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Purpose: Pharmacogenetics (PGx) is an emerging aspect of personalized medicine with the potential to increase efficacy and safety of
pharmacotherapy. However, PGx testing is still not routinely integrated into clinical practice. We conducted an observational case
series study where PGx information from a commercially available panel test covering 30 genes was integrated into medication
reviews. The aim of the study was to identify the drugs that are most frequently object of drug-gene-interactions (DGI) in the study
population.

Patients and Methods: In out-patient and in-patient settings, we recruited 142 patients experiencing adverse drug reaction (ADR)
and/or therapy failure (TF). Collected anonymized data from the individual patient was harmonized and transferred to a structured
database.

Results: The majority of the patients had a main diagnosis of a mental or behavioral disorder (ICD-10: F, 61%), of musculoskeletal
system and connective tissue diseases (ICD-10: M, 21%), and of the circulatory system (ICD-10: I, 11%). The number of prescribed
medicines reached a median of 7 per person, resulting in a majority of patients with polypharmacy (=5 prescribed medicines, 65%). In
total, 559 suspected DGI were identified in 142 patients. After genetic testing, an association with at least one genetic variation was
confirmed for 324 suspected DGI (58%) caused by 64 different drugs and 21 different genes in 141 patients. After 6 months, PGx-
based medication adjustments were recorded for 62% of the study population, whereby differences were identified in subgroups.
Conclusion: The data analysis from this study provides valuable insights for the main focus of further research in the context of PGx.
The results indicate that most of the selected patients in our sample represent suitable target groups for PGx panel testing in clinical
practice, notably those taking drugs for mental or behavioral disorder, circulatory diseases, immunological diseases, pain-related
diseases, and patients experiencing polypharmacy.
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Introduction
In the era of personalized medicine, the importance of a tailored, individualized pharmacotherapy is constantly increasing
and is replacing the approach of “one size fits all”.!

An adequately dosed drug therapy can lead to the desired effect in some patients, while other patients do not respond
(therapy failure, TF) or even experience unwanted drug effects (adverse drug reaction, ADR). This interindividual
difference in drug response is influenced by several factors.> A distinction can be made between exogenous factors, eg,
medication adherence, drug-food-interactions (DFI), drug-drug-interactions (DDI), and endogenous factors, eg, comor-
bidities, organ functions, or genetics.
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Literature and guidelines for medicine optimization and improvement of patient outcomes suggest that these
exogenous and endogenous factors need to be comprehensively considered in clinical practice. However, the incorpora-
tion of genetic factors is nowhere explicitly mentioned.*®

The application of individual genetic information in the context of drug therapy is described by the term of
pharmacogenetics (PGx).” PGx can increase efficacy and safety of pharmacotherapy and should therefore be an integral
part of clinical pharmacy.” Increasingly, pharmaceutical companies indicate on drug labels that certain genetic variations
affect serum levels and the likelihood of ADRs and/or TF.*? Yet, integration of PGx in clinical practice, both in the in-
and out-patient setting, is still limited. Potential reasons that PGx has not been fully adopted in practice include the lack
of reimbursement for PGx testing, the costs associated with counseling, limited clinical evidence, and a knowledge gap
about the appropriate use of PGx information for treatment decisions in specific patient populations.'®'?

To achieve a better understanding of the optimal application of PGx information in clinical practice, a PGx case series
study (Clinical Trials.gov ID: NCT04154553) was established in 2019 in Swiss primary and secondary care settings.

Hereby, patients experiencing ADR or TF under a certain drug therapy were pharmacogenotyped. The PGx test
information was interpreted not only reactively to the patient’s susceptibility to ADR or TF, but also preemptively to
provide recommendations for future treatment decisions, which were subsequently included into a medication review
report, individualized for each patient. The used PGx panel test covered 100 pharmacologically relevant genetic variants
in 30 different genes. Those genes encode enzymes, receptors, and transporters, known to be involved in pharmacoki-
netics (PK) and pharmacodynamics (PD).’

This study was designed to compile case reports to acquire experience with the application of PGx in Swiss primary
and secondary care as a basis for the implementation of a standard of procedure. After three years of collecting those

patient cases and publishing selected individual case reports,'*'°

we aimed to perform a database analysis of all gathered
data of the study population.

The main objective of the database analysis was to identify patient groups which may benefit from a PGx analysis
with subsequent optimization of their pharmacotherapy. For this reason, we aimed to identify the drugs and the genes that
are most frequently associated with drug-gene-interactions (DGI) in the heterogeneous study population. If possible, we
also aimed to assess further factors potentially influencing interindividual drug response (eg, DDI) within the review
process of patients’ medication. Next to the analysis of the total study population, we aimed to perform an exploratory
subgroup analysis to compare identified differences and similarities within selected patient groups of the study. In
addition, we wanted to determine patients’ medication adjustments six months after providing the analysis results, to

assess how PGx-based recommendations had been implemented in clinical practice.

Materials and Methods

Study Population and Procedure

The herein analyzed data set was collected between 2019 and 2021 within the case series study “pharmacogenetic testing
of patients with unwanted adverse drug reactions or therapy failure” (Clinical Trials.gov ID: NCT04154553). The study
population consists of adult patients that experienced ADR or TF under an ongoing or previous pharmacotherapy
(reactive test). In addition, patients were included in whom future use of a new drug, known to be affected by genetic
variants in drug metabolism (PK) and/or drug target structure (PD) genes, was planned (preemptive test). Also, patients
with known family history regarding ADR or TF, probably linked to drugs with potential PGx association, were accepted
for study inclusion.

The study procedures are described in detail elsewhere?® and are illustrated in Figure 1.

Briefly, the study started with the patient referral. Suitable patients were selected by their physicians (general
physician or medical specialist) and referred to a study pharmacy. With the referral form, the study pharmacist received
the required patient data (eg, gender, age, medication list, medical reports) and the information of the main diagnosis. The
term “main diagnosis” is herein defined as principal disease for which the patient was visiting the physician, which
referred the patient for study participation (eg, psychiatrist referred a patient with major depressive disorder due to ADR
suspicion potentially caused by escitalopram. Although the patient was additionally taking co-medication for treating
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Figure | Overview about the 6-steps study procedure of the pharmacogenetics (PGx) case series. Adapted from Stiuble CK, Jeiziner C, Bollinger A et al. A Guide to
a Pharmacist-Led Pharmacogenetic Testing and Counselling Service in an Interprofessional Healthcare Setting. Pharmacy. 2022;10(4):86. Creative Commons.*

Notes: Step | — Patient referral: Patients are selected by physicians (general physician or medical specialist) and referred to the appropriate participating study pharmacy
(ambulatory setting or hospital setting). Step 2 — First patient visit: After patients have given their written informed consent, further necessary data is collected (eg, the
medication history, self-medication data, family history). A buccal swab as well as blood samples are collected. Step 3 — PGx analysis: The buccal swab sample is shipped to
the commercial provider Stratipharm® (humatrix AG, Pfungstadt, Germany), where the PGx panel test is conducted. Additional genetic variants are tested with the blood
samples in the Biopharmacy Laboratory of the University of Basel. Step 4 — Medication review: The PGx test results (available after 1-3 weeks) are evaluated, in particular in
context of the previously suspected drugs, for potential DGI. A medication review including PGx information is conducted. If available, other factors like DDI, adherence or
comorbidities are considered. Step 5 — Second Patient visit: PGx testing results and compiled recommendations for medication optimization are explained to the patient.
A written report is forwarded to the treating physicians. Step 6 — Follow-up: After 6 months, a follow-up interview is conducted via telephone to assess the implementation
of medication changes based on PGx information.

Abbreviations: PGx, pharmacogenetics; DGI, drug-gene-interaction; DDI, drug-drug-interaction.

other diseases, such as arterial hypertension and type-two diabetes mellitus, the main diagnosis for referral was indicated
as major depressive disorder). Based on the patient data, the study pharmacist verified the inclusion criteria and contacted
the patient for an appointment.

Afterwards, the first patient visit took place in the study pharmacy. After the patient had provided informed consent, the
study pharmacists collected further data such as the medication history, the self-medication, the reason for referral (ADR/ TF/
family history/preemptive request) and determined the suspected substances for DGI. The term “suspected substance for
DGI” is henceforth used when a patient was included in the study based on a specific suspicion, that a substance (current
intake or medication history) was causing ADR or TF and therefore was potentially involved in a DGI.

After patient data assessment, a buccal swab sample was taken from the patient for PGx panel test analysis that was conducted
with the commercial system Stratipharm® offered by humatrix AG (Pfungstadt, Germany). To determine polymorphisms, they
apply real-time PCR using the automated Life Technologies QuantStudio 12k flex (Thermo Fisher, MA, USA) with the
respective optimized and commercially available chemistry. The Stratipharm® PGx panel test includes 100 genetic polymorph-
isms within 30 genes, which are listed in Supplementary Table 1. The buccal swab sample was sent to humatrix AG at the

same day of collection. Also, the patient was referred to the nearest participating ambulatory study center (ASC), where two
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EDTA blood samples were taken. The blood sample analysis was conducted in the Biopharmacy Laboratory of the University of
Basel. Here, additional genetic variants reported to influence the PK of respective drugs were tested (Supplementary Table 2).

One to two weeks after the first patient visit, the study pharmacist evaluated the available analysis results and in
particular investigated if suspected substances were associated with at least one genetic variation to a potential DGI that
could possibly explain the patient’s ADR/TF. If so, the confirmed suspicion was then defined as “confirmed substance for
DGI”. If available, also other important factors like DDI, DFI, adherence or comorbidities were considered. Afterwards,
individual recommendations were developed in a written medication review report.

Next, the second patient visit took places in the study pharmacy (one to three weeks after the first patient visit). The
results and the recommendations were explained to the patient. Beyond that, the written report was handed over to the
patient’s physicians.

After six months, there was a follow-up interview via telephone between the study pharmacist and the patient, in
which mainly the current status of the medication and potential PGx-based adjustments were assessed.

Database Construction
For the database analysis, all information on each patient from the different stages of the study procedure was archived
and transferred to a relationally designed database model. The database was constructed with Microsoft Office

Professional Plus, Excel, version 16.0 (2016). It consists of 10 tables with the following content:

1. Characteristics: Patient ID, year of birth, age, sex, smoking status, study center affiliation, referring physician,
ICD-10 main diagnosis according to physician’s indication on the referral form

2. Patient administration: Patient ID, date of signed informed consent, date of first visit, duration of first visit, date
of second visit, duration of second visit, time for conducting the written report, date of follow-up, status of EDTA
blood sample (received: yes/no/pendent)

3. Medication: Patient ID, number of current prescribed drugs, status of self-medication (intake: yes/no)

4. Identified DDI (based on the patient’s current medication): Patient ID, medicinal substance name (high-risk
potential DDI perpetrator, according to the drug interaction database mediQ (www.mediq.ch, accessed June 05,
2023), medicinal substance code according to ATC classification system

5. Pharmacogenotyping panel test results of Stratipharm® (humatrix AG, Pfungstadt, Germany): Patient ID, status of genetic
variations (wildtype/heterozygote variant/homozygote variant) of selected polymorphisms (Supplementary Table 1)

6. Pharmacogenotyping single test results (Biopharmacy, University of Basel): Patient ID, status of genetic varia-
tions (wildtype/heterozygote variant/homozygote variant) of selected polymorphisms (Supplementary Table 2)

7. Genotype predicted phenotype: Patient ID, phenotype of selected genes (Supplementary Table 3)

8. Suspected substance for DGI: Patient ID, medicinal substance name, medicinal substance code according to ATC
classification system, dosage + unit, frequency of intake, reason for suspicion (ADR/TF/family history/preemptive
request)

9. Confirmed substance for DGI: Patient ID, medicinal substance name, medicinal substance code according to ATC
classification system, involved genes of the DGI according to the clinical decision support system of the panel test
provider Stratipharm® (humatrix AG, Pfungstadt, Germany) or the pharmGKB database (www.pharmgkb.org,
accessed June 05, 2023)

10. Medication adjustment: Status of implementing at least one recommendation based on PGx information (yes/no/

lost-to-follow-up), medication adjustment type (starting use/discontinuing use/start-stop/dosage increase/dosage
decrease/preemptive positive/preemptive negative), medicinal substance name involved in the adjustment, med-
icinal substance code according to ATC classification system

Data Analysis
Data analyses were performed using Microsoft Office Professional Plus, Excel, version 16.0 (2016) and R, R Studio,
version 4.2.2 (2022). Results are presented as absolute number (n), count (%) or as median [interquartile range]. In

696 https: Pharmacogenomics and Personalized Medicine 2023:16

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=415259.docx
http://www.mediq.ch
https://www.dovepress.com/get_supplementary_file.php?f=415259.docx
https://www.dovepress.com/get_supplementary_file.php?f=415259.docx
https://www.dovepress.com/get_supplementary_file.php?f=415259.docx
http://www.pharmgkb.org
https://www.dovepress.com
https://www.dovepress.com

Dove Bollinger et al

addition to the analysis of the collected data of the total study population, exploratory subgroup analyses of selected
population groups were performed.

It was not aimed to provide any results of statistical significance. The following subgroup analyses were conducted
for the purpose of descriptive comparability:

- Comparison SEX: subgroup “women”; subgroup “men”

- Comparison AGE: subgroup “<65 years”; subgroup “>65 years”

- Comparison MEDICATION AMOUNT: subgroup “without polypharmacy”; subgroup “polypharmacy”

- Comparison MAIN DIAGNOSIS: subgroup “ICD-10: F”’; subgroup “ICD-10: M”; subgroup “ICD-10: I”

Results

General Results

Characteristics

From 01/2019 to 12/2021, 142 patients were included in the study in two community pharmacy study centers (primary
care, 60%) and in one hospital study center (secondary care, 40%). The study population was mainly female (66%) with
a median age of 52 [40-63] years (minimum age: 18 years, maximum age: 88 years). Patients were referred to the study
by medical specialists (65%) and general physicians (35%). An overview of the patients’ main characteristics is also
provided in Supplementary Table 4.

Diagnoses

More than half of the patients had a main diagnosis of the ICD-10 section “F” of a mental or behavioral disorder (61%).
Other patients had main diagnoses of musculoskeletal system and connective tissue diseases (ICD-10: M, 21%) or of the
circulatory system (ICD-10: I, 11%).

The remaining patients (8%) had main diagnoses in various other ICD-10 group domains (C = neoplasms; E =
endocrine, nutritional and metabolic diseases; G = nervous system; U = codes for special purposes; R = symptoms, signs
and abnormal clinical and laboratory findings, not elsewhere classified; U = codes for special purposes; Z = factors
influencing health status and contact with health services).

Medication
The majority of patients had polypharmacy with 5 or more medications prescribed a day (65%). The median prescribed
drugs per person was 7 [4-9]. Over half of the patients (55%) reported to take no self-medication drugs.

Suspicion for DGI
A total of 559 suspicions for DGI, potentially caused by 109 different drugs were registered, which represents a median
number of 4 [3-5] suspicions for DGI per patient. ADRs were suspected to be associated with a DGI in 225 cases (40%).
TFs based on clinically observed ineffectiveness were suspected to be associated with DGI in 222 cases (40%). In 25
cases (4%), there was a suspicion of both ADR and TF in the same patient. A preemptive request regarding a prescription
of a new drug was asked for 84 cases (15%). In 3 cases (1%) the PGx test was initiated based on a positive family history
(eg, drug intolerance or variable drug response).

In Figure 2, we show the most frequently suspected substance groups (=5 suspicions) classified according to the 3rd
level of therapeutic and pharmacological subgroup of the ATC classification. Illustrated is the number of suspicions per
category. Further suspected substance groups (<5 suspicions) are shown in Supplementary Table 5.

Confirmation of DGI

After PGx analysis, 324 of the 559 suspicions (58%) in 141 patients (99% of the study population) were confirmed as
potential DGI. A median of 2 [3-5] confirmed DGI per patient was identified. The confirmation of a potential DGI is based
on an association between the suspected drug and at least one observed genetic variation that could potentially cause the
patient’s ADR or TF. Among the 109 suspected drugs, 64 (59%) of them were confirmed to be part of a potential DGI. Out of
these 64 drugs, we identified 42 drugs (66%) interacting with at least one gene, for which a PGx-based drug therapy guideline
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Figure 2 Number of DGI suspicions (2 5) per substance group, categorized according to the 3rd level of therapeutic and pharmacological subgroup of the ATC
classification.

Notes: A02B: Drugs for peptic ulcer and gastro-oesophageal reflux disease; AO7E: Intestinal anti-inflammatory agents; Al10B: Blood glucose lowering drugs, excl. insulins;
CO7A: Beta blocking agents; CO8C: selective calcium channel blockers with mainly vascular effects; CO9C: Angiotensin-ll-Receptor Blockers (ARBs), plain; CI0A: Lipid
modifying agents, plain; HO2A: Corticosteroids for systemic use, plain; LO4A: Immunosuppressants; MOIA: Anti-inflammatory and antirheumatic products, non-steroids;
NO2A: Opioids; NO2B: Other analgesics and antipyretics; NO3A: Antiepileptics; NO5A: Antipsychotics; NO6A: Antidepressants; NO6B: Psychostimulants, agents used for
ADHD and nootropics; RO5D: Cough suppressants, exclusive combinations with expectorants.

Abbreviations: ATC, anatomical therapeutic chemical; DGI, drug-gene-interaction.

was available according to the Clinical Guideline Annotations of PharmGKB (https://www.pharmgkb.org/

guidelineAnnotations, accessed June 05, 2023). The identified drug-gene pairs are summarized in the Supplementary Table 6.

From the 30 genes of the PGx panel test, variations in 21 different genes were detected to be involved in a potential
DGI. Genetic variations in CYP2C8, DPYD, HLA-A, HMGCR, TIFNL3, IPTA, MTRNR1, NAT-2, and TPMT were
detected in the study population, but it was not possible to associate them with any medication. The number of confirmed
DGI in comparison to the suspicions for DGI (=5 suspicions) is shown in Figure 3, again categorized according to the 3rd
level of therapeutic and pharmacological subgroup of the ATC classification (cf Figure 2). Individual substances of the

ATC-groups (3rd level) and the involved genes of the confirmed DGI are listed in Supplementary Table 7.

Identified DDI
In addition to the investigated DGI, potential DDI of the respective current medication of the patients were considered.
Drugs with a high interaction risk (relative and absolute contraindications classified by the drug interaction database
mediQ?') were identified to cause those DDI and are described in the following as “DDI perpetrator”. Overall, 66
patients (47%) of the study population were affected by potential DDI under their current medication. In total, we
detected 148 DDI, which corresponds to a median of 2 [1-3] DDI per affected patient. Those DDI were potentially
caused by 73 different DDI perpetrators. DDI, which were caused >3 times by a perpetrator out of a substance group,
according to the 3rd level of therapeutic and pharmacological subgroup of the ATC classification, are shown in Table 1.
Further DDI perpetrators were assigned individually to the following ATC —groups (3rd level): AO3F, A06A, AO7E,
A10A, A10B, A12A, A12B, BO1A, C03A, C03C, C03D, C09C, G02C, G04C, HO3A, L04A, MO03B, NO1A, N02B,
NO5C, RO3A, RO5D.
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Figure 3 Number of confirmed DGI in proportion to number of suspicions for DGI (cf Figure 2), categorized according to the 3rd level of therapeutic and pharmacological
subgroup of the ATC classification.

Notes: A02B: Drugs for peptic ulcer and gastro-oesophageal reflux disease; AO7E: Intestinal anti-inflammatory agents; AI10B: Blood glucose lowering drugs, excl. insulins;
CO7A: Beta blocking agents; CO8C: selective calcium channel blockers with mainly vascular effects; CO9C: Angiotensin-ll-Receptor Blockers (ARBs), plain; CI0A: Lipid
modifying agents, plain; HO2A: Corticosteroids for systemic use, plain; LO4A: Immunosuppressants; MOIA: Anti-inflammatory and antirheumatic products, non-steroids;
NO2A: Opioids; NO2B: Other analgesics and antipyretics; NO3A: Antiepileptics; NO5A: Antipsychotics; NO6A: Antidepressants; NO6B: Psychostimulants, agents used for
ADHD and nootropics; RO5D: Cough suppressants, exclusive combinations with expectorants.

Abbreviations: ATC, anatomical therapeutic chemical; DGI, drug-gene-interaction.

Medication Adjustments

Six months after the PGx test and the provided written report to physician and patient, a follow-up interview was conducted
with each patient by telephone. In the interview, it was asked whether at least one recommendation (based on the PGx
analysis and the written report) was implemented in the patient’s medication by the physician. It was also assessed whether
the patient’s PGx information was used in case of any medication adjustments within the six months, as advised.

Table | Number of DDI Caused by Substance Groups, Categorized According to the 3rd Level
Therapeutic and Pharmacological Subgroup of the ATC Classification

ATC-Group, 3rd Level DDI (N)
A02B: DRUGS FOR PEPTIC ULCER AND GASTRO-OESOPHAGEAL REFLUX DISEASE 6
COIE: OTHER CARDIAC PREPARATIONS 3
CO07A: BETA BLOCKING AGENTS 3
CO09A: ACE INHIBITORS, PLAIN 4
HO02A: CORTICOSTEROIDS FOR SYSTEMIC USE, PLAIN 4
MOIA: ANTIINFLAMMATORY AND ANTIRHEUMATIC PRODUCTS, NON-STEROIDS 12
NO02A: OPIOIDS 8
NO3A: ANTIEPILEPTICS 3
NO5A: ANTIPSYCHOTICS 18
NO5B: ANXIOLYTICS 4
NO6A: ANTIDEPRESSANTS 53
NO06B: PSYCHOSTIMULANTS, AGENTS USED FOR ADHD AND NOOTROPICS 3
Abbreviations: ATC, anatomical therapeutic chemical; DDI, drug-drug-interaction.
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A total of 173 medication adjustments for 87 patients (62% of the overall study population) were implemented within
six months, based on the provided PGx information. Forty-four patients (31% of the overall study population) did not
experience any adjustments in their daily medication after the PGx test. Ten patients (7% of the overall study population)
were registered as lost-to-follow-up. The 173 PGx-based medication adjustments concerned 74 drugs and are categorized as
follows: 73 medication adjustments in regard of the use of a new drug (42% of all medication adjustments); 48 medication
adjustments related to the discontinuation of a drug (28% of all medication adjustments); 24 medication adjustments were
classified as “start-stop”, which means that the use of a new recommended drug was started, but had to be stopped again
within the six months (14% of all medication adjustments); 15 medication adjustments related to the dosage increase of
a drug (9% of all medication adjustments); 5 medication adjustments related to the dosage decrease of a drug (3% of all
medication adjustments); 5 drugs were tested preemptively and were later on not applied due to relevant genetic variants (=
preemptive negative, 3% of all medication adjustments); and 3 drugs were tested preemptively and were afterwards applied,
since no relevant genetic variants were detected (= preemptive positive, 1% of all medication adjustments).

Subgroup Results
Comparison SEX: Subgroup “Women” and Subgroup “Men” (Supplementary Table 8)
The study population consisted of 93 women (66%) and 49 men (34%). Polypharmacy was observed in 69% of the

women and in 57% of the men. The evaluation of the diagnoses from the ICD-10 section “M” appeared with a 22 higher
percentage in women. The number of suspicions for DGI was more than twice as high in women (n = 376) than in men (n
= 183). However, the proportion of confirmed DGI was higher in men (67%) compared to women (53%). In addition,
women had more medication adjustments after six months (68%) than men (41%).

Comparison AGE: Subgroup “< 65 Years” and Subgroup “2 65 Years” (Supplementary Table 9)
The study population consisted of 111 patients “<65 years” (78%) and 31 patients “>65 years” (22%). 87% of the patients
“>65 years” experienced polypharmacy, which are proportionally distinctly more than patients “<65 years” (58%). The

evaluation of the main diagnosis according to ICD-10 showed that the subgroup “<65 years” had more than twice as
many diagnoses out of the ICD-10 section “F” (69%) compared to the subgroup “>65 years” (29%). Whereas patients
“>65 years” had more often main diagnoses of the ICD-10 section “M” (39%). In the evaluation of the confirmed DGI,
differences in all sections were detected. In the population “<65 years” almost two times more DGI suspicions were
confirmed (69%) compared to the population “>65 years” (37%). Also, the number of confirmed drugs causing the DGI
was higher in the group “<65 years” (68%) than in the group “>65 years” (42%). In the follow-up after six months, we
detected that less patients “>65 years” (48%) had medication adjustments compared to patients “<65 years” (65%).

Comparison MEDICATION AMOUNT: Subgroup “Polypharmacy” and Subgroup “No Polypharmacy”
(Supplementary Table 10)
The study population consisted of 92 patients experiencing polypharmacy with an intake of 5 or more prescribed drugs

daily (65%) and 50 patients without polypharmacy with an intake of 4 or less prescribed drugs daily (35%). The
subgroup “polypharmacy” was with a median age of 56 years, 12 years older than the subgroup “no polypharmacy”. The
population “no polypharmacy” had a median of 4 [3-5] suspicions for DGI per patient, though a median of 1 [1-3]
confirmed DGI per patient. The population “polypharmacy” had a median of 3 [2—-5] suspicion for DGI and a median of 2
[2-3] confirmed DGI per patient. 52% of the patients with “polypharmacy” were affected by potential DDI under their
current medication, compared to 38% of the patients with “no polypharmacy”. Moreover, we identified that more patients
of the group “no polypharmacy” (72%) had medication adjustments after six months in contrast to the patients of the
group “polypharmacy” (56%).

Comparison MAIN DIAGNOSIS: Subgroup “ICD-10: F”, Subgroup “ICD-10: M” and Subgroup “ICD-10: I”
(Supplementary Table I 1)
The study population consisted of 86 patients with a main diagnosis of the ICD-10 section “F”, 30 patients with a main diagnosis

ofthe ICD-10 section “M” and 15 patients with a main diagnosis of the ICD-10 section “I”. The median age was the highest for the
patients “ICD-10: I’ (68 [63—72]) compared to the patients “ICD-10: M” (60 [50-73]) and “ICD-10: F” (46 [34-56]). Moreover,
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the group “ICD-10: I”” had the highest proportion of patients experiencing polypharmacy (87%). In the population “ICD-10: F”,
we detected the highest number of confirmed suspicions for DGI (63%) and also of confirmed drugs involved in these DGI (70%).
However, the absolute number of drugs causing DGI was lower (n = 40) compared to those drugs that cause DDI (n = 48) in the
patients of “ICD-10: F”. Similar observations were made in patients of “ICD-10: M”. Concerning the medication adjustments
after six months, we detected that the subgroup “ICD-10: M” had the highest number of patients with medication adjustments in
count (74%), followed by the subgroup “ICD-10: F”’ (65%) and “ICD-10: I”” (47%).

Discussion

Identified Interactions

In the overall study population, we confirmed 324 suspicions for DGI (58% of all suspicions) to potentially cause ADR
or TF. By design, the included cases represent a convenient sample of patients with suspected DGI. In total, 21 different
genes were detected to be involved in the confirmed DGIs. This finding supports the approach to use PGx panel tests
instead of PGx single tests. Furthermore, we consider the rate of concordance between DGI suspicions and DGI
confirmations with more than half (58%) as high. In literature it was shown that actionable gene variants potentially
causing DGI are frequent. Up to 100% of the population may have an atypical response to at least one drug.”* At the
same time, exposure to drugs affected by PGx is extremely common, reaching over 95% of the population exposed to at
least one relevant drug.>**

The high concordance rate of suspicions and confirmations in the study can also be considered as a quality control of
the study setting and the collaboration with the referring physicians. In other words, the involved physicians and
pharmacists seem to be well equipped to identify patients with a potential DGI, which could benefit from PGx testing.

In addition to genetic predisposition, other endogenous as well as exogenous factors are known to affect the patient’s
drug response. Based on the results, we want to highlight the importance for awareness to DDI. We identified that 47% of
the whole study population were affected by potential DDI. In fact, we found more drugs causing DDI (n = 73) than
those causing DGI (n = 64). This result indicates that PGx testing alone is not sufficient for a personalized medication
optimization approach. Notably, with a high frequency of DDI and a high frequency of DGI, the probability of drug-drug
-gene-interactions (DDGI) increases. DDGI were not specifically aimed to be assessed in our study, but should be
addressed in further research, especially for patients experiencing polypharmacy with a high potential for DDI. Also, we
want to underline that only the drug causing a potential DDI (= DDI perpetrator) was listed in the database, the second
involved drug was not specifically registered. This aspect should be considered for further research to be able to fully
evaluate DDI and DDGI.

To summarize, all possible influencing factors should be taken into account for a complete and comprehensive
analysis of each individual case. Since this is a descriptive study that was not designed to provide any results of statistical
significance, comparisons (ie, DDI and DGI) need to be handled with caution. Nevertheless, the findings are considered
as important observations, as the main objective of the study was to gain insight on the application of PGx information.
An improvement of the individual patient’s medication can only be achieved with a holistic consideration of all given
factors, besides the genetic predispositions.

Medication Adjustments

Six months after PGx testing, 173 medication adjustments were realized for 87 patients. We consider the implementation
rate of the provided recommendations in 62% of the overall study population as improvable. Besides, we cannot disclaim
a bias. The medication adjustments were assessed within the follow-up interview between study pharmacist and patient.
The information about medication adjustments is therefore sensitive for response bias, confounding in both directions. It
is possible that certain patients did not exactly know if realized medication adjustments made by their physicians were
based on the PGx information. However, it is also possible that further adjustments were realized by other physicians or
even during hospitalization without informing the patient, as the patient was instructed to always submit the PGx
information in medical institutions. For further research, we propose to also follow-up with the referring physician for
selected patients.
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The results of the comparisons AGE (subgroup “<65 years” and subgroup “>65 years”) and MEDICATION
AMOUNT (subgroup “polypharmacy” and subgroup “no polypharmacy”) should also be emphasized, especially
regarding medication adjustments. The subgroup “>65 years” and the subgroup “polypharmacy” had comparably low
implementation rates of the provided recommendations with 48% and 56%, respectively. Also, the subgroup of the
diagnoses “ICD-10: I’ had a low implementation rate with 47%. Though, the patients of the subgroup “ICD-10: I’ had
a median age of 68 [63—72] and a polypharmacy rate of 87% and thus matches the criteria of rising age and high
medication amount. We think that the elderly patients experiencing polypharmacy and their associated physicians need
different guidance for the application of PGx information. As multimorbidity increases over time, the number of
diagnoses and therefore the number of drugs taken increases. It can be assumed that with the increasing complexity of
a patient’s medication, changes are less likely to be made, even though the likelihood for DGI increases. Several medical
specialists of different disciplines are usually involved in the medication of a multimorbid patient, so that medication
adjustments (eg, by the general physician) should not be made without thorough consultation and involvement of all
prescribers. This represents a barrier and can result in a possibly decreased compliance of realizing treatment changes in
general. We aim to conduct further research and to discuss with involved physicians in a focus group possible reasons for
the non-use of PGx information and what they require for a cross-disciplinary application of PGx information, especially
in elderly patients experiencing polypharmacy.

In general, the non-use of PGx information in clinical practice could also be addressed to the lack of PGx-based
therapy guidelines. As shown in the results, PGx-based therapy guidelines exist for 42 confirmed drugs (66%) interacting
with at least one gene. We consider this rate as decent, but improvable. For 15 of those 42 drugs (36%) interacting with
a gene, the guideline recommendations indicate to not adapt the dosage or change the therapy, although an interaction
with the respective gene is described to influence therapy outcome. From a clinical point of view, we think that the
recommendation to not change therapy is not sufficient, when the patient is suffering from ADR or TF and the suspected
DGI is even confirmed by a PGx test. Physicians and pharmacists have then no option to justify their therapy decision
with a therapy guideline and have to evaluate the need for a therapy change on their own. The lack of PGx-based therapy
guidelines could therefore be a barrier for the application of PGx in clinical practice. Further research needs to be
conducted to continuously increase the awareness and importance of PGx and the concomitant need for PGx-based
therapy guidelines. Although this is a long-term process, it is already processing, considering that the majority of already
existing PGx-based therapy guidelines have been developed in the last 10 years (https://www.pharmgkb.org/

guidelineAnnotations, accessed June 05, 2023).

Diagnoses’ Distribution
The population of the PGx case series study is heterogeneous in terms of diagnoses, comprising three principal diagnosis
groups according to ICD-10. However, the patients’ majority (61%) had a main diagnosis of ICD-10: F (mental or
behavioral disorder) and are therefore overrepresented in the study population. A potential reason for the overrepresenta-
tion of patients with a mental or behavioral disorder can be referred to the recruitment, which was conducted in primary
care (60% of all patients) and secondary care (40% of all patients). The recruitment center of the secondary care setting is
associated with a psychiatric hospital department. Thus, all patients recruited in the secondary care were patients with the
ICD-10 diagnosis “F”, which represents a selection bias and led to the overrepresentation. However, the recruitment in
secondary care was not specifically restricted to this patient group. Therefore, the referral of such a high proportion of
patients with a mental or behavioral disorder may also reflect the demand and interest for PGx in this particular patient
group and/or of the referring physicians. This aspect is also supported by the comparably high rate (65%) of implemented
medication adjustments six months after the PGx test. Consequently, we consider patients with a mental or behavioral
disorder to be receptive to PGx testing and to the application of its information, which is described in detail in the
discussion section on suitable target groups.

Also, we identified an overrepresentation of women (66%) in the study population. One potential reason can be
attributed to the prevalence of the main diagnoses ICD-10 “F” and “M” in the study population.

In general, the prevalence of psychiatric diseases is higher in women than in men.”>?’ In Switzerland, 10% of the
women have a major depression compared to 8% of the men.”® Beside the ICD-10 “F”, also more diagnoses in the ICD-10
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range “M” were found in women compared to men, which was also estimated due to the known epidemiological sex
differences in the prevalence of rheumatic diseases.”” ! The second reason for the overrepresentation of women can be
related to the fact that women experience in general almost twice as much ADR than men, independently of the
diagnosis.**** Thus, with the study design searching for patients with ADR or TF, it was not unexpected to include
women above average. At this point, the importance of sex differences in medicine and pharmacotherapy should be
mentioned and considered for further research.

Suitable Target Groups

The main objective of this analysis was to identify the population that may benefit the most from pharmacogenotyping.
As discussed above, we have a heterogeneous study population with a variety of diagnoses, but we also observed
a selection bias for patients with a mental or behavioral disorder. Accordingly, our results cannot be inductively
extrapolated to the totality of patients with pharmacotherapy. For example, we included only one patient with a main
diagnosis of ICD-10: N (neoplasm), but we are aware that a wide range of PGx-actionable drugs are used for oncological
patients (www.pharmgkb.org, accessed June 05, 2023), which therefore are a suitable target group. We propose that the

identification of the target population benefiting the most from PGx testing should be composed of several aspects.

First, it is important to determine whether the population is prone to be treated with PGx-actionable drugs based on the
current treatment guidelines. This is outlined above for oncological patients and was shown in our study results for several
patient groups (Figure 3), eg, patients taking antipsychotics or antidepressant for a mental or behavioral disorder, pain
patients taking opioids, and patients with circulatory diseases treated with a beta blocking agent or a lipid modifying agent.

Second, the target population and its referring physicians need to be receptive to the use of PGx information and
willing to adopt possible medication changes. Here, we especially consider patients with an ICD-10 diagnosis “F” to be
receptive, as they appear to be very proactive towards medication changes (Supplementary Table 11).

It remains to be determined, whether their proactiveness is linked to the fact that up to 50% of patients with
a depression do not respond to the first-line-treatment, resulting in a longer therapy history of ineffectiveness.>*>> Also,
patients from the subgroup “ICD-10: F” had with over 50% the highest rate of DGI suspicions based on reactive therapy
failure and also the highest rate of DGI confirmations in general (Supplementary Table 11). To exclude an over-

representation of specific phenotypes within the study population, which potentially could have influenced the high
rate of DGI confirmations, CYP2D6 and CYP2C19 phenotype predicted genotype frequencies were checked. These two
enzymes play a significant part in the metabolism of various drugs, particularly for patients with mental or behavioral
disorders. The frequencies of CYP2D6 and CYP2C19 phenotype predicted genotypes were comparable to a European
reference population,®® so that a bias in terms of genetic predisposition is not assumed.

And third, patient groups for whom medication adjustments may not be easily implemented should be targeted for
further research, as explained above in the discussion section of medication adjustments in elderly patients experiencing
polypharmacy. These patients and their referring physicians may not be equally receptive to PGx information’s
application compared to, eg, patients with mental or behavior disorder; however, there is no indicator to assume that
this patient group is not interested in PGx testing. Quite the opposite, as 65% of the patients of the whole study
population were experiencing polypharmacy. Therefore, it rather seems that both patients and referring physicians of this
population group are interested, perhaps they just do not know how to apply the PGx information and how to proceed
with the recommendations for medication adjustments. Since usually different medical specialists are involved in the
medication process of an older patient with polypharmacy, the approach of an interdisciplinary collaboration needs to be
encouraged even more.

This applies not only to the collaboration of pharmacists and physicians, but also to physicians of different
specializations. Here, further research is required to determine what exactly is needed for the application of PGx
information for those patients, eg, more detailed explanation of the results, support in the communication process with
different physicians, structured involvement of all parties (patient themself, general physician, medical specialist, family
members, nursing staff).

h’3744

After consideration of these aspects, the results of the database analysis, and indications of researc we consider

the following target groups of our patient sample to be suitable for benefiting from pharmacogenotyping: Patients taking
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drugs for mental or behavioral disorder, circulatory diseases, selected immunological diseases (eg, rheumatic diseases,
chronic inflammatory bowel diseases (IBD)), pain patients taking analgesics or opioids on a regular basis and patients
experiencing polypharmacy, especially the elderly. However, before genotyping the afore-identified target groups, we
suggest to check first if their suspected substances are associated with PGx in literature at all. Our results also revealed
that not all drugs taken by a certain population group in our patient sample were confirmed as DGI. For example, patients
of the ICD-10 group “I” (circulatory system) showed to have a concordance of 100% between suspected and confirmed
DGI for beta blocking agents (ATC, 3rd level: CO7A), but also a concordance of 0% for calcium channel blockers (ATC,
3rd level: CO8C). Similar applies for psychostimulants (ATC, 3rd level: NO6B) in patients of the ICD-10 group “F”
(mental or behavioral disorder). Thus, the selection of the target group serves as a broad overview of possible patient
populations with certain diagnoses. Still, a differentiation within the target group should be made individually according
to the drugs taken.

Conclusion
Overall, we deduce that pharmacogenotyping is an effective method to detect the cause for ADR or TF, considering that
58% of the suspicions were confirmed as potential DGI.

We were also able to confirm suitable target groups with our patient sample that may benefit the most from PGx
testing in clinical practice: Patients with mental or behavioral disorder, circulatory diseases, immunological diseases, pain
patients taking analgesics or opioids on a regular basis, and in general patients experiencing polypharmacy, particularly
the elderly.

Within the target groups, we gained an overview for which drugs a PGx test should be initiated, because they were
predominantly confirmed to be part of a DGI.

According to the results, it is also important to emphasize that not only DGI should be considered in a comprehensive
medication review, but also DDI and therefore potential DDGI. Indeed, we identify in almost half of the population
potential DDI caused by 73 drugs. We therefore want to highlight that every patient case needs to be interpreted
individually and that all the given patient information should be considered in addition to the genetic results.

Moreover, we observed an interdisciplinary acceptance in the study setting for the provided PGx information,
deducted from the result that in 62% of the cases, medication adjustments based on the provided recommendations
were realized by the physicians and patients within six months after the PGx test. Moreover, we were able to get an
understanding of which patient groups, and which related physicians potentially require additional support and guidance
in the realization of PGx-based medication adjustments. At this point, further research will be needed to determine what
the physicians and the patients require (eg, in the case of elderly and/or patients with polypharmacy) to be able to apply
PGx information for medication optimization.

To conclude, PGx panel testing can be a useful approach in personalized medicine with optimization of the
medication. The implementation of pharmacogenotyping should be further strengthened on a large scale using inter-
professional approaches,”” starting with target population groups (ClinicalTrials.gov NCT04507555).* Since pharma-
cogenotyping is an intervention that does not harm, it can only be an advantage to know patient’s genetic profile and to

be able to have individualized medication recommendations.
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