7% UNIVERSITE
DE GENEVE

Archive ouverte UNIGE

https://archive-ouverte.unige.ch

Article scientifique 2023 Published version

This is the published version of the publication, made available in accordance with the publisher’s policy.

Practice of CYP450 genotyping and phenotyping in children in a real-life
setting

Rodieux, Frédérique; Daali, Youssef; Rollason, Victoria; Samer, Caroline Flora; Ing Lorenzini, Kuntheavy

How to cite

RODIEUX, Frédérique et al. Practice of CYP450 genotyping and phenotyping in children in a real-life
setting. In: Frontiers in pharmacology, 2023, vol. 14, p. 1130100. doi: 10.3389/fphar.2023.1130100

This publication URL:  https://archive-ouverte.unige.ch/unige:177022
Publication DOI: 10.3389/fphar.2023.1130100

© The author(s). This work is licensed under a Creative Commons Attribution (CC BY 4.0)
https://creativecommons.org/licenses/by/4.0


https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:177022
https://doi.org/10.3389/fphar.2023.1130100
https://creativecommons.org/licenses/by/4.0

:' frontiers ‘ Frontiers in Pharmacology

’ @ Check for updates

OPEN ACCESS

EDITED BY
Funda Tuzun,
Dokuz Eylul University, Turkiye

REVIEWED BY
Tracy Sandritter,

Children’s Mercy Hospital, United States
Simran D. S. Maggo,

Children’s Hospital of Los Angeles,
United States

*CORRESPONDENCE
Frédérique Rodieux,
Frederique.Rodieux@hcuge.ch

SPECIALTY SECTION
This article was submitted to
Pharmacogenetics and
Pharmacogenomics,

a section of the journal
Frontiers in Pharmacology

RECEIVED 22 December 2022
ACCEPTED 14 February 2023
PUBLISHED 27 February 2023

CITATION

Rodieux F, Daali Y, Rollason V, Samer CF
and Ing Lorenzini K (2023), Practice of
CYP450 genotyping and phenotyping in
children in a real-life setting.

Front. Pharmacol. 14:1130100.

doi: 10.3389/fphar.2023.1130100

COPYRIGHT
© 2023 Rodieux, Daali, Rollason, Samer
and Ing Lorenzini. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology

TvpE Original Research
PUBLISHED 27 February 2023
Dol 10.3389/fphar.2023.1130100

Practice of CYP450 genotyping
and phenotyping in children in a
real-life setting

Frédérique Rodieux'*, Youssef Daali'%3, Victoria Rollason®?,
Caroline F. Samer®?® and Kuntheavy Ing Lorenzini*?*

Division of Clinical Pharmacology and Toxicology, Department of Anesthesiology, Pharmacology,
Emergency Medicine and Intensive care, Geneva University Hospitals, Geneva, Switzerland, 2School of
Pharmaceutical Sciences, University of Geneva, Geneva, Switzerland, *Faculty of Medicine, University of
Geneva, Geneva, Switzerland

Pharmacokinetics varies widely between children. Many factors play an important
role in this variability, such as ontogeny, pharmacogenetics, gender,
comorbidities, and drug-drug interactions. Significant work has already been
done in adults to understand the impact of genetic polymorphisms on drug-
metabolizing enzyme activity and drug response. Data remain poor in children due
to ontogeny that impacts genotyping-phenotyping correlation and the difficulty
enrolling children in prospective studies. Our study aimed to describe the use of
cytochromes P450 (CYP) phenotyping and/or genotyping tests in children in a
real-life setting and assess the correlation between the genotype and the
phenotype. We reviewed the results of tests performed between January
2005 and December 2020. Fifty-two children were genotyped and/or
phenotyped. Four patients were excluded from the present analysis as they
only underwent ABCB1 genotyping, without CYP testing. Of the remainder,
18 wunderwent simultaneous CYP genotyping and phenotyping, while
17 underwent CYP genotyping only, and 13 underwent CYP phenotyping only.
In all cases, investigations were performed after the following situations:
insufficient clinical response to treatment, low plasma concentrations, and
adverse drug reactions (ADR). The vast majority of cases were related to
immunosuppressive or antipsychotic therapy. Genotyping and/or phenotyping
explained or contributed to the aforementioned clinical events in 56% of cases.
The correlation between the genotype and the phenotype showed variability
depending on the assessed cytochrome. In several cases, the phenotype did not
correspond to the genotype because of comedications. In conclusion, there is
clearly value in guiding drug based on CYP activity in children.

KEYWORDS
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Introduction

Children differ from adults not only in their growth in height and weight, but also in the
rapid physiological, maturative, and developmental changes known as ontogeny. This results
in a very heterogeneous population with wide variability in drug response (Kearns et al.,
2003).

Physiological developmental changes occurring in children affects all pharmacokinetic
processes, from absorption and distribution to metabolism and excretion, as well as the
pharmacodynamic response (Kearns et al., 2003; Allegaert and van den Anker, 2019). The
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impact on drug metabolizing enzyme (DME) activity is significant.
Other factors that play an important role in the variability of DME
activity and thus drug response in children are, like in adults,
pharmacogenetics, gender, comorbidities, and exogenous factors
such as drug-drug interactions (DDI).

Cytochromes P450 (CYP) enzymes play a major role in drug
metabolism and are among the most extensively studied DME in
both adults and peadiatric populations. Drug-drug interactions
involving CYP enzymes have received considerable attention for
years (Ogu and Maxa, 2000; Nimmagadda et al, 2020). The
mechanisms of CYP inhibition and induction are now fairly well
understood. Knowing whether prescribed drugs act as enzyme
substrates, inducers, or inhibitors can prevent the occurrence of
drug toxicity or inefficacy. In adults, many studies have already been
conducted to determine the impact of individual CYP genetic
variations on drug response (Zhou et al, 2009; Samer et al,
2013; Goh et al, 2017; Manikandan and Nagini, 2018).
Increasingly, expert consensus guidelines for dose adjustment or
drug selection based on CYP polymorphisms are being developed to
improve the likelihood of positive outcomes, reducing both adverse
drug reactions (ADR) and treatment failure (Swen et al., 2008;
Relling and Klein, 2011; Swen et al., 2011; Volpi et al., 2018; Relling
et al, 2020). Existing approaches to predict CYP activity are
genotyping and phenotyping procedures. While CYP genotyping
is based on DNA analysis and prediction of enzyme activity from the
identified alleles, phenotyping uses the administration and
measurement of enzyme-specific probes to determine metabolic
activity in vivo. The Geneva cocktail has been successfully used
for years to measure the patients’ phenotype in our institution. This
phenotyping cocktail is composed of seven low-dose specific probes
for six different CYP and for P-glycoprotein (P-gp) (Bosilkovska
et al., 2014; Rollason et al., 2020b).

In children, defining CYP activity and its impact on drug
response is challenging. When considering existing approaches to
determine DME activity, genotyping is limited due developmental
regulation of gene expression, and phenotyping is made difficult by
the necessity to administer a non-toxic exogenous probe for this
population and the need to develop very sensitive analytical methods
due to the small dose that can be administered (Magliocco and Daali,
2020). Our study aimed to describe the use of CYP phenotyping and/
or genotyping tests in children in a real-world setting, including
practical issues related to this specific population, and the benefits
for patient management. We also assessed the correlation between
the predicted phenotype (based on the genotype) and the measured
phenotype.

Materials and methods
Patients and setting

This study is a paediatric subpart of three previously published
studies that included children and adults (Lloret-Linares et al., 2017;
Rollason et al., 2020a; Ing Lorenzini et al., 2021). The studies were
approved by the Ethics Commission of the Canton of Geneva,
Geneva (Switzerland) (study numbers: 15-225, 15-080 and
14-244) (Lloret-Linares et al., 2017; Rollason et al., 2020a; Ing
Lorenzini et al., 2021).
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In this study, we evaluated in- and out-paediatric patients, aged
0-17 years, whose CYP genotyping or phenotyping tests were
performed between January 2005 and December 2020 as part of
their routine care. In Switzerland, genetic analyses fall under the
Federal Act on Human Genetic Testing and as such may be
performed only after having obtained written informed consent
from parents/legal guardians (Baumann et al., 2017) (FOPH, 2018).
We reviewed the results of the tests performed during the study
period and the reason for these investigations.

Genotyping

Genotyping was performed by Geneva University Hospitals’
laboratory of molecular oncology and pharmacogenomics as
described previously (Rollason et al., 2020a; Ing Lorenzini et al.,
2021). Genotyping techniques have considerably evolved over the
last few years. In brief, until 2007, only CYP2D6 genotyping was
performed, by real-time polymerase chain reaction (PCR). The
following alleles were detected: *3, *4, *5, *6, *35, *41, and
duplications. From 2007, genotyping was performed on the
AmpliChip CYP450 test from Roche. For CYP2D6, 33 alleles
could be analyzed. For CYP2C9, *2 and *3 could be detected
while for CYP2C19, the detectable alleles were *2 and *17. From
2017, we used Next-Generation Sequencing (NGS) technologies
with the pharmacogenomics panel from ThermoFisher.
CYP2D6 gene copy number was determined by qPCR on LC480
(Roche) using CNV Exon 9 Hs00010001_cn and CNV Intron
6 Hs04502391_cn probes for CYP2D6 (Life Technologies, with
RNAse P gene used as reference gene). We used AlleleTyper
Software (Thermo Fisher Scientific) to translate genetic pattern
genotyping

copy number

information from (Single-nucleotide

polymorphisms—SNP) and assay to their
standardized allele name or star (*) allele nomenclature.
Prediction of the phenotype based on the identified alleles was
performed as described in our previous article (Ing Lorenzini et al.,
2021) by wusing the Pharmacogene Variation (PharmVar)
Consortium database (Gaedigk et al., 2018; Gaedigk et al., 2019).
We classified patients into one of the following categories: poor
(PM), (IM),
metabolizer (NM), rapid metabolizer (RM), and ultra-rapid

metabolizer (UM).

metabolizer intermediate metabolizer normal

Phenotyping

Phenotyping was performed using exogenous oral enzyme-

specific probes; namely, subtherapeutic doses of caffeine,
bupropion,  flurbiprofen, = omeprazole,  dextromethorphan,
midazolam, and fexofenadine for CYP1A2, CYP2B6, CYP2C9,
CYP2C19, CYP2D6, CYP3A4/5, and P-glycoprotein activity
assessment, respectively. The probes were administered orally on
an empty stomach, either in the form of the Geneva cocktail
(phenotyping approach) as described

(Bosilkovska et al., 2014) or by administering a specific targeted

cocktail elsewhere

probe (selective phenotyping). In selective phenotyping situations,

the same probes as in the Geneva cocktail were used; in children
under 40 kg, the doses were adapted on a case-by-case basis to be
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subtherapeutics. In rare specific situations, the CYP3A/5 phenotype
was measured by blood sampling during midazolam treatment.
Phenotype determination was based on the metabolite to parent
drug metabolic ratio (MR) measured on capillary or venous blood
samples. Until 2012, CYP2D6 phenotyping was performed in urine
as previously described (Rebsamen et al., 2009). The capillary route
was preferred when the child did not have peripheral venous access.
Venous blood was used when there was functional venous access or
concomitant blood sampling. Based on their MR, we classified
patients as PM, IM, NM, or UM (Rebsamen et al, 2009;
Bosilkovska et al., 2014).

Genotype-phenotype correlation

Based on the identified alleles on genotyping, the patients were
attributed to a predicted phenotype category. Based on the measured
metabolic ratio on phenotyping, the patients were attributed to a
measured phenotype. We concluded to concordance when the
measured phenotype was equal to the predicted phenotype. We
concluded to non-concordance when the measured and predicted
phenotypes were not equivalent. In these cases, we assessed the role
of comedication and eventually concluded to drug-induced
phenoconversion.

Clinical data

We collected the main reason for genotyping/phenotyping,
demographic data, and concomitant treatments. The reason for
genotyping/phenotyping was one of the following: ADR/high drug
levels, inefficacy/low drug levels, DDI, International Normalized
Ratio (INR) variation, prescription (preemptive testing), and others.
Based on the clinical pharmacology and toxicology consultation, two
clinical pharmacologists concluded whether or not the results of the
genotypic/phenotypic investigation explained the clinical situation.

Statistical analysis

We used descriptive statistics to report our data. We described
categorical variables with frequencies, and continuous variables with
means (+ standard deviation). We used the SPSS” software package,
version 25 (IBM corporation, Armonk, NY, United States) to
perform the analyses. We concluded that genotype and
phenotype were concordant when the measured phenotype
corresponded to the predicted phenotype based on the alleles
present. The cause of the non-concordance, including the

presence of DDI, was investigated.

Results

A total of 52 children underwent genotype or phenotype testing
during the study period. Since our study focused on genotype-
phenotype concordance, four patients were excluded from this
analysis as they were only tested for ABCB1 due to an inability
to assess concordance with phenotype for this gene. The mean age of
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the remaining 48 patients was 9.7 (+ 5.4) years (range: One month to
17 years). Of the 48 patients, 17 (35%) underwent genotyping only,
13 (23%) underwent phenotyping only, and 18 (42%) underwent
simultaneous CYP genotyping and phenotyping.

The mean age of the 17 children who were only genotyped was
8.3 * 6.0 years (range: 0-16). Six of them were four years old or
younger at the time of the investigation. We were unable to identify
the reasons why phenotyping was not performed.

The mean age of the 13 children who were only phenotyped was
11.8 + 4.1 years. Except for one child aged 1 year, all were 9 years or
older. We were unable to identify the reasons why only phenotyping
was performed.

A total of 18 children underwent simultaneous CYP genotyping
and phenotyping. Seventeen had the same CYP isoenzyme
simultaneously genotyped and phenotyped, while one patient had
CYP2D6 genotyped but CYP2C9 phenotyped. The distribution of
the predicted phenotype based on the genotype is presented in
Table 1. We assessed the genotype-phenotype correlation in the
17 patients (mean age: 9.3 * 5.4 years, range: 1-17). The
concordance rates were highly variable, ranging from 80% for
CYP2C9 to 33% for CYP3A5 (Table 2). In about half of the non-
concordant cases for CYP2C19 and CYP3AS5, this could be
explained by a drug interaction (drug-induced phenoconversion)
that either increased or decreased CYP activity (Table 3). For
CYP2D6, almost all non-concordant cases (5/6) had increased
activity of the measured phenotype compared to the genotype-
based predicted phenotype. However, there is no known
exogenous inducer of CYP2D6é.

Of all patients genotyped (n = 17 + 18 = 35), the most frequently
investigated enzyme was CYP2D6 (n = 21), followed by CYP2C19
(n = 14) and CYP3A5 (n = 11).

Of all the patients who underwent phenotyping (n = 13 + 18 =
31), most received targeted phenotyping (n = 19) i.e., focusing on
one, two, or eventually three CYP enzymes. Twelve patients received
the full Geneva cocktail. The most frequently investigated enzyme
was CYP3A4/5 (n = 27) followed by CYP2D6 (n = 23), particularly
in the case of targeted phenotyping (CYP3A4/5, n = 16;
CYP2D6, n = 11).

In most cases, investigations were carried out because of
insufficient  clinical response to treatment, low plasma
concentrations or ADR. Half of the situations were related to
immunosuppressive or antipsychotic treatments. In the other
cases, analgesic, antiepileptic, antithrombotic, and antifungal
The 13  children (27%) on

immunosuppressive therapy were mainly treated with tacrolimus

drugs were involved.
(9/13) and were aged between 1 and 15 years. Eleven investigations
were related to an antipsychotic treatment (risperidone or
quetiapine). With the exception of one child aged 8years, all
others were adolescents aged 13 years or older.

Interestingly, genotyping or phenotyping results explained or
contributed to the clinical event in 56% of cases (n = 27). In more
than half of these cases (1 = 15), the occurrence of ADR or high drug
levels were the reasons for performing the tests. The involved drugs
were mainly immunosuppressants followed by opioids and
anticonvulsants. In the remaining 12 cases, insufficient
therapeutic response or low drugs concentrations were the
reasons. The involved drugs were mainly antipsychotics followed

by immunosuppressants.
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TABLE 1 CYP predicted phenotype based on the identified alleles in patients with simultaneous genotyping and phenotyping.

Isoenzyme n PMP IMP NMP
CYP1A2 0 Numbers of children (%) - - - -
Genotype - - - -
CYP2B6 0 Numbers of children (%) - - - -
Genotype - - - -
CYP2C9 5 Numbers of children (%) - - 5 (100) -
Genotype - - *1/*1 _
CYP2C19 8 Numbers of children (%) - 1 (12.5) 4 (50) 3 (37.5)
Genotype - *1/*2 *1/*1 *1/*17, *17/*17
CYP2D6 12 Numbers of children (%) - 4 (33.3) 8 (66.6) -
Genotype - *1/*5, *1/*4, *5/*41 *1/*1, *2/%41, *1/%2A, 1/*35 -
CYP3A5 3 Numbers of children (%) 2 (66.6) 1(33.3) - -
Genotype *3/*3 *1/%3 - -

“Number of cases that underwent simultaneous genotyping and phenotyping for the concerned isoenzyme; poor metabolizer (PM), intermediate metabolizer (IM), normal metabolizer (NM),
rapid metabolizer (RM), and ultra-rapid metabolizer (UM).
"Number (percentage).

TABLE 2 Concordance between the predicted and measured phenotype.

N total® Details
Predicted phenotype Measured phenotype
CYP2C9 5 Concordant (%) 4 (80) NM (1 = 4) NM (1 = 4)
Non-concordant (%) 1 (20) NM (n=1) UM (n=1)
CYP2C19 8 Concordant (%) 3 (37.5) RM (n = 1) RM (n = 1)
NM (n = 2) NM (n = 2)
Non-concordant (%) 5 (63.5) IM (n=1) NM (n = 1)
RM (n = 1) NM (n = 1)
NM (n=1) PM (n = 1)
NM (1 =1) UM (n=1)
UM (n=1) IM (n=1)
CYP2D6 12 Concordant (%) 6 (50) IM (n = 1) M (n=1)
NM (1 = 5) NM (1 = 5)
Non-concordant (%) 6 (50) IM (n = 2) NM (1 = 2)
NM (n =1) PM (n = 1)
NM (1 = 2) UM (n = 2)
IM (n=1) UM (n=1)
CYP3A5 3 Concordant (%) 1(33.3) PM (n = 1) PM (n = 1)
Non-concordant (%) 2 (66.7) PM (n = 1) UM (n=1)
IM (n=1) PM (n=1)

“Number of cases that underwent simultaneous genotyping and phenotyping for the concerned isoenzyme; poor metabolizer (PM), intermediate metabolizer (IM), normal metabolizer (NM),
rapid metabolizer (RM), and ultra-rapid metabolizer (UM).
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TABLE 3 Comedication in patients undergoing concomitant genotyping and phenotyping.

ID internal Drug of interest® Inhibitory or inducing Phenoconversion Involved Drug-induced
number? comedications® CYP phenoconversion
20091212 Phenytoin, valproate Clobazam, phenytoin, valproate | Yes 2C9: NM Yes: phenytoin (2C9)
to UM
20091552 No drug (familial history) - Yes 2D6: IM No
to NM
20091553 Dextromethorphan - No
20092046 Various psychotropic agents - No
20120141 Carbamazepine Carbamazepine Yes 2C19: IM No
to NM
20120963 Voriconazole Voriconazole, cotrimoxazole Yes 2C19: RM Yes: voriconazole (2C19)
to NM
2D6: NM
to PM
20130518 Tacrolimus, everolimus - Yes 3A5: IMtoPM | No
20151640 Risperidone Risperidone, valproate Yes 2D6: NM No
to UM
20160106 Various drugs - Yes 2C19: N\M No
to PM
20160654 Phenytoin Valproate, omeprazole, Yes 2C19: NM Yes: phenytoin (2C19)
phenytoin to UM
20160995 Quetiapine - Yes 2D6: IM No
to UM
20160996 Risperidone Risperidone No
20160997 Risperidone Risperidone, escitalopram No
20161184 Risperidone Risperidone Yes 2D6: IM No
to NM
20171263 Drug-drug interaction between Cotrimoxazole Yes 2C19: UM No
vemurafenib and to IM
immunosuppressants
2D6: NM
to UM
20171269 Clonidine Esomeprazole, risperidone, No
metronidazole
20171688 Acenocoumarol - No
20172044 Tacrolimus, ciclosporin Ciclosporin, esomeprazole, Yes 3A5: PM Yes: rifampicin (3A5)
cotrimoxazole, rifampicin to UM

“Corresponds to our internal database number for the involved patient and consultation.
*The drug because of which the genotyping/phenotyping test was performed.

“According to our table of drug interaction, cytochrome P450 and P-glycoprotein (Samer et al., 2013).

Discussion

We reported our two decades of experience with CYP
phenotyping or genotyping in children in a clinical setting. We
performed these investigations because of insufficient clinical
response to treatment, low plasma concentrations or ADR.
Phenotyping and/or genotyping explained or contributed to these
clinical events in more than half of cases.

The paediatric population has two specific features not
present in adults: growth and maturation. Both are
characterized by non-linear patterns from birth to adulthood

Frontiers in Pharmacology

and wide inter-individual variability (Kearns et al, 2003).
Maturation and developmental changes have an impact on all
stages of drug pharmacokinetics and pharmacodynamics (Kearns
et al, 2003; van den Anker, 2010; Allegaert et al., 2017).
Therefore, the paediatric population is highly heterogeneous,
ranging from newborns under 1kg with immature organs to
adolescents over 100 kg. Effective and safe drug therapy can be
challenging in such a heterogeneous population. Individualized
dosage or medication according to patient characteristics is
particularly relevant in this population (Lu and Rosenbaum,
2014). Individualization must take into account gender,
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weight, comorbidities but also pharmacogenomics and the
impact of age on drug pharmacokinetics (McLaughlin et al.,
2019).

CYPs metabolize 70%-80% of drugs and variations in their
activity is a well-known factor of inter- and intra-individual
variability in drug response. CYP activity can be modified by
many factors; not only by concomitant xenobiotics
administration but also by genetic polymorphism and age-related
dependent changes in gene expression. CYP maturation is probably
the predominant factor in age-associated pharmacokinetic
differences between children and adults (de Wildt et al., 2014).
Most CYPs have low activity at birth and reach adult levels between
a few months and the first years of life with a different maturation
profile (Kearns et al., 2003; Stevens et al., 2008; Allegaert and van den
Anker, 2019). A poor ability to metabolize drugs can lead to
accumulation and toxicity, and on the contrary, increased
metabolization can lead to increased clearance and inefficacy. On
the opposite, for pro-drugs, a reduced activity of a DME will lead to a
loss of efficacy; and increased activity will result in a risk of toxicity.

Determining DME activity to guide therapy is one of the goals of
personalized medicine. Gene-drug pairs with genetics-based
prescribing guidelines are already being used in adults to guide
current treatment (reactive testing) or to guide future treatment
decisions (pre-emptive testing) (Whirl-Carrillo et al, 2012;
Abdullah-Koolmees et al, 2020). Organizations such as the
Clinical Pharmacogenetics Implementation Consortium (CPIC;
https://cpicpgx.org/) (Relling and Klein, 2011; Relling et al,
2020), the Dutch Pharmacogenetics Working Group (DPWG)
established by the Royal Dutch Pharmacist’s Association (KNMP;
https://www.knmp.nl/) (Swen et al., 2008; Swen et al., 2011), the
Pharmacogenomics Research Network (Shuldiner et al, 2013;
Giacomini et al, 2021), and Ubiquitous Pharmacogenomics
(Manson et al, 2017) have released easily accessible public
guidelines for implementing pharmacogenetics in clinical practice.

Evidence-based pharmacogenomic testing in children is less
robust (Sing et al,, 2015; Hoshitsuki et al., 2021) and still little
used in paediatrics. Most of the current guidelines, both for
interpretation and implementation, are mainly based on adult
data. A limited number of molecules, such as voriconazole and
atomoxetine, have specific recommendations for children. Gene-
drug associations applicable to children continue to be discovered
(Ramsey et al., 2020; Brown et al., 2021). In a retrospective review,
Roberts et al. estimated that pharmacogenetics could assist in
treatment selection or dosing in almost half of the paediatric
patients at an academic Children’s hospital (Roberts et al., 2021).
Ramsay et al. (2020) found that in children, the annual prevalence of
exposure to a drug with CPIC pharmacogenetics dosing
recommendation was over 8’000 per 100’000 paediatric patients.
Both studies found that CYP2D6, CYP2C19 and, to a lesser extent,
CYP3A5 were the CYPs most frequently affected by actionable
guidelines. Some institutions, such as the St. Jude Children’s
Memphis, have

Research  Hospital in already

implemented pharmacogenetic testing and perform preemptive

clinically

genotyping to guide and ensure drug prescribing for children
(Hoffman et al., 2014; Gammal et al., 2016). CYP2D6 genotyping
is thus successfully used to ensure safe prescription of codeine in
children with pain in the context of sickle cell disease (Hoffman
et al., 2014; Gammal et al., 2016).
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Apart from being invasive, genotyping is easily performed in
children of all ages. Genotyping results are immutable and
independent of age. However, it does not consider the effect of
gene ontogeny. The effect of a genotype variant depends on the
expression of the gene. For this reason, in young children, depending
on the developmental profile of the DME, the effect of the genotype
may not be apparent (Ward et al., 2010; Leeder and Kearns, 2012;
Hoshitsuki et al., 2021). Another limitation of genotyping is that it
must interrogate all known alleles in the patient population of
interest. Finally, at the time of our study, genotyping was also
limited by its high cost and reimbursement concerns by the
health insurance. Although since 2017 this is no longer a
problem in Switzerland, the issue of price and reimbursement
must be kept in mind (Shah and Smith, 2015).

Phenotyping combines the effects of genetic, environmental,
and developmental factors on CYP activity, and it therefore makes it
possible to consider phenoconversion. It allows better prediction of
the CYP activity at a given time point. However, it requires the
administration of specific and non-toxic probes to children, followed
by analysis of parent drugs and metabolites in biofluids. Validated
MR interpretations are needed, in particular in children. The
acceptability of oral probes in young children can be challenging
(Magliocco and Daali, 2020; Magliocco et al, 2020). Thus,
administration of a single capsule with multiple substrates and
fixed doses, such as the Geneva cocktail used in adults, is
difficult in children because of the risk of toxicity. In young
children, a selective phenotyping approach by administration of a
targeted probe with an individualized dosage adapted to age and
weight is essential. Finally, there is a need to develop sensitive
analytical methods due to the reduced dosage and low plasma
concentrations (Magliocco and Daali, 2020; Magliocco et al., 2020).

Our study showed a highly variable concordance between
genotype and phenotype in children. The lack of concordance
occurred regardless of the age of the children and was, in half of
the cases, for CYP2C19 and CYP3A5, explained by co-
medication. For CYP2D6, the low sensitivity of genotyping
tests to detect UM may have contributed to the non-
concordant cases (Rebsamen et al.,, 2009), as well as default
genotype calls. Furthermore, challenges of wide, overlaping
and non-validated ranges in children for phenotype
classification have to been taken in consideration, especially in
our study where the phenotyping methods have changed over the
years. With the exception of PM, our study in adults also showed
a poor correlation between the predicted and measured
phenotype (Ing Lorenzini et al., 2021). The small size of our
cohort prevents a definitive conclusion.

No investigations were done preemptively before the initiation
of treatment. They were all carried out to understand unexpected
responses to a drug, its ineffectiveness or toxicity. Our study showed
that the results of metabolic investigations could contribute to the
clinical event in up to 60% of clinical situations.

In conclusion, there is clearly value in a guided drug dosing
based on CYP activity in children. However genetically based dosing
algorithms used in adults cannot simply be extrapolated to young
children, without considering the impact of ontogeny. Data
describing the genotype-phenotype interaction in children are
still scarce, particularly in sick and young children. Our study
shows that genotyping and phenotyping are two complementary
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methods that can be used in children to determine CYP activity. The
choice to perform genotyping, phenotyping or both should be
considered on a case-by-case basis, taking into account their
respective limitations, the clinical question and the patient. When
used appropriately, both methods are helpful to understand
interpatient variability in drug exposure and response, but
probably also for guiding future treatments (pre-emptive testing).
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