., leucovorin, oxaliplatin, irinotecan) to enhance its efficacy.
It is part of several established treatment regimens, including FOLFOX (5-FU, leucovorin,

oxaliplatin) and FOLFIRI (5-FU, leucovorin, irinotecan).

c.Side Effects: Common side effects include nausea, vomiting, diarrhea, mucositis (oral and
gastrointestinal), and myelosuppression (e.g., leukopenia, anemia, thrombocytopenia). Severe

side effects can include hand-foot syndrome, cardiotoxicity, and neurotoxicity.
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X.4. Pharmacokinetics:

a.Absorption: When administered intravenously, 5-FU is directly introduced into the

bloodstream, avoiding absorption issues associated with oral administration. Oral formulations,

such as capecitabine, are converted to 5-FU in the body.

b.Distribution: 5-FU is widely distributed throughout the body, including into tumor tissues

and the central nervous system. It has a relatively small volume of distribution.

c.Metabolism: 5-FU is metabolized primarily in the liver and, to a lesser extent, in other tissues.

The main metabolic pathways involve conversion to inactive metabolites, including 5-fluoro-

urea and 5-fluoro-dihydro-uracil (Figure 28).

d.Elimination: The drug and its metabolites are excreted mainly through the urine. The

elimination half-life of 5-FU is approximately 8 to 20 minutes when administered as a bolus

and 15 to 30 minutes when given as a continuous infusion.
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X.5. Pharmacogenetics:

X.5.1.Dihydropyrimidine Dehydrogenase (DPD) Deficiency:
The DPYD (Dihydropyrimidine Dehydrogenase) gene is located on

chromosome 1p21.3 and spans approximately 950 kb of DNA. The gene consists of 23 exons.
The DPYD gene encodes the enzyme dihydropyrimidine dehydrogenase (DPD), which plays a
crucial role in the catabolism of pyrimidines and the metabolism of fluoropyrimidine drugs such
as 5-fluorouracil (5-FU) and capecitabine. The DPD protein has a mass of about 111 kDa and

is composed of 1,021 amino acids (Figure 29).
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Figure 29: DPYD Polymorphism.
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Several polymorphisms in the DPYD gene have been identified, some of which can lead to
reduced or absent DPD enzyme activity. These polymorphisms are clinically significant in

pharmacogenetics, as they can influence the metabolism and toxicity of fluoropyrimidines:

« DPYD*2A (rs3918290): A splice-site mutation in intron 14, where a G to A substitution
at position 1905 (c.1905+1G>A) results in exon 14 skipping. This leads to a truncated,
non-functional enzyme and is one of the most common causes of severe

fluoropyrimidine toxicity in patients with DPD deficiency.

e DPYD*13 (rs55886062): A missense mutation in exon 13, where cysteine (Cys) is
replaced by tryptophan (Trp) at codon 543 (Cys543Trp). This variant is associated with

reduced DPD enzyme activity and increased risk of drug toxicity.

e C.2846A>T (rs67376798): A missense mutation in exon 22, resulting in an aspartic acid
(Asp) to valine (Val) substitution at codon 949 (Asp949Val). This polymorphism is also
associated with decreased DPD activity and heightened risk for adverse drug reactions.
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X.5.2.TS Polymorphisms:
Variants in the thymidylate synthase (TS) gene can also affect 5-FU efficacy. Higher TS gene

expression or certain polymorphisms (e.g., TSER*2) may be associated with poorer clinical
responses to 5-FU. Testing for these polymorphisms can help predict patient response and tailor

treatment strategies.
X. Oncology; Non-small cell lung cancer and Erlotinib (Tarceva)

X1.1. Description of the Drug
Erlotinib, marketed under the brand name Tarceva, is a targeted therapy used primarily

for the treatment of non-small cell lung cancer (NSCLC) and pancreatic cancer. It is an oral
small-molecule tyrosine kinase inhibitor that specifically targets the epidermal growth factor
receptor (EGFR), which is frequently overexpressed or mutated in various cancers, including
NSCLC (Figure 30).
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Figure 30: Erlotinib chemical structure.
https://www.researchgate.net/publication/236978266/fiqure/fig3/AS:667178495901716@153
6079157973/Erlotinib-chemical-structure-Notes-Chemical-name.png. 08-08-2024

X1.2. Mode of Action in NSCLC
Erlotinib inhibits the EGFR tyrosine kinase activity by binding to the intracellular domain of

the EGFR. EGFR is a receptor that, when activated by its ligands (such as EGF), triggers a
cascade of signaling pathways that promote cell proliferation, survival, and migration. By
blocking EGFR phosphorylation, erlotinib prevents the downstream signaling pathways, such
as the Ras-Raf-MEK-ERK and PI3K-Akt pathways, which are involved in tumor growth and
survival. This inhibition leads to reduced tumor cell proliferation and induction of apoptosis in

EGFR-dependent cancer cells.
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X1.3. Pharmacodynamics:
a.Duration of Action: Erlotinib is administered orally, with peak plasma concentrations

typically reached within 4 hours of ingestion. Its clinical effects, such as tumor shrinkage or
stabilization, may become evident after several weeks of treatment. The duration of action is

influenced by the drug's half-life and the persistence of its effects on EGFR signaling.

b.Efficacy: Erlotinib is effective in treating NSCLC, particularly in patients with specific
EGFR mutations. It is often used as a first-line treatment in EGFR mutation-positive NSCLC
and as a second-line or subsequent therapy in patients who have progressed on chemotherapy.
Its efficacy is also seen in combination with other treatments for enhanced therapeutic

outcomes.

c.Side Effects: Common side effects include rash, diarrhea, nausea, anorexia, and fatigue.
Severe side effects can include interstitial lung disease (ILD) and liver enzyme abnormalities.
The rash is often a significant marker of drug activity and is correlated with better clinical

outcomes.

X1.4. Pharmacokinetics:
a.Absorption: Erlotinib is well absorbed from the gastrointestinal tract, with peak plasma

concentrations occurring approximately 4 hours after oral administration. The drug has an oral

bioavailability of about 60%.

b.Distribution: Erlotinib is widely distributed throughout the body and has a volume of

distribution of approximately 100 L. It is highly protein-bound (about 99%) in plasma.

c.Metabolism: Erlotinib is primarily metabolized in the liver by the enzyme CYP3A4, and to
a lesser extent by CYP1AZ2, into several metabolites. The major metabolite, OSI-420, has
similar pharmacological activity as the parent drug but is present in much lower concentrations
(Figure 31).
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d.Elimination: Erlotinib and its metabolites are excreted mainly in the feces (approximately

80%) and to a lesser extent in the urine. The elimination half-life 36 hours, which supports its

once-daily dosing regimen.

X1.5. Pharmacogenetics
X1.5.1.EGFR Mutations:

The EGFR (Epidermal Growth Factor Receptor) gene is located on chromosome 7p11.2

and spans approximately 240 kb of DNA. It comprises 28 exons. The EGFR gene encodes a

transmembrane receptor tyrosine kinase that is involved in regulating cell growth, survival, and

proliferation. The EGFR protein has a mass of about 170 kDa and is composed of 1,021 amino

acids (Figure 32).
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Figure 32: EGFR gene organization.
https://www.researchgate.net/publication/223970748/figure/fig2/AS:202618375806981@142
5319393095/The-gene-structure-of-epidermal-growth-factor-receptor-EGFR-and-the-genetic-

targets-for.png. 08-08-2024

Several polymorphisms and mutations in the EGFR gene have been studied due to their roles

in cancer and response to targeted therapies:

EGFR L858R (rs121434199): A common point mutation in exon 21, where leucine
(Leu) is substituted by arginine (Arg) at codon 858 (Leu858Arg). This mutation is
frequently found in non-small cell lung cancer (NSCLC) and is associated with
sensitivity to EGFR tyrosine kinase inhibitors (TKISs) like gefitinib and erlotinib.

e EGFR T790M (rs121434200): A point mutation in exon 20, where threonine (Thr) is
replaced by methionine (Met) at codon 790 (Thr790Met). This mutation often occurs as
a secondary mutation in patients with acquired resistance to EGFR TKIs.

« EGFR Exon 19 Deletions: Involves in-frame deletions within exon 19 of the EGFR
gene, which are also associated with sensitivity to EGFR TKIs and are commonly found
in NSCLC.

e EGFR S768I1 (rs121434198): A point mutation in exon 20, where serine (Ser) is

replaced by isoleucine (lle) at codon 768 (Ser768lle). This mutation can impact the

response to EGFR TKIs, though its clinical significance is less well-defined compared
to L858R and T790M

X1.0ncology; Colorectal cancer and Cetuximab (Erbitux)

XI11.1. Description of the Drug:
Cetuximab, marketed under the brand name Erbitux, is a monoclonal antibody used in

the treatment of colorectal cancer and head and neck cancers. It targets the epidermal growth
factor receptor (EGFR), which is often overexpressed or dysregulated in these cancers.

Cetuximab is used either alone or in combination with other chemotherapy agents (Figure 33).
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Figure 33: Cetuximab chemical formula.

https://www.ncbi.nlm.nih.gov/books/NBK?23248/bin/CetuxOGStruc.jpg. 08-08-2024.

XI11.2. Mode of Action in Colorectal Cancer:
a.EGFR Inhibition: Cetuximab binds specifically to the extracellular domain of the EGFR,

preventing its activation by endogenous ligands such as EGF and TGF-alpha. This blockade
inhibits the receptor's tyrosine kinase activity, which in turn disrupts downstream signaling

pathways involved in cell proliferation, survival, and migration.

b.Induction of Apoptosis: By blocking EGFR signaling, cetuximab reduces cell proliferation
and promotes apoptosis (programmed cell death) in cancer cells that are dependent on EGFR

for survival and growth.

c.Antibody-Dependent Cellular Cytotoxicity (ADCC): Cetuximab also mediates immune-
mediated destruction of cancer cells. It recruits immune cells, such as natural killer (NK) cells,

which recognize and kill the antibody-coated tumor cells.

XI11.3. Pharmacodynamics:
a.Duration of Action: Cetuximab is administered via intravenous infusion. The onset of

clinical effects, such as tumor response or stabilization, can take several weeks. The duration

of action is influenced by the drug's half-life and its impact on EGFR signaling pathways.

b.Efficacy: Cetuximab is effective in treating colorectal cancer, particularly in tumors that
express EGFR and are wild-type for the KRAS gene. It is often used in combination with
chemotherapy regimens (e.g., FOLFOX or FOLFIRI) or as a single agent in certain cases. It is
not effective in patients with KRAS mutations in colorectal cancer, as these mutations are

associated with resistance to EGFR inhibitors.
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c.Side Effects: Common side effects include rash, diarrhea, and hypomagnesemia. Severe
adverse effects may include infusion reactions and interstitial lung disease (ILD). The rash is
often used as a marker of drug activity and can correlate with clinical benefit.

XI1.4. Pharmacokinetics:

a.Absorption: Cetuximab is administered intravenously, providing direct entry into the

bloodstream. It is not given orally due to poor gastrointestinal absorption.

b.Distribution: The drug is widely distributed throughout the body, including into tumor
tissues. It has a high volume of distribution and is primarily located in the plasma and

extracellular fluid.

c.Metabolism: Cetuximab is metabolized through a process of catabolism by proteolytic
enzymes in the liver and other tissues. Unlike small-molecule drugs, monoclonal antibodies are

not metabolized by hepatic enzymes but rather through cellular degradation processes.

d.Elimination: The drug is eliminated primarily via the reticuloendothelial system, with its
half-life ranging from 112 to 200 hours. The long half-life allows for infrequent dosing,
typically every one to two weeks.

XI1.5. Pharmacogenetics:

XI11.5.1.KRAS Mutations:
The KRAS gene is located on chromosome 12p12.1 and spans approximately 32 kb of

DNA. It comprises 4 exons.The KRAS gene encodes a small GTPase protein involved in cell
signaling pathways that regulate growth and differentiation. The KRAS protein has a mass of

about 21 kDa and is composed of 189 amino acids (Figure 34).
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Figure 34: Kras gene structure.
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Several key mutations in the KRAS gene are associated with various cancers, particularly

in colorectal cancer, lung cancer, and pancreatic cancer:

e KRAS G12D (rs121913529): A point mutation where glycine (Gly) is replaced by
aspartic acid (Asp) at codon 12 (Gly12Asp). This mutation is frequently observed in
colorectal cancer and is associated with constitutive activation of the KRAS protein,

leading to uncontrolled cell proliferation.

e KRAS G12V (rs121913529): A point mutation where glycine (Gly) is replaced by
valine (Val) at codon 12 (Glyl2Val). This mutation is also commonly found in

colorectal cancer and contributes to the same aberrant signaling pathways as G12D.

e KRAS G13D (rs121913529): A point mutation where glycine (Gly) is replaced by
aspartic acid (Asp) at codon 13 (Gly13Asp). This variant is less common but similarly

involved in the activation of downstream signaling pathways.

e KRAS Q61R (rs121913529): A point mutation where glutamine (GIn) is replaced by
arginine (Arg) at codon 61 (GIn61Arg). This mutation is less frequent but has been
observed in various cancers, including lung cancer and pancreatic cancer.

X11.1.2.0ther Genetic Factors:
Variations in other genes, such as EGFR and NRAS, may also influence response to cetuximab,

though KRAS remains the primary biomarker for predicting efficacy.

XIl.  Oncology; Melanoma and Vemurafenib (Zelboraf)
XI11.1. Description of the Drug:

Vemurafenib, marketed under the brand name Zelboraf, is a targeted therapy used for
the treatment of melanoma, specifically in patients with BRAF V600E mutations. It is a small-
molecule inhibitor that selectively targets and inhibits the mutated BRAF kinase, which is
involved in the MAPK signaling pathway that drives tumor growth in certain cancers (Figure
35).
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Figure 35: Vemurafenib chemical structure.
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XI11.2. Mode of Action in Melanoma:
a.BRAF Inhibition: Vemurafenib inhibits the activity of the BRAF protein kinase that is

mutated in melanoma. The most common mutation in melanoma is BRAF V600E, where a
valine (V) is substituted by glutamic acid (E) at position 600. This mutation causes constitutive
activation of the BRAF kinase, leading to continuous activation of the MAPK pathway, which

promotes cell proliferation and survival.

b.Downstream Effects: By inhibiting BRAF, vemurafenib blocks the downstream signaling
through the MEK and ERK pathways. This inhibition disrupts the signaling cascade that drives
tumor cell growth and survival, leading to reduced tumor proliferation and induction of

apoptosis in BRAF-mutant melanoma cells.

XI11.3. Pharmacodynamics:
a.Duration of Action: Vemurafenib is administered orally and achieves peak plasma

concentrations within 2 to 4 hours. Clinical responses, including tumor shrinkage or
stabilization, may be observed within a few weeks of starting treatment. The drug's effects can

persist beyond the administration period due to the impact on BRAF signaling pathways.

b.Efficacy: Vemurafenib is highly effective in treating melanoma with BRAF V600E
mutations. It has been shown to improve overall survival and progression-free survival in
clinical trials. However, resistance often develops over time, and the drug is typically used as

part of a broader treatment strategy.

c.Side Effects: Common side effects include rash, arthralgia (joint pain), fatigue, nausea, and
diarrhea. Serious side effects may include cutaneous squamous cell carcinoma (SCC), liver
enzyme abnormalities, and cardiac issues. Regular monitoring for these adverse effects is

essential during treatment.
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XI11.4. Pharmacokinetics
a.Absorption: Vemurafenib is well absorbed from the gastrointestinal tract, with peak plasma

concentrations reached approximately 2 to 4 hours after oral administration. The drug has a
bioavailability of about 30%.

b.Distribution: The drug is widely distributed throughout the body, with a volume of
distribution of approximately 200 L. It is moderately bound to plasma proteins (about 96%).

c.Metabolism: Vemurafenib is metabolized primarily in the liver by CYP3A4 and CYP2C19
enzymes. It is converted into several metabolites, including active and inactive forms (Figure
36).
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Figure 36: Vemurafenib metabolization.
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d.Elimination: The drug is eliminated primarily via the feces (about 87%) and to a lesser extent
through the urine. The elimination half-life of vemurafenib is approximately 57 hours,

supporting its twice-daily dosing regimen.

XI11.5. Pharmacogenetics:

XI111.5.1.BRAF Mutation Testing:
The BRAF gene is located on chromosome 7934 and spans approximately 25 kb of

DNA. It consists of 18 exons. The BRAF gene encodes a serine/threonine protein kinase that is
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part of the MAPK/ERK signaling pathway, which regulates cell growth and differentiation. The

BRAF protein has a mass of about 82 kDa and is composed of 766 amino acids (Figure 37).
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by Bruce Gelb

Several mutations in the BRAF gene are associated with various cancers, particularly

melanoma, colorectal cancer, and thyroid cancer:

BRAF V600E (rs113488022): A point mutation where valine (Val) is replaced by

glutamic acid (Glu) at codon 600 (Val600Glu). This is the most common mutation in

melanoma and is associated with constitutive activation of the BRAF kinase, leading to

enhanced cell proliferation and survival. It is also found in other cancers, including

colorectal cancer and thyroid cancer.

BRAF V600K (rs113488022): A point mutation where valine (Val) is replaced by

lysine (Lys) at codon 600 (Val600Lys). This mutation is also associated with melanoma

and is similarly implicated in the activation of the MAPK/ERK signaling pathway.

BRAF V600D (rs121913529): A point mutation where valine (Val) is replaced by

aspartic acid (Asp) at codon 600 (Val600Asp). This mutation is less common but can

also lead to BRAF kinase activation and has been observed in various cancers.

XI11.5.2.Resistance Mechanisms: Over time, resistance to vemurafenib can develop due to

secondary mutations in the BRAF gene or alterations in the MAPK pathway. These resistance

mechanisms may affect treatment efficacy and require alternative or combination therapeutic

strategies.
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XIIl. Oncology; Chronic myelogenous leukemia (CML) and Imatinib

(Gleevec)

XIV.1. Description of the Drug
Imatinib, known commercially as Gleevec, is a targeted therapy used in the treatment

of chronic myelogenous leukemia (CML) and other malignancies. It is a small-molecule
tyrosine kinase inhibitor that specifically targets the BCR-ABL fusion protein, which is a
hallmark of CML. Imatinib also inhibits other tyrosine kinases, including c-KIT and PDGFR,

which are involved in other cancers (Figure 38).
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Figure 38: Imatinib chemical structure.
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XIV.2. Mode of Action in CML
BCR-ABL Inhibition: Imatinib targets the BCR-ABL fusion protein, a constitutively

active tyrosine kinase that results from a chromosomal translocation (t(9;22)) between the BCR
gene on chromosome 22 and the ABL gene on chromosome 9. This fusion protein drives the

proliferation of hematopoietic cells, leading to uncontrolled growth in CML.

Mechanism of Action: Imatinib binds to the ATP-binding site of the BCR-ABL tyrosine kinase,
preventing its activation and subsequent phosphorylation of substrates involved in cell
proliferation and survival. By inhibiting this kinase activity, imatinib effectively reduces the

proliferation of leukemic cells and induces apoptosis (programmed cell death).

XI1V.3. Pharmacodynamics
a.Duration of Action: Imatinib is administered orally, with peak plasma concentrations

typically reached within 2 to 4 hours after ingestion. Clinical responses, such as reduction in
leukemic cell counts and improvement in clinical symptoms, are often observed within a few
weeks of starting treatment. The duration of action is influenced by the drug's ability to

continuously inhibit BCR-ABL kinase activity.

b.Efficacy: Imatinib is highly effective in treating CML, particularly in the chronic phase. It

has significantly improved patient outcomes, including overall survival and progression-free
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survival. The drug is also used in patients with accelerated or blast phases of CML and in

combination with other therapies for comprehensive management.

c.Side Effects: Common side effects include nausea, diarrhea, fatigue, edema, and rash. Severe
side effects may include myelosuppression (e.g., neutropenia, anemia), liver enzyme
abnormalities, and cardiovascular issues. Monitoring for these adverse effects is essential

during treatment.

XIV.4. Pharmacokinetics:
a.Absorption: Imatinib is well absorbed from the gastrointestinal tract, with peak plasma

concentrations reached approximately 2 to 4 hours after oral administration. The drug has a
bioavailability of about 98%.

b.Distribution: Imatinib is widely distributed throughout the body, including into tumor
tissues. It has a volume of distribution of approximately 60 L and is moderately bound to plasma
proteins (about 95%).

c.Metabolism: Imatinib is primarily metabolized in the liver by CYP3A4, and to a lesser extent
by CYP2D6 and UGT1AL. Its major metabolite, CGP 74588, is also active but less potent than
the parent drug (Figure 39).
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Figure 39: Imatinib metabolization. Uploaded pharmaGkb.

d.Elimination: The drug is eliminated primarily through the feces (about 60%) and to a lesser
extent through the urine. The elimination half-life of imatinib is approximately 18 hours, which

supports its once-daily dosing regimen.

XIV.5. Pharmacogenetics

X1V.5.1.BCR-ABL Mutations:
The BCR-ABL fusion gene arises from the chromosomal translocation t(9;22)(q34;911),

which involves the fusion of the BCR gene on chromosome 22 and the ABL1 gene on
chromosome 9. The resulting fusion gene spans approximately 1.2 Mb of DNA and is part of
the Philadelphia chromosome. The BCR-ABL fusion gene encodes a chimeric protein with
tyrosine kinase activity. The size of the BCR-ABL protein varies depending on the specific
breakpoint and fusion variant, but it generally has a mass of around 210 kDa to 230 kDa. The
protein combines the BCR protein's coiled-coil domain with the ABL1 protein's tyrosine kinase
domain (Figure 40).
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Figure 40: BCR-ABL fusion.

https://catalog.invivoscribe.com/wp-content/uploads/2018/11/BCR-ABL-700x467.png. 08-
08-2024

The BCR-ABL fusion protein is characterized by its constitutively active tyrosine kinase
activity, which is crucial in the pathogenesis of chronic myeloid leukemia (CML) and acute
lymphoblastic leukemia (ALL). Key features include:
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o Breakpoint Variants: The most common breakpoint is at the major breakpoint cluster
region (M-BCR), resulting in the p210 BCR-ABL fusion protein, which is typically
found in CML. Other breakpoints in the minor breakpoint cluster region (m-BCR) or
the micro-BCR (u-BCR) lead to different fusion proteins, such as p190 and p230, which
are associated with ALL and rarely with CML.

« Mutations: Point mutations in the ABL1 kinase domain, such as those in codons 315
(T3151) and 370 (F317L), can cause resistance to tyrosine kinase inhibitors (TKIs) like
imatinib. These mutations lead to conformational changes in the kinase domain that

reduce drug binding, making targeted treatment more challenging.

X1V.5.2.Pharmacogenetic Variations:
Genetic variations in CYP3A4 and CYP3ADS5 can influence imatinib metabolism. While these

variations generally have a modest effect on drug metabolism, they may impact dosing

requirements and drug levels in some patients.
XIV. Oncology; Non-small cell lung cancer and Crizotinib (Xalkori)

XV.1. Description of the Drug
Crizotinib, marketed under the brand name Xalkori, is a targeted therapy used primarily

for the treatment of non-small cell lung cancer (NSCLC) that is characterized by specific
genetic alterations. Crizotinib is an oral small-molecule tyrosine kinase inhibitor that targets
and inhibits the activity of anaplastic lymphoma kinase (ALK) and ROS1 fusion proteins, which
are implicated in certain NSCLC tumors (Figure 41).

Figure 41: Crizotinib chemical structure.

Page 84 sur 154



https://pubchem.ncbi.nlm.nih.gov/image/imgsrv.fcqi?cid=11626560&t=I. 08-08-2024

XV.2. Mode of Action in NSCLC
ALK and ROS1 Inhibition: Crizotinib inhibits the ALK and ROS1 tyrosine kinases,

which are involved in cell signaling pathways that promote tumor growth and survival. The
ALK gene can fuse with various partner genes, resulting in constitutively active ALK proteins

that drive cancer progression. Similarly, ROS1 fusion proteins also drive oncogenic signaling.

Mechanism of Action: By binding to the ATP-binding site of the ALK and ROS1 kinases,
crizotinib prevents their activation and subsequent downstream signaling. This inhibition
disrupts cellular processes such as proliferation, migration, and survival, leading to reduced

tumor growth and induction of apoptosis in ALK-positive and ROS1-positive NSCLC cells.

XV.3. Pharmacodynamics
a.Duration of Action: Crizotinib is administered orally, with peak plasma concentrations

typically reached within 4 to 6 hours. Clinical responses, such as tumor shrinkage or
stabilization, are often observed within a few weeks of starting treatment. The drug's effects are

sustained as long as it continues to inhibit the target kinases.

b.Efficacy: Crizotinib is effective in treating NSCLC with ALK or ROS1 gene rearrangements.
It has been shown to significantly improve progression-free survival and overall response rates
in clinical trials. The drug is particularly useful for patients who have not responded to

conventional chemotherapy or other therapies.

c.Side Effects: Common side effects include nausea, diarrhea, visual disturbances, fatigue, and
edema. More severe adverse effects may include pneumonitis, liver enzyme abnormalities, and

cardiac issues. Monitoring for these side effects is essential during treatment.

XV.4. Pharmacokinetics
a.Absorption: Crizotinib is well absorbed from the gastrointestinal tract, with peak plasma

concentrations reached approximately 4 to 6 hours after oral administration. The drug has an

oral bioavailability of about 43%.

b.Distribution: The drug is widely distributed throughout the body, with a volume of
distribution of approximately 1,500 L. It is highly bound to plasma proteins (about 91%).

Page 85 sur 154


https://pubchem.ncbi.nlm.nih.gov/image/imgsrv.fcgi?cid=11626560&t=l

c.Metabolism: Crizotinib is metabolized primarily in the liver by CYP3A4 and CYP3A5
enzymes. The major metabolite, crizotinib M2, has similar activity to the parent drug but is

present in lower concentrations.

d.Elimination: The drug is eliminated primarily via the feces (approximately 60%) and to a
lesser extent through the urine. The elimination half-life of crizotinib is approximately 42 hours,

which supports its twice-daily dosing regimen.

XV.5. Pharmacogenetics

XV.5.1.ALK and ROS1 Rearrangements:
1. ALK Gene Rearrangements:

The ALK (Anaplastic Lymphoma Kinase) gene is located on chromosome
2p23.2 and spans approximately 80 kb of DNA. It comprises 29 exons. The ALK gene encodes

a receptor tyrosine kinase involved in cell growth and differentiation. The ALK protein has a
mass of about 150 kDa and is composed of 1,520 amino acids.

2. ROS1 Gene Rearrangements:

The ROS1 gene is located on chromosome 6¢22.1 and spans approximately 115
kb of DNA. It consists of 32 exons. The ROS1 gene encodes a receptor tyrosine kinase involved
in cell signaling pathways. The ROS1 protein has a mass of approximately 200 kDa and is
composed of 1,840 amino acids (Figure 42).
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Figure 42: ALK or ROS1 gene rearrangements.
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XV.5.2.Resistance Mechanisms:
Resistance to crizotinib can occur due to secondary mutations in the ALK or ROS1

genes or activation of alternative signaling pathways. These mutations may necessitate
alternative or second-line therapies, such as next-generation ALK inhibitors (e.g., alectinib,

brigatinib) for patients with resistant mutations.

XV. Oncology; Melanoma and Pembrolizumab (Keytruda),

XVI.1. Description of the Drug:
Pembrolizumab, marketed under the brand name Keytruda, is an immune checkpoint

inhibitor used for the treatment of melanoma, among other cancers. It is a monoclonal antibody
that specifically targets and blocks the programmed cell death protein 1 (PD-1) receptor on T
cells. By inhibiting this checkpoint, pembrolizumab enhances the body's immune response

against cancer cells (Figure 43).

HsC

Figure 43: Pembrolizumab chemical structure.

XVI1.2. Mode of Action in Melanoma:
PD-1 Inhibition: Pembrolizumab binds to the PD-1 receptor on T cells and

prevents its interaction with its ligands, PD-L1 and PD-L2. PD-1 is an immune checkpoint that
normally inhibits T cell activity to prevent autoimmunity and limit tissue damage. Tumor cells

often exploit this pathway by expressing PD-L1, thereby evading immune surveillance.
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Immune Activation: By blocking the PD-1 pathway, pembrolizumab restores T cell activity and
enhances the immune system's ability to recognize and attack melanoma cells. This mechanism

leads to an increased anti-tumor immune response and potential tumor regression.

XV1.3. Pharmacodynamics:
a.Duration of Action: Pembrolizumab is administered intravenously, with peak plasma

concentrations reached approximately 2 to 3 hours after infusion. The clinical effects, such as
tumor shrinkage or stabilization, may be observed over several weeks to months. The drug's
effect can be long-lasting, even after treatment discontinuation, due to the sustained activation

of the immune response (Figure 44).

b.Efficacy: Pembrolizumab has shown significant efficacy in treating melanoma, particularly
in patients with unresectable or metastatic disease. Clinical trials have demonstrated improved
overall survival, progression-free survival, and response rates compared to traditional therapies.
The drug is effective regardless of BRAF mutation status, making it a versatile option for

various melanoma subtypes.

c.Side Effects: Common side effects include fatigue, rash, pruritus, diarrhea, and nausea.
Pembrolizumab can also cause immune-related adverse effects, such as pneumonitis, colitis,
hepatitis, and endocrinopathies. Regular monitoring for these immune-related side effects is

essential during treatment.
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Figure 44: PD-1 receptor structure. uploaded by Robert Hamilton Pierce

XV1.4. Pharmacokinetics:
a.Absorption: Pembrolizumab is administered via intravenous infusion and is not absorbed

through the gastrointestinal tract, so oral bioavailability is not applicable.
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b.Distribution: The drug is widely distributed in the body, with a volume of distribution of
approximately 8 L. It has a high affinity for the PD-1 receptor and is primarily localized in the

plasma and interstitial spaces.

c.Metabolism: Pembrolizumab is not metabolized by the liver enzymes but rather undergoes
catabolism into smaller peptides and amino acids by various proteolytic processes throughout
the body.

d.Elimination: The drug is eliminated from the body through a combination of proteolytic
degradation and elimination via the reticuloendothelial system. The elimination half-life of

pembrolizumab is approximately 26 days, supporting its dosing schedule of every 3 weeks.

XVI1.5. Pharmacogenetics:
The effectiveness of pembrolizumab can be influenced by tumor biomarkers

such as PD-L1 expression and microsatellite instability (MSI). Higher PD-L1 expression in
tumor tissues may correlate with better responses to pembrolizumab, although the drug can still

be effective in tumors with lower PD-L1 levels (Figure 45).
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Figure 45: The PD-L1 and Pembrolizumab.
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XVI1.5.1.PD-L1 Testing:
The PD-L1 (Programmed Death-Ligand 1) gene, also known as CD274, is located on

chromosome 9p24.1 and spans approximately 20 kb of DNA. It consists of 4 exons. The PD-
L1 gene encodes a protein involved in immune checkpoint regulation, with a mass of about 40
kDa. The PD-L1 protein has 290 amino acids and functions by binding to the PD-1 receptor on

T-cells, thereby inhibiting T-cell activation and promoting immune tolerance.

Several genetic variants in the PD-L1 gene can affect its expression and function. Key

polymorphisms include:

e PD-L1rs4143815 (C-39A): A single nucleotide polymorphism in the promoter region

that can influence PD-L1 expression levels.

e PD-L1 rs822336: A variant associated with varying PD-L1 expression levels and

potential implications for cancer immune evasion.

e Copy Number Variations (CNVs): Amplifications in the PD-L1 gene can lead to
increased PD-L1 protein expression, which is observed in several cancers, including
non-small cell lung cancer (NSCLC), and is associated with poor prognosis and

resistance to immune checkpoint inhibitors.

XV1.5.2.MSI-H Status:
Microsatellite Instability-High (MSI-H) refers to a condition where there is a

high level of microsatellite instability due to defects in the DNA mismatch repair (MMR)
system. This instability leads to variations in the length of microsatellite repeats in the DNA,

resulting from errors during DNA replication that are not corrected.

MSI-H is a key biomarker for several types of cancer, including colorectal cancer (particularly
in Lynch syndrome), endometrial cancer, and gastric cancer. Tumors exhibiting MSI-H are
often associated with better responses to immune checkpoint inhibitors, such as pembrolizumab
and nivolumab, due to their high neoantigen load and increased immunogenicity.

MSI status is typically determined using polymerase chain reaction (PCR) to analyze
microsatellite regions or through next-generation sequencing (NGS). The presence of MSI-H
indicates that the tumor has accumulated a significant number of microsatellite changes

compared to stable tumors.

MSI-H tumors are often associated with certain genetic syndromes, like Lynch syndrome,

which predisposes individuals to multiple cancers. Identifying MSI-H status is crucial for
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guiding treatment decisions, particularly for selecting patients who may benefit from

immunotherapy and for screening family members for inherited genetic conditions.
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Chapter 111: New Approaches

Page 92 sur 154



l. Introduction

Pharmacogenomics is an emerging field in medicine that aims to understand how an
individual's genetic variations influence their response to medications, thereby optimizing
treatments for each patient. Biomarkers play a crucial role in various medical fields, especially
in oncology, where they help identify patients most likely to benefit from targeted therapies.
Among new approaches, genetics focuses on specific variations such as single nucleotide
polymorphisms (SNPs) that impact the pharmacokinetics and pharmacodynamics of drugs.
Proteomics, which analyzes proteins and their post-translational modifications, provides
valuable insights into drug mechanisms and therapeutic response biomarkers. Metabolomics
examines endogenous metabolites in biological fluids to understand metabolic interactions and
drug effects, aiding in predicting individual treatment responses. The gut microbiome
significantly influences drug metabolism, and its study helps personalize medication
treatments. Epigenetics, including modifications like DNA methylation and histone
modifications, plays a key role in gene expression regulation, with epigenetic profiles used as
biomarkers to predict treatment responses and disease progression. Next-generation sequencing
(NGS) and exome sequencing technologies enable in-depth analysis of the genome and exome,
identifying somatic and germline mutations that can influence treatment responses. In
oncology, NGS is used to identify specific mutations that can be targeted by personalized
therapies. Integrating these approaches into pharmacogenomics paves the way for personalized
therapies, where treatment is tailored to the patient's genetic, proteomic, metabolomic, and
epigenetic characteristics. This optimizes treatment efficacy while minimizing adverse effects
and represents a significant advance toward precision medicine, improving clinical outcomes

and reducing healthcare costs associated with the trial-and-error of traditional treatments.
1. Genetics

Drug metabolism occurs in three main phases (Figure 46): transformation (Phase 1),
conjugation (Phase Il), and elimination (Phase I11). Each phase involves specific enzymes and
genetic markers that impact the processes of metabolism and clearance of medications.
Understanding the enzymes and genes involved in the transformation, conjugation, and
elimination phases is essential for predicting drug responses and tailoring treatments for
individual patients. By integrating these pharmacogenetic insights, it is possible to develop

personalized therapies that maximize efficacy while minimizing side effects.
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This represents a significant advance toward precision medicine, improving clinical
outcomes and reducing healthcare costs associated with the trial-and-error approach of

traditional treatments.

I11.1. Phase I: Functionalization

The Phase | transformation phase is crucial for converting lipophilic drugs into more
hydrophilic metabolites through the action of CYP450 enzymes and other enzymatic pathways.
Understanding the genetic variability in these enzymes is essential for predicting individual
drug responses and optimizing personalized medicine. By tailoring drug therapies based on
genetic profiles, healthcare providers can enhance treatment outcomes and minimize the risk of

adverse effects, moving closer to the goal of precision medicine.

11.1.1. Mechanisms of Action
The enzymatic reactions in Phase | primarily involve the following processes:
a. Oxidation: This is the most common reaction type and includes several subtypes such as
hydroxylation, epoxidation, dealkylation, and N-oxidation. The general mechanism involves

the insertion of an oxygen atom into the drug molecule, often facilitated by CYP450

enzymes.

o Hydroxylation: Introduction of a hydroxyl group (-OH) into the drug molecule.

For example, the hydroxylation of benzene to phenol.
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o Dealkylation: Removal of an alkyl group from nitrogen, oxygen, or sulfur atoms.

For example, the dealkylation of codeine to morphine.

b. Reduction: These reactions involve the gain of electrons or hydrogen atoms, often leading
to the conversion of nitro groups to amines, or carbonyl groups to alcohols. These reactions

are catalyzed by reductases and can occur under low oxygen conditions.

c. Hydrolysis: This involves the cleavage of chemical bonds by the addition of water.
Esterases and amidases are enzymes that facilitate the hydrolysis of ester and amide bonds

in drug molecules.

11.1.2. Enzymes involved in drug metabolism:

a. Cytochrome P450 3A4 (CYP3A4):

The CYP3A4 gene, approximately 27 kb in size, encodes an enzyme of the cytochrome
P450 family that is responsible for metabolizing around 50% of all drugs. This gene comprises
13 exons and encodes a protein of 503 amino acids with an approximate size of 58 kDa.
Polymorphisms such as CYP3A41B, involving a G to A substitution at nucleotide 392, and
CYP3A422, an intronic mutation, can affect enzyme activity. CYP3A4 plays a crucial role in
the metabolism of wvarious medications, including statins like atorvastatin,

immunosuppressants such as cyclosporine, and some antibiotics like erythromycin.
b. Cytochrome P450 2D6 (CYP2D6):

The CYP2D6 gene, approximately 4.3 kb in size, encodes an enzyme that is a
member of the cytochrome P450 family and is involved in metabolizing about 25% of all
drugs. The gene consists of 9 exons and encodes a protein of 491 amino acids with an
approximate size of 56 kDa. Polymorphisms in CYP2D6 include variants such as CYP2D63
and CYP2D65, which involve gene deletions; CYP2D64, which causes a splicing defect;
CYP2D610, associated with reduced enzyme function; and CYP2D6*17, which alters
substrate specificity. CYP2D6 is crucial for the metabolism of various medications,
including antidepressants like fluoxetine, beta-blockers such as metoprolol, and opioids like

codeine.
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c. Cytochrome P4502C9 ( CYP2C9):

The CYP2C9 gene, approximately 55 kb in size, encodes an enzyme from the
cytochrome P450 family that plays a key role in metabolizing various drugs. The gene consists
of 10 exons and codes for a protein of 490 amino acids with an approximate size of 54 kDa.
Common polymorphisms in CYP2C9 include CYP2C92, which involves a C430T mutation,
and CYP2C93, with an A1075C mutation; both of these variants are associated with reduced
enzymatic activity. CYP2C9 is essential for the metabolism of nonsteroidal anti-inflammatory
drugs (NSAIDs) like ibuprofen, anticoagulants such as warfarin, and hypoglycemic agents like

tolbutamide.

11.2. Phase I1: Conjugation

Phase Il of drug metabolism, also known as conjugation, involves the chemical
modification of drugs or their metabolites by attaching them to larger, more polar molecules.
This phase typically follows Phase | (oxidation, reduction, or hydrolysis), which may produce
metabolites that are either inactive or require further modification to be excreted from the body.
The main goal of Phase Il is to make these compounds more water-soluble and thus easier to
excrete, primarily through urine or bile. Together, these enzymes play a crucial role in the
detoxification and elimination of drugs and other xenobiotics from the body, ensuring that

potentially harmful substances are efficiently processed and excreted.

11.2.1. Mechanisms of Action:

Conjugation reactions in Phase Il involve the transfer of endogenous molecules to the drug
or its Phase | metabolite. This process generally results in the formation of conjugates that are
more hydrophilic (water-soluble) and less pharmacologically active, facilitating their

elimination from the body. The main mechanisms include:

a. Glucuronidation: Addition of glucuronic acid to the substrate, mediated by UDP-

glucuronosyltransferases (UGTS). This is one of the most common conjugation reactions.

b. Sulfation: Addition of a sulfate group to the substrate, mediated by sulfotransferases

(SULTS). This reaction also increases water solubility.

c. Acetylation: Addition of an acetyl group, mediated by N-acetyltransferases (NATS). This

reaction usually results in less polar, more easily excreted compounds.
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d. Methylation: Addition of a methyl group to the substrate, mediated by methyltransferases.
Methylation typically reduces water solubility and alters biological activity.

e. Glycine Conjugation: Addition of glycine to the substrate, often involving drugs and their

metabolites, especially in the case of carboxylic acids.

f. Glutathione Conjugation: Addition of glutathione to reactive electrophilic substrates,
mediated by glutathione S-transferases (GSTs). This reaction plays a role in detoxifying
potentially harmful compounds.

11.2.2. Enzymes Involved in Drug Metabolism:

a. N-acetyltransferase 2 (NAT?2):

It’s a gene involved in Phase I drug metabolism, specifically in acetylation reactions. This
gene is approximately 8 kb in size and consists of 8 exons. It encodes a protein with a molecular
weight of around 28 kDa. NATZ2's primary function is to transfer acetyl groups from acetyl-
CoA to various drugs and other substrates, influencing their pharmacokinetics and toxicity.
Polymorphisms in NAT2, such as NAT25 (T341C mutation), NAT26 (G590A mutation), and
NAT2*7 (G857A mutation), result in varying acetylation capacities among individuals,
categorizing them as rapid or slow acetylators. These genetic variations can significantly affect
the metabolism of drugs like isoniazid, used in tuberculosis treatment, and sulfasalazine, used
for inflammatory bowel disease, leading to differences in drug efficacy and toxicity among

patients.
b. UDP-glucuronosyltransferase (UGT1AL):

It is a key enzyme in Phase Il drug metabolism, specifically involved in glucuronidation.
The UGT1A1 gene is located at the UGT1A locus and spans approximately 200 kb, comprising
5 exons. It encodes a protein of about 55 kDa. UGT1AL1 facilitates the addition of glucuronic
acid to various substrates, increasing their water solubility and facilitating their excretion. The
UGT1A1*28 allele, characterized by a TA repeat insertion in the promoter region, is associated
with reduced enzyme activity. This polymorphism can lead to Gilbert's syndrome, a benign
condition characterized by mild hyperbilirubinemia, and affects the metabolism of the
anticancer drug irinotecan, leading to increased drug toxicity in individuals with reduced

enzyme activity
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c. .Glutathione S-transferase (GST):

They are crucial enzymes in Phase 1l drug metabolism, particularly in detoxification through
glutathione conjugation. The genes encoding these enzymes include GSTM1, GSTT1, and
GSTP1.

GSTM1: spans approximately 51 kb and encodes a protein involved in the conjugation of
various electrophiles with glutathione. Common polymorphisms include gene deletions, which
can lead to the complete absence of the enzyme, reducing detoxification capacity and increasing

susceptibility to various toxins and carcinogens.

GSTT1: is about 8 kb in size and also involves gene deletions as common polymorphisms,
which similarly result in a lack of enzyme activity and can affect detoxification processes and
susceptibility to certain diseases.

GSTP1: has a size of approximately 3 kb and is notable for its polymorphism A313G, which
results in the substitution of isoleucine with valine. This change can alter the enzyme's activity,
influencing the metabolism of various drugs and its effectiveness in detoxifying reactive
substances.

11.3. Phase I11: Elimination

Phase 111 of drug metabolism, also known as elimination, involves the transport and removal
of drugs and their metabolites from the body. This phase is crucial for ensuring that substances
processed in Phase I and Phase Il are efficiently excreted, preventing their accumulation and
potential toxicity. The primary organs involved in elimination are the liver, kidneys, and bile

ducts, where drugs are excreted into urine, feces, or bile.

11.3.1. Mechanisms of Action:

Phase 111 focuses on the active transport of drugs and metabolites across cell membranes,

typically from the bloodstream into excretion pathways. Key mechanisms include:

a. Efflux Transporters: Proteins that actively transport drugs and their metabolites out
of cells and into bodily fluids for excretion. These include:
» P-Glycoprotein (P-gp): A major efflux transporter found in various tissues, including the
intestine, liver, and kidneys, that helps pump drugs out of cells and into the lumen of the

gastrointestinal tract or renal tubules for excretion.
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» Multi-Drug Resistance Proteins (MRPs): Such as MRP2 and MRP3, which transport
conjugated drugs and metabolites into bile and urine.
» Breast Cancer Resistance Protein (BCRP): Involved in the excretion of a wide range of

drugs and their metabolites.

b. Renal Elimination: Involves filtration and secretion of drugs and their metabolites

into the urine. This process includes:

» Glomerular Filtration: Where drugs are filtered out of the blood into the renal tubules.

» Tubular Secretion: Where additional drugs and metabolites are actively transported
from the blood into the renal tubules.

» Reabsorption: Some drugs and metabolites may be reabsorbed back into the
bloodstream from the renal tubules.

c. Hepatic Elimination: Involves the excretion of drugs and metabolites into bile, which

then enters the gastrointestinal tract for elimination. This process includes:

> Biliary Excretion: Where conjugated drugs and metabolites are transported into bile and

eventually excreted in feces.

d. Enterohepatic Recirculation: Some drugs and metabolites excreted into the bile can
be reabsorbed from the intestine back into the bloodstream, potentially prolonging

their presence in the body.

11.3.2. Enzymes Involved in Drug elimination

a. P-glycoprotein (ABCB1):

Encoded by the ABCB1 gene, is a crucial efflux transporter involved in Phase 11l drug
metabolism and elimination. The ABCB1 gene spans approximately 20 kb and consists of 28
exons. It encodes a protein of about 170 kDa, consisting of 1,280 amino acids. P-gp plays a
pivotal role in transporting a wide range of drugs and metabolites out of cells and into bodily
fluids for excretion, thereby influencing drug absorption, distribution, and resistance. By
actively pumping drugs out of cells, P-gp helps prevent their accumulation and facilitates their
elimination through urine, bile, or feces, thus playing a key role in drug detoxification and

resistance mechanisms.
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b. Multidrug resistance-associated proteins (MRPs, such as ABCC1):

also known as Multidrug Resistance Protein 1 (MRP1), is an important efflux
transporter involved in Phase 111 drug elimination. The ABCCL1 gene spans approximately 200
kb and is composed of 31 exons. It encodes a protein of about 190 kDa, with 1,472 amino acids.
ABCCL1 plays a critical role in transporting a variety of drugs and their metabolites out of cells,
impacting their distribution and excretion. Polymorphisms such as G671V can affect the
efficiency of drug transport and contribute to resistance against anticancer drugs by altering the
protein's ability to expel these drugs from cells, thereby influencing drug efficacy and treatment

outcomes.
d. Breast cancer resistance protein (BCRP, also known as ABCG2):

ABCG2, also known as Breast Cancer Resistance Protein (BCRP), is a key efflux
transporter involved in Phase Il drug elimination. The ABCG2 gene spans approximately 66
kb and consists of 16 exons. It encodes a protein of about 72 kDa, comprising 655 amino acids.
ABCG2 is crucial for transporting a wide range of drugs and metabolites out of cells, impacting
their pharmacokinetics and excretion. Polymorphisms like the Q141K variant, caused by a
C421A mutation, significantly reduce transport activity, affecting the metabolism and clearance
of drugs such as methotrexate and rosuvastatin. This variation can lead to altered drug efficacy

and increased risk of adverse effects due to reduced elimination of these drugs.
1. Proteomic:

Proteomics is a field of biology dedicated to studying the entire set of proteins present
in a cell, tissue, or organism. Unlike genomics, which focuses on DNA, proteomics explores
the full spectrum of proteins, including their structures, functions, and interactions. To achieve
this, several protein separation techniques are employed. Among these, SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis) and two-dimensional electrophoresis are
common methods. SDS-PAGE separates proteins based on their size and charge, while two-
dimensional electrophoresis combines two separation steps to achieve even finer resolution.
Mass spectrometry is another key technique that determines the mass of proteins and identifies
their amino acid composition. The primary goal of proteomics is to provide a comprehensive
analysis of the proteins present, thereby facilitating the identification of potential biomarkers

for various pathological conditions.
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I11.1. Proteomics and Pharmacogenetics

Pharmacogenetics explores how individual genetic variations influence drug responses.
A crucial aspect of this relationship is the interaction between genes and the proteins they
encode. Genetic variations can modulate protein expression, thereby affecting how drugs are
metabolized and their efficacy. In proteomics, identifying protein biomarkers plays a crucial
role in understanding these mechanisms. Biomarkers can indicate how a patient will respond to
a specific treatment or predict potential side effects. For example, case studies have
demonstrated the practical application of proteomics in pharmacogenetics, showing how
specific protein variations can influence drug responses. These studies highlight the importance

of proteomics in personalizing drug therapies and improving clinical outcomes.

111.2. Molecular Docking

Molecular docking is a computational modeling technique used to predict how a molecule,
typically a ligand such as a drug, binds to a molecular target, often a protein. This technique is
particularly useful in the fields of pharmacogenetics and proteomics for several reasons: In
pharmacogenetics, molecular docking allows for modeling how genetic variations affect the

interaction between drugs and their protein targets. Key applications include:
a. ldentification of Genetic Variants Impacting Drug Targets:

Variations in genes encoding for drug targets can alter the structure of these proteins,
affecting their ability to bind to drugs. Molecular docking can predict how these variations
modify the affinity and specificity of drug-target binding.

b. Optimization of Personalized Medicines:

By considering an individual's specific genetic variations, docking can help design or adjust
drugs to enhance their effectiveness and reduce side effects. For example, if a genetic variant
changes the shape of a metabolic enzyme, docking can help predict how this change will

influence drug metabolism.
¢. Prediction of Adverse Reactions:

Docking can be used to identify unexpected interactions between drugs and target proteins,
helping to anticipate potential side effects.
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In proteomics, molecular docking is used to explore interactions between proteins and small

molecules (such as ligands or drugs), which is crucial for several aspects:

e Analysis of Protein-Ligand Interactions: Docking helps understand how proteins
identified in proteomic studies interact with ligands or drugs. This information is
essential for determining the mechanisms of action of proteins and for identifying new

therapeutic targets.

o Validation of Biomarkers: Biomarkers identified through proteomic studies can be
tested for their interaction with drugs via molecular docking. This helps confirm their
role in biological or pathological processes and validates their potential as therapeutic

targets.

o Discovery of New Drug Targets: By studying how specific proteins interact with
various ligands, docking can reveal new targets for drugs, enriching the understanding

of biological processes and opening up avenues for new therapies.

111.3. Calculation of Docking Score

The docking score helps predict which binding configurations are most likely and
identifies compounds with a high affinity for the target, facilitating the development of new
therapeutic molecules and the personalization of treatments based on individual patient

characteristics

The docking score is a numerical value that quantifies the quality of the binding between a
ligand and a protein target. It is calculated based on the predicted interactions between the two

molecules, using theoretical models and simulations. The key steps in the calculation include:

a. Structure Preparation: The structures of the molecules (ligand and protein) are prepared
and optimized, often using modeling tools to adjust conformations and minimize internal

energies.

b. Generation of Conformations: The ligand is placed in various configurations around the

protein target to explore different binding modes.

c. Calculation of Binding Energy: The docking score is calculated by estimating the binding
energy between the ligand and the protein. This includes van der Waals energy, electrostatic

interactions, changes in solvation energy, and other energetic terms.
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d. Score Evaluation: The docking score is generally a combination of several types of
energetic interactions. Lower scores indicate better binding affinity, while higher scores
suggest less favorable binding.

e. Ranking of Conformations: Different configurations of the ligand are ranked based on
their docking scores. Configurations with the lowest scores are considered the most likely to

represent stable and specific interactions.

I11.4. Types of Molecular Docking

Molecular docking techniques can be broadly categorized based on how they handle

the flexibility of the ligand, the protein, or both. Here’s a detailed look at each type:
111.4.1. Rigid Docking

Rigid docking assumes that both the ligand and the protein are rigid structures, meaning
their conformations do not change during the docking process. This approach simplifies the

computational process, as it avoids the need to account for flexibility in either molecule.
a. Advantages:

Computational Efficiency: Since the structures are held rigid, the calculations are faster and

less resource-intensive compared to methods that account for flexibility.

Simplicity: The method is straightforward and well-suited for initial screening of large
compound libraries where flexibility is less critical.

b. Limitations:

Limited Accuracy: Rigid docking may not accurately model interactions involving significant
conformational changes. Many protein binding sites and ligands exhibit flexibility that can be

crucial for accurate predictions.

Rigid Binding Sites: It may not fully capture how ligands adjust to fit into flexible or dynamic

binding sites on the protein.
c. Applications:

Rigid docking is often used for preliminary screening of potential ligands or when the

binding site is well-characterized and does not undergo significant conformational changes.
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111.4.2. Flexible Docking

Flexible docking allows both the ligand and the protein to adopt different conformations
during the docking process. This method considers the inherent flexibility of the molecules,
which can lead to more accurate predictions of binding interactions.

a. Advantages:

Improved Accuracy: By accounting for conformational changes in both the ligand and the
protein, flexible docking provides a more realistic model of how ligands interact with dynamic
binding sites.

Adaptability: Useful for cases where the protein or ligand undergoes significant structural

rearrangements upon binding.
b. Limitations:

Computational Complexity: The inclusion of flexibility increases the computational burden,

requiring more resources and time to perform simulations.

Parameterization: The need for accurate parameterization and sampling of conformational

space can complicate the docking process.
c. Applications:

Flexible docking is used when there is significant flexibility in the binding site or when
detailed insights into the dynamic interactions between the ligand and protein are required. It is
particularly useful in drug design to refine potential drug candidates and predict their

interactions more accurately.
111.4.3. Induced Fit Docking

Induced fit docking is an advanced technique that involves adjusting the protein’s
structure to better accommodate the ligand. This method recognizes that the binding of a ligand

can induce conformational changes in the protein, leading to a more accurate representation of

the binding interaction.

Page 104 sur 154



a. Advantages:

Realistic Binding Models: By allowing the protein to adapt its conformation upon ligand
binding, induced fit docking provides a more realistic model of protein-ligand interactions.

Enhanced Predictive Power: This technique captures the dynamic nature of biological systems,
improving the accuracy of docking predictions, especially in systems where significant

conformational changes occur.
b. Limitations:

High Computational Cost: The method requires extensive computational resources due to the

need to simulate and evaluate multiple conformations of the protein.

Complex Setup: Induced fit docking can be more complex to set up and requires detailed

knowledge of the protein’s potential conformational changes.
c. Applications:

Induced fit docking is particularly useful in scenarios where ligand binding triggers
substantial conformational changes in the protein, such as in enzyme-substrate interactions or
when exploring new drug targets. It is often employed in detailed drug discovery processes to

refine docking results and design more effective therapeutics.

I11.4. Concrete Example: Application of Proteomics in Pharmacogenetics - Warfarin
and Anticoagulation

Consider a patient with atrial fibrillation (AF), a condition that increases the risk of
blood clots due to irregular heartbeats. Warfarin is a commonly prescribed anticoagulant to
prevent these clots. Here’s a detailed breakdown of how proteomics can be applied to

personalize warfarin treatment (Figure 47):
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Figure 47: Application of Proteomics in Pharmacogenetics

111.4.1. Step 1: Initial Protein Profiling

The objective is to establish a baseline of the patient’s protein profile related to blood

coagulation before initiating warfarin treatment.
e Process:

Sample Collection: A blood sample is collected from the patient before starting warfarin

therapy.

Proteomic Analysis: Techniques such as mass spectrometry or two-dimensional gel
electrophoresis are used to analyze the blood sample. This analysis identifies and quantifies

proteins involved in coagulation, such as clotting factors and their regulators.

Data Interpretation: The resulting protein profile is compared with known profiles to
understand the patient’s baseline coagulation status. This step helps identify any pre-existing

abnormalities or variations in the coagulation proteins that could influence warfarin response.

111.4.2. Step 2: Identification of Protein Biomarkers

e Objective: To find protein biomarkers that are associated with the patient's response to

warfarin.

Page 106 sur 154



e Process:

Comparison of Profiles: Proteomic data from patients who have had successful outcomes with
warfarin are compared to those who have had adverse effects or inadequate responses.

Biomarker Discovery: Statistical and bioinformatics tools are used to identify proteins that are

differentially expressed or have altered levels in patients with different responses to warfarin.

Biomarker Validation: Potential biomarkers are validated through additional studies or clinical
trials to confirm their association with drug metabolism or coagulation response. For example,
biomarkers may include proteins involved in the metabolism of warfarin or those regulating

coagulation pathways.

111.4.3. Step 3: Associated Genetic Profiling

The objective is To analyze genetic variations that influence warfarin metabolism and response.
e Process:

Genetic Testing: The patient’s genetic material is analyzed to identify variants in genes related
to warfarin metabolism, such as those encoding cytochrome P450 enzymes (e.g., CYP2C19 and
CYP2C9) and vitamin K epoxide reductase (VKORC1).

Variant Analysis: Specific genetic variants (e.g., CYP2C92, CYP2C93) are examined to

determine how they affect enzyme activity and warfarin metabolism.

Integration with Proteomics: Genetic data is integrated with the proteomic profile to
understand how genetic variations influence protein levels and functions related to drug

response.

111.4.4. Step 4: Treatment Personalization

The objective is To optimize the warfarin dosage based on the combined proteomic and genetic

profiles.
e Process:

Dose Adjustment: Using the information from the proteomic and genetic profiles, the physician
adjusts the warfarin dosage to achieve optimal anticoagulant effect while minimizing the risk

of bleeding.
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Monitoring and Titration: Regular monitoring of the patient’s coagulation status (e.g., INR
levels) is performed to ensure the dose remains effective and safe. Adjustments are made as

necessary based on ongoing proteomic and genetic insights.

Feedback Loop: Continued analysis of patient outcomes and response to treatment provides

feedback for further refinement of the dosing strategy.

111.4.5. Monitoring Treatment Response

The objective is to track changes in the patient’s protein profile and adjust treatment as needed.
o Process:

Periodic Proteomic Analyses: Regular proteomic analyses are conducted to monitor any

changes in the patient’s protein profile that could affect the response to warfarin.

Data Analysis: Changes in protein levels and interactions are analyzed to detect any emerging

issues or changes in the patient’s coagulation profile.

Dose Adjustment: Based on the updated proteomic data, the physician makes further
adjustments to the warfarin dosage to ensure continued efficacy and safety.

V. Metabolomics

Metabolomics is the systematic study of metabolic profiles in cells, tissues, or
organisms. In pharmacogenetics, this discipline helps understand how genetic variations affect
drug metabolism, influencing treatment efficacy and safety. Here are more detailed aspects of

its role and applications:

IV.1. The aime of Metabolomics in Pharmacogenetics

IV.1.1. Profiling Metabolic Responses:

Biomarker ldentification: Metabolites can serve as biomarkers to predict an individual's
response to a drug. For instance, high levels of certain metabolites might indicate a positive

therapeutic response, while others could signal an increased risk of side effects.

Cohort Studies: Researchers can analyze biological samples (blood, urine, tissues) from groups
of patients before and after drug administration to identify metabolites associated with specific

responses.
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I1VV.1.2. Personalizing Treatments:

Patient Stratification: Using metabolic profiles, physicians can stratify patients based on their
likelihood of responding well to a medication or developing side effects. This helps in selecting
the right drug and dosage for each patient.

Dosage Optimization: Metabolite levels can indicate how quickly a drug is metabolized and
cleared, helping to adjust dosages to achieve an optimal therapeutic concentration without
toxicity.

IV.1.3. Studying Metabolic Pathways:

Pathways Affected by Genetic Variations: Variations in genes encoding metabolic enzymes
(such as cytochrome P450 enzymes) can alter how a drug is metabolized. Metabolomics helps
identify these alterations and their impact on metabolism.

Discovery of New Therapeutic Targets: By studying metabolic disruptions caused by genetic
mutations, researchers can uncover new targets for drug development or new indications for
existing drugs.

IV.2. Practical Applications
IVV.2.1. Predicting Drug Responses:

The perfect example is Irinotecan; a cancer drug, is metabolized by the enzyme
UGT1AL. Patients with a genetic variant of this gene can accumulate toxic levels of the drug.

Metabolomics can help identify these patients and adjust doses accordingly.

Pharmacogenetics explores how genetic variations influence drug metabolism, efficacy, and
safety, offering a pathway to personalized medicine. Irinotecan, a chemotherapeutic agent used
in treating colorectal cancer, serves as a prime example. It is metabolized in the liver by the
enzyme UGT1AL (uridine diphosphate-glucuronosyltransferase 1A1). Variants in the UGT1Al
gene, such as UGT1A1 *28, which involves the insertion of additional TA repeats in the
promoter region, reduce the enzyme's activity. Patients with this variant are at a higher risk of
accumulating toxic levels of the active metabolite, SN-38, leading to severe side effects like
neutropenia and diarrhea. Metabolomics complements pharmacogenetics by profiling
metabolites in a patient’s biological samples, which can reveal early signs of adverse drug
reactions or suboptimal drug metabolism. By integrating genetic and metabolic data, clinicians
can identify patients at risk of toxicity and adjust the irinotecan dose accordingly, improving

treatment outcomes and minimizing adverse effects.
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e The UGT1A1l Marker:

The UGT1A1 gene, located on chromosome 2937, is part of the uridine diphosphate-
glucuronosyltransferase (UGT) family, which plays a crucial role in detoxifying various
endogenous and exogenous compounds. The gene spans approximately 150 kilobases (kb) and

contains five exons that encode the functional protein.

The UGT1A1 gene encodes the UGT1Al enzyme, a crucial protein in the glucuronidation
process, which involves attaching glucuronic acid to substrates, facilitating their excretion from
the body. The UGT1AL protein consists of 533 amino acids, with a molecular weight of
approximately 61 kDa. This enzyme is highly expressed in the liver, where it metabolizes
bilirubin and drugs like irinotecan. Polymorphisms in the UGT1A1 gene, such as the UGT1A1
*28 variant, can significantly affect enzyme activity, influencing drug metabolism and toxicity

risk.

The UGT1AL enzyme's role in bilirubin metabolism also ties it to conditions like Gilbert's
syndrome, characterized by mild jaundice due to reduced enzyme activity. Understanding these
genetic variations is vital in pharmacogenetics, as they directly impact drug dosing and patient

safety.
IV.2.2. Reducing Side Effects:

The perfect example is the Statin; cholesterol-lowering drugs, can cause myopathies in
some patients. By studying metabolic profiles, researchers can identify at-risk patients and
propose alternatives or dosage adjustments.

Statins, commonly prescribed for lowering cholesterol, are effective in reducing
cardiovascular disease risk but can cause myopathies (muscle pain and weakness) in a subset
of patients. This adverse effect is particularly associated with elevated levels of the statin in the
bloodstream, often due to variations in genes involved in statin metabolism, such as SLCO1BL1.
The SLCO1B1 gene encodes the organic anion transporting polypeptide 1B1 (OATP1B1),
which facilitates the hepatic uptake of statins like simvastatin. Variants such as SLCO1B1
¢.521T>C (Vall74Ala) reduce the function of this transporter, leading to higher plasma
concentrations of the drug and an increased risk of myopathy.

Metabolomics can enhance the prediction and management of these side effects by analyzing

the patient's metabolic profile, including lipid and muscle enzyme levels, before and during
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treatment. By identifying biomarkers that indicate early signs of muscle damage or inefficient
drug metabolism, researchers can pinpoint patients at higher risk of statin-induced myopathy.
This approach allows clinicians to tailor treatment strategies, such as lowering the statin dose,
switching to a different statin less likely to cause myopathy, or using alternative lipid-lowering
therapies. Integrating pharmacogenetics and metabolomics helps optimize statin therapy,

minimizing side effects while maintaining therapeutic efficacy.
e The SLCO1B1 Marker

The SLCO1B1 gene, located on chromosome 12p12.1, is part of the solute carrier
organic anion (SLCO) transporter family. This gene spans approximately 29 kilobases (kb) and
contains 15 exons that encode the OATP1B1 (organic anion-transporting polypeptide 1B1)

protein.

The OATP1BL1 protein consists of 691 amino acids, with a molecular weight of approximately
77 kDa. This transmembrane protein is primarily expressed in the liver, where it plays a crucial
role in the hepatic uptake of various endogenous compounds, such as bile acids and hormones,
as well as drugs, including statins. The function of OATP1B1 in drug transport is critical for
the proper pharmacokinetics of statins, as it regulates their entry into hepatocytes for

metabolism and clearance.

Variants in the SLCO1BL1 gene, such as the common ¢.521T>C (Vall74Ala) polymorphism,
can significantly alter the function of the OATP1B1 protein. These genetic differences can lead
to reduced transporter activity, resulting in higher plasma levels of statins and an increased risk
of statin-induced myopathy. Understanding the structure and function of the OATP1B1 protein,
along with its genetic variations, is vital in pharmacogenetics to predict and mitigate adverse

drug reactions in patients undergoing statin therapy

IV.2.3. Developing Personalized Medications:

o Integrated Omics Approach: By combining metabolomics, genomics, and
transcriptomics, it is possible to develop drugs specifically tailored to the genetic

and metabolic profiles of patients, increasing therapeutic efficacy.

IV.3. Metabolomics Techniques used

Two primary techniques used in metabolomics to analyze metabolic profiles are Nuclear

Magnetic Resonance (NMR) and Mass Spectrometry (MS). Each of these techniques offers
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distinct advantages and is often used complementarily to provide a comprehensive view of the

metabolites present in a biological sample.

IVV.3.1. Nuclear Magnetic Resonance (NMR)

NMR is a powerful technique that utilizes the magnetic properties of atomic nuclei,

particularly hydrogen nuclei, to identify and quantify metabolites in a sample.

Principle: When a sample is placed in a strong magnetic field, nuclei with magnetic
moments (such as hydrogen) absorb and re-emit energy when exposed to a specific
radiofrequency. NMR measures these resonances, which are unique for each type of

nucleus based on its chemical environment.

Advantages: NMR is non-destructive, allows for direct quantitative analysis without
the need for standards, and can simultaneously identify a wide range of metabolites.

Additionally, it provides detailed structural information about the metabolites.

Limitations: NMR is less sensitive compared to mass spectrometry, meaning it may
not detect metabolites present at very low concentrations. The instrumentation is also
expensive and requires strong magnetic fields.

1VV.3.2. Mass Spectrometry (MS)

MS is an analytical technique that measures the mass of molecules, allowing for highly

sensitive identification and quantification of metabolites.

Principle: Samples are ionized to generate charged molecules (ions), which are then
separated based on their mass-to-charge ratio (m/z) in a mass spectrometer. The ions
are detected, and the resulting data reveal the exact mass of the metabolites and their

relative abundance.

Advantages: MS is extremely sensitive and can detect metabolites at very low
concentrations, often in the picomole range. It can also be coupled with separation
techniques like liquid chromatography (LC-MS) or gas chromatography (GC-MS) for
targeted analysis of complex compounds.

Limitations: Sample preparation for MS can be complex, and the technique can be

destructive to the sample. Additionally, MS requires standards for accurate
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quantification, and data interpretation can be challenging due to the complexity of the

resulting spectra.

IV.4. Concrete Example: Application of Metabolomics in Pharmacogenetics - Statins

and Hypercholesterolemia

Here’s a brief overview of each step in applying metabolomics to pharmacogenetics for

managing hypercholesterolemia with statins (Figure 48):
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Figure 48: Application of Metabolomics in Pharmacogenetics
IV.4. 1. Step 1: Initial Metabolic Profiling (Before Treatment)

Before starting statin therapy, a detailed metabolic profile of the patient is established.

This involves analyzing a blood sample to measure baseline levels of metabolites related to

cholesterol metabolism.
e Process:
1. Sample Collection: Obtain a blood sample from the patient.
2. Sample Preparation: Prepare the sample for analysis by separating plasma or serum.
3. Metabolite Extraction: Extract metabolites for measurement.

4. Analytical Measurement: Use NMR or MS to identify and quantify metabolites.
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5. Data Analysis: Establish baseline metabolic levels and identify key cholesterol-related
metabolites.

I1V.4.2. Step 2: Identification of Metabolic Biomarkers (Before and During Treatment)

Monitor changes in metabolite levels after starting statin therapy to identify biomarkers

that indicate how well the treatment is working and to detect any potential side effects.
e Process:
1. Post-Treatment Sample Collection: Collect follow-up blood samples.
2. Sample Preparation: Prepare follow-up samples similarly to baseline samples.
3. Metabolite Profiling: Analyze the samples using NMR or MS.

4. Biomarker Identification: Identify metabolites that show significant changes due to

the statin therapy.

5. Data Analysis: Compare pre- and post-treatment metabolite levels to find biomarkers
associated with treatment response.

IV.4. 3. Step 3: Genetic Analysis (Metabolic VVariants)

Analyze the patient’s genetic profile to identify variants that affect how the body

metabolizes statins and cholesterol. This helps predict individual responses to the drug.
e Process:
1. Genetic Sample Collection: Obtain DNA samples.
2. Genotyping: Identify genetic variants using PCR and sequencing.
3. Genetic Data Analysis: Analyze how these variants influence statin metabolism.

4. Correlation with Metabolic Data: Integrate genetic data with metabolomic findings to

understand the patient’s metabolic response.

IV.4.4. Step 4: Personalization of Treatment

Adjust the statin treatment based on the combined data from metabolic and genetic

analyses to enhance efficacy and minimize side effects.
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e Process:

1. Treatment Adjustment: Modify the statin dosage or switch to a different statin as

needed.

2. Prescription and Monitoring: Implement the personalized treatment plan and monitor

patient responses.

3. Patient Education: Inform the patient about the personalized approach and potential

side effects.
4. Ongoing Evaluation: Regularly review treatment effectiveness and patient health.

IV.4.5. Ongoing Metabolomic Monitoring and Continuous Adjustments (During

Treatment)

Continue to monitor the patient’s metabolic profile throughout the treatment to ensure

optimal efficacy and make adjustments as necessary.
e Process:
1. Sequential Sample Collection: Collect additional blood samples periodically.
2. Metabolite Profiling: Analyze these samples to track changes in metabolic profiles.

3. Data Comparison: Compare with baseline and previous profiles to assess treatment

response.
4. Adjustments: Modify the treatment plan based on ongoing data.
5. Continued Monitoring: Keep monitoring the patient’s response and adjust as needed.

This approach ensures that statin therapy for hypercholesterolemia is tailored to the
patient’s individual metabolic and genetic characteristics, optimizing treatment outcomes and

minimizing risks.
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V. Microbiome

The microbiome comprising trillions of microorganisms residing in and on the human
body plays a crucial role in pharmacogenetics by influencing drug metabolism, efficacy, and

safety. Here’s how the microbiome is used in pharmacogenetics:
V.1. Microbial Enzyme Activity
V.1.1. Role of Gut Microbes:
o Enzymatic Functions: Gut microbiota possess a range of enzymes that can influence
drug metabolism. These enzymes include hydrolases, reductases, and transferases,
which can modify drugs either before they are absorbed into the bloodstream or after

they have entered the system.

o Drug Modification: Microbial enzymes can convert drugs into more active forms or
inactive metabolites. For example, certain gut bacteria can convert prodrugs, which are

inactive in their original form, into their active forms, thereby affecting drug efficacy.

V.1.2. Example - Warfarin Metabolism:

e Microbial Impact: The enzyme vitamin K epoxide reductase (VKORCL1), which is
crucial for warfarin metabolism, can be influenced by gut microbiota. Gut bacteria can

affect vitamin K levels, which in turn impacts warfarin activity.

e B-Glucuronidase Enzyme: Some gut bacteria produce -glucuronidase, an enzyme that
can deconjugate glucuronidated drugs, potentially altering their pharmacokinetics and
pharmacodynamics. For instance, B-glucuronidase activity can affect the metabolism of

drugs like morphine, making them more active or prolonging their effect.

V.1.3. Variation in Enzyme Activity:

e Individual Differences: The diversity and abundance of microbial enzymes vary
between individuals, leading to different drug metabolism rates. This variability can
result in differences in drug efficacy and the likelihood of adverse effects.

V.2. Markers Used
V.2. 1. Microbial Metabolites:

» Short-Chain Fatty Acids (SCFAS)

Short-chain fatty acids (SCFAS) are a group of fatty acids with fewer than six carbon

atoms, primarily acetate, propionate, and butyrate. They are produced through the fermentation

Page 116 sur 154



of dietary fibers by gut microbiota in the colon. SCFAs play significant roles in maintaining gut

health and influencing systemic metabolism, including drug metabolism.
a. Production and Function:

e Fermentation: SCFAs are produced when gut bacteria ferment non-digestible
carbohydrates (e.g., dietary fibers) and resistant starches. The fermentation process

produces SCFAs as end-products, which are absorbed into the bloodstream.

o Gut Health: SCFAs, particularly butyrate, are crucial for maintaining gut mucosal

health, regulating inflammation, and supporting the intestinal barrier function.

o Systemic Effects: SCFAs influence systemic metabolic processes and can affect the

metabolism and efficacy of certain drugs.
b. Impact on Drug Metabolism:

e Metformin: SCFAs can influence the metabolism of drugs like metformin, a common
antidiabetic medication. Changes in SCFA levels can affect the drug’s absorption and
efficacy. For instance, altered SCFA levels can impact the function of drug transporters
like OCT1 (Organic Cation Transporter 1) which is involved in metformin uptake.

e Drug Interactions: SCFAs can also interact with drug-metabolizing enzymes. For
example, variations in SCFA levels might affect the expression and activity of

cytochrome P450 enzymes, which are involved in the metabolism of various drugs.
c. Clinical Relevance:

o Biomarkers: Monitoring SCFA levels can provide insights into gut microbial activity
and overall gut health, which can be used to predict variations in drug metabolism and

efficacy.

e Therapeutic Implications: SCFAs might be manipulated through dietary interventions

or prebiotic supplementation to optimize drug efficacy and minimize adverse effects.
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» Phenolic Compounds

Phenolic compounds, such as phenylacetate and phenylpropionate, are produced from
the microbial fermentation of aromatic amino acids and polyphenols found in the diet. These

compounds can impact drug metabolism and gut health.
a. Production and Function:

e Fermentation: Phenolic compounds are generated by the microbial breakdown of
dietary polyphenols (e.g., those found in fruits, vegetables, and tea) and aromatic amino

acids (e.g., tyrosine).

e Gut Health: These compounds can influence gut microbiota composition and gut
barrier function. They may have antimicrobial properties and affect the overall

microbial ecosystem.
b. Impact on Drug Metabolism:

e Drug Metabolism: Phenolic compounds can serve as biomarkers for changes in gut
microbial activity and drug metabolism. For instance, phenylacetate and
phenylpropionate can modulate the activity of drug-metabolizing enzymes and

transporters, impacting the pharmacokinetics of various drugs.

o Biomarker Utility: Elevated or decreased levels of phenolic compounds in the urine or
blood can indicate changes in gut microbiota and potential alterations in drug
metabolism. For example, phenolic metabolites have been linked to variations in the

metabolism of drugs like acetaminophen and certain antibiotics.
c. Clinical Relevance:

o Biomarkers: Phenolic compounds can be used as biomarkers for assessing the impact
of gut microbiota on drug metabolism. Their levels can reflect changes in microbial

fermentation processes and help in personalizing drug therapy.

e Therapeutic Implications: Understanding the role of phenolic compounds in drug
metabolism can lead to better strategies for managing drug interactions and optimizing

therapeutic outcomes.
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V.2 2.

V.2.3.

Microbial Composition:

Bacterial Abundance: The relative abundance of specific bacterial species can be used
as biomarkers. For instance, a higher abundance of Bacteroides species has been linked
to increased metabolism of certain drugs like rifampin.

Microbial Diversity: Overall microbial diversity can affect drug metabolism. A less
diverse microbiome may be associated with altered drug metabolism and increased risk

of adverse drug reactions.
Functional Genes:

Enzyme-Encoding Genes: Genes encoding microbial enzymes that metabolize drugs
are targeted as biomarkers. For example, the presence and activity of genes encoding -
glucuronidase can help predict how well a patient will metabolize drugs like

acetaminophen.

Gene Expression: Quantifying the expression levels of microbial genes involved in
drug metabolism can provide insights into the functional potential of the microbiome

and its impact on drug processing.

V.3. Concrete Example: Application of Metabolomics in Pharmacogenetics - Statins and
Hypercholesterolemia

The process includes how genetic differences affect drug metabolism, how the gut

microbiota can influence drug efficacy and toxicity, and how these factors combined lead to

individual variations in drug response (Figure 49).
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Figure 49: Application of Metabolomics in Pharmacogenetics

Metabolism of Isoniazid and Genetics

Hepatic Metabolism: Isoniazid is primarily metabolized in the liver by the

enzyme N-acetyltransferase 2 (NAT2), which acetylates isoniazid into inactive
metabolites.

Genetic Variability: Variants in the NAT2 gene result in different enzyme
activity levels. Individuals are categorized as "slow acetylators” or "fast
acetylators" based on their NAT2 genotype. Slow acetylators metabolize
isoniazid more slowly, leading to higher drug accumulation in the body.

Impact of Microbiota on Isoniazid

Metabolic Interactions: The gut microbiota can metabolize various

compounds, producing metabolites that may interact with isoniazid. Recent

studies suggest that these microbial metabolites can influence the drug's
metabolism.
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o

V.3.3.Step 3 :

o

Influence on Efficacy and Toxicity: Microbial-derived compounds can alter
the bioavailability or elimination of isoniazid, impacting its therapeutic efficacy
and potential toxicity.

Individual Response Variability
Drug Accumulation: Patients with slow NAT2 variants may experience higher

plasma levels of isoniazid, increasing the risk of adverse effects such as

hepatotoxicity.

Adverse Effects: Elevated drug levels can lead to severe side effects,

necessitating careful monitoring and potential treatment adjustments.

V.3.4. Step 4: Tripartite Interaction: Microbiota, Pharmacogenetics, and Response to

Isoniazid

V.3.5.Step 5:

o

VI.

Combined Factors: The interaction between NAT2 genetic variants and
specific microbiota composition creates significant variability in individual

responses to isoniazid treatment.

Microbial Metabolites: Certain microbial metabolites may modify isoniazid

plasma concentrations, affecting treatment effectiveness and safety.

Personalized Management

Data Integration: By combining genetic information about NAT2 and details
about the gut microbiota, clinicians can tailor isoniazid treatment to individual

patients.

Dose Adjustment: Personalized treatment strategies can optimize drug efficacy
and minimize the risk of adverse effects by adjusting the dosage based on the

patient's genetic and microbiotic profile.

Epigenetics

Epigenetic markers are essential for understanding individual variations in drug response and

treatment outcomes. Here’s an in-depth look at each component:

V1.1. Epigenetic Markers

Epigenetic markers are chemical modifications to DNA or associated proteins that

influence gene expression without changing the underlying DNA sequence. These
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modifications can either enhance or repress gene activity and can be passed from one generation

to the next or acquired through environmental factors.

V1.2. Key Epigenetic Mechanisms:

a. DNA Methylation:

o Mechanism: DNA methylation involves the addition of a methyl group (CHs) to cytosine
bases in DNA, typically at CpG dinucleotides. This modification often occurs in promoter

regions of genes.

o Impact: High levels of DNA methylation in promoter regions usually lead to gene silencing,
reducing or preventing gene expression. Conversely, low levels of methylation can increase

gene expression.

o Example: Methylation of the promoter region of the gene encoding the enzyme CYP3A4
can lead to reduced expression of this enzyme, affecting the metabolism of drugs
metabolized by CYP3AA4.

b. Histone Modification:

o Mechanism: Histones are proteins around which DNA is wrapped to form chromatin.
Chemical modifications to histones, such as acetylation (addition of acetyl groups) and

methylation (addition of methyl groups), can alter the structure of chromatin.

o Impact: Acetylation generally makes DNA more accessible for transcription, promoting

gene expression, whereas methylation can condense chromatin and repress gene expression.

o Example: Acetylation of histones associated with the gene encoding a drug-metabolizing

enzyme can increase the enzyme’s expression, enhancing drug metabolism.

c. Non-Coding RNAs:

o Mechanism: Non-coding RNAs, including microRNAs (miRNAs) and long non-coding

RNAs (IncRNAs), do not code for proteins but play critical roles in regulating gene expression.

o Impact: miRNAs can bind to mRNA molecules and inhibit their translation or lead to their
degradation. IncRNAs can interact with chromatin or other regulatory proteins to influence gene

expression.
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o Example: Certain miRNAs can regulate the expression of drug transporters or enzymes,
affecting drug absorption and metabolism.

V1.3. Relevance to Pharmacogenetics:
V1.3.1. Drug Metabolism:

o Influence: Epigenetic modifications can alter the expression of genes encoding drug-
metabolizing enzymes and transporters. This can affect how quickly or efficiently a drug is

metabolized and eliminated from the body.

o Example: Variations in DNA methylation patterns can affect the expression of the enzyme
CYP2D6, which metabolizes many drugs, including antidepressants and beta-blockers.

V1.3.2. Drug Response Variability:
o Influence: Epigenetic changes can contribute to differences in how individuals respond to

drugs, including variations in efficacy and the likelihood of adverse reactions.

o Example: Patients with epigenetic changes that affect the expression of drug receptors may

experience different therapeutic responses to the same medication.

V1.3.3. Therapeutic Targets:

o Advantage: Understanding epigenetic changes can help identify new therapeutic targets and
develop strategies for personalized medicine. By targeting specific epigenetic modifications,

new drugs can be designed to correct abnormal gene expression patterns.

o Example: Drugs that specifically target epigenetic modifications, such as histone deacetylase
inhibitors, are being explored for their potential to treat cancer and other diseases by
reactivating silenced genes.

V1.4. An example of an epigenetic drug or epi dru: vorinostat

also known as suberoylanilide hydroxamic acid (SAHA). Vorinostat is a histone deacetylase

(HDAC) inhibitor used primarily in the treatment of cutaneous T-cell lymphoma.
V1.4.1. Mechanism of Action:

o Histone Deacetylase Inhibition: Vorinostat inhibits histone deacetylases, enzymes that
remove acetyl groups from histones. This inhibition leads to increased acetylation of
histones, which relaxes the chromatin structure and makes DNA more accessible for

transcription.
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o Gene Expression Regulation: By altering the acetylation status of histones, vorinostat can
reactivate the expression of genes that were previously silenced, including those
involved in cell cycle regulation and apoptosis.

V1.4.2. Clinical Use:

« Indication: Vorinostat is approved for the treatment of cutaneous T-cell lymphoma
(CTCL), a type of non-Hodgkin lymphoma that affects the skin.

o Therapeutic Goals: The drug is used to manage symptoms and improve outcomes in

patients with advanced stages of CTCL.

V1.4.3. Relevance to Epigenetics:

 Targeting Epigenetic Modifications: Vorinostat exemplifies how drugs can be designed
to target specific epigenetic mechanisms, such as histone acetylation. This approach
allows for the modulation of gene expression in a way that can be therapeutic for

conditions like cancer.

« Personalized Medicine: The effectiveness of vorinostat can be influenced by the patient's
epigenetic profile, including the specific patterns of histone modifications in their tumor
cells. Research into how different patients respond to epigenetic drugs like vorinostat

helps in personalizing treatment strategies.
VII. NGS (Next-Generation Sequencing) - exome sequencing

Next-Generation Sequencing (NGS), specifically exome sequencing, plays a significant role
in pharmacogenetics by providing comprehensive insights into genetic variations that affect
drug metabolism and response. Exome Sequencing: This technique focuses on sequencing the
exonic regions of the genome, which are the coding parts of genes. Although exomes make up
only about 1% of the genome, they contain the majority of known disease-related genetic
variants. By sequencing these regions, researchers can identify variations that influence drug

metabolism, efficacy, and toxicity.
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VI1.1. Next-Generation Sequencing (NGS)

a.NGS Technologies:

Sequencing Platforms: Various NGS platforms include Illumina, lon Torrent, and

PacBio. Each has different methods for sequencing DNA, but they all provide high-
throughput capabilities.

Process: NGS involves fragmenting DNA into smaller pieces, attaching adapters to these
fragments, and then sequencing them simultaneously. The data generated is then

assembled and analyzed to identify genetic variants.
b.NGS Advantages:

Throughput and Speed: NGS can sequence millions of DNA fragments at once,

allowing for rapid data generation.

Cost Efficiency: Compared to traditional sequencing, NGS is more cost-effective for

large-scale studies.

VI1.2. Exome Sequencing

a. Exomes: Exomes comprise approximately 1% of the human genome and include all the
coding regions (exons) of genes. These regions are transcribed into mRNA and
translated into proteins, making them crucial for understanding gene function and

disease.

b. Targeting Exomes: Exome sequencing targets these coding regions to identify genetic

variants that may have functional consequences, such as those impacting drug response.

V11.3. Benefits in Pharmacogenetics:

« Disease-Related Variants: While exomes make up a small fraction of the genome, they
contain a significant proportion of variants associated with diseases. This focus helps in

identifying clinically relevant mutations efficiently.

e Drug Metabolism: Many drug-metabolizing enzymes are encoded by genes with
important exonic regions. Variants in these genes can alter drug metabolism, efficacy,

and toxicity.
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VI11.1.4. Applications in Pharmacogenetics

a. ldentification of Variants:

o

Enzymes and Transporters: Exome sequencing can reveal variants in genes
encoding drug-metabolizing enzymes (e.g., CYP450 family) and drug
transporters (e.g., ABC transporters). These variants can affect how drugs are

processed in the body.

Examples: Variants in CYP2C19 (like CYP2C19 2 and CYP2C19 3) impact the
metabolism of clopidogrel, influencing its effectiveness as an antiplatelet

medication.

b.Understanding Drug Response:

@)

Efficacy and Toxicity: By identifying genetic variants, exome sequencing helps
predict how well a patient will respond to a particular drug and their risk of

adverse effects.

Personalized Medicine: This information enables personalized treatment plans,
such as adjusting drug doses or choosing alternative therapies based on an

individual’s genetic profile.

c. Clinical Implementation:

o

Genotype-Phenotype Correlations: Researchers and clinicians use exome
sequencing to establish correlations between genetic variants and clinical
outcomes. This knowledge is used to guide treatment decisions.

Example in Practice: For a patient with a variant in TPMT (thiopurine S-
methyltransferase), exome sequencing can indicate a higher risk of toxicity from

thiopurine drugs, leading to dose adjustments or alternative treatments.
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Chapter IV: Constitutional
Pharmacogenomics



l. Introduction

Constitutional pharmacogenomics is a discipline that examines how inherited (germline)
genetic variations influence individual responses to drugs. These genetic variations are present
from birth in every cell of the body and can significantly affect drug efficacy, susceptibility to
side effects, and dosage requirements. This course provides a detailed analysis of this branch
of pharmacogenomics, incorporating both fundamental genetic concepts and their clinical

applications.
I1. Types of Genetic Variations in Constitutional Pharmacogenomics

Understanding the different types of genetic variations is fundamental in constitutional
pharmacogenomics, as these variations can significantly influence how individuals respond to
medications. Here, we delve deeper into the main types of genetic variations: Single Nucleotide
Polymorphisms (SNPs), Insertions and Deletions (Indels), and Copy Number Variations
(CNVs).

I1.1. Single Nucleotide Polymorphisms (SNPs)

SNPs are the most common type of genetic variation among people. They involve a single
base pair change in the DNA sequence. For example, a cytosine (C) might be replaced by a
thymine (T) at a particular position in the genome. SNPs occur approximately once in every
1,000 base pairs, meaning that there are millions of SNPs across the human genome. The impact

on Protein Function is:

o Synonymous SNPs: These changes do not alter the amino acid sequence of the protein due
to the redundancy in the genetic code. However, they can still affect protein function by
influencing MRNA stability or splicing.

oNonsynonymous SNPs: These changes lead to an alteration in the amino acid sequence,
which can affect protein structure and function. Depending on the location and nature of
the change, this can lead to either a benign variation or a significant functional alteration.

11.2. Insertions and Deletions (Indels)

Indels are variations in the genome where small segments of DNA are inserted into or deleted

from the genome. These changes can range from a single nucleotide to several base pairs.
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a.Types:

o Frameshift Mutations: When the number of nucleotides inserted or deleted is
not a multiple of three, the reading frame of the gene is altered. This can result

in a completely different and often nonfunctional protein.

o In-frame Indels: If the number of nucleotides inserted or deleted is a multiple
of three, the reading frame remains intact, but the protein may still be altered

due to the addition or removal of one or more amino acids.
b.Impact on Protein Structure:

o Loss of Function: Indels can lead to premature stop codons, resulting in

truncated, nonfunctional proteins.

o Gain of Function or Novel Function: In some cases, indels can create new

functional motifs or domains within a protein, potentially altering its activity.

11.3. Copy Number Variations (CNVs)

CNVs are large segments of DNA (ranging from 1,000 base pairs to several million) that are
present in varying numbers in the genome. Unlike SNPs or indels, which affect only small

regions, CNVs can encompass entire genes or multiple genes.

CNVs arise from genomic events such as duplications, deletions, or complex rearrangements
during meiosis. These events can result in either an increased or decreased number of copies of

a particular gene.
a.Impact on Gene Expression:

o Gene Dosage: An increase in copy number can lead to overexpression of a gene,
potentially resulting in a higher level of the protein product. Conversely, a

decrease in copy number can result in reduced expression.

o Gene Disruption: Deletions can remove entire genes or regulatory regions,

leading to loss of gene function.

b.Clinical Relevance: CNVs are critical in pharmacogenomics because they can drastically
alter drug response. For example, multiple copies of the CYP2D6 gene can result in ultrarapid
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drug metabolism, requiring adjustments in drug dosing to avoid therapeutic failure. Conversely,

deletions can lead to poor metabolism, increasing the risk of drug toxicity.
I11.  Impact of constitustional pharmacogenomics study

Studying constitutional pharmacogenetics—how inherited genetic variations influence drug
responses has profound implications for personalized medicine, clinical practice, and public

health. Here's a detailed overview of the impact of this field:

I11. 1. Personalized Medicine

o Tailored Treatments: By understanding an individual's genetic profile, healthcare
providers can tailor drug therapies to match each person's unique genetic makeup. This
leads to more effective treatments with fewer side effects. For example, genetic testing
for CYP2D6 variants can guide the use of drugs like tamoxifen in breast cancer

treatment, optimizing therapeutic outcomes.

« Optimized Drug Dosing: Genetic variations can affect how a person metabolizes drugs.
Personalized dosing adjustments can prevent underdosing or overdosing, improving
drug efficacy and reducing adverse effects. For instance, warfarin dosing can be
adjusted based on genetic variations in VKORC1 and CYP2C9 to minimize bleeding

risks.

 Predictive Testing: Genetic testing can predict how individuals will respond to specific
drugs before treatment begins, allowing for proactive adjustments and reducing trial-
and-error prescribing. This is particularly useful in drugs with a narrow therapeutic

window, such as certain anticoagulants and antiepileptics.

111.2. Improved Drug Safety

o Reduction of Adverse Drug Reactions: Identifying genetic variants associated with
increased risk of adverse drug reactions (ADRs) can help in avoiding these reactions or
selecting alternative therapies. For example, genetic testing for HLA-B*15:02 can

prevent severe hypersensitivity reactions to carbamazepine in patients with epilepsy.

o Enhanced Monitoring: Personalized genetic information can guide the frequency and

type of monitoring required during drug therapy, enhancing patient safety. For example,
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individuals with certain TPMT variants require more frequent monitoring when on

thiopurines due to the risk of myelosuppression.

111.3. Clinical Decision-Making

« Informed Prescribing: Pharmacogenetic knowledge allows clinicians to make informed
decisions about drug selection and dosing, based on an individual’s genetic
predispositions. This reduces the likelihood of ineffective treatments and adverse

reactions.

« Guideline Development: Pharmacogenetic research contributes to the development of
clinical guidelines and protocols that integrate genetic information into routine practice.
Guidelines for drugs such as clopidogrel and antidepressants now incorporate genetic

testing recommendations.

111.4. Drug Development and Discovery

« Target Identification: Understanding genetic variations can lead to the discovery of new
drug targets and pathways. For instance, identifying genetic variants associated with

drug response can reveal novel mechanisms of drug action and resistance.

« Clinical Trials: Incorporating genetic information into clinical trials can improve trial
design by selecting participants based on their genetic profiles, leading to more accurate
assessments of drug efficacy and safety. This can also help in identifying subpopulations

that respond differently to treatments.

e Drug Labeling: Genetic information often leads to updates in drug labeling, including
dosing recommendations and warnings about potential genetic-related risks. This
ensures that prescribing information reflects the latest pharmacogenetic knowledge.

111.5. Public Health and Economic Impact

o Cost Efficiency: Personalized medicine can reduce healthcare costs by minimizing
adverse drug reactions, avoiding ineffective treatments, and improving overall drug

efficacy. This leads to better resource utilization and reduced hospitalizations.

« Health Equity: Widespread genetic testing can contribute to health equity by providing
tailored treatments that are more effective for diverse populations. However, ensuring

equitable access to genetic testing and personalized therapies remains a challenge.
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« Preventive Health: By predicting how individuals will respond to certain medications,
pharmacogenetics can help in preventive health strategies, allowing for early

interventions and better management of chronic diseases.
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I. Introduction

Personalized medicine leverages genetic information to tailor medical care to the
individual characteristics of each patient, enhancing the effectiveness and safety of treatments.
This approach integrates a patient’s genetic, environmental, and lifestyle factors to optimize
therapeutic interventions. Here’s a comprehensive exploration of how personalized medicine

based on genetics is applied:

I1. Genetic Foundations
I11.1.Genomic Tools:

Genomic tools are essential for personalized medicine, allowing clinicians to tailor treatments
based on an individual’s genetic information. Here’s a detailed look at three key genomic tools:

genotyping, whole-genome sequencing (WGS), and whole-exome sequencing (WES).

11.1.1. Genotyping

Genotyping is a process that identifies specific genetic variants or alleles in an individual's
DNA. It involves analyzing targeted regions of the genome to detect variations such as single
nucleotide polymorphisms (SNPs), insertions, deletions, and copy number variations (CNVSs).

Genotyping is commonly used to assess genetic variants that influence drug metabolism and
response. For example, genotyping can reveal variations in the CYP2C19 gene, which affects
how individuals metabolize the antiplatelet drug clopidogrel. This information helps in
selecting the appropriate medication and dose.

Identifying genetic variants associated with an increased risk of diseases can guide preventive
measures. For instance, genotyping for BRCA1 and BRCA2 variants helps assess breast cancer

risk and guide screening and preventive strategies.

Genotyping can determine if an individual is a carrier for genetic disorders, such as cystic

fibrosis or sickle cell anemia, which is valuable for family planning and prenatal care.

Allows for the analysis of many genetic variants simultaneously, making it efficient for large-
scale studies and clinical applications. Generally less expensive than whole-genome or whole-

exome sequencing, making it accessible for routine pharmacogenetic testing.
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11.1.2. Whole-Genome Sequencing (WGS)

Whole-genome sequencing (WGS) is a comprehensive method that determines the
complete DNA sequence of an individual’s genome. It includes both coding and non-coding

regions, providing a detailed view of all genetic variations.

WGS provides a complete picture of an individual’s genetic makeup, including SNPs, indels,
CNVs, and structural variations. This is useful for identifying novel genetic variants and

understanding complex genetic conditions.

WGS can uncover rare or novel genetic mutations that may not be detected with targeted
genotyping or WES. This is particularly valuable for diagnosing rare genetic disorders with

unknown etiology.

By identifying all genetic variations, WGS can provide insights into potential drug interactions
and responses, aiding in the development of highly personalized treatment plans.

Offers a complete view of the genome, which can reveal a broad range of genetic information

useful for research and clinical applications.

Provides data that can be reanalyzed with evolving knowledge and technologies, making it a

valuable resource for long-term research and personalized medicine.
11.1.3. Whole-Exome Sequencing (WES)

Whole-exome sequencing (WES) focuses on the exomes, the protein-coding regions of the
genome. Since exomes represent only about 1-2% of the entire genome but contain the majority

of known disease-associated variants, WES is a targeted approach that provides a detailed view

of these critical regions.

May miss important variants in non-coding regions or regions with poor coverage, potentially

overlooking some genetic factors.

Requires careful analysis and validation of variants, as not all identified mutations may be

clinically significant.
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11.2. Applications in Drug Therapy

a.Drug Efficacy:

o Targeted Therapies: Genetic information helps identify patients who are most
likely to benefit from specific drugs. For example, patients with HER2-positive
breast cancer may benefit from trastuzumab (Herceptin), which targets the
HER?2 protein.

o Resistance Prediction: Genetic testing can predict resistance to certain drugs.
For example, mutations in the EGFR gene can influence resistance to tyrosine

kinase inhibitors in non-small cell lung cancer.
b.Drug Safety:

o Adverse Drug Reactions (ADRs): Genetic testing can identify patients at risk
for severe ADRSs. For instance, variants in the HLA-B gene are associated with

Stevens-Johnson syndrome from carbamazepine.

o Dosage Optimization: Genetic variants can impact drug metabolism. For
example, CYP2C19 polymorphisms affect clopidogrel metabolism, guiding

dose adjustments to prevent cardiovascular events.

11.3. Clinical Implementation

a.Pharmacogenetic Testing:

o Pre-Treatment Testing: Identifies genetic variants before starting a
medication, allowing for customized treatment plans. For example, CYP2C19

testing before prescribing proton pump inhibitors or antiplatelet drugs.

o Therapeutic Drug Monitoring (TDM): Integrates genetic data with drug

monitoring to adjust dosages and improve therapeutic outcomes.
b.Personalized Treatment Plans:

o Drug Selection: Choosing the most appropriate medication based on genetic
information. For instance, genetic testing for CYP2D6 helps select the right

antidepressant and dose.
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o Customized Dosing: Adjusting drug dosages according to genetic profiles to
optimize efficacy and minimize toxicity. TPMT testing guides thiopurine dosing

in cancer and autoimmune disease treatments.

I1.4. Challenges and Considerations
a.Ethical and Privacy Issues:
o Genetic Privacy: Safeguarding patient genetic data to prevent misuse or

discrimination. Regulations like GINA (Genetic Information Nondiscrimination

Act) help protect against genetic discrimination.

o Informed Consent: Ensuring patients understand the implications of genetic
testing, including potential risks and benefits.

b.Access and Equity:

o Healthcare Disparities: Addressing disparities in access to genetic testing and
personalized treatments. Efforts are needed to ensure equitable access across
different populations.

o Cost: Genetic testing and personalized therapies can be expensive. Evaluating

cost-effectiveness and insurance coverage is crucial for broader adoption.
c.Data Interpretation:

o Complexity: Interpreting genetic data requires expertise, as the implications of
genetic variants can be complex and context-dependent.

o Genotype-Phenotype Correlations: Understanding how genetic variants
translate into clinical outcomes involves complex analyses and may require

additional research.

11.5. Future Directions

a.Technological Advancements:

o Genomic Innovations: Advances in sequencing technologies and
bioinformatics are improving the accuracy and cost-effectiveness of genetic

testing.
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o Integration with Al: Artificial intelligence and machine learning can enhance
the analysis of genetic data, leading to better predictions of drug responses and

disease risks.
b.Holistic Approaches:

o Multi-Omics Integration: Combining genomic data with proteomic,
metabolomic, and environmental data for a comprehensive view of health and

treatment.

o Population Health: Incorporating genetic information into public health
strategies to improve disease prevention and health outcomes at the population

level.
c.Ethical and Regulatory Developments:

o Evolving Guidelines: Developing guidelines and policies to address ethical,

legal, and social issues related to genetic testing and personalized medicine.

o Global Collaboration: International collaborations to standardize genetic
testing practices and ensure equitable access to personalized medicine

worldwide.
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I. Introduction

Companion diagnostics are tests developed to help determine the suitability of specific
therapies for individual patients. They play a critical role in targeted therapies by identifying
patients who are most likely to benefit from a particular treatment based on their genetic,
molecular, or biochemical profiles. From an industrial perspective, the development and

implementation of companion tests involve various stages, considerations, and challenges.

1. Industrial Perspective

I11.1. Market Drivers

a.Personalized Medicine Growth: As personalized medicine advances, the demand for
companion diagnostics increases. Tailoring treatments to individual genetic profiles can lead to

more effective and safer therapies, driving the growth of this market segment.

b.Regulatory Requirements: Regulatory agencies like the FDA and EMA require companion
diagnostics for the approval of targeted therapies. This ensures that drugs are prescribed only

to patients who are likely to benefit, aligning treatment with patient profiles.

c.Increased Drug Development Costs: Developing and bringing new drugs to market is costly
and complex. Companion diagnostics help reduce the risk of drug development by identifying
the right patient population, which can improve the success rates of clinical trials and market

acceptance.

d.Regulatory and Reimbursement Landscapes: Companion diagnostics often need to meet
specific regulatory requirements and obtain reimbursement approval, influencing their

development and market access.

I11. Market Drivers:

The burgeoning field of personalized medicine has significantly increased the demand
for companion diagnostics. As personalized medicine aims to tailor treatments based on
individual genetic profiles, companion tests become essential for identifying which patients are
likely to benefit from specific therapies. Regulatory requirements play a crucial role, as
agencies like the FDA and EMA mandate companion diagnostics for the approval of targeted

therapies, ensuring that drugs are prescribed to the appropriate patient population. The high cost
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of drug development and the need for precise efficacy assessments drive the adoption of
companion diagnostics, helping to mitigate risks and improve the success rate of clinical trials.
Additionally, the evolving regulatory and reimbursement landscapes shape the development

and market access of these tests, influencing their integration into routine clinical practice.

IV. Business Models and Strategies:

Pharmaceutical companies frequently engage in partnerships with diagnostic firms to
co-develop companion tests, leveraging each partner's expertise to ensure effective integration
of diagnostics and therapies. This collaborative approach facilitates the alignment of drug
development with diagnostic capabilities. In clinical trials, companion diagnostics are used to
stratify patient populations, enhancing the precision of efficacy and safety assessments and
potentially accelerating the drug development process. Investments in advanced technology
platforms such as next-generation sequencing (NGS), PCR, and microarrays are crucial for
developing and validating these tests. Ensuring market access involves demonstrating the
clinical utility and economic value of companion diagnostics, obtaining coverage from
healthcare payers, and implementing education and awareness programs to promote their
adoption in clinical settings.

V.Development of Companion Tests
V.1.Biomarker Identification:

The development of companion tests begins with the identification of relevant
biomarkers. This process involves discovery through basic research, high-throughput
screening, and analysis of patient samples to uncover genetic mutations, protein expressions,
or other molecular changes associated with disease and treatment response. Once potential
biomarkers are identified, they must be validated in preclinical and clinical studies to confirm
their relevance and utility in predicting treatment outcomes. Validation demonstrates that the
biomarker accurately identifies patients who are likely to benefit from a particular therapy,

thereby guiding the development of effective companion tests.

V.2.Test Development:

Developing a companion test involves designing and optimizing assays to detect the
identified biomarkers. This may include creating novel analytical methods or adapting existing
technologies to suit the specific needs of the biomarker. Analytical validation of the test is
crucial to ensure its performance across different settings and populations. This process

involves evaluating the test’s sensitivity, specificity, and reproducibility to confirm its
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reliability and accuracy. Regulatory approval follows, requiring submission of data to agencies
such as the FDA or EMA. This submission includes evidence of the test's analytical and clinical
validity, as well as its utility in guiding treatment decisions. The clinical implementation phase
involves integrating the companion test with the associated targeted therapy, providing training
for healthcare providers, and ensuring that the test aligns with the drug's labeling and clinical

use.

V1. Challenges and Considerations:

The development of companion tests faces several challenges, including the complexity
of biomarker discovery and validation. Identifying biomarkers that are predictive of therapeutic
responses is complex and may be time-consuming. Ensuring the reproducibility of biomarkers
across different populations and settings is also critical. Regulatory and compliance issues
include meeting stringent requirements and navigating various regulatory pathways, which can
impact development timelines and costs. Economic considerations involve demonstrating the
cost-effectiveness of companion diagnostics and securing reimbursement to make them
accessible to patients. Ethical issues, such as genetic privacy and informed consent, must be
addressed to protect patients' rights and ensure transparency in the use of genetic information.

VII. Future Directions:

The future of companion diagnostics is likely to be shaped by technological
advancements and expanding applications. Integration of artificial intelligence (Al) and big
data analytics can enhance biomarker discovery, assay development, and data interpretation,
leading to more precise and personalized treatments. Emerging technologies, such as liquid
biopsies and advanced imaging, offer new avenues for non-invasive biomarker detection and
monitoring. Expanding the use of companion diagnostics to a broader range of diseases and
therapeutic areas, including rare and complex conditions, will improve the precision of
treatments. Efforts to increase global access to these tests will address healthcare disparities and
ensure that personalized medicine benefits are more widely available. Collaborative efforts
between pharmaceutical companies, diagnostic developers, and academic institutions will
continue to drive progress in this field, focusing on patient-centered approaches and enhancing

the overall effectiveness of companion diagnostics.
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l. Introduction

The journey from protocol writing to methodological assistance and implementation
involves several critical steps that ensure the successful development, execution, and
application of scientific research, particularly in clinical trials and diagnostic test development.

Here’s a detailed exploration of each phase in this process:

I1. Protocol Writing

Protocol writing is the foundational step in designing a research study or clinical trial.
The protocol serves as a comprehensive plan that outlines the study’s objectives, design,
methodology, statistical considerations, and operational procedures. It acts as a blueprint for

researchers and ensures consistency and rigor throughout the study.

o Objectives: Clearly defined research questions and goals, specifying what the study

aims to achieve.

e Study Design: Detailed description of the study type (e.g., randomized controlled trial,
observational study), the population being studied, and the interventions or exposures

being tested.

e Methodology: Detailed procedures for conducting the study, including recruitment
strategies, data collection methods, and tools to be used. This section also addresses how

participants will be randomized, blinding methods, and controls.

« Statistical Analysis: Plans for statistical methods to analyze the data, including sample
size calculations, statistical tests, and handling of missing data.

o Ethical Considerations: Information on informed consent, participant safety, and
ethical approval processes to ensure that the study adheres to ethical standards and

protects participants’ rights.

o Operational Procedures: Guidelines for study management, including timelines, data

management plans, and quality control measures.

Development Process: Writing a protocol involves collaboration among researchers,

statisticians, and subject matter experts to ensure that all aspects of the study are well-planned
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and feasible. The protocol must be reviewed and approved by relevant ethics committees or

institutional review boards (IRBs) before the study can proceed.

I11. Methodological Assistance

Methodological assistance involves providing support and expertise to ensure that the
research is conducted according to the protocol and that the methodologies employed are sound.

This assistance is crucial for maintaining the integrity and validity of the study.

e Study Design: Expertise in refining study design elements, such as choosing
appropriate endpoints, control groups, and data collection methods. This may involve
optimizing study design to address specific research questions or to improve statistical

power.

o Data Collection: Guidance on designing data collection tools, such as surveys or
questionnaires, and ensuring they are reliable and valid. This includes training staff on

data collection procedures and ensuring consistent data recording.

o Statistical Support: Assistance with statistical analysis plans, including selecting
appropriate statistical methods, conducting data analyses, and interpreting results. This

support helps ensure that the study’s findings are statistically sound and reliable.

e Quality Assurance: Implementing quality control measures to ensure data accuracy
and integrity. This includes monitoring study processes, verifying data entry, and

addressing any issues that arise during the study.

o Regulatory Compliance: Ensuring that the study complies with relevant regulations
and guidelines, including Good Clinical Practice (GCP) and other regulatory
requirements. This involves preparing and maintaining documentation and managing

interactions with regulatory bodies.

IV. Implementation

Implementation is the phase where the research protocol is put into action. This involves
executing the study plan, managing the day-to-day operations, and ensuring that all aspects of

the study are carried out as intended.
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e Recruitment and Enrollment: Identifying and enrolling participants according to the
criteria set out in the protocol. This involves coordinating with recruitment sites,
managing participant consent, and ensuring adherence to inclusion and exclusion

criteria.

o Data Collection and Management: Carrying out data collection as specified in the
protocol, including administering tests, surveys, or interventions. Data management
involves recording, storing, and safeguarding data to ensure its integrity and

confidentiality.

e Monitoring and Compliance: Regularly monitoring the study to ensure that it is being
conducted according to the protocol and regulatory requirements. This includes
overseeing site operations, conducting interim analyses, and addressing any deviations

from the protocol.

e« Communication and Coordination: Ensuring effective communication among
research team members, stakeholders, and regulatory bodies. This involves coordinating
meetings, reporting progress, and addressing any issues or concerns that arise.

« Data Analysis and Reporting: Analyzing the collected data according to the statistical
plan outlined in the protocol. This includes interpreting the results, preparing reports,

and disseminating findings through publications or presentations.

V.Challenges and Considerations:

Managing any deviations from the protocol, including unexpected issues or changes in
study conditions. This requires flexibility and problem-solving to address challenges while

maintaining the study’s integrity.

Ensuring participant adherence to study protocols and addressing any issues related to

participant retention or compliance.

Effectively managing resources, including personnel, funding, and equipment, to ensure the

smooth execution of the study.
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VI1.Completion and Evaluation:

Once the study is completed, conducting a final evaluation of the research process and
outcomes. This includes reviewing the results, assessing the adherence to the protocol, and
identifying any lessons learned for future studies.
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I.Introduction

Research valorization, patent jurisdiction, and the practical experiences of institutions
are crucial for translating scientific research into practical applications and commercial
products. This involves protecting intellectual property, navigating patent laws, and leveraging
institutional support to enhance the impact of research. Here’s a detailed exploration of these

concepts with a focus on international institutions and Algerian institutions.

I1. Research Valorization

Research valorization refers to the process of enhancing the value of research findings
by transforming them into practical applications, commercial products, or services. This
process ensures that scientific discoveries contribute to economic development, societal

benefits, and technological advancement.

I11.International Institutions:

« European Research Council (ERC): The ERC supports research valorization by funding
high-impact research projects and fostering collaborations between researchers and
industry. It encourages the dissemination of research results and their application in real-

world contexts.

« National Institutes of Health (NIH): The NIH provides funding and support for research
that has the potential to lead to innovative therapies and technologies. It also promotes

the translation of research findings into clinical practice and commercial products.

o National Science Foundation (NSF): The NSF supports research valorization through
its Small Business Innovation Research (SBIR) and Small Business Technology

Transfer (STTR) programs, which help researchers commercialize their innovations.

e World Intellectual Property Organization (WIPO): WIPO is an international
organization that facilitates the global protection of intellectual property through treaties
and agreements. It administers the Patent Cooperation Treaty (PCT), which allows

inventors to seek patent protection in multiple countries with a single application.

o European Patent Office (EPO): The EPO provides a unified patent system for European

countries, allowing inventors to obtain a single patent that is enforceable in multiple
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European states. The EPO also conducts patent examinations and grants European

patents

IVV.Algerian Institutions:

National Center for Applied Research in Information Technology (CRATI): CRATI
focuses on promoting the application of research in information technology and

encourages collaborations with industry to valorize research outputs.

Algerian Scientific Research and Technological Development (DGRSDT): The
DGRSDT supports research valorization by funding projects that have potential
commercial applications and by facilitating partnerships between researchers and

industry.

National Institute of Industrial Property (INAPI): INAPI is the primary authority for
patent registration and protection in Algeria. It manages the national patent system,

including the examination, granting, and enforcement of patents within the country.

Algerian Patent and Trademark Office (ONPI): The ONPI is responsible for the
administration of patents and trademarks in Algeria, providing services related to the
protection and enforcement of intellectual property rights.

3. Experience and Implementation

Experience in the context of research valorization and patent jurisdiction refers to the

practical knowledge and expertise gained through the application of these processes. Effective

implementation involves translating experience into successful outcomes for research and

intellectual property management.
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