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allele of CYP2C19, had an increased risk of ADRs with clobazam (CLB), PB, PHT,
LCM, brivaracetam; while one individual with the *17 allele in heterozygosity re-
ported a CLB fast metabolism. Six patients showed a CC polymorphism of EPHX1
associated with the impaired efficacy of carbamazepine. ABCB1 polymorphisms
related to drug-resistance (3435 CC) or drug-sensitive phenotype (CT or TT) were
found in 6 out of 7 patients. Pharmacogenomic testing on saliva proved easy and
safe in clinical practice to convey information for the management of epileptic
patients, especially those resistant to treatment or sensitive to severe ADRs.

RIVA ET AL.
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1 | INTRODUCTION

Despite the availability of more than 20 antiseizure med-
ications (ASMs), up to 35% of epileptic patients are re-
fractory to treatment. Moreover, there is clear evidence of
heterogeneous responses to ASMs"? and one-third of pa-
tients experience adverse drug reactions (ADRs) ranging
from mild up to severe.’

Antiseizure medications efficacy and ADRs susceptibil-
ity vary widely across individuals. Apart from carbamaze-
pine (CBZ) rash and some pharmacokinetic markers, the
study of pharmacogenomics in epilepsy has been largely
disappointing by date. Pharmacogenomics analyzes the
genetic makeup of an individual to predict drug response
and efficacy, as well as potential ADRs. The novel genetic
techniques, which can analyze a large series of known
genes at a reasonable price, are of paramount importance
to discovering novel therapeutic avenues."* We explored
the potential clinical utility and influence on therapeutic
strategies of pharmacogenomic testing in a small cohort
of patients with epilepsy.

2 | METHODS

21 | Study design and patients’ cohort
This was a multicentric, naturalistic study in Caucasian
patients with epilepsy of different etiologies. Patients vol-
untarily performed a widely commercialized pharmacog-
enomic test (Neuropharmagen®) carried out on saliva,
providing extensive genetic-based information on drug ef-
ficacy, metabolism, and ADRs. The test brings principally
pharmacokinetics information on over 50 ASMs, antide-
pressants, and antipsychotic drugs.’

We enrolled patients diagnosed according to the
International League Against Epilepsy classification® from
seven tertiary epilepsy centers. Demographic and clinical
data, including the patients’ age and gender, age at epilepsy

onset, epilepsy type, any neuropsychiatric comorbidity,
failed and current treatments, were collected in a specific
form, and descriptive statistical analyses were performed.

2.2 | Genetic analysis

Patients’ saliva sample was collected using Oragene
DNA Sample Collection Kit (OG-510; DNA Genotek Inc.,
USA). Saliva samples were then shipped to AB-Biotics
(Girona, Spain) laboratory for DNA extraction and analy-
sis. DNA isolation was performed with the Genomic DNA
Isolation Kit (Norgen Biotek Corp., Canada). DNA qual-
ity and concentration were measured with a Nanodrop
2000 microvolume spectrophotometer (Thermo Fischer
Scientific Inc., USA). Single-nucleotide polymorphism
(SNP) genotype was then performed by Golden Gate
Technology (Illumina Inc., USA). Data were generated
with the BeadXpress Reader (Illumina Inc.) and then
analyzed with Genome Studio Data Analysis Software
(Illumina Inc.), which performs automated genotype clus-
tering and calling. A sample with a call rate below 98%
was discarded. All assays were performed in quadrupli-
cate in a 7500 RT-PCR System using TagMan Genotyping
Master Mix (Life Technologies Inc., Germany) using the
comparative AACT method. We focused on genetic vari-
ants of five selected genes (CYP1A2, CYP2C9, CYP2C19,
EPHXI1, and ABCBI) largely involved in ASMs metabo-
lism or transport’ that could have significant implications
on patients’ treatment. The correspondent mutant alleles
and related SNPs are reported in Table S1.

2.3 | Clinical implications' assessment

The impact of the selected SNPs on the response to
ASMs has been assessed through a literature search on
MEDLINE/PubMed, Scopus, and Web of Science up
to September 2022 by combining separately the terms
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“CYPIA2,” “CYP2C9,” “CYP2C19,” “EPHX1,” “ABCBI”
with the terms “polymorphism” AND “antiepileptic
drug*”. Only English-written papers were included.
Literature data were combined with pharmacogenomic
results, and the utility of genetic testing was evaluated
through a comparison between the suggestions obtained
and the previous/current treatments of our cohort.

3 | RESULTS

3.1 | Clinical features

Twenty-one patients (52.4% females) with a mean age of
20years (age range: 2-60years; median [Q;-Qs]: 15 [6.5-
28]) were analyzed by the pharmacogenomics panel. This
cohort included patients with focal (10 individuals, 47.6%)
or generalized (3 individuals, 14.3%) epilepsy and with ep-
ileptic encephalopathy (8 individuals, 38.1%). Age at epi-
lepsy diagnosis ranged from 4months to 51years (mean:
10years; median: 4 [1-15]).

In 14 subjects (66.7%), epilepsy was associated with
neuropsychiatric comorbidities. Patients had failed up to
9 previous therapeutic attempts (mean: 3.4) and received
up to 4 ASMs (mean: 2.5) at the time of pharmacogenomic
testing.

3.2 | Genetic analysis and clinical
implications’ assessment

Table 1 shows the genotype, phenotype, and the allele fre-
quencies related to the five analyzed genes.

The genotype influence on drug response according
to ASMs' pharmacokinetic characteristics is displayed in
Table S2.

Six patients with the homozygous *1F allele in CYPIA2
may have reduced chance of response to stiripentol (STP)
due to fast metabolism. Nine CYP2C9 intermediate me-
tabolizers (IM) (*1/*2 and *1/#3) and one poor metabo-
lizer (PM) were at increased risk of ADRs with phenytoin
(PHT), phenobarbital (PB), primidone, lacosamide (LCM),
and valproic acid (VPA).

The CYP2C19 allele *2 reduces substrates metabolism
both in heterozygosis (*1/*2) and homozygosis (*2/%2) and
it was found in 7 individuals (6 IM and 1 PM).

CC polymorphism of EPHX1 was associated with im-
paired efficacy of CBZ, and it was genotyped in 6 patients.

ABCBI is involved in transport of most of the ASMs.
Polymorphism 3435 CC was related to drug resistance,
and it was genotyped in 6 individuals, while CT or TT has
led to a drug-sensitive phenotype in 7 patients. Only 2 pa-
tients were wild type for all the selected genes.

TABLE 1 CYPIA2, CYP2C9, CYP2C19, EPHXI, and ABCBI
genotypes, phenotypes, and frequencies.

Gene Genotype Phenotype Frequency
CYP1A2 *1/*1F EM 15/21 (71.4%)
*1F/*1F FM 6/21 (28.6%)
CYP2C9 Sl EM 11/21 (52.4%)
*1/%2 IM 5/21 (23.8%)
*1/*3 4/21 (19%)
SRR PM 1/21 (4.8%)
CYP2C19 *1/%1 EM 10/21 (47.6%)
*1/*17 3/21 (14.3%)
*1/%17 FM 1/21 (4.8%)
*1/%2 IM 6/21 (28.5%)
*2/%2 PM 1/21 (4.8%)
EPHX1 337T>C (CC) | efficacy CBZ 6/21 (28.5%)
ABCBI 3489+80C>T  Drug-resistant 6/21 (28.5%)
(CO)
3489+80C>T  Drug-sensitive 7/21 (33.3%)
(CTor TT)

Abbreviations: EM, extensive metabolizer (standard); FM, fast metabolizer;
IM, intermediate metabolizer; PM, poor metabolizer.

Colour shade indicate to distinguish the different aplotypes and their effect
on cytocromes.

Antiseizure medication pharmacokinetic and pa-
tients’ pharmacogenomic data were combined in Table 2
suggesting drugs with a higher risk of ineffectiveness or
ADRs according to each patient's genotype.

Table 3 shows a complete overview of demographic,
clinical, and genetic data of the enrolled patients, with
clinical implications of genetic testing. In seven patients
(33%), the test prescription highlighted the current use
of ASMs at increased risk of ADRs. The poor response to
previous treatments could be predicted in seven patients
(33%), whereas in five patients (23.8%) medications that
should be avoided in the future were identified.

Pharmacogenomic test also included analysis of
CYP2B6, CYP2D6, and CYP3A4 (Table S3), which may
influence the metabolism of several antidepressant and
antipsychotic drugs. The analysis of these cytochromes
was beyond the aim of the current study; however, Table 3
shows the results of clinical interest that could add infor-
mation to improve the management of patients with psy-
chiatric comorbidities.

4 | DISCUSSION

This pilot study aimed to explore the “real-life” impact of
pharmacogenomic testing and its potential clinical utility.
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As variations in drug-metabolizing genes® are known to
have the most clinical impact on ASM therapy, we par-
ticularly focused on CYP1A2, CYP2C9, CYP2C19, EPHXI,
and ABCBI.

Among the most extensively studied CYP1A2 poly-
morphisms, the CYPIA2*IF haplotype influences the
inducibility of the enzyme, leading to higher enzyme ac-
tivity. However, this phenotype effect is observed only in
the presence of an inducer (e.g., smoking or heavy coffee
consumption),9 and other CYP enzymes contribute to STP
metabolism, so we considered as “potential” the reduced
chance of drug response in our cohort.

Noteworthy, CYP1A2 is largely involved in antipsy-
chotics' metabolism, and we found a CYP1A2*1F/*1F gen-
otype in a patient with bipolar disorder (#13), who could
be at increased risk of inadequate response to antipsychot-
ics, potentially improving the management of epilepsy
comorbidities.

CYP2C9*1 is designated as the wild-type allele, whereas
CYP2C9*2 and *3 lead to a reduction in functional activ-
ity.'” CYP2C9 is known to be involved in the metabolism
of PHT and polymorphisms resulting in reduced PHT
clearance may increase the risk of ADRs."" Likewise, the
CYP2C9*2 and *3 alleles were associated with a signifi-
cant reduction in VPA metabolism, especially in children,
in whom CYP2C9 represents the main VPA metabolic
route.'?

Nearly half of our patients carried the *1/%2 and *1/#3
genotypes (intermediate metabolizer phenotype) and
*2/*3 (poor metabolizer phenotype). The presence of
these genotypes reduces the chances of optimal response
to PHT and VPA and there is a need to monitor dosage.

CYP2C19 allele *2 in heterozygosis (*1/#2) and homo-
zygosis (*2/*2) is related to intermediate and poor metabo-
lizers, respectively. The presence of these alleles influences
the metabolism of CLB."* Indeed, individuals carrying
one or two copies of the defective*2 allele might develop
markedly elevated steady-state plasma concentrations of
N-clobazam and be at higher risk of ADRs. However, N-
clobazam was confirmed to have a broad safety margin
with a wide interindividual pharmacokinetic variability
caused by factors other than CYP2C19 enzyme.

The presence of loss-of-function alleles also affects the
metabolism of PB,** PHT,"* BRV,"® LCM,"” and likely CBD,
although there are currently not sufficient supporting
data.'® Furthermore, notwithstanding CYP2C19 is consid-
ered a minor metabolic pathway of VPA, the influence of
CYP2C19*2 and CYP2C19*3 alleles on its plasma concen-
trations has been recently reported."’

The CYP2C19*17 allele is associated with increased
enzymatic activity. However, the magnitude of effects
is considerably smaller than has been reported with
CYP2C19*2 and CYP2C19*3, albeit in opposite directions.

The functional effects of CYP2C19*17 are unlikely to be
clinically significant except for drugs with very narrow
therapeutic windows.”

ABCBI encodes P-glycoprotein (Pgp), which is involved
in the transport of most of the ASMs. The most convinc-
ing evidence for an association between ABCBI genotype
and Pgp expression, function, and therapeutic drug re-
sponse was reported by Loscher et al.,*! who studied in
a prospective fashion whether the C3435T polymorphism
affects the brain uptake of PB in patients with general-
ized epilepsy. This study seems to confirm the association
between the CC genotype at ABCBI 3435 and ASM resis-
tance described by Siddiqui et al.** Although ABCB1 story
was not replicated in most other studies and results ob-
tained in ethnically different populations have been so far
contradictory.*

EPHXI is involved in the transformation of CBZ-10,11-
epoxide (CBZ-E), the major CBZ metabolite, in CBZ-10,11-
diol, that is inactive. In vitro expression studies of the
EPHX1 gene have shown that the 337T>C variant confers
a 40% decrease in hydrolase activity, but in vivo conclu-
sions are contrasting.24 EPHX]1 337CC, which seems to re-
duce the efficacy of CBZ, was genotyped in six patients of
our cohort. In one case (#2) test results confirmed that the
current treatment was the optimal choice, whereas they
could have avoided a previous therapeutic failure in an-
other one (#21). Additionally, genotypic testing identified
patients in whom CBZ should be avoided in the future.

In brief, genotypic testing provides additional infor-
mation which might help clinicians to avoid therapeutic
failures and ADRs, refining therapeutic choices, espe-
cially in patients who start treatment or are drug resistant.
The availability of a noninvasive and safe test suggesting
tailored treatments might be useful also in patients with
comorbidities and polytherapy or in other special condi-
tions like pregnancy.® In this light, it is desirable to have
a panel more specific for epilepsy, which may identify the
polymorphisms of other enzymes involved in ASMs me-
tabolism, such as the uridine 5’-diphospho-glucuronosyl
transferases (metabolizing, among others, lamotrigine).
However, these conclusions must be confirmed in larger
studies.

The patient's cohort heterogeneity and small sample
size can represent a limit for this study. A stratification of
patients for age (<12 and >12years) is recommended due
to the immaturity of metabolic enzymes and drug trans-
porters in children. Weight and plasmatic concentrations
of ASMs before the test might be useful information to
complete and confirm our results. A long-term follow-up
(1year at least) to monitor the response to the modified
therapy according to test results, in terms of seizure con-
trol, and the onset of ASMs side effects is likewise needed.
Finally, a limit may be found in the genotyping-based
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approach. Pharmacogenetic research is currently ongoing.
In silico targeted genotyping panels have long been the
main tool for these studies, and the interlaboratory vari-
ability has been only partially reduced by the minimum
list of alleles to be included in clinical testing provided
by the Association for Molecular Pathology (AMP).*®
Increased knowledge on drugs kinetics and advent mas-
sive parallel sequencing-based approaches with open re-
analysis possibility will certainly shed light to this field in
the next few years.

5 | CONCLUSIONS

We suggest the use of an easy and safe pharmacogenomic
testing on saliva may provide potential benefit in the clini-
cal management of epilepsy patients when it is performed
in newly diagnosed and drug-resistant patients, as well as
in those with comorbidities.

This approach could reduce direct and indirect costs
due to lower failing treatments and ADRs incidence, in
addition to an increased quality of life of patients. The
use of genetic testing to guide epilepsy treatment is likely
to increase in the future, as better understanding of the
function of epilepsy genes will allow the application of
precision medicine targeting the biological mechanisms
responsible for epilepsy.
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