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Abstract

Invasive fungal infections are an increasing threat to the global public health causing
approximately 1.5 million deaths worldwide every year. As the emergence and spread of
resistance to antimycotics is expanding and the development of new antifungal agents is lagging
behind this epidemiological burden, one important aspect is the rational use of existing drugs,
such as voriconazole (VRC). Despite its long-term and frequent application in humans, VRC
pharmacokinetics (PK) are still not fully understood revealing large intra- and interindividual
variability as well as therapy failures and adverse events. The main source of variability is
assumed to derive from the extensive metabolism of VRC involving the cytochrome P450 (CYP)
isoenzymes 2C19, 2C9 and 3A4. Furthermore, the target site of VRC, i.e. the interstitial space
fluid (ISF), is more relevant for PK investigations in contrast to the usually determined plasma
concentrations. A powerful tool for ISF investigations is the minimally-invasive sampling
technique microdialysis, which allows the continuous sampling of protein-unbound drug over

time.

Therefore, the present thesis aimed at contributing to the elucidation of VRC PK by generating
mechanistic and quantitative insights into its distribution and metabolism processes in humans to
ultimately support the optimisation of VRC dosing strategies. To achieve this objective, research
in three main areas was performed. First, a versatile bioanalytical liquid chromatography-tandem
mass spectrometry (LC-MS/MS) assay was developed and validated for the quantification of
VRC and its metabolites in various biological matrices. Second, in vitro metabolism
investigations were performed for a comprehensive characterisation of VRC and its metabolites
as substrates and inhibitors of CYP2C19, CYP2C9 and CYP3A4. Third, in vitro and in vivo
microdialysis investigations were performed evaluating the application of simultaneous

microdialysis of VRC and its potentially toxic metabolite, voriconazole N-oxide (NO) in humans.

The developed bioanalytical LC-MS/MS assay enabled the simultaneous quantification of VRC,
NO and hydroxyvoriconazole (OH-VRC) in human plasma, ultrafiltrate and microdialysate as
well as in the in vitro matrices of human liver/intestine microsomes (HLM/HIM) and recombinant
human CYP (rhCYP) isoenzymes. In a first step, the assay was fully validated according to the
European Medicines Agency guideline on bioanalytical method validation for the quantification
of VRC and NO in plasma and microdialysate. Overall, the quantification was rapid, simple and
feasible for clinically relevant concentrations of VRC and NO from 5 to 5000 ng/mL in plasma
and ultrafiltrate as well as from 4 to 4000 ng/mL in microdialysate. Due to the high sensitivity of
the assay, only 20 pL of plasma or ultrafiltrate and 5 pL of microdialysate were required. For
VRC and NO in plasma and microdialysate, between-run accuracy was high with a maximum

mean deviation of 7.0% from the nominal concentration and between-run precision was



demonstrated by <11.8% coefficient of variation. Stability under various conditions was
demonstrated for both compounds. In a second step, the assay was successfully adapted for PK
analyses in in vitro experiments covering a concentration range of 0.1 to 500 ng/mL for NO and
of 1.0 to 500 ng/mL for OH-VRC at a sample volume of 20 pL. Overall, by reducing the required
sample volume, the bioanalytical method allowed for an increased number of plasma samples in
vulnerable populations and enabled the generation of concentration-time profiles with a higher

temporal resolution in microdialysis studies.

In vitro metabolism investigations revealed NO formation to follow Michaelis-Menten kinetics
and was mediated by the CYP isoenzymes 2C19, 2C9 and 3A4 as determined by incubation of
VRC with HLM, HIM and rhCYP. The kinetic parameters of the reaction, i.e. Michaelis-Menten
constant (Ku), maximum reaction velocity (Vmax) and intrinsic clearance (CLint), were derived
and an in vitro in vivo extrapolation using the well-stirred liver model demonstrated their validity
by comparison to in vivo data. In contrast, no OH-VRC formation was detected in any of the
metabolic systems, suggesting a different metabolic pathway of formation. The contribution of
the individual isoenzymes to NO formation was 63.1% for CYP2C19, 13.2% for CYP2C9 and
29.5% for CYP3A4 as determined by specific CYP inhibition in HLM and application of
intersystem extrapolation factors to scale the metabolism in rhCYP. The type of inhibition and
inhibitory potential of VRC, NO and OH-VRC were evaluated in HLM by their effects on CYP
specific marker reactions for CYP2C19, CYP2C9 and CYP3A4. Regarding the half maximum
inhibitory concentration (ICsg), NO was the weakest and VRC and OH-VRC comparably strong
inhibitors of CYP2C9 and CYP3A4. CYP2C19 was significantly inhibited by VRC only. Time-
independent inhibition by VRC, NO and OH-VRC was demonstrated by the absence of an 1Cs
shift when a pre-incubation step of inhibitor and enzyme in the absence or presence of NADPH
re-generating system was performed. Lastly, the assessment of the inhibitory constant (Kj)
confirmed the observations of inhibitory potential from ICs, investigations, as well as revealed
competitive inhibition of CYP2C19 by VRC and OH-VRC and non-competitive inhibition by
NO. Inhibition of CYP2C9 was competitive while inhibition of CYP3A4 was non-competitive
for VRC, NO and OH-VRC.

As a prerequisite for the assessment of target-site exposure of VRC and NO, the feasibility of
simultaneous microdialysis of VRC and NO was first explored in vitro by investigating the
relative recovery (RR) of both compounds in the absence and presence of the other. Dependencies
of RR on compound combination, compound concentration, microdialysis catheter and study day
were evaluated and quantified by a linear mixed-effects model. Median RR of VRC and NO
during individual microdialysis were high with 87.6% and 91.1%, respectively. During
simultaneous microdialysis of VRC and NO, median RR did not change relevantly being 87.9%

and 91.1%, respectively. The linear mixed-effects model confirmed the graphically presumed
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absence of significant differences between RR of VRC and NO during individual and
simultaneous microdialysis as well as between the two compounds (p>0.05). No impact of the
investigated clinically relevant compound concentration on RR was found (p=0.284). The study
day was the main source of variability (46.3%), while the microdialysis catheter had a minor
impact (4.33%). VRC retrodialysis was a feasible catheter calibration method to derive ISF

concentrations of VRC and NO simultaneously.

Hereinafter, to assess the in vivo feasibility and clinical applicability of the simultaneous
microdialysis of VRC and NO, plasma, ultrafiltrate and ISF samples, obtained in a clinical
microdialysis trial investigating VRC PK after administration of an approved VRC dosing
regimen, were analysed. Concentration-time profiles, exposure assessed as area under the
concentration-time curve (AUC) and metabolic ratios (concentrationno/concentrationvrc) of four
healthy male adults in plasma, ultrafiltrate and ISF were evaluated regarding the impact of
multiple dosing and the CYP2C19 genotype-predicted phenotype. VRC and NO revealed
distribution into ISF with AUC being up to 2.82- and 17.7-fold lower compared to plasma.
Intraindividual variability of metabolic ratios was largest after the first VRC dose administration
while interindividual differences increased with multiple dosing. The CYP2C19 genotype-
predicted phenotype influenced interindividual differences with a maximum 6- and 24-fold larger
AUC ratio (AUCno/AUCyrc) between the intermediate and rapid metaboliser in plasma and ISF,
respectively. VRC metabolism was saturated or auto-inhibited, indicated by decreasing metabolic

ratios with increasing VRC concentrations.

Overall, the present thesis advanced the elucidation of VRC PK by generating mechanistic and
guantitative insights into distribution and metabolism processes in humans. The application of the
newly established bioanalytical LC-MS/MS assay enabled the thorough characterisation of VRC
and its metabolites as substrates and inhibitors of the CYP isoenzymes 2C19, 2C9 and 3A4.
Moreover, in vitro microdialysis feasibility investigations provided the basis for the evaluation of
simultaneous microdialysis of VRC and NO in vivo. Thus, the exploratory PK analysis
highlighted the potential sources of intra- and interindividual differences observed in the context
of VRC treatment in humans. Ultimately, a thorough understanding of VRC target-site PK and

metabolism is key to the optimisation of personalised VRC dosing regimens.

vii



viii



Zusammenfassung

Invasive Pilzinfektionen stellen eine zunehmende Bedrohung fir die globale 6ffentliche
Gesundheit dar und verursachen jedes Jahr weltweit etwa 1.5 Millionen Todesfalle. Da die
Entstehung und Ausbreitung von Resistenzen gegen Antimykotika zunimmt und die Entwicklung
neuer antimykotischer Wirkstoffe hinter dieser epidemiologischen Belastung zuruickbleibt, ist ein
wichtiger Aspekt der rationale Einsatz vorhandener Arzneimittel wie z. B. Voriconazol (VRC).
Trotz der langjéhrigen und haufigen Anwendung am Menschen ist die Pharmakokinetik (PK) von
VRC noch immer nicht vollstdndig verstanden, was sich in einer groRen intra- und
interindividuellen  Variabilitdt sowie in  Therapieversagen und  unerwinschten
Arzneimittelwirkungen zeigt. Es wird angenommen, dass die Hauptursache fir die Variabilitat
im komplexen Metabolismus von VRC liegt, an dem die Cytochrom P450 (CYP)-Isoenzyme
2C19, 2C9 und 3A4 beteiligt sind. Darlber hinaus ist der Zielort von VRC, d. h. die interstitielle
Flussigkeit (ISF), fur PK-Untersuchungen relevanter als die Ublicherweise bestimmten
Plasmakonzentrationen. Eine leistungsfahige Methode fiir ISF-Untersuchungen ist die minimal-
invasive Probenahmetechnik der Mikrodialyse, die eine kontinuierliche Probenahme von nicht

proteingebundenen Arzneistoffmolekiilen Uber einen bestimmten Zeitraum ermaglicht.

Ziel der vorliegenden Arbeit war daher, einen Beitrag zur Aufklarung der VRC PK zu leisten,
indem mechanistische und quantitative Einblicke in die Verteilung und die Stoffwechselprozesse
beim Menschen gewonnen werden, um letztendlich die Optimierung der Dosierungsstrategien fuir
VRC zu unterstiitzen. Um dieses Ziel zu erreichen, wurden Untersuchungen in drei
Hauptforschungsgebieten durchgefiihrt. Erstens wurde ein vielseitiger bioanalytischer
Flussigchromatographie-Tandem-Massenspektrometrie-Assay (LC-MS/MS) fiir die
Quantifizierung von VRC und seinen Metaboliten in verschiedenen biologischen Matrices
entwickelt und validiert. Zweitens wurden In-vitro-Metabolismusuntersuchungen zur
umfassenden Charakterisierung von VRC und seinen Metaboliten als Substrate und Inhibitoren
von CYP2C19, CYP2C9 und CYP3A4 durchgefihrt. Drittens wurden In-vitro- und In-vivo-
Mikrodialyse-Untersuchungen durchgefuhrt, um die Anwendung der gleichzeitige Mikrodialyse
von VRC und dem potenziell toxischen Metaboliten, VVoriconazol-N-Oxid (NO), beim Menschen

ZU bewerten.

Der entwickelte bioanalytische LC-MS/MS-Assay ermdglichte die gleichzeitige Quantifizierung
von VRC, NO und Hydroxyvoriconazol (OH-VRC) in menschlichem Plasma, Ultrafiltrat und
Mikrodialysat sowie in den In-vitro-Matrices menschlicher Leber-/Darm-Mikrosomen
(HLM/HIM) und rekombinanter menschlicher CYP-Isoenzyme (rhCYP). In einem ersten Schritt
wurde der Assay gemal der Leitlinie zur ,,Validierung bioanalytischer Methoden fur die
Quantifizierung* der Européischen Arzneimittelagentur fir VRC und NO in Plasma und

Mikrodialysat vollstdndig validiert. Insgesamt war die Quantifizierung schnell, unkompliziert



und verwendbar fiir klinisch relevante Konzentrationen von VRC und NO von 5 bis 5000 ng/mL
in Plasma und Ultrafiltrat sowie von 4 bis 4000 ng/mL in Mikrodialysat. Aufgrund der hohen
Sensitivitat des Assays wurden nur 20 puL Plasma oder Ultrafiltrat und 5 pL Mikrodialysat
benotigt. Fur VRC und NO in Plasma und Mikrodialysat war die Richtigkeit zwischen den
Messsequenzen mit einer maximalen mittleren Abweichung von 7.0 % von der
Nennkonzentration hoch und die Prézision zwischen den Messsequenzen wurde mit einem
Variationskoeffizienten von <11.8 % bestétigt. Beide Substanzen erwiesen sich unter
verschiedenen Bedingungen als stabil. In einem zweiten Schritt wurde der Assay erfolgreich fr
PK-Analysen in In-vitro-Experimenten angepasst, die einen Konzentrationsbereich von 0.1 bis
500 ng/mL fir NO und von 1.0 bis 500 ng/mL fiir OH-VRC bei einem Probenvolumen von nur
20 pL abdeckten. Insgesamt ermdglichte die bioanalytische Methode durch die Verringerung des
erforderlichen Probenvolumens eine grofRere Anzahl von Plasmaproben in vulnerablen
Bevolkerungsgruppen und die Erstellung von Konzentrations-Zeitprofilen mit einer héheren
zeitlichen Auflosung in Mikrodialysestudien.

In-vitro-Metabolismusuntersuchungen ergaben, dass die NO-Bildung einer Michaelis-Menten-
Kinetik folgt und durch die CYP-Isoenzyme 2C19, 2C9 und 3A4 vermittelt wird, wie durch
Inkubation von VRC mit HLM, HIM und rhCYP festgestellt wurde. Die kinetischen Parameter
der Reaktion, d. h. die Michaelis-Menten-Konstante  (Km), die  maximale
Reaktionsgeschwindigkeit (Vmax) und die intrinsische Clearance (CLix), wurden bestimmt und
deren Giltigkeit durch eine In-vitro-in-vivo-Extrapolation unter Verwendung des ,,well-stirred*-
Lebermodells und den Vergleich mit In-vivo-Daten gezeigt. Im Gegensatz dazu wurde in keinem
der Enzymsysteme eine Bildung von OH-VRC festgestellt, was auf einen anderen
Stoffwechselweg der Bildung hindeutet. Der Beitrag der einzelnen Isoenzyme zur NO-Bildung
betrug 63.1 % fur CYP2C19, 13.2 % fiir CYP2C9 und 29.5 % fur CYP3A4, wie durch spezifische
CYP-Hemmung in HLM und Anwendung von Intersystem-Extrapolationsfaktoren zur
Skalierung des Metabolismus in rhCYP ermittelt wurde. Die Art der Inhibition und das
hemmende Potenzial von VRC, NO und OH-VRC wurden in HLM durch ihre Auswirkungen auf
CYP-spezifische Markerreaktionen fir CYP2C19, CYP2C9 und CYP3A4 bewertet. Hinsichtlich
der halbmaximalen Hemmkonzentration (ICso) waren NO der schwachste und VRC und
OH-VRC vergleichsweise starke Inhibitoren von CYP2C9 und CYP3A4. CYP2C19 wurde nur
durch VRC signifikant gehemmt. Die zeitunabhéngige Inhibition durch VRC, NO und OH-VRC
wurde durch das Fehlen einer 1Cso-Verschiebung nachgewiesen, wenn ein Vorinkubationsschritt
von Inhibitor und Enzym in Abwesenheit oder Anwesenheit eines NADPH-regenerierenden
Systems durchgefuhrt wurde. Schliellich bestétigte die Bewertung der Inhibitionskonstanten (K;)
die Beobachtungen des inhibitorischen Potenzials aus den 1Cso-Untersuchungen und zeigte eine

kompetitive Hemmung von CYP2C19 durch VRC und OH-VRC sowie eine nicht-kompetitive



Hemmung durch NO. Die Hemmung von CYP2C9 war kompetitiv, wahrend die Hemmung von
CYP3AA4 nicht-kompetitiv fir VRC, NO und OH-VRC war.

Als Voraussetzung flr die Bestimmung der VRC und NO Exposition am Zielort, wurde zunéchst
die Durchfuhrbarkeit der gleichzeitigen Mikrodialyse von VRC und NO in vitro untersucht,
indem die relative Wiederfindung (RR) beider Substanzen in Abwesenheit und Anwesenheit der
jeweils anderen bestimmt wurde. Die Abhangigkeiten der RR von der Substanzkombination, der
Konzentration der Substanz, dem Mikrodialysekatheter und dem Studientag wurden mit einem
linearen gemischten Modell bewertet und quantifiziert. Die mediane RR von VRC und NO
wéhrend der individuellen Mikrodialyse war mit 87.6 % bzw. 91.1 % hoch. Bei gleichzeitiger
Mikrodialyse von VRC und NO danderte sich die mediane RR mit 87.9 % bzw. 91.1 % nicht
wesentlich. Das lineare gemischte Modell bestatigte die grafisch vermutete Abwesenheit
signifikanter Unterschiede zwischen der RR von VRC und NO bei individueller und
gleichzeitiger Mikrodialyse sowie zwischen den beiden Substanzen (p>0.05). Es wurde kein
Einfluss der untersuchten Klinisch relevanten Konzentrationen der Substanzen auf die RR
festgestellt (p=0.284). Der Studientag war die Hauptursache der Variabilitat (46.3 %), wahrend
der Mikrodialysekatheter einen geringen Einfluss hatte (4.33 %). Die Retrodialyse mit VRC war
als Katheterkalibrierungsmethode zur gleichzeitigen Bestimmung der ISF-Konzentrationen von
VRC und NO geeignet.

Um die In-vivo-Durchflhrbarkeit und klinische Anwendbarkeit der gleichzeitigen Mikrodialyse
von VRC und NO zu bewerten, wurden Plasma-, Ultrafiltrat- und ISF-Proben analysiert, die in
einer klinischen Mikrodialysestudie zur Untersuchung der PK von VRC nach Verabreichung
eines zugelassenen VRC-Dosierungsschemas gewonnen wurden. Die Konzentrations-Zeitprofile,
die als Flache unter der Konzentrations-Zeitkurve (AUC) bewertete Exposition und die
metabolischen Quotienten (Konzentrationyo/Konzentrationyrc) von vier gesunden méannlichen
Erwachsenen in Plasma, Ultrafiltrat und ISF wurden im Hinblick auf die Auswirkung der
Mehrfachdosierung und des vom CYP2C19-Genotyp vorhergesagten Phanotyps bewertet. VRC
und NO zeigten eine Verteilung in die ISF, wobei die AUC im Vergleich zum Plasma bis zu 2.82-
bzw. 17.7-mal niedriger war. Die intraindividuelle Variabilitdt der metabolischen Verhaltnisse
war nach der ersten Verabreichung von VRC am groften, wahrend die interindividuellen
Unterschiede bei mehrfacher Verabreichung zunahmen. Der vom CYP2C19-Genotyp
vorhergesagte Phanotyp beeinflusste die interindividuellen Unterschiede mit einem maximal 6-
bzw. 24-fach grofReren AUC-Verhaltnis (AUCno/AUCvrc) zwischen dem intermediaren und dem
schnellen Metabolisierer im Plasma bzw. in der ISF. Der VRC-Metabolismus war gesattigt oder
auto-inhibiert, was durch abnehmende metabolische Verhéltnisse bei steigenden VRC-

Konzentrationen ersichtlich wurde.
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Insgesamt hat die vorliegende Arbeit einen Beitrag zur Aufklarung der PK von VRC geleistet,
indem sie mechanistische und quantitative Erkenntnisse Uber die WVerteilungs- und
Stoffwechselprozesse beim Menschen lieferte. Die Anwendung des neu etablierten
bioanalytischen LC-MS/MS-Assays ermdglichte die umfangreiche Charakterisierung von VRC
und der Metabolite als Substrate und Inhibitoren der CYP-Isoenzyme 2C19, 2C9 und 3A4.
Dariiber hinaus formten die In-vitro-Mikrodialyse-Machbarkeitsuntersuchungen die Grundlage
fir die Bewertung der gleichzeitigen Mikrodialyse von VRC und NO in vivo. Die explorative PK-
Analyse hat somit mdgliche Ursachen der intra- und interindividuellen Unterschiede aufgezeigt,
die im Zusammenhang mit der VRC-Behandlung beim Menschen beobachtet wurden.
Letztendlich ist ein umfassendes Verstédndnis der Zielort-PK und des Metabolismus von VRC der

Schliissel zur Optimierung personalisierter VRC-Dosierungsschemata.
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Introduction

1 Introduction

1.1 Infectious diseases

In human history, infectious diseases were the major cause of death for centuries. The lack of
knowledge on the sources, prevention, spread and cure of infections was the main accelerator of
mortality and low life expectancy. Therefore, it is not surprising that several pandemics, e.g.
typhus, cholera, syphilis and smallpox, mark human history. One of the largest was the plague,
also referred to as the “Black Death”, killing approximately 100 million people in the fourteenth
century corresponding to approximately 25% of the world’s population at this time [1-3].

1.1.1 Anti-infective therapy: opportunities and pitfalls

The first breakthrough discoveries in the fight against infectious diseases were made in the 19"
century following the invention of microscopy and the discovery of microorganisms as causes of
diseases [3]. However, only in 1929 Alexander Flemming described that contaminating mould
caused the lysis of bacterial cultures. Although only years later the structure of the active agent,
penicillin, was discovered and the purified drug used in therapy, this observation marked the
beginning of the antibiotic era [3]. Since then, antiinfectives, including antibiotics, antivirals,
antimycotics and antiparasitics, are routinely used in the treatment of infectious diseases. In fact,
due to the successful application of antiinfectives, in the last 100 years the global average human
lifespan has increased by 23 years [4]. While in the USA in 1900 the three leading causes of death
were pneumonia, tuberculosis and diarrhoea/enteritis in 1997 the share of overall deaths by
infectious diseases (i.e. pneumonia, influenza and human immunodeficiency virus (HIV))
decreased to 4.7%. Instead, heart diseases and cancer are the major causes of death in the USA
and Germany nowadays [5-7]. Considering the great importance of antiinfectives for the
sustainment of human health and wellbeing, it is alarming to witness the growing incidence of
antimicrobial resistance. Already today 700,000 people worldwide are dying each year from
resistant infections. A number that might rise to 10 million people per year in 2050 if no drastic
actions are taken to fight antimicrobial resistance [8]. Hence, it is not surprising, that the World
Health Organization (WHO) has declared antimicrobial resistance to one of the top ten global
public health threats [9].

In a first step, it is essential to understand the emergence and driving forces of resistance evolution
mechanisms. Overall, the more susceptible pathogens are exposed to antiinfectives the more
likely they are to develop resistance. Thus, the excessive and inappropriate use of drugs leads to
a natural selection of resistant variants, which can occur spontaneously or by horizontal gene
transfer, erasing drug-sensitive competitor pathogens. Furthermore, the extensive agricultural use

presents a large problem. Livestock is treated worldwide prophylactically with antibiotics to
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increase yields and prevent quickly spreading diseases due to the type of husbandry. Similarly
antifungal agents are used to protect crops and augmenting the harvest. As a consequence, through
food, humans get in contact either directly with those antiinfectives or with the resistant pathogens

that emerged in the animals/plants and which subsequently can infect them [10-12].

In a second step, awareness of the global challenge needs to be aroused and joint actions taken.
On the World Health Assembly in 2015 the attending countries committed to a Global Action
Plan on antimicrobial resistance including five major objectives: (i) raising awareness and
expanding the knowledge of antimicrobial resistance by education and training, (ii) fostering
surveillance and research, (iii) reduction of infection incidences through improved sanitation and
hygiene, (iv) promotion of the rational use of antiinfectives in humans and animals and (v)
increasing the investment in the development of new drugs, diagnostics, vaccines and
interventions [13]. Nowadays, common knowledge about the risk of bacterial infections and
antibiotic resistance exists among the general population. However, other pathogens, such as
fungi, pose a similar threat to the global public health but have not yet received much attention.

1.1.2 Invasive fungal infections

Fungal infections affect approximately 1.7 billion people worldwide with superficial infections
of the skin and nails being the most frequent. Although the incidence of invasive fungal infections
is much lower, mortality by those infections is an underappreciated threat. More than 1.5 million
people die from invasive fungal infections worldwide every year. Thus, deaths due to invasive
fungal infections outnumber those of tuberculosis whose epidemiological burden is more
recognised [14-16]. Indeed, only in 2020 the first meeting of the WHO antifungal expert group
took place recognising the increased burden on the public health by invasive fungal infections.
The efforts made by the WHO lie within the ‘Global Action Plan on Antimicrobial Resistance’
to organise, foster and observe research and development activities within the field [13,17]. This
action plan was presented already in 2015 but mainly focussed on antibiotic-resistant bacteria and
new antibiotic treatments. In a comparable approach, priority fungal pathogens were now
identified for a target-oriented development of new antimycotics [13,17]. Most pathogenic fungi
are opportunistic, i.e. although fungi belong to the commensal flora of humans, the immune
system of healthy individuals effectively prevents infections. Therefore, the main reason for an
increasing prevalence of invasive fungal infections is the rising number of immunocompromised
patients. This includes infections with HIV, cancer and/or chemotherapy as well as patients
receiving immune suppressive drugs e.g. because of solid organ or haematopoietic stem cell
transplantation [14,18,19].

The vast majority of invasive fungal infections, i.e. >90%, are caused by four genera:

Cryptococcus, Candida, Aspergillus and Pneumocystis [14]. In intensive care patients Candida
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spp. and Aspergillus spp. have been described as major pathogens causing invasive fungal
infections [20]. The mortality rates of invasive fungal infections are high and were reported to be
30%-95% for aspergillosis, 46%-75% for candidiasis, 20%-70% for cryptococcosis and 20-80%
for pneumocystis [14]. One reason for those high mortality rates is the complicated and often
delayed diagnosis [21]. In fact, based on autopsy reports, estimates suggest that only 50% of
patients are diagnosed with invasive fungal infections before death [22]. Overall, invasive fungal
infections cause unspecific symptoms such as fever, chills and chest pain in those affected. The
available diagnostics include x-rays, computed tomography-scans as well as blood tests, but often
lack specificity, sensitivity or are not affordable in resource-limited countries [14,23]. Compared
to bacteria, culturing of fungi by blood cultures is complex, insensitive and slow. For invasive
candidiasis, for instance, blood culture has a sensitivity of approximately 50% and 0% for
aspergillosis [14]. More recently, point-of-care tests have been developed and are currently the
standard of care in the diagnosing of cryptococcal meningitis [23]. Based on the immune-
chromatography principle also tests for the Histoplasma antigen and immunoglobulin G to
diagnose chronic aspergillosis and coccidioidomycosis are under development. Lastly, nucleic
acids of fungi are detectable by polymerase chain reaction but there is a need for standardisation

and clinical validation [23].

Currently, four classes of antifungal agents are used for the treatment of invasive fungal
infections: polyenes, azoles, echinocandins and pyrimidine analogues [12,24]. Amphotericin B,
the most prominent polyene, binds to ergosterol in the fungal cell wall and provokes a disruption
in cell integrity. Also the azoles, such as voriconazole (VRC), target the fungal cell wall by
inhibition of the lanosterol 14a-demethylase and hence inhibiting the biosynthesis of ergosterol.
Echinocandins, e.g. anidulafungin or caspofungin, constrain the 1,3-p-glucan synthase, which is
a main component of the fungal cell wall, and as a consequence cause the lysis of the cell. Lastly,
5-fluorocytosin as a pyrimidine analogue blocks the pyrimidine metabolism and DNA synthesis
[12,24,25]. However, within the last two decades only one new class of antifungal drugs (the
echinocandins) has been introduced to the market. Indeed, in the last ten years even only one new
antifungal drug (isavuconazole) has been approved [26]. Consequently, as hew antimycotics are
scarce and the number of regularly used antifungals is limited, antifungal resistance is an
increasing challenge [12,27-29]. In particular the emergence of multidrug resistance is a rising
threat, some species such as Candida auris, that was first described in 2009, is now resistant to
all clinical antifungals [12,27]. The classification into susceptible or resistant fungi populations
is commonly based on reports of the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) who provides guidance for standardised in vitro methods for the
determination of minimum inhibitory concentrations of moulds and yeasts and publishes clinical

breakpoints for Candida spp. and Aspergillus spp. [30-32]. A variety of resistance mechanisms
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has been described. Among the most common for fungi are the conformational change,
overexpression or absence of the target structure, the overexpression of efflux pumps back-
transporting the antifungal agent, the regulation of stress response pathways as well as genomic

plasticity by aneuploidy or hypermutation [12,27].

On the upside, the awareness of the threat by invasive fungal infections and evolved resistance
against antifungal agents has increased in recent years and is accompanied by intensified research
and development efforts. Thus, several new antifungal agents for clinical use are currently in
(pre)clinical testing. In fact, even a new class of antimycotics is under development, the
orotomides, with the first representative olorofim being in the early stages of clinical
investigations. The orotomides target the dihydroorotate dehydrogenase, an enzyme involved in
the synthesis of pyrimidine which is essential for the formation of nucleic acids of the fungi
[24,33,34]. Other pathways being investigated as potential targets for future antifungal agents
include the mitochondrial turnover of the fungi, the glyoxylate cycle, the calcineurin pathway or
the sphingolipid pathway [34]. Also the repurposing of existing drugs, such as sertraline or
tamoxifen as well as the development of vaccines might play a role in the fight against invasive

fungal infections and the emerging resistance to current antimycotics [12,34].

However, until novel treatment options are available and routinely established, the sustainment
of the effectiveness of frequently used antifungal drugs is key. This antifungal stewardship
includes, but is not limited to, the improvement of the diagnostic process, the education of medical
and pharmaceutical personnel, surveillance approaches as well as personalised therapies choosing

the right drug and dosing regimen for each patient-pathogen interplay [21].

1.2 Characterisation of voriconazole

VRC, (2R,3S)-2-(2,4-difluorophenyl)-3-(5-fluoropyrimidin-4-yl)-1-(1H-1,2,4-triazol-1-yl)butan
-2-ol, is a broad-spectrum, second-generation triazole antifungal agent first approved as VFEND®
by the European Medicines Agency (EMA) in 2002 and by the U.S. Food and Drug
Administration (FDA) in 2003. The WHO has listed VRC as an essential medicine for adults and
children as it is available worldwide at low costs [35,36]. VRC is applicable as lyophilised powder
for solution for intravenous (i.v.) infusion, film-coated tablets for oral administration and as
powder for oral suspension [37,38]. Based on the structure of fluconazole, VRC is a more
lipophilic compound (logP 1.8) of poor solubility in water with a molar mass of 349.317 g/mol
[39].

1.2.1 Indication, pharmacokinetic and pharmacodynamic properties

VRC is used in first-line treatment of invasive fungal infections in adults and children older than

two years such as aspergillosis or candidaemia in non-neutropenic patients, as well as for
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prophylaxis in high-risk allogeneic hematopoietic stem cell transplant recipients [38,40-42].
Further areas of application include fluconazole-resistant invasive Candida infections as well as
serious infections caused by Scedosporium spp. and Fusarium spp. [38]. As an azole antifungal
agent, VRC is inhibiting the ergosterol biosynthesis of the fungal cell wall. The specific target is
the 14a-demethylase, an enzyme belonging to the cytochrome P450 family (CYP51) [43,44].

Therapy with VRC in adults is initiated according to the summary of product characteristics by a
loading dose to quickly reach steady state concentrations [38]. This is either a weight adapted i.v.
dose of 6 mg/kg body weight every 12 h on day one or a peroral (p.0.) dose of 400 or 200 mg
tablets twice daily for patients >40 kg or <40 kg, respectively. The maintenance dose, that is given
from day two onwards, comprises either 4 mg/kg i.v. dosing, 200 mg (>40 kg body weight) or
100 mg (<40 kg body weight) tablets twice daily. As bioavailability is high, a switch between i.v.
and p.o. dose administration is feasible. Children (2 to <12 years) and young adolescents with
low body weight (12-14 years and <50 kg) receive higher doses of 9 mg/kg i.v. in the first 24 h
and 8 mg/kg i.v. twice daily after the first 24 h [38].

After p.o. dosing VRC is absorbed almost completely according to the manufacturer Pfizer who
reports a bioavailability of 96%. In fact, bioavailability was found to be reduced in patients
(45.9%, 83.0% and 58.0%) [45-47], in CYP2C19 normal metabolisers (NM, 75.2%) compared
to poor metabolisers (PM, 94.4%) [48] and children (44.6%) [49]. The maximum plasma
concentration (Cmax) occurs 1-2 h after dose administration and is, similar to the area under the
concentration-time curve (AUC), reduced when VRC is administered with high fat meals [38,50].
Absorption is however, not affected by increased gastric pH. The volume of distribution for VRC
was reported as 4.6 L/kg indicating an extensive distribution outside the vascular space [38].
Furthermore, VRC distribution into various tissues and tissue fluids has been described [51]
including cerebrospinal fluid and brain tissue [52,53], synovial fluid and bone tissue [54], liver,
kidney, lung, spleen and myocardial tissue [53] as well as pleural tissue [55,56]. Plasma protein
binding of VRC was originally reported by Pfizer as 58% [38]. However, more extensive studies
found plasma protein binding of 47.6% (in vitro) and 49.6% (in vivo, intensive care unit patients)
[57], 53.0% and 58.3% using different ultrafiltration devices [58] as well as 67.7% and 77.1% (in
vitro and in vivo) [59]. The major binding partner is albumin (25.5% of total plasma protein
binding), to a lesser extent as-acid glycoprotein (4.8% of total plasma protein binding) while the

remaining plasma protein binding is unexplained [57].

VRC is an intensely metabolised drug: only 2% is excreted unchanged whilst 98% undergoes
mainly oxidative metabolism [60]. Thus, a large spectrum of metabolites and metabolic pathways
are known to occur in humans. Metabolising enzymes thereby include CYP enzymes 2C19, 2C9
and 3A4. Whereas CYP3A4 genes are mostly conserved [61], genes of CYP2C9 and CYP2C19
express different genotypes leading to phenotypes of NM (CYP2C9*1/*1, CYP2C19*1/*1) —
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previously classified as extensive metabolisers [62] — , PM (CYP2C9*2/*2, *3/*3, *2/*3;
CYP2C19*2/*2, *3/*3, *2/*3), intermediate metabolisers (IM, CYP2C9*1/*2, *1/*3;
CYP2C19*1/*2, *1/*3, *2/*17), rapid metabolisers (RM, CYP2C19*1/*17) or ultrarapid
metabolisers (UM CYP2C19*17/*17) [63,64]. In Figure 1.1 the reported metabolites of VRC and
their proposed pathways and metabolic enzymes are summarised. Voriconazole N-oxide (NO) is
the main observed circulating metabolite without contributing to the antifungal activity of VRC
[38,60]. Nevertheless, NO is suspected to cause adverse events such as the phototoxicity regularly
observed in the context of VRC treatment [65,66]. Numerous other metabolites, with lesser
proportions in VRC metabolism, have been mainly detected in urine, e.g. hydroxyvoriconazole
(OH-VRC), dihydroxyvoriconazole and 4-hydroxyvoriconazole [37,48,60,67—69]. Different
phase I and Il metabolic enzymes are involved in the formation of the respective metabolites. NO
was, based on in vitro investigation in human liver microsomes (HLM), recombinant human
cytochrome P450 (rhCYP) isoenzymes and recombinant flavin containing monooxygenases
(FMO), suggested to be formed by CYP2C19, CYP2C9, CYP3A4 and FMO [69-71].
4-hydroxyvoriconazole was reported to emerge from incubations of rhCYP3A4 [69]. So far, no
in vitro experiments were reported to enlighten the metabolic enzymes responsible for the
(di-)hydroxylation of the fluoropyrimidine moiety of VRC. Nevertheless, it has been claimed that
this hydroxylation pathway is influenced by the CYP2C19 genotype [48]. Further glucuronidation
of phase | metabolites has been reported by different authors without investigations on the UDP-
glucuronosyl-transferases (UGT) involved [48,60,67]. Furthermore, direct N-glucuronidation by
UGT1A4 of the triazole ring of VRC has been described. However, as the Michaelis-Menten
constant (Ku) was found to be very high (550 uM), this direct glucuronidation is probably of

lesser relevance in vivo [72].

Elimination of VRC occurs mainly in the form of metabolites. After the administration of
radiolabelled VRC, carrying two *C in the triazole moiety, 83% of radioactivity is recovered in
urine and after 96 h most of the total radioactivity is excreted (>94%) [38,60]. The terminal half-
life (ti2) of VRC is dose dependent and estimated to be approximately 6 h after the p.o.
administration of 200 mg. Furthermore, VRC is displaying nonlinear pharmacokinetics (PK) in
adults [38]. Several factors influence the PK of VRC. Among the polymorphisms of the described
metabolising enzymes, influences of sex, age, body weight and inflammation were described
[37,38,73-77]. Additionally, saturation and auto-inhibition mechanisms of VRC on its own

metabolism might play a role in its observed nonlinear PK [68,78].
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1.2.2 Drug interactions and safety

VRC is a substrate of CYP2C19, CYP2C9 and CYP3A4, but also a potent inhibitor of diverse
CYP isoenzymes [79]. Hence, there are numerous described drug-drug interactions with VRC
related to CYP isoenzyme kinetics [38,80]. However, it has been shown that VRC does not
significantly inhibit P-glycoprotein and UGT [38,81]. The inhibitory effect of VRC has been
studied in vitro on various CYP isoenzymes including CYP1A2, CYP2A6, CYP2B6, CYP2CS,
CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP3A4 and CYP3AS using enzyme-specific probe
substrates. In these experiments, VRC reduced the metabolism of probe substrates in incubations
with CYP2B6, CYP3A4 and CYP3A5, CYP2C9 and CYP2C19 (order in decreasing inhibition)
whereas no inhibition was observed in the other CYP isoenzymes. As a result, interactions with
substrates of these enzymes and VRC are expected to occur also in vivo [82-85]. Drug-drug
interactions investigated in vitro include amongst other interactions with tacrolimus and the
analgesics buprenorphine, methadone and oxycodone [86-88]. The main circulating metabolite
of VRC, the N-oxide, was also evaluated for its inhibitory potential on CYP enzymes and found
to inhibit CYP2C9, CYP3A4 and CYP2C19 [38,68,89]. Furthermore, a vast number of patient
cases and clinical studies is available on the influence of VRC on the plasma concentration-time
profiles of drugs metabolised by enzymes inhibited by VRC. Invasive aspergillosis is often
occurring in patients treated with immunosuppressant drugs after i.e. solid organ transplantations
or hematopoietic stem cell transplantation. Therefore, drug-drug interactions between sirolimus,
tacrolimus and cyclosporin and VRC are of high clinical relevance [90]. Serious adverse events
might as well occur in patients treated concomitantly with VRC and warfarin. VRC was shown
to lengthen the prothrombin time, already prolonged by warfarin, thus risking major bleedings
[91]. Recently developed physiologically-based pharmacokinetic (PBPK) models found that
concomitant VRC administration is also capable to increase plasma concentrations of tamoxifen,
glucocorticoids (dexamethasone, methylprednisolone) and non-steroidal anti-inflammatory drugs
(ibuprofen, celecoxib) [92-94]. In contrast, also VRC concentrations can be influenced when it
is co-administered with other drugs. Proton pump inhibitors like (es)omeprazole are among the
strongest CYP2C19 inhibitors and have been described to inhibit the metabolism of VRC [95,96],
an effect also used as “booster” in patients with subtherapeutic plasma concentrations [97,98]. As
different CYP enzymes metabolise VRC, lower plasma concentrations are expected when it is co-
administered with CYP inducers. This has been demonstrated for St. John’s wort, rifampin,
rifabutin and phenytoin, among others [99-102]. Lastly, also VRC itself is suspected to influence
its own metabolism. Besides the discussion about auto-inhibition [68,78], also cases of auto-

induction have been reported [98,103].

A variety of adverse events is observed under VRC treatment. This includes reversible visual

impairments such as blurred vision or photophobia, which is often observed shortly after infusion,
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indicating a dependency on VRC concentration [38,104]. Further common adverse reactions are
dermatological issues, e.g. mild to moderate rashes as well as photosensitivity during longer
treatments. Less frequent adverse events involve severe cutaneous reactions such as Stevens-
Johnson syndrome or squamous cell carcinoma [38,105]. VRC has been observed to prolong the
QTc interval and thus rare cases of torsades de pointe arrhythmia were reported. Consequently,
VRC should be administered with caution to high-risk cardiac patients and those with a congenital
QTc prolongation or patients with concomitant drugs known to prolong the QTc interval [38].
Moreover, hepatic and renal toxicity or dysfunction were described in the context of VRC
treatment and led to the recommendation of continued hepatic and renal function monitoring
[38,105]. Further observed rather unspecific adverse events comprise nausea, vomiting,
diarrhoea, headache and abdominal pain [38]. Overall, in particular longer VRC treatment should
be based on an appropriate individual benefit-risk assessment and in case of severe events VRC
treatment must be discontinued [38].

1.3 Human cytochrome P450 system

The metabolism or biotransformation of exogenous substances, i.e. xenobiotics including active
pharmaceutical agents, is a physiological process and an essential component for the description
of the PK of a drug. In particular lipophilic compounds experience intensive metabolic
transformations which entail the generation of hydrophilic metabolites that can be more easily
renally excreted and thus avoiding accumulation in the body with potentially toxic effects. The
central organ of biotransformation is the liver, however among others also the intestine, lung,
kidney and blood can be involved in metabolism processes. In general, biotransformation is
catalysed by enzymes and can be distinguished in phase | and Il reactions. Phase | reactions
comprise oxidation, reduction, hydrolysis and decarboxylation reactions of compounds while
phase Il reactions describe the conjugation of compounds, i.e. glucuronidation, sulphation,
acetylation, methylation and coupling with glycine or glutathione. Additionally, phase Il reactions
can occur subsequently to a phase | transformation. In the metabolism of drugs, the CYP
isoenzymes are a major contributor, catalysing the oxidative reactions of phase I metabolism
[106,107].

1.3.1 Mechanism of action and clinical relevance

Approximately 60% of drugs are metabolised via microsomal monooxygenases containing the
haemoprotein cytochrome P450 (CYP). CYP enzymes depict a superfamily with individual
enzymes revealing unique amino acid sequences and hence a particular substrate specificity. The
large variety of CYP enzymes is classified in families, subfamilies and isoforms. CYP enzymes
of the same family share the same first number and are >40% identical in their amino acid

sequence. The following letter designates the respective subfamily, which shares >59% sequence
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identity. Lastly, the second number defines the CYP isoform [106]. The majority of drugs is
metabolised by enzymes belonging to the families 1, 2 and 3. In detail, the isoforms 3A4/5, 2D6
and 2C9 metabolise 30.2%, 20.0% and 12.8% of the clinically used drugs, respectively. Further
important isoenzymes in human drug biotransformation encompass 1A2 (8.9%), 2B6 (7.2%),
2C19 (6.8%), 2C8 (4.7%), 2A6 (3.4%), 2E1 (3%) and 2J2 (3%) [108].

The transformation of a substrate (R-H) by monooxygenases starts by its binding to the CYP with
a trivalent iron ion. Subsequently, the iron ion is reduced by the transfer of an electron from an
electron transfer chain involving nicotinamide adenine dinucleotide phosphate (NADP*) and
flavin adenine dinucleotide (FAD, Figure 1.2, centre) and hence converted to a bivalent iron ion.
In the following, elemental oxygen as well as another electron are taken up and the enzyme
substrate complex decomposes into the hydroxylated substrate (R-OH) and one molecule of water
under regeneration of the enzyme (Figure 1.2). Overall, this results in the following net reaction
(Eqg. 1.1) [109]:

R-H + 0, + NADPH + H* > R-0H + H,0 + NADP* (1.1)
R-OH P450 (Fe™) R‘C
P450 (Fe**) R-OH P450 (Fe*) R-H
.
T
NADP- <> FADH, +T> 2Fe,S}' ]
NADPH +H | FAD — 2Fe,S¥

P450 (Fe-0)** R-H ¢

HZO 6\\€_/ 2H+ / . /——_\ 02

P450 (Fe*") (03) R-H /7 P430 (Fe*) (O;) R-H
— "

P450 (Fe*') R-H

Figure 1.2: Mechanism of action of cytochrome P450 enzymes. For a detailed description of the cascade,
see main text. Modified from [109].

R-H, initial state of the substrate; R-OH, oxidated state of the substrate, i.e. hydroxylated substrate; NADP*,
nicotinamide adenine dinucleotide phosphate; NADPH, reduced form of nicotinamide adenine dinucleotide

phosphate; FAD, flavin adenine dinucleotide; FADH, reduced form of flavin adenine dinucleotide.
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The clinical relevance of CYP enzymes manifests itself in several ways. Primarily, CYP enzymes
are essential in the detoxification of drugs. The oxidation of a molecule makes it more
hydrophilic, improving its ability to be renally excreted. Hence, in most cases the
biotransformation of a drug leads to its loss in pharmacological activity. However, in some cases
also the metabolites of a compound show pharmacological effects. This can either be wanted, i.e.
supporting the therapeutic effect of the parent compound, or unwanted, i.e. causing adverse
events. The latter is in the strict sense against the purpose of the biological function. Furthermore,
in the case of prodrugs the enzymatic system is involved in the therapeutic principle as prodrugs
have themselves no or only minor pharmacological activity but are activated to potent compounds
by the respective metabolic enzymes.

Additionally, many clinically observed drug-drug interactions are based on inhibition or induction
of CYP enzymes [109,110]. When an enzyme is inhibited, the biotransformation of the respective
substrates is decelerated resulting in an increase in plasma concentrations and a prolonged ty.
Consequently, adverse events associated with drug treatment become more likely, or in the case
of prodrugs, the anticipated pharmacological effects remain absent. From a mechanistic point of
view, inhibition can be reversible or irreversible. Additionally, reversible inhibitors can be
differentiated in competitive, non-competitive, uncompetitive and mixed competitive/non-
competitive inhibitors by the nature of their interaction with the enzyme or enzyme-substrate
complex [110,111]. Competitive inhibitors compete with the substrate for the same enzyme
binding site, i.e. the active site, and hence when the substrate concentration is (largely) increased
the maximum reaction velocity can be reached as the inhibitor is completely displaced. In
contrast, non-competitive inhibitors do not bind to the active site but a secondary binding site
(allosteric binding) and can equally interact with the enzyme and the enzyme-substrate complex.
Thus, inhibitor binding has no influence on substrate binding but appears as a reduction in the
amount of metabolising enzyme. Lastly, uncompetitive inhibitors bind to the enzyme-substrate
complexes only, removing them from the system and thus leading simultaneously to a decreased
reaction velocity and affinity for the substrate [110]. Irreversible inhibitors lead to a permanent
removal of metabolising enzymes and hence entail long-lasting drug-drug interaction potential as
only the biosynthesis of new enzymes revitalise the full functionality of the metabolic system
[110]. Often, irreversible inhibition is referred to as “mechanism-based inhibition” or even
“suicide inhibition” as the inactivation is caused by the generation of reactive electrophiles which
bind covalently to the CYP enzyme, e.g. its haem group, in an NADP* dependent manner
[111,112]. In contrast to inhibition, CYP enzymes can be activated as well as induced by
xenobiotics. As a result, substrates of the respective enzymes are metabolised faster, shortening
the time of pharmacological efficacy, potentially leading to subtherapeutic concentrations and

hence therapy failure. In the case of prodrugs, opposite effects are likely, i.e. increased
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concentrations of the pharmacologically active metabolite and hence the occurrence of adverse
drug reactions. Mechanistically, activation is conveyed by a binding to the allosteric site of the
CYP enzyme causing a conformational change and consequently an improved binding and
conversion of the substrate. Induction on the other hand is mediated by an increased biosynthesis
of enzyme molecules due to an adapted transcription of the encoding CYP enzyme genes
[109,111].

Lastly, for many essential CYP isoenzymes polymorphisms, i.e. genetic variants, have been
described. The most common mutation of CYP genes are single-nucleotide polymorphisms which
can result in gain- and loss-of-function alleles [108,113]. Hence, the respective phenotypes are
described as UM and RM, when two or one gain-of function alleles are present, respectively, NM,
when two of the wild-type alleles are observed, as well as IM and PM, when one or two loss-of-
function alleles are detected, respectively [108,113]. The phenotypic distribution in the
population is dependent on the respective CYP isoenzyme and the ethnicity [113,114]. The
clinical impact is comparable as described for inhibition and induction: the presence of loss-of-
function alleles results in an impeded metabolism and inactivation of drugs, causing adverse
events and toxic effects due to increased drug exposure. In contrast, gain-of-function alleles
accelerate the metabolic turnover, entailing subtherapeutical exposures and hence the absence or

reduction of therapeutic efficacy. For prodrugs, the effects are vice versa [108,113].

1.3.2 Invitro metabolic systems

A large variety of metabolic systems exist for in vitro investigations on human metabolism. The
choice of the respective system is dependent on the research question as all systems have
advantages and disadvantages. The most frequently used cellular and subcellular fractions are
directly derived from human tissue. In Figure 1.3 the extraction procedure is illustrated for the
liver, although subcellular fractions such as microsomes can also be acquired from other organs,
e.g. the intestine or the kidneys. The human tissue is procured from discarded transplants, split
liver transplants as well as waste material from liver surgeries [110,115]. Primary hepatocytes
can be isolated from these tissues and used freshly or cryopreserved applying specific protocols
to maintain cell viability [116,117]. As procedures of cryopreservation have been improved in the
last decades and thus ameliorated the general availability of hepatocytes for research purposes,
the popularity of hepatocytes for in vitro metabolism studies is increasing. The primary advantage
of hepatocyte cultures is the integrity of the networks of metabolic pathways including all
metabolic enzymes and their cofactors. In particular, investigations can elucidate the involvement
of transporters and the potential of a compound to be an enzyme inducer. Consequently, enzyme
kinetics determined in hepatocytes are assumed to be closest to the in vivo situation [116].

However, as cultivation and experimental procedures are cumbersome and time intensive,

12
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subcellular fractions are still of high importance. They are obtained by homogenisation of liver
tissue and gradual centrifugation with increasing centrifugal force to clear the homogenate from
cell organelles, e.g. nuclei and mitochondria, and other cell debris (Figure 1.3). The supernatant
that is available after the second centrifugation iteration is the so-called S9 fraction which contains
besides the endoplasmic reticulum subcellular fraction also the cytosolic enzyme fraction. The
latter includes enzymes such as aldehyde oxidase, xanthin oxidase, sulfotransferases,
methyltransferases, N-acetyl transferases and glutathione transferases [118]. Therefore, the
diversity in available enzymes is a benefit compared to microsomes. However, the dilution of the
enzymes potentially hampers the detection of compound turnover or metabolite formation.
Additionally, compared to hepatocytes, the addition of cofactors such as NADPH is necessary
[118].

Hepatocytes
/ e
- > . . v .
' Homogenisation N
)&Lril‘ugaliun <1000 x g

XM

Nuclei &
cell debris

)Strifugatlon 9000 x g

Lysosomes & | Supernatant (S9) ‘
mitochondria
‘)@trifugation 100000 x g

= 8 o

Figure 1.3: Schematic overview of the extraction of cellular and subcellular fractions from human liver to
obtain the in vitro applicable metabolic systems of hepatocytes, S9-mixture and microsomes (boxes).
Modified from [118].

Lastly, if the S9 supernatant is further centrifuged with high centrifugal force (100 000 % g), the
remaining pellet depicts the microsomal fraction. Microsomes contain enzymes that are bound to
the membrane of the endoplasmic reticulum including CYP enzymes as well as UGT.
Microsomes are in comparison to hepatocytes easy to prepare and use as well as very robust
regarding storage. Additionally, they contain CYP enzymes at a high concentration, ensuring in
general sufficient compound turnover and metabolite formation. Accessory enzymes, such as the
NADPH-cytochrome P450 reductase are conserved, however, similar to the S9 fraction, cofactors
such as NADPH have to be added to in vitro incubations [110,118].
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Besides the described cellular and subcellular fractions, also recombinant enzymes can be used
for in vitro metabolism investigations. Although they are artificial in nature, which complicates
the in vitro prediction of reaction kinetics, they have the large advantage of being a single enzyme
system [110]. Hence, the involvement of individual enzymes can be determined, which is why
they are commonly used for reaction phenotyping studies. Frequently applied expression systems
comprise mammalian cells, insect cells, yeast and bacteria which yield a large variety of enzyme

expression levels [119,120].

1.3.3 Michaelis-Menten kinetics

The most commonly applied model for the qualitative and quantitative description of
metabolising enzyme kinetics is the Michaelis-Menten model, which characterises enzymatic
processes at steady state and is based on the following assumptions. First, the binding of enzyme
(E) and substrate (S) to an enzyme-substrate complex (ES), which is described by the rate constant
ki, is fast, resulting in a rapid attainment of steady state conditions. Second, each enzyme
molecule binds one substrate molecule, i.e. cooperative or allosteric binding is negligible. Third,
at steady state the concentration of the reactive intermediate of the reaction, i.e. the enzyme-
substrate complex, is constant. Fourth, the dissociation of enzyme-substrate complex back to the
individual components is faster than the formation of the product (P), i.e. the metabolite (k.1 > ko).
Fifth, the change in substrate concentration is negligible, i.e. the formation of enzyme-substrate
complexes as well as product formation does not deplete the system of a relevant amount of
substrate (<10%). This implies that substrate concentration is correspondingly higher than the

enzyme concentration (Eqg. 1.2) [106,110].

ki k,
E+S 2ES—>E+P (1.2)
k_q

The Michaelis-Menten equation considers the reaction velocity (V) in relation to the substrate
concentration (Cs), deriving two kinetic parameters: the maximum reaction velocity (Vmax) and
the Michaelis-Menten constant (Kwm). Vimax represents a rate, i.e. change in concentration per time,
which is commonly normalised to the enzyme concentration, and Kw is defined as the substrate
concentration at half-maximum reaction velocity (1/2 Vmax, EQ. 1.3).

Cs

N
M

(1.3)

The resulting hyperbolic concentration-reaction velocity function is shown in Figure 1.4. In the
initial phase, at low substrate concentrations, reaction velocity is increasing linearly with
increasing substrate concentrations. However, a saturation effect is observed at high substrate

concentrations (>Kwm), as a further increase in substrate concentration does not lead to
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proportionally higher reaction velocities. Hence, the reaction velocity approaches asymptotically
Vmax [106,110].

100] - = = = = = = = m m e m - -

30 -

Reaction velocity, %

Substrate concentration

Figure 1.4: Exemplary representation of a hyperbolic function of the Michaelis-Menten equation, which
relates substrate concentration to reaction velocity and the derivation of the Michaelis-Menten constant

(Kwm) and maximum reaction velocity (Vmax).

To the most popular transformations of the Michaelis-Menten equation belong the linearisations
by Lineweaver-Burk and Eadie-Hofstee. The Lineweaver-Burk plot is a double reciprocal plot,
showing the relation of 1/V and 1/Cs, hence the slope depicts the ratio Km/Vmax and the y-intercept
1/Vmax. The transformation by Eadie-Hofstee is based on the relation of V to the ratio of VV/Cs and
thus results in a linear function with the slope representing —Km and the y-intercept equalling
Vmax. Although the kinetic parameters of Ky and Vmax can be derived from these linearisations, a
nonlinear regression analysis is superior regarding accuracy and precision of the determined
parameters. Hence, nowadays they are only used as diagnostic plots to detect atypical kinetics,

which become apparent as deviations from linearity [110].

1.4 Target-site exposure assessment by microdialysis

PK investigations in clinical trials mainly focus on total drug concentrations determined in
plasma. Yet, pathogens usually reside in extravascular spaces, i.e. the interstitial space fluid (ISF),
representing the target site for anti-infective drugs [51,121-123]. As plasma and ISF
concentrations have been observed to differ extensively [51,124], regulatory agencies reinforced
recommendations to assess target-site concentrations in non-homogenate tissue [125]. A powerful
tool for this aim is the minimally-invasive sampling technique microdialysis. In contrast to
biopsies [126], it allows continuous sampling of the protein-unbound fraction over time as well
as the determination of extracellular concentrations [127-129]. First descriptions of the
microdialysis technique date back until the 1960s, although it gained popularity only

approximately 20 years later. While these first studies were mainly conducted in the field of
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neurosciences, today, microdialysis is applied for all kinds of endogenous and exogenous

compounds and drugs in a large variety of tissues and fluids [130].

1.4.1 Principle of microdialysis

The microdialysis system consists of three major components: a high precision pump, the
microdialysis catheter and a microvial for sample collection [127]. During the microdialysis
process, the pump is continuously conveying a fluid, the so-called perfusate, through the attached
microdialysis catheter at a flow rate of usually 1-2 pL/min [131,132]. The microdialysis catheter
is, at its tip, equipped with a selectively permeable membrane, that is inserted into the tissue fluid
to sample e.g. interstitial space or cerebrospinal fluid. In case of recovery investigations, the
concentration of the respective compound is higher in ISF than in the perfusate. Thus, following
the concentration gradient, molecules diffuse across the membrane into the perfusate, which is
subsequently collected as microdialysate in the microvial (Figure 1.5, left). To avoid an excessive
diffusion of fluids, the perfusate commonly consist of an aqueous solution mimicking the
surrounding medium to prevent osmotic differences [127]. As the microdialysis catheter is
continuously perfused, an equilibrium between concentration in ISF and perfusate is never
reached, resulting in the need to determine a relative recovery (RR) value. The RR of a compound
describes the fraction of the ISF concentration determined in microdialysate and is required to

convert microdialysate concentrations to ISF concentrations [127-130].

Retro-
perfusate

Micro-
dialysate |2

Perfusate Retro- \

dialysate \o/

--+:-Membrane

vessel

VY

Figure 1.5: The principle of microdialysis for recovery (left) and delivery investigations (right),

exemplified for a microdialysis catheter inserted into subcutaneous adipose tissue for investigations on

interstitial space fluid (ISF).

The RR value is dependent on various parameters. First, the choice of the used microdialysis
catheter considering inlet and outlet tubings as well as membrane characteristics, e.g. its

molecular mass cut-off, dimensions and materials. The decision on the microdialysis catheter is
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mainly dependent on the tissue fluid of interest, as different specialised catheters such as brain,
gastrointestinal or i.v. microdialysis catheters exist. Furthermore, two different types of
microdialysis catheters, concentric and linear, are applied in clinical practice. While in concentric
catheters the inlet and outlet tubing are combined, linear catheters have separate inlet and outlet
tubings. The core component of a microdialysis catheter is its membrane. Most membranes are
made of polyarylethersulphone (PAES) an unreactive synthetic material that has been
demonstrated to be appropriate for the sampling of most endogenous and exogenous compounds.
However, a large variety of molecular mass cut-offs is available, ranging from typically 20 to
100 kDa and thus enabling the sampling of small molecule drugs as well as macromolecules.
Moreover, the surface area of the membrane is essential with diameters of 0.5 to 0.6 mm and
lengths of 10 to 30 mm the area available for diffusion processes differs relevantly [127,133].
Second, with increasing flow rate, the RR is decreasing [134]. Consequently, concentrations in
microdialysate are low, potentially challenging the bioanalytical quantification. In contrast, lower
flow rates result in a higher RR, but entail longer sampling intervals to obtain the necessary
volume for bioanalysis and therefore impair the generation of high-resolution concentration-time
profiles. Hence, the best compromise must be made for the aim of the respective investigation
[127,134]. Third, RR is highly dependent on the compound of interest itself. As a general rule,
the molecular mass of the compound should not be larger than one fourth of the membrane cut-
off of the microdialysis catheter. However, charge, lipophilicity and sterical configurations play
an additional role [128]. In particular highly lipophilic drugs have been described to show non-
specific binding to the different components of the microdialysis system, e.g. membrane and
tubings [129,135]. As a result, microdialysate concentrations do not reflect ISF concentrations as
a time delay might be observed. In order to enable microdialysis of these compounds, albumin
can be added to the perfusate or catheters precoated ensuring saturation of the nonspecific binding
sites before the start of the investigations. However, as a consequence the behaviour of recovery
might be altered, impeding the evaluation of the results [129,135,136]. Here, profound in vitro
preliminary investigations are essential. Fourth and last, when comparing in vitro and in vivo RR
values the latter will be in most cases decreased due to the tortuosity, i.e. the increased diffusion

path of the molecules caused by the presence of cell structures and extracellular matrix [127,129].

1.4.2 Calibration of microdialysis catheters

A calibration of microdialysis catheters is necessary to determine the RR and thus to transform
concentrations in microdialysate to ISF concentrations. This calibration is typically performed in
vivo individually for each compound and catheter as due to the tortuosity, in vitro determinations
of RR are not transferable to an in vivo situation. For this purpose, a variety of approaches have
been developed for the calibration of microdialysis catheters exploiting in particular the

dependence of recovery on flow rate and concentration [127-129].
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First, as RR is increasing with decreasing flow rates, the extrapolation to zero approach uses the
relation of RR to flow rate to deduce the RR at a flow rate of zero which equals the condition of
equilibrium. A reasonable approximation is the method of low flow rates which assumes the
formation of an equilibrium when very low flow rates are applied. Second, the no-net-flux
approach is based on the absence of diffusion of the compound across the membrane when the
concentration in ISF equals the concentration in the perfusate. Therefore, the respective
compound is added to the perfusate at different concentrations and the concentration difference
between perfusate and microdialysate determined. Is this difference described as a function of the
perfusate concentration, the ISF concentration can be deduced as the perfusate concentration at a
difference of zero. However, the no-net-flux method can only be applied at steady-state conditions
and is time and labour intensive. Third, endogenous compounds such as urea can be used as a
reference in recovery investigations. The assumptions taken are, that urea is a freely diffusible
molecule, the concentration in ISF is constant over time and that the RR ratio of two compounds
is transferable from in vitro to in vivo [127-129]. Fourth, the retrodialysis method which is the
most frequently used due to its easy and time efficient application. This approach applies the
microdialysis principle in reverse: a minimum 20-fold higher concentration of drug compared to
expected ISF concentrations is added to the perfusate (now the so-called retroperfusate) leading
to a diffusion of drug molecules into the ISF (Figure 1.5, right). Consequently, the decrease in
concentration in microdialysate (or retrodialysate) compared to the retroperfusate can be
determined and enables the calculation of relative delivery (rD). RR is assumed equal to rD as
diffusion across the microdialysis membrane is supposedly independent of the direction [127—
129]. Fifth, the calibration by internal standard (IS), which is based on the retrodialysis principle
but continuously applies a second compound, with optimally identical behaviour in microdialysis,
in the perfusate and assumes that the loss of the IS equals the recovery of the compound of interest
[127].

Overall, the described calibration approaches reach their boundaries when besides the compound
of interest also its metabolites are to be investigated. While it is common practice to administer
the metabolite directly to animals, this is prohibited for humans as metabolites are chemical
substances not licensed for human administration [60]. Consequently, different approaches have

to be found.

1.4.3 Static in vitro microdialysis system

Although in vitro determined RR cannot be directly transferred to in vivo studies, in vitro
investigations are essential to characterise the compound of interest in microdialysis sampling
[129]. Thereby, the suitability of a compound for the performance of microdialysis sampling can

be determined in the first place. In particular highly lipophilic drugs have been observed to adsorb
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to the membrane or other materials of the microdialysis system. Consequently, recovery can be
optimised in vitro before the conduction of clinical trials. Furthermore, a general RR can be
derived supporting the decision on flow rates for in vivo investigations and subsequently guide
the study design, i.e. the duration of sampling intervals appropriate for bioanalytical

guantification.

Nevertheless, to achieve reliable predictions, a standardised in vitro approach, mimicking the in
vivo situation, is crucial. Therefore, a static in vitro microdialysis system (sIVMS) has been
developed and validated [137]. In brief, it is composed of a pump module, ensuring the sound
placement of the in vitro microdialysis pumps, a catheter module, allowing the safe fixation of
medium containers, microdialysis catheters and collection vials during the investigation, a stirring
module, ensuring the constant flow of the catheter-surrounding medium and lastly, the thermo
module, heating the medium to 37°C to mimic body temperature. Furthermore, the setup allows
for a constant monitoring of the microdialysis procedure. The containers holding the catheter-
surrounding medium are made of glass, enabling the check for air bubbles at the catheter
membrane which potentially pose a diffusion barrier. Additionally, the medium containers are
freely accessible, enabling the easy sampling of the catheter-surrounding medium. Besides the
constant stirring of the fluid and a temperature of 37°C, a physiological-like solution, such as
Ringer’s solution (RS), is applied as catheter-surrounding medium to overall mimic the in vivo
conditions as best as possible [134,135,137].

1.5 Quantitative aspects of pharmacokinetic investigations

PK investigations focus on the concentration-time course of a drug and its metabolites in different
tissues and body fluids. The absorption, distribution, metabolism and excretion of a compound is
highly dependent on the individual study participant’s characteristics such as age, weight, body
composition, organ function, health condition, concomitant medication, as well as on drug-
specific features, e.g. its physicochemical properties or the administered dose. Hence, to
satisfactorily describe the PK of a drug and its metabolites, accurate and precise quantification

methods are needed for diverse matrices of variable available volumes.

In most PK investigations, drug and metabolite concentrations are routinely determined in plasma
as it can be easily obtained from whole blood. In human adults, numerous blood samples of
5-10 mL can be drawn daily, and hence the available volume for quantification is not limiting the
PK investigation. This is different for paediatric or animal studies. Here, only a limited volume
of blood can be acquired and consequently higher demands on quantification methods are
imposed. For the investigation of target-site concentrations, i.e. ISF concentrations, the
application of microdialysis is feasible. As for the perfusion of the microdialysis catheter often

low flow rates (1-2 pL/min) are used, also in this case, the available volume for bioanalytical
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quantification is limited [127]. Indeed, the less volume is needed for bioanalysis, shorter sampling

intervals are feasible, resulting in the generation of high-resolution concentration-time profiles.

The volume needed for bioanalysis is also highly dependent on the necessary sample pre-
treatment procedure. Microdialysate is already free of protein and thus can be directly subjected
to quantification. In contrast, plasma has to be cleared of its proteins, e.g. by precipitation with
organic solvents such as acetonitrile or methanol (MeOH). Depending on the compound of
interest and the bioanalytical method, also more sophisticated approaches as liquid-liquid
extraction (LLE) or solid-phase extraction (SPE) might be necessary. Hence, more volume of the
original sample might be needed. The same holds true, when plasma is to be further processed,
e.g. by ultrafiltration, to obtain the unbound fraction of the drug in plasma. Similar to
microdialysis, ultrafiltration is based on the principle, that (protein) unbound molecules can cross
a selectively-permeable membrane. However, ultrafiltration applies centrifugation force for
separation. Naturally, the processing of the sample often results in a dilution of the original
concentration, requiring consequently a higher sensitivity in detection and quantification.

In recent years therefore, liquid chromatography-tandem mass spectrometry (LC-MS/MS)
became the routine method for quantification in PK investigations. In a first step, the LC part, the
compounds of interest are separated from each other as well as from matrix constituents by
application of an appropriate column, suitable eluents, their respective gradient and a justified
temperature. Subsequently, a mass spectrometer detects the arriving molecules by ionisation, e.g.
by an electrospray technique. As for PK investigations often a high specificity is needed,
commonly tandem MS with a triple quadrupole (QQQ) is used. This technique selects a precursor
ion with a defined mass-to-charge ratio (m/z) in the first quadrupole which is subsequently
fragmented in the second quadrupole, also called the collision cell. In the third quadrupole one or
multiple product ions with specified m/z are singled out for detection. The specificity is hence
given by the pre-selection of the compounds molecular mass as well as its unique fragmentation
pattern [138]. Moreover, the described procedure reduces background noises caused by various
components in complex matrices to a minimum. As a result, very low concentrations are
detectable and even quantifiable. This in turn, allows for a decreased injection volume and hence

less required volume of the original sample.

Lastly, determinations of PK investigations have to be accurate, precise and reproducible.
Therefore, drug regulatory agencies such as the EMA and the FDA have published guidelines
specifying procedures and compliance criteria for bioanalytical method development and
validation [139,140]. Although those guidelines are addressed to the pharmaceutical industry
preparing clinical studies for market authorisation of new drugs, the specifications provide a solid
scientific basis also for other applications. Among the parameters that are to be investigated are

selectivity, matrix effects, accuracy, precision and stability.
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1.6 Objectives

The increasing global prevalence of invasive fungal infections is a rising, but an underappreciated
threat to the public health. As the development of new antifungal agents is lagging behind this
epidemiological burden, one important aspect is the stewardship of existing antifungal drugs, such
as VRC. Despite its long-term and frequent application in humans, large intra- and interindividual
variability in VRC PK is observed, resulting in inadequate dosing and hence therapy failures and
adverse events. The underlying mechanisms of the high variability, in particular its complex
metabolism are not yet fully understood and require a thorough comprehension in order to adjust
VRC dosing for an optimised risk-benefit ratio in each patient.

This thesis therefore aimed at contributing to the elucidation of the PK of VRC by investigations
of distribution and metabolism processes in humans. For this purpose, the research objectives of
this thesis were located in three major areas (Figure 1.6). As an essential prerequisite for
comprehensive in vitro and in vivo PK investigations of VRC and its metabolites, a versatile and
sensitive bioanalytical method, covering a variety of human matrices, was aimed for.
Furthermore, striving for a broader comprehension of the complex metabolism of VRC, in vitro
metabolism investigations were identified as valuable instruments and thorough quantitative and
mechanistic characterisations were intended. Lastly, aiming at amalgamating the knowledge on
PK of VRC that can be gained by microdialysis investigations and simultaneous drug and
metabolite assessment, an in vitro and an in vivo investigation for the simultaneous microdialysis
of VRC and NO was targeted.

In vitro metabolism

platform Target-site
Bioanalytical assay assessment by
microdialysis
Towards the
elucidation of
voriconazole
pharmaco-
kinetics

Figure 1.6: Overview of the three main research areas covered in this thesis to achieve the overarching

objective.

21



Introduction

The first research pillar, comprising the establishment of a bioanalytical quantification method

enabling more profound in vivo and in vitro PK investigations of VRC, pursued the following

detailed objectives:

Development of a bioanalytical LC-MS/MS assay for the simultaneous quantification of
VRC, NO and OH-VRC in small sample volumes of plasma, ultrafiltrate and
microdialysate.

Validation of this bioanalytical assay according to international guidelines for the

simultaneous determination of VRC and NO in human plasma and microdialysate.

Adaptation of the bioanalytical assay for quantification of NO and OH-VRC in in vitro

metabolism experiments.

In the second research pillar, the focus was on the comprehensive, quantitative and mechanistic

characterisation of VRC and its metabolites as substrates and inhibitors of the CYP isoenzymes
2C19, 2C9 and 3A4, aiming concretely at:

Establishment of an in vitro metabolism platform optimised for the reliable
characterisation of VRC in the enzymatic systems of HLM, human intestine microsomes
(HIM) and rhCYP.

Characterisation of Michaelis-Menten kinetics for the N-oxidation of VRC in HLM, HIM
and rhCYP2C19, 2C9 and 3A4.

Assessment of the contribution of the CYP isoenzymes 2C19, 2C9 and 3A4 to the overall
N-oxidation of VRC.

Performance of in vitro in vivo extrapolation (IVIVE) to assess the in vivo human hepatic

clearance by VRC N-oxidation.
Determination of the metabolic stability of NO and OH-VRC.

Quantitative and mechanistic assessment of the inhibitory potential of VRC, NO and
OH-VRC on the CYP isoenzymes 2C19, 2C9 and 3A4.

The third research pillar involved the exploration of distribution processes of VRC and its N-oxide

metabolite into ISF using the technique of microdialysis considering the following aims:

22

Assessment of the feasibility of simultaneous microdialysis sampling of VRC and NO by

comprehensive in vitro investigations.

Determination and quantification of the impact of experimental parameters on the in vitro
RR of VRC and NO.
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Proposal of an in vivo applicable approach for microdialysis catheter calibration allowing
the deduction of ISF concentrations of NO.

Assessment of the in vivo feasibility of simultaneous microdialysis of VRC and NO in
humans by quantification of clinical microdialysis samples.

Exploratory PK analysis of VRC and NO total and unbound plasma as well as ISF
concentrations of four healthy volunteers and assessment of the impact of the CYP2C19
genotype-predicted phenotype and number of administered doses on intra- and

interindividual differences.
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2 Materials and methods

2.1 Materials

2.1.1 Chemicals, drugs, reagents and biological materials

1-Hydroxymidazolam,
LOT: 0589923

4-Hydroxydiclofenac,
LOT: 0522547

4-Hydroxymephenytoin,
LOT: 0550849

Albumin Fraction V (from bovine serum),
LOT: 399288924

Corning® UltraPool™ HLM 150,
LOT: 38292, 38294, 38295

Corning® Gentest™ NADPH Regenerating
System Solution A,

26 mM NADP*,

66 mM Glucose-6-phosphate,

66 mM Magnesium chloride,
LOT: 0344003, 1046001

Corning® Gentest™ NADPH Regenerating
System Solution B,
40 U/mL Glucose-6-phosphate

dehydrogenase in 5 mM sodium citrate,

LOT: 0342002, 1095005

Corning® Gentest™ pooled human intestine
microsomes,
LOT: 8193001

D-Glucose-6-phosphate dipotassium salt hydrate,

LOT: SLBT8385

Diazepam in methanol, 1 mg/mL solution,
LOT: FE12021903

Cayman Chemical, Ann Arbor, Michigan,

United States of America

Cayman Chemical, Ann Arbor, Michigan,

United States of America

Cayman Chemical, Ann Arbor, Michigan,
United States of America

Carl Roth GmbH, Karlsruhe, Germany

Corning Inc., New York, United States of

America

Corning Inc., New York, United States of

America

Corning Inc., New York, United States of

America

Corning Inc., New York, United States of

America

Sigma-Aldrich, Saint Louis, Missouri,

United States of America

Cerilliant Corporation, Round Rock,

Texas, United States of America

25



Materials and methods

Diclofenac sodium salt,
LOT: BCCB7633

Dipotassium hydrogen phosphate trihydrate,
LOT: 6319483

Formic acid, LC-MS grade,
LOT: 200812

Glucose-6-phosphate dehydrogenase,
LOT: 128M4011V

Glucose-6-phosphate dehydrogenase,
LOT: J61181

Human sodium citrate plasma

Hydrochloric acid 37%,
LOT: K47066817541

Hydroxyvoriconazole,

LOT: 7-NVG-146-1
Ketoconazole,

LOT: VRTIO

Loratadine,

LOT: YQ74L

Magnesium chloride hexahydrate,

LOT: 5273508

Methanol, LC-MS grade,

various LOTs

Midazolam in methanol, 1 mg/mL solution,
LOT: FE04082004

Milli-Q® water,

purified by Milli-Q® Reference A+
Nicotinamide adenine dinucleotide phosphate
(NADPY),

LOT: 0495515
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Sigma-Aldrich, Saint Louis, Missouri,

United States of America

Merck KGaA, Darmstadt, Germany

SERVA Electrophoresis GmbH,
Heidelberg, Germany

Sigma-Aldrich, Saint Louis, Missouri,
United States of America

AlfaAesar™ Thermo Fisher Scientific
Inc., Rochester, New York, United States
of America

German Red Cross blood donation service,

Berlin, Germany

Merck KGaA, Darmstadt, Germany

Toronto Research Chemicals, Toronto,

Canada

Tokyo Chemical Industry, Tokyo, Japan

Tokyo Chemical Industry, Tokyo, Japan

Merck KGaA, Darmstadt, Germany

J.T. Baker™, Thermo Fisher Scientific
Inc., Rochester, New York, United States
of America

Merck KGaA, Darmstadt, Germany

Merck KGaA, Darmstadt, Germany

Cayman Chemical, Ann Arbor, Michigan,

United States of America
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Potassium dihydrogen phosphate,
LOT: 1167701

Ringer’s solution for infusion,

various LOTs

S-mephenytoin,
LOT: 0575934

Sulfaphenazole,
LOT: 0545861

Supersomes™,

Human CYP2C19 + P450 Reductase,

LOT: 9275001

Human CYP2C9*1 (Argi4s) + P450 Reductase
LOT: 9277002

Human CYP3A4 + P450 Reductase,

LOT: 9023001

Trishydroxymethylaminomethane (TRIS),
LOT: 2365376

Ultra-pure water,

purified by SG LaboStar™ 2-DI/UV
Voriconazole N-oxide,

LOT: 7-DPM-64-3, 4-FBJ-47-4
Voriconazole N-oxide,

LOT: 0591435

Voriconazole,

LOT: 1-TTK-73-1

Voriconazole,
LOT: 052301-008-09

2.1.2 Consumables

Centrifuge tubes (15 mL),
various LOTs
Centrifuge tubes (50 mL),

various LOTSs

Merck KGaA, Darmstadt, Germany

B. Braun, Melsungen, Germany

Cayman Chemical, Ann Arbor, Michigan,
United States of America

Cayman Chemical, Ann Arbor, Michigan,
United States of America

Corning Inc., New York, United States of

America

Fluka™, Thermo Fisher Scientific Inc.,
Rochester, New York, United States of

America

Evoqua Water Technologies, Eschborn,

Germany

Toronto Research Chemicals, Toronto,

Canada

Cayman Chemical, Ann Arbor, Michigan,
United States of America

Toronto Research Chemicals, Toronto,

Canada

Pfizer, Kent, United Kingdom

VWR International, Darmstadt, Germany

Carl Roth GmbH, Karlsruhe, Germany
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CMAGB0 microdialysis catheters,
Membrane: PAES
Membrane length: 30 mm
Cut-off: 20 kDa
Shaft length: 20 mm
Inlet: 400 mm
Outlet: 105 mm

LOT: T15382, T18205

InfinityLab Poroshell 120 Phenyl Hexyl column
(RP, 2.1 x 100 mM, 2.7 uM),

various LOTs

Norm-Ject® 1 mL syringes (luer),

various LOTs

Nunc™ 96-well plates (polypropylene,
conical bottom),

various LOTs

Nunc™ pre-slit well cap for 96-well plates,

various LOTs

Pipette tips, epT.l.P.S.® Standard (0.1 pL —
5mL),

various LOTs

Safe-lock tubes (0.5 mL, 1.5 mL, 2.0 mL),
various LOTs

Soft-Ject® 1 mL syringes (luer lock),
various LOTs

Sterican® cannulas (various sizes),

various LOTs

UHPLC Guard 3PK, InfinityLab Poroshell 120
Phenyl Hexyl (2.1 x 4 mM, 2.7 uM),
various LOTs

Ultrafiltration units (cut-off 30 kD, modified

polyethersulfone membrane),
LOT: FE1061
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CMA Microdialysis AB, Stockholm,

Sweden

Agilent Technologies, Waldbronn,

Germany

Henke Sass Wolf, Tuttlingen, Germany

Thermo Fisher Scientific Inc.,
Rochester, New York, United States of

America

Thermo Fisher Scientific Inc.,
Rochester, New York, United States of

America

Eppendorf AG, Hamburg, Germany

Eppendorf AG, Hamburg Germany

Henke Sass Wolf, Tuttlingen, Germany

B. Braun, Melsungen, Germany

Agilent Technologies, Waldbronn,

Germany

VWR International, Darmstadt, Germany
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2.1.3 Laboratory devices and equipment

Agilent LC-MS/MS system:
1290 Infinity Il LC system
(Autosampler G7167B
High speed pump G7120A
Multicolumn thermostat G7116B),
Triple quadrupole system G6495A

Analytical balance, BP221S
Analytical balance, R200D
Centrifuge, Eppendorf 5417R
Centrifuge, Eppendorf 5430R

CMA102® pumps

Duran® glass bottles (various sizes)
Eppendorf Thermomixer 5436
Eppendorf Thermomixer 5437

Glass equipment
(volumetric flasks, measuring cylinders,

funnels, beakers, Erlenmeyer flasks)

Magnetic stirrer RCT basic

Magnetic stirring bars (various sizes)
pHenomenal™, pH-Meter pH 1000 L
Pipettes (0.5-10 pL, 2-20 pL, 10-100 pL,
20-200 pL, 100-1000 pL, 500-5000 pL)
Eppendorf Research
Eppendorf Research plus

Vortexer, REAX2000

Agilent Technologies, Waldbronn,

Germany

Sartorius AG, Gottingen, Germany
Sartorius AG, Gottingen, Germany
Eppendorf AG, Hamburg, Germany
Eppendorf AG, Hamburg, Germany

CMA Microdialysis AB, Stockholm,

Sweden

Schott AG, Mainz, Germany
Eppendorf AG, Hamburg, Germany
Eppendorf AG, Hamburg, Germany

VWR International, Darmstadt, Germany

IKA Labortechnik GmbH, Staufen,

Germany
VWR International, Darmstadt, Germany
VWR International, Darmstadt, Germany

Eppendorf AG, Hamburg, Germany

Heidolph Instruments GmbH & CO. KG,

Schwabach, Germany
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2.1.4 Software

The following software was used throughout all projects and applied to generate, process, analyse
and evaluate data. Related packages, features and settings relevant for specific investigations are

mentioned in the respective chapters.

Agilent MassHunter, Agilent Technologies, Waldbronn,
version B.08.00 & B.10.00 Germany

ChemDraw®, PerkinElmer, Waltham, Massachusetts,
version 18.1 United States of America

Microsoft® Office Excel® Microsoft Corporation, Redmond,

Washington, United States of America

R, R foundation for Statistical Computing,
version 3.6.0 Vienna, Austria

RStudio®, RStudio Inc., Boston, Massachusetts,
version 1.3.1056 United States of America

2.1.5 Preparation of buffers and solutions

For a better reproducibility and comparability of the results, all buffers and solutions were
prepared in the same way throughout the investigations. In particular, whenever possible, the

same products and batches were used.

2.1.5.1 Preparation of phosphate buffer

Potassium phosphate buffer (PPB), 50 mM and pH 7.4, was used as homogenisation buffer for
dilutions of HLM, rhCYP and HIM [110,141,142]. For this purpose, 1.14 g of dipotassium
hydrogen phosphate trihydrate and 0.680 g potassium dihydrogen phosphate were dissolved in
100 mL ultra-pure (UP) water each, resulting in 50 mM solutions. Afterwards, the potassium
dihydrogen phosphate solution was added gradually to the dipotassium hydrogen phosphate

solution under constant stirring until a pH of 7.4 was attained and stable for a minimum of 5 min.

2.1.5.2 Preparation of TRIS buffer

TRIS buffer, 250 mM and pH 7.5, was prepared by dissolving 3.03 g TRIS base in approximately
80 mL UP water and adding 2 N hydrochloric acid under constant stirring until a pH of 7.5 was
reached and stable for a minimum of 5 min. Finally, the volume was filled up to 100 mL using a
volumetric flask and the pH was verified. The concentrated TRIS buffer solution was diluted 1:5

in the final incubation mixture resulting in a 50 mM incubation buffer (chapter 2.3) [71,110,143].
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2.1.5.3 Preparation of stock solutions

The concentrations of stock solutions must be accurate to enable reliable quantifications.
Therefore, a minimum of 10 mg of drug substance was weighted to ensure an imprecision of <1%
of the analytical balance used. If less than 10 mg of drug substance were purchased, the exact
weight was requested from the manufacturer. All stock solutions were prepared accounting for
the potency of the respective batch that encompassed the purity of the substance given by an
appropriate assay (e.g. HPLC-MS), the water content as well as the reduction of the active fraction
due to the presence of counter-ions of salts [144]. If the potency was not directly provided by the
manufacturer, it was calculated according to equation 2.1. The respective volume of solvent was

determined according to equation 2.2.
Potency = assay purity - active fraction - (1 — water content) (2.1)

weight (mg) - potency
mg) (2.2)

concentration (—
mL

Volume (mL) =

VRC and NO were dissolved in MeOH to obtain two independent stock solutions of 1 mg/mL
each. Furthermore, a stock solution of VRC of 3.5 mg/mL in a premixed solution of water and
MeOH (1:1 [V/V]) was prepared for all metabolism experiments (chapter 2.3.4). Stock solutions
of OH-VRC, midazolam, diazepam and 4-hydroxydiclofenac (OH-DIC) were prepared at a
concentration of 1 mg/mL in MeOH, of diclofenac and S-mephenytoin at a concentration of
10 mg/mL in MeOH, of 4-hydroxymephenytoin (OH-MEP) at a concentration of 5 mg/mL in
MeOH and of 1-hydroxymidazolam (OH-MDZ) at a concentration of 0.5 mg/mL in MeOH,
respectively. All stock solutions were stored at -80°C in aliquots of 1 mL or 100 pL depending

on the initially prepared volume.

2.2 Bioanalytical assay for the simultaneous quantification of voriconazole,

voriconazole N-oxide and hydroxyvoriconazole

For more profound research on VRC PK, a reliable and versatile bioanalytical assay for the
quantification of VRC and its two major metabolites in various in vitro and in vivo matrices was
aimed for. To cover its employment in all projects, applicability to the human matrices of plasma,
ultrafiltrate and microdialysate as well as in matrices derived from in vitro experiments, i.e. in
vitro microdialysis and incubations of HLM, rhCYP and HIM, was required. In order to ensure
the best possible performance of the assay, the quality standards of the EMA guideline on

bioanalytical method validation [139] were followed.

31



Materials and methods

2.2.1 Development of the bicanalytical LC-MS/MS assay

The bioanalytical assay had to be suitable for a wide range of matrices and analytes. For an
efficient application of the method, a stepwise approach was taken. Firstly, the method was
optimised with regards to chromatographic separation and MS detection (chapter 2.2.1.1).
Secondly, quantification of VRC and NO in plasma and microdialysate was established and
subsequently also fully validated according to the EMA guideline (chapter 2.2.2) [139]. Thirdly,
the method was expanded and if necessary, adapted to the quantification of VRC and NO in
ultrafiltrate (chapter 2.2.3) and of NO in in vitro matrices (chapter 2.2.4).

2.2.1.1 Instrumentation and LC-MS/MS instrument setup

The LC-MS/MS system used for quantification was composed of an Agilent 1290 Infinity 1l LC
system, including a multisampler, a high-speed pump and a multicolumn thermostat, and a QQQ
MS/MS system. Agilent MassHunter software as well as R and RStudio® were used for adjusting
instrument settings, data generation and processing.

For the prevention of degradation and maintenance of standardised conditions, samples were kept
at 4°C in the autosampler until injection. An InfinityLab Poroshell 120 Phenyl Hexyl column (RP,
2.1 x 100 mM, 2.7 uM) was combined with an InfinityLab Poroshell 120 Phenyl Hexyl guard
column (2.1 x 5 mM, 2.7 uM) and ensured chromatographic separation. As eluents, MeOH and
UP water were utilised and the addition of 0.1% [V/V] formic acid (FA) in both solvents enhanced
the ionisation process. For the optimisation of the elution and separation of VRC, NO and
OH-VRC aswell asthe IS, a 1 ug/mL methanolic mixture was used and different gradient profiles

with varying increases in the MeOH fraction, were investigated.

lonisation in the MS system was accomplished by an electrospray ionisation (ESI) source. To
explore the fragmentation of VRC, NO and OH-VRC as well as the IS, matrix-free individual
methanolic solutions at concentrations of 10 pg/mL were directed to the MS. The Agilent
Optimizer software performed the optimisation of the respective mass transitions from the
precursor ions ([M+H]*) of m/z 350 (VRC), m/z 366 (NO and OH-VRC) and m/z 285 (IS) by a
series of different scan types [145]. This included, in the order given, an optimisation of the
acquisition of product ions, the optimisation of the collision energy and the validation of the

collision energy and masses determined in previous steps.

Finally, ion source parameters were optimised using the Agilent Optimizer Software by repeated
injections of a mixture of VRC, NO, OH-VRC and the IS applying the final gradient
chromatography method. For this purpose, the capillary voltage, nebulizer gas pressure, drying
gas flow and temperature, sheath gas flow and temperature as well as iFunnel parameters were

varied for every injection and the intensity of product ion formation monitored.
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2.2.1.2 Preparation of matrix, calibrator, quality control and internal standard solutions

Calibrator (CAL) and quality control (QC) samples were prepared in matrices similar to future
study samples. For this purpose, human sodium citrate plasma from four individual donors was
pooled, aliquoted and stored at -80°C until usage. Pure ultrafiltrate was obtained from pooled
plasma by centrifugation at 10000 x g for 60 min using centrifugal filters with a membrane of
polyethersulfone and a molecular mass cut-off of 30 kDa. RS is regularly used as perfusate in
clinical microdialysis studies [132,134,146] and was hence applied as artificial microdialysate
matrix for bioanalytical method development and validation. For the quantification of NO and
OH-VRC in the in vitro matrices of HLM, rhCYP and HIM, a surrogate incubation matrix was
developed to avoid the routine preparation of CAL and QC samples in those rare matrices.
Therefore, the HLM protein content was replaced by bovine serum albumin (BSA) which was
dissolved in PPB (50 mM, pH 7.4) at a concentration of 4 mg/mL and diluted with TRIS buffer
(250 mM, pH 7.5) and UP water to a concentration of 0.2 mg/mL. Due to simplicity, co-factors
for the enzymatic reactions, such as NADP*, glucose-6-phosphate and glucose-6-phosphate
dehydrogenase were omitted in the surrogate matrix (compare chapter 2.3.1).

To maintain the specific characteristics of the matrices, a dilution with water or organic solvents
during spiking had to be avoided. Thus, the addition of a volume fraction of maximum 5% was

tolerated in the preparation of working solutions.

For the preparation of VRC and NO CAL and QC working solutions in plasma, ultrafiltrate and
microdialysate the stock solutions of 1 mg/mL were used. For this purpose, the stock solution was
diluted 100-fold with plasma, ultrafiltrate or microdialysate to acquire a working solution of
10 pg/mL which was further serially diluted with the respective matrix to concentrations of 1000
and 100 ng/mL. Independent sets of those three working solutions were used for the preparation
of CAL or QC samples, respectively. Final CAL concentrations were 5, 10, 50, 100, 500, 2000
and 5000 ng/mL for plasma and 4, 10, 40, 100, 500, 1800 and 4000 ng/mL for microdialysate,
while QC concentrations were 5, 15, 200, 1500 and 4000 ng/mL for plasma, 4, 8, 150, 1200 and
3000 ng/mL for microdialysate and 15 and 4000 ng/mL in ultrafiltrate.

CAL and QC samples of NO and OH-VRC in surrogate incubation matrix were prepared using a
secondary stock solution of 100 pg/mL in MeOH. Based on this, working solutions of 1000 and
10 ng/mL were prepared in surrogate matrix to spike final CAL and QC samples. For NO, CAL
samples at concentrations of 0.1, 0.25, 0.5, 2.5, 10, 50, 200 and 500 ng/mL and QC samples at
concentrations of 0.1, 0.25, 0.5, 5, 100 and 400 ng/mL were prepared. CAL samples of OH-VRC
were prepared at concentrations of 1, 2.5, 5, 20, 75, 120, 250 and 500 ng/mL and QC samples at

concentrations of 50 and 400 ng/mL.
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The IS solution was prepared by first diluting the diazepam stock solution 10-fold with MeOH to
obtain a working solution of 100 pg/mL. For each batch a fresh IS solution was prepared by

diluting the working solution with water to a concentration of 100 ng/mL.

2.2.1.3 Sample pre-treatment

Plasma, ultrafiltrate and surrogate incubation matrix contained proteins which had to be
precipitated before injection into the LC system to avoid column clogging. Therefore, 20 pL of
plasma, ultrafiltrate or surrogate incubation matrix were added to 80 pL of ice-cold MeOH,
vortex-mixed and centrifuged for 15 min at 14000 x g at 4°C. Afterwards, in the case of plasma
und ultrafiltrate, 20 pL of the supernatant were transferred to 140 puL IS solution while the
supernatant of surrogate incubation matrix was added to 20 pL IS solution. As microdialysate
was already protein free, sample pre-treatment consisted of a dilution step only, adding 5 pL to
155 pL IS solution. Zero samples were prepared accordingly using analyte-free matrix, while
blank samples neither contained analyte nor the IS.

Final samples were vortex-mixed again, transferred to 96-well plates, covered with pre-slit well

caps and stored at 4°C in the autosampler until injection.

2.2.2 Validation of the biocanalytical assay for the simultaneous quantification of

voriconazole and its N-oxide metabolite in human plasma and microdialysate

For VRC and NO in plasma and microdialysate, the following criteria were investigated according
to the EMA guideline’s [139] specifications: selectivity, carry-over, calibration function, lower

limit of quantification (LLOQ), accuracy, precision, matrix effects and stability.

2.2.2.1 Selectivity and carry-over

Six blank samples from six individual plasma donors were investigated for their interference at
the retention times of VRC, NO and the IS. Selectivity of the method was assumed when the
detector response was less than 20% of the response at the LLOQ of VRC and NO and less than
5% of the response for the IS of the same run. Microdialysate is a rare matrix, i.e. difficult to
obtain in larger quantities and from numerous individuals. Thus, for microdialysate, six blank
samples prepared from RS were investigated in a first step. For further examination, additionally
four baseline microdialysate samples from healthy volunteers of a clinical microdialysis study

were examined.

Carry-over effects occurred when the compounds remained in the LC system, e.g. in the injection
needle or sample loop, and were transferred to the subsequently injected sample. Thus, for the
assessment, high concentrated VRC or NO samples (>3000 ng/mL) were injected followed by

blank samples. The detector responses in the blank samples were compared to the mean LLOQ
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response of the same run. Preliminary investigations indicated that carry-over might be
unavoidable for VRC. Therefore, additional samples of pure solvent (MeOH:H,O 90:10 [V/V])
were processed after the respective blank sample. The absence of carry-over was considered when
the detector response in those injections was <20% of the response of VRC or NO LLOQ and

<5% of the IS response, respectively.

2.2.2.2 Calibration function

VRC and NO concentrations were calculated based on linear regression. The ratio of the detector
response for VRC or NO to the IS were explored in the dependence of the nominal concentration
of VRC or NO, respectively. A weighting factor of 1/(concentration)? in the linear regression
model increased the accuracy for samples in the lower concentration range [147]. A minimum of
six calibration concentrations were required according to the EMA guideline [139]. However, to
cover the large calibration range adequately, seven CAL levels were used in addition to a blank
and a zero sample. Back calculated concentrations of the CAL samples were required to be within
+15% of their nominal value (£20% at the LLOQ) with a minimum of 75% of CAL samples
fulfilling this criterion. In case of a rejected CAL sample, the calibration function was re-assessed
without it, if a minimum of six CAL levels remained. The goodness of fit, assessed as coefficient

of determination (R2), was aimed to be >0.99.

2.2.2.3 Lower limit of quantification

The LLOQ had to be reliably quantified with an accuracy of £20% of the nominal concentration
and a precision of <20% coefficient of variation (CV). Furthermore, the detector response at the
LLOQ was compared to the response of a blank sample and had to be at least five times higher.
The limit of detection (LOD) was calculated based on the calibration functions, using the mean

slope (S) of all validation runs and the standard deviation of the y-intercepts (SD) (Eq. 2.3) [148].

3.3-SD
LOD = 5 (2.3)

2.2.2.4 Accuracy and precision

Five levels of QC samples with concentrations spanning the calibration range with five to six
replicates per level were analysed on four days, in four independent runs. Within-run and
between-run accuracy were assessed by comparing the mean concentration of each QC level
>LLOQ to its nominal concentration. Deviations of +£15% were accepted. For the assessment of
within-run and between-run precision the CV for each QC level was considered and had to be
<15%.
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2.2.2.5 Matrix effects

For the assessment of a possible matrix effect on VRC, NO and IS signals, matrix (plasma and
microdialysate) as well as UP water were spiked in an identical manner with the analytes to obtain
five to six replicates of a low (8 ng/mL microdialysate, 15 ng/mL plasma) and a high QC level
(3000 ng/mL microdialysate, 4000 ng/mL plasma). Plasma was taken from six individual donors.
Then, all samples prepared in matrix and water were treated equally as described in
chapter 2.2.1.3. The absolute matrix factor (MF) was calculated by dividing the mean peak area
of VRC, NO or the IS in the presence of matrix by the mean peak area of VRC, NO or the IS in
the absence of matrix, respectively. Additionally, an 1S-normalised MF was determined. The
precision, calculated as CV, was compared to the criterion of <15% and indicated the absence of

a relative matrix effect.

2.2.2.6 Stability investigations

Stability investigations of VRC and NO were performed using a bracketing approach, i.e.
exposing QC samples of a low (8 ng/mL microdialysate, 15 ng/mL plasma) and a high
(3000 ng/mL microdialysate, 4000 ng/mL plasma) concentration to various conditions relevant
for future applications. For the assessment of autosampler stability, processed QC samples were
re-injected after >24 h in the autosampler at 4°C. Freeze- and thaw-stability was determined by
freezing QC samples for >12 h at -80°C and thawing them unassisted at room temperature. All
samples underwent three freeze-thaw cycles. Short-term stability was explored by keeping sets
of QC samples in the fridge at 4-8°C overnight. Long-term stability was evaluated by reanalysing
spiked samples after >3-month storage at -80°C. Freshly prepared CAL samples were used to
calculate the concentrations of all stability samples. Stability of VRC and NO in plasma and

microdialysate was assumed when the deviation to the nominal concentration was <+15%.

Freeze-thaw, short-term and long-term stability of the stock solution were assessed under the
same experimental conditions. For analysis, the stock solution was diluted to a low and high QC

level as described before (chapter 2.2.1.2).

2.2.3 Simultaneous quantification of voriconazole and its N-oxide metabolite in

ultrafiltrate

For VRC and NO in ultrafiltrate, not a full validation was performed but the hypothesis tested
whether ultrafiltrate samples could be equated to plasma samples with regard to their matrix

effect. This would enable a more time- and material-efficient quantification of VRC and NO.

For this purpose, pooled ultrafiltrate was spiked with VRC or NO, respectively, at a low and a
high QC level and equally treated as plasma samples (chapters2.2.1.2 and 2.2.1.3).

Concentrations were calculated using the plasma calibration function of VRC or NO,
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respectively. The determined concentrations were required to be within 85%-115% of their
nominal concentration and imprecision needed to be <15% CV. Moreover, ultrafiltrate from six
individual donors was prepared and evaluated for selectivity according to the criteria described
above (chapter 2.2.2.1).

2.2.4  Quantification of voriconazole metabolites in in vitro matrices

In in vitro metabolism investigations a low concentration of the enzymatic system as well as a
short reaction time were desired. However, this entailed low metabolite concentrations and thus
imposed higher demands on the bioanalytical assay. Hence, to further optimise the quantification
in the in vitro matrices, sample pre-treatment was adapted. While the protein precipitation step
was identical to plasma and ultrafiltrate samples (20 puL sample added to 80 uL MeOH), the
subsequent dilution of the supernatant was altered. Moreover, the injection volume was increased

to overall evaluate the detector responses and define a corresponding LLOQ.

Matrix effect. For the quantification of NO formation in in vitro metabolism studies, the
bioanalytical method was expanded to two metabolic systems: HLM and rhCYP (2C19, 2C9 and
3A4). Therefore, a surrogate incubation matrix was used for the routine preparation of CAL and
QC samples (chapter 2.2.1.2). To demonstrate the feasibility of this matrix for unbiased
quantification, it was compared to real incubation matrix. Therefore, HLM and rhCYP
incubations were inactivated by heating them to 70°C for 5 min to avoid distortion by continued
metabolic transformations. The surrogate incubation matrix was prepared at a protein
concentration of 0.2 mg/mL BSA and hence resembled the HLM incubations which contained
the same concentration of protein. Incubations of rhCYP (3A4, 2C19, 2C9) ranged from 0.0065 to
0.162 mg/mL protein concentration. However, for the sake of simplicity, the BSA concentration
was not adapted to those concentrations but maintained at 0.2 mg/mL. In all cases, both the
surrogate and heat-inactivated incubation matrix were spiked with identical NO solutions to
obtain a concentration of 10 ng/mL and the detector responses compared. Matrix effects were
found negligible if the IS corrected detector signals did not deviate more than +15% between

matrices and imprecision was <15% CV.

Analytical runs. Performance, i.e. accuracy and precision, of the adapted bioanalytical method
was monitored in all analytical runs. Therefore, requirements for analytical runs defined by the
EMA guideline on bioanalytical method validation were adhered to [139]. In all runs, calibration
series, consisting of a minimum of six CAL, and QC samples were included. The number of QC
samples was adjusted to the amount of study samples within the run, reflecting 5% of study
samples or a minimum of three QC levels in duplicate, whichever was higher. A minimum of
75% of CAL had to be within £15% of their nominal concentration (+20% at the LLOQ). In case

of the rejection of a CAL sample, the calibration function was re-assessed without it provided that
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a minimum of six CAL samples remained. For QC samples an accuracy of 85%-115% (80%-
120% at the LLOQ) compared to their nominal concentration was required. A minimum of 67%
of QC samples had to meet this criterion as well as a minimum of 50% per concentration level.
Only if CAL and QC samples fulfilled those requirements the analytical run was accepted, and
study samples evaluated. The overall performance was evaluated pooling the results of all QC
samples and assessing the mean accuracy and precision of all accepted runs. Thereby, the same
limits were applied for accuracy. Furthermore, precision was assessed as CV and was required to
be <15% (<20% at the LLOQ) for each concentration level.

2.3 In vitro metabolism studies for voriconazole and its metabolites

On the one hand, VRC has been described as a substrate of CYP2C19, CYP2C9 and CYP3A4
[37,38,69,71]. Thus, a profound quantitative analysis of the underlying kinetics was performed
aiming for a better understanding of VRC metabolism in humans (chapter 2.3.4).

On the other hand, VRC has been discussed as a strong CYP inhibitor, potentially influencing its
own metabolism [37,38,82,83,85]. Therefore, the inhibitory potential of VRC was evaluated and
expanded to its N-oxide and hydroxy metabolite to generate an overarching picture
(chapter 2.3.5).

2.3.1 Preparation of enzyme and co-factor solutions

HLM, HIM and rhCYP (2C19, 2C9 and 3A4) were purchased in a ready-to-use form and the
respective enzyme source was selected depending on the investigation. HLM were a pooled batch
from 150 donors with an equal gender distribution and HIM were prepared from duodenum and
jejunum sections from seven donors and contained only mature enterocytes. The rhCYP were
derived from baculovirus-infected insect cells. All enzyme stock solutions were stored as
recommended by the manufacturer at -80°C and rapidly thawed at 37°C directly before usage
[143]. After the withdrawal of the necessary volume, the enzyme solutions were immediately re-
frozen to keep the loss in enzyme activity as low as possible. Overall, no stock solution was

exposed to more than five freeze-thaw cycles.

Working solutions of HLM, rhCYP and HIM were prepared at a 20- to 25-fold higher

concentration than in the final set-up by diluting the stock solution with PPB.

To prevent the depletion of NADPH and thus deviations in the enzyme kinetics, a NADPH
re-generating system was applied to ensure the repeated production of NADPH in situ. This
system was composed of two individual, subordinate solutions. Solution A consisted of NADP™,
glucose-6-phosphate and magnesium chloride while solution B contained glucose-6-phosphate

dehydrogenase. Solution A and B were purchased as ready-made solutions, aliquoted and thawed
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at the respective day of the investigation or prepared freshly from the individual components. All

working solutions were kept on wet ice until needed in the experiment.

2.3.2 Incubation conditions and procedure

The incubation conditions should mimic the in vivo hepatocyte environment as closely as
possible. Thus, all incubations were performed at 37°C and pH 7.5 in TRIS buffer under gentle,
constant shaking in an Eppendorf Thermomixer®. Final incubations were prepared by mixing the
different higher concentrated working solutions, i.e. TRIS buffer (250 mM, pH 7.5), NADPH
re-generating system (solutions A and B), the respective substrate, enzyme system and where
applicable the respective inhibitor, with the required volume of UP water to reach a total volume
of 100 pL (Figure 2.1). This resulted in a final concentration of 50 mM TRIS buffer, 1.0 to
1.3 mM NADP*, 3.3 to 5.0 mM glucose-6-phosphate, 3.3 mM magnesium chloride and 0.4 to
0.5 U/mL glucose-6-phosphate dehydrogenase. Final concentrations of the buffer and co-factors
were kept constant between different investigations to ensure comparability. Dilutions and final
concentrations of the respective substrates, enzyme systems and inhibitors were carried out in an
adapted manner depending on the aim of the investigation and are therefore reported in the

respective chapters. An overview of all individual experimental set-ups is presented in Table 7.1.

Enzymatic system NADPH re-generating system
*  Recombinant human CYP enzyme + NADP"

*  Human liver microsomes *  Glucose-6-phosphate

* Human infestine microsomes * Magnesium chloride

Glucose-6-phosphate dehydrogenase

Substrate Inhibitor (optional)
Incubation
« TRIS buffer (50 mM, pH 7.5)
« 37°C
» Constant shaking
Samphng
Inactivation
Methanol on dry-ice

Figure 2.1: Schematic overview of the experimental set-up for in vitro metabolism investigations.
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Time measurements for the adherence of the reaction time were started as soon as the mixture
was complete, with the addition of NADPH re-generating system solution A or the enzyme
working solution always being the last step. From all incubations, a minimum of two 20 pL
samples at two different time points were taken and the enzymatic reaction was stopped by
precipitation in 80 pL dry-ice-cold MeOH. All samples were vortex-mixed immediately and

stored at -80°C until analysis.

2.3.3 Assessment of CYP2C19, CYP2C9 and CYP3A4 activity with marker reactions

Marker reactions, i.e. metabolic transformations catalysed by a specific CYP isoenzyme, were
required to assess the CYP enzyme activity in vitro in a standardised approach. In the framework
of this thesis, marker reactions for CYP2C19, CYP2C9 and CYP3A4 were essential. The choice
of marker reactions was made based on recommendations by international guidelines on the
investigation of drug interactions by the EMA and FDA [149,150]. For all here described
investigations, the activity of CYP2C19 was monitored by the 4-hydroxylation of S-mephenytoin,
of CYP2C9 by the 4-hydroxylation of diclofenac and of CYP3A4 by the 1-hydroxylation of

midazolam.

After implementing the marker reactions under laboratory-individual resources and conditions,
their Michaelis-Menten kinetics were characterised in HLM and rhCYP (chapter 2.3.3.2). This
was the prerequisite for the determination of intersystem extrapolation factors (ISEF), which were
necessary for calculating the contribution of individual CYP enzymes to the overall formation of
NO (chapter 2.3.4.3) as well as for the assessment of the inhibitory effects of VRC, NO and
OH-VRC on the respective CYP isoenzymes (chapter 2.3.5).

2.3.3.1 Bioanalytical assay for the quantification of 4-hydroxymephenytoin,

4-hydroxydiclofenac and 1-hydroxymidazolam

A previously developed LC-MS/MS assay was applied for the quantification of OH-MEP,
OH-DIC and OH-MDZ as well as for the detection of the substrates (S-mephenytoin, diclofenac,
midazolam) and inhibitors (VRC, NO and OH-VRC) [151]. This assay was based on the
bioanalytical method described in chapter 2.2 and adapted to enable and optimise the
quantification of the three metabolites of the marker reactions. Thus, also the same
instrumentation was used as described in chapter 2.2.1.1. Chromatographic separation was
achieved by a Poroshell Phenyl Hexyl column (RP, 2.1 x 100 mM, 2.7 pM) combined with an
InfinityLab Poroshell 120 Phenyl Hexyl guard column (2.1 x 5 mM, 2.7 uM) at 30°C. As eluents,
UP water and MeOH were used. Both contained 0.1% [V/V] FA and were combined according
to the gradient method in Table 2.1. The flow rate was set to 0.350 mL/min and the injection
volume adapted to the current sensitivity of the MS with volumes ranging from 5-18 pL. The total

run time encompassed 6.9 min and included a 1.6 min postrun and 15 s needle wash time.
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Table 2.1: Mobile phase composition of the LC-MS/MS gradient method.

Interval Time [min] Ultrapure. Wat.er + Metha_nol +
0.1% formic acid, % 0.19% formic acid, %
0 0.00 95 5
1 0.50 50 50
2 1.00 50 50
3 3.00 30 70
4 3.05 2 98
5 4.70 2 98
6 4.80 95 5
7 6.90 95 5

The ESI source was operated in positive ionisation mode and ion acquisition was performed in
dynamic multiple reaction monitoring (dIMRM) mode with a 2 min retention time window. In the
final settings, transitions of ten different compounds were monitored. The respective precursor
and product ions for the ten analytes as well as the collision energy and retention times are listed
in Table 2.2. The final optimised source parameters were a capillary voltage of 3000 V, nebulizer
gas pressure of 35 psi, drying gas and sheath gas flow of 19 and 12 L/min of nitrogen, drying gas
and sheath gas temperature 210 and 400 °C.

Table 2.2: Precursor and product ions, as well as corresponding collision energy, fragmentor voltage, cell
accelerator voltage and retention times, of all compounds included in the bioanalytical assay used for the
quantification of the metabolites of the marker reactions for CYP2C19 (S-mephenytoin 4-hydroxylation),
CYP2C9 (diclofenac 4-hydroxylation) and CYP3A4 (midazolam 1-hydroxylation) in the presence or
absence of voriconazole and its two metabolites, voriconazole N-oxide and hydroxyvoriconazole. The mass

transitions used for quantification are marked in bold.

Compound Precursor Product Collision Fragmentor Cell Retention
ion m/z ionm/z  energy  voltage [V] accelerator time
[M+H]* [eV] voltage [V] [min]
4-Hydroxy- 235 150 16 380 5 2.3
mephenytoin
235 105 36 380 5 2.3
235 56 40 380 5 2.3
4-Hydroxy- 312 266 8 380 5 4.2
diclofenac
312 230 32 380 5 4.2
312 195 64 380 5 4.2
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Table 2.2: continued

1-Hydroxy- 342 324 20 380 5 35
midazolam
342 203 32 380 5 35
342 168 44 380 5 35
S- 219 134 20 380 5 3.3
Mephenytoin
ephenytol 219 115 44 380 5 3.3
219 56 40 380 5 3.3
Diclofenac 296 250 8 380 5 4.4
296 215 24 380 5 4.4
296 214 40 380 5 4.4
Midazolam 326 291 28 380 5 3.2
326 249 44 380 5 3.2
326 222 56 380 5 3.2
Voriconazole 350 281 17 380 5 4.1
350 224 13 380 5 4.1
350 127 41 380 5 4.1
\Voriconazole 366 224 13 380 5 3.4
N-oxide
366 143 9 380 5 3.4
Hydroxy- 366 297 16 380 5 3.7
voriconazole
366 143 24 380 5 3.7
366 127 55 380 5 3.7
Internal 285 222 36 380 5 4.4
standard
(diazepam) 285 193 36 380 5 4.4
285 154 32 380 5 4.4

m/z, mass-to-charge ratio

CAL and QC samples for the quantification of OH-MEP, OH-DIC and OH-MDZ were prepared
in the same surrogate incubation matrix as described for NO (chapter 2.2.1.2). The BSA content
was adjusted to the protein content of the HLM incubation of the individual marker reaction and
the respective experiment. Hence, it was 0.2 mg/mL for OH-MEP (CYP2C19), 0.04 mg/mL (or
0.08 mg/mL) for OH-DIC (CYP2C9) and 0.05 mg/mL for OH-MDZ (CYP3A4, Table 7.1). From
the original stock solutions (chapter 2.1.5.3) secondary stock solutions of 100 pg/mL were
prepared in MeOH. The latter were diluted 100-fold with surrogate incubation matrix to obtain a

working solution that could be further serially diluted with matrix. Finally, a set of three
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individual working solutions was obtained for each metabolite as well as CAL and QC samples,
spanning a concentration range of 103. Final CAL and QC concentrations were adapted according
to the type of the experiment and the expected metabolite concentrations, as recommended in the
EMA guideline for bioanalytical method validation [139]. Thus, for experiments determining un-
inhibited kinetics of the marker reactions, calibration ranges were shifted to higher concentration
ranges while in investigations expecting high inhibitory effects on the marker reactions,
calibration ranges were adapted to cover lower concentrations. At all times, the CAL series were
composed of a blank and a zero sample plus eight CAL levels that ranged from 0.5 to 400 ng/mL
for OH-MEP, from 1 to 1000 ng/mL for OH-DIC and from 0.1 to 1000 ng/mL for OH-MDZ,
respectively. Additionally, three QC concentration levels at a low, medium and high
concentration with regard to the calibration range, were investigated in all analytical runs. As IS
diazepam was used and the IS solution prepared by spiking 20 mL of UP water with 20 or 4 puL
of IS working solution (10 pg/mL in MeOH), respectively. This resulted in final IS solutions of
2 or 10 ng/mL.

Sample pre-treatment consisted of a protein precipitation step by adding 20 uL of the respective
sample to 80 pL ice-cold MeOH. After vortex-mixing, all samples were centrifuged at 14000 x g
for 15 min at 4°C. 20 uL of the supernatant were transferred to 20 pL of the IS solution or in the

case of blank samples, to 20 pL of UP water and vortex-mixed again.

Final samples were transferred to a 96-well plate, covered with a pre-slit well cap and stored at

4°C in the autosampler until injection.

The respective metabolite concentrations were calculated based on linear regression of the ratio
of the detector response for the metabolite to the IS versus the nominal concentration of the
metabolite. A weighting factor of 1/(concentration)? in the linear regression model increased the
accuracy for samples in the lower concentration range [147]. Back-calculated concentrations of
CAL samples were required to be within £15% of their nominal concentration (£20% at the
LLOQ) with a minimum of 75% being accurate and a minimum of six CAL per calibration row.
Furthermore, 67% of QC samples of each run had to fulfil the accuracy criteria with a minimum
of 50% per concentration level. Overall method performance was evaluated by the determination
of an overarching accuracy and precision, pooling all QC samples from all analytical runs. Here,
the mean concentration of all QC samples was required to be within £15% of the nominal
concentration (+20% at the LLOQ) and precision <15% CV (<20% at the LLOQ).

2.3.3.2 Michaelis-Menten  kinetics of the 4-hydroxylation of S-mephenytoin,

4-hydroxylation of diclofenac and 1-hydroxylation of midazolam

Essential preliminary investigations, e.g. the examination of reaction linearity and absence of

substrate depletion, were performed previously in the same laboratory under identical conditions
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or based on the manufacturer’s information [151-154]. Additionally, in literature reported Kinetic
parameters for the respective marker reactions were considered to optimise the study design with

regard to enzyme and substrate concentration as well as reaction times [155-157].

Building upon this knowledge, experiments for the determination of Michaelis-Menten kinetics
in HLM were performed at protein concentrations of 0.2, 0.04 and 0.05 mg/mL for the marker
reactions of CYP2C19, CYP2C9 and CYP3A4, respectively. Two samples were taken from each
incubation after 15 and 25 min for CYP2C19, after 5 and 10 min for CYP2C9 and after 7 and
12 min for CYP3A4, respectively. Those settings ensured sufficient metabolite formation for
quantification while maintaining short reaction times and HLM concentrations. For each marker
reaction, eight substrate concentrations were chosen to cover all phases of the Michaelis-Menten
kinetics. In detail, S-mephenytoin concentrations of 4.58, 9.16, 13.7, 18.3, 36.7, 45.8, 91.6 and
458 uM, diclofenac concentrations of 1.69, 3.38, 6.75, 10.1, 13.5, 27.0, 67.5 and 169 puM and
midazolam concentrations of 0.307, 0.767, 1.53, 3.07, 6.14, 9.21, 20.0 and 30.7 uM were applied
(n=3 each).

For investigations in rhCYP concentrations of 2.5 pmol/mL rhCYP2C19 (n=3), 2 pmol/mL
rhCYP2C9 (n=6) and 12.5 and 25 pmol/mL rhCYP3A4 (n=3 each) were applied, respectively.
Sampling time points were identical to those in HLM as were substrate concentrations of
S-mephenytoin and midazolam. For diclofenac, a lower substrate concentration of 0.844 uM was

included in exchange for the 10.1 uM level.

The reaction velocity (V in pmol/(min'mg) for HLM and HIM and in pmol/(min-pmol) for
rhCYP) was determined for each sample as the concentration of the respective metabolite (Cwmet
in pmol/mL) divided by the respective reaction time (trac in min) and concentration of HLM/HIM
or rhCYP (Cenyzme in mg/mL for HLM and in pmol/mL for rhCYP, Eq. 2.4), respectively.

C
V= Met

CEnzyme " treac

(2.4)

For the evaluation of the enzyme kinetics, the reaction velocity of metabolite formation (V) was
considered in dependence of the added substrate concentration (Cs in pM) applying the
Michaelis-Menten equation (Eg. 2.5). Kinetic parameters, i.e. the Kv (in pM) and Vmax (in
pmol/(min'mg) for HLM and HIM and in pmol/(min-pmol) for rhCYP), were estimated by
nonlinear regression using the “nls” function in R and RStudio®.

Cs

V= e
M

(2.5)

Furthermore, the intrinsic clearance value (CLin in pL/(min‘mg) for HLM and HIM and in

pL/(min-pmol) for rhCYP) was determined as the respective ratio of Vimax and Kw (Eq. 2.6).
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V
CLip, = ;—;" (2.6)

2.3.4 Voriconazole and its metabolites as substrates

With the objective to generate a comprehensive overview of VRC metabolism, different
approaches were chosen to characterise the observed kinetics quantitatively. These included the
assessment of the kinetics in different metabolic systems, i.e. in HLM, HIM and rhCYP
(chapter 2.3.4.2), determination of the respective enzyme contributions (chapter 2.3.4.3), as well
as the inspection of the plausibility of the respective in vitro results by a transformation to an in
vivo situation (chapter 2.3.4.4). Furthermore, investigations of the metabolic stability of the

formed metabolites were conducted (chapter 2.3.4.5).

2.3.4.1 Reaction linearity, voriconazole stability and substrate depletion

As a prerequisite for the characterisation of the Michaelis-Menten kinetics in HLM, rhCYP and
HIM linearity of metabolite formation with respect to incubation time and enzyme concentration
was assessed. This ensured the validity of future investigations because the kinetic parameter Vmax

represented a rate, i.e. formation of metabolite in relation to time and enzyme concentration.

For linearity investigation in HLM, the stock solution was diluted to final protein concentrations
of 0.05, 0.1, 0.2 and 0.5 mg/mL. VRC solutions were prepared from the 3.5 mg/mL stock solution
by serial dilutions with UP water and resulted in final substrate concentrations of 1, 10, 20 and
100 pM. Each VRC substrate concentration was combined with each HLM dilution, and every
combination was investigated in duplicate. As for the linearity assessment over time, 20 puL
aliquots were needed at seven different time points, the overall volume of the incubation was
increased to 500 pL. Samples were taken after 5, 10, 15, 20, 30, 60 and 120 min.

For rhCYP2C19, rhCYP2C9 and rhCYP3A4, linearity investigations were performed in a similar
way. Here, final enzyme concentrations amounted to 1, 5, 10 and 20 pmol/mL for rhCYP2C19,
5, 20, 40, 60 and 80 pmol/mL for rhCYP2C9 and 5, 20, 40 and 80 pmol/mL for rhCYP3A4. The
substrate VRC was added to all rhCYP solutions at concentrations of 1, 10 and 100 pM (n=2-4,
Table 7.1). Reaction times of 5, 10, 15, 20, 30 and 60 min were investigated, and hence, the total

volume of the incubation was raised to 200 pL.

For HIM, only linearity over time was determined as the low CYP activity did not allow a
reduction of protein concentration to maintain quantifiable NO concentrations during bioanalysis.
Therefore, all incubations were carried out at a concentration of 0.5 mg/mL HIM. Substrate
concentrations of 1, 5, 10 and 100 uM VRC were investigated, and reactions stopped after 5, 15,
25 and 60 min (n=3).

45



Materials and methods

Linearity was in all cases evaluated with a linear regression model that related the metabolite
concentration to the reaction time or protein/enzyme concentration, respectively. The goodness

of linearity was assessed by the coefficient of determination (R2).

Additionally, control incubations were performed that lacked the NADPH re-generating system
(solution A and B) to explore the CYP specificity of the reaction as well as the stability of VRC

under incubation conditions.

Finally, not only the metabolite formation was investigated, but also the disappearance of VRC
over time. To avoid a distortion of the kinetics, it was aimed at keeping the substrate concentration
constant over the whole reaction time. A maximum depletion of 10% VRC was deemed
negligible.

2.3.4.2 Michaelis-Menten kinetics of the N-oxidation of voriconazole

For the assessment of the kinetic parameters, i.e. Km, Vimax and CLin, of VRC N-oxidation in
HLM, a protein concentration of 0.2 mg/mL was chosen considering a low protein concentration
but sufficient NO formation for bioanalysis. The substrate VRC was added in a wide
concentration range to cover all phases of the Michaelis-Menten curve. Final concentrations were
05,2,3,4,5, 8, 10, 15, 20, 30, 60 and 100 uM (n=3). After 10, 20 and 30 min, a 20 pL sample

was taken to ensure evaluable results in case of experimental variabilities.

Investigations in recombinant systems were performed at enzyme concentrations of 5 (n=3) and
15 pmol/mL (n=6) for rhCYP2C19, 100 pmol/mL (n=5) for rhCYP2C9 and 20 (n=3) and
40 pmol/mL (n=6) for rhCYP3A4, respectively. VRC concentrations of 0.5, 1, 2, 3, 4, 8, 30 and
100 uM were applied to describe the trajectory of the Michaelis-Menten curve satisfactorily. All

incubations were sampled twice, after 15 and 25 min, respectively.

Michaelis-Menten kinetics in HIM were assessed at a protein concentration of 0.5 mg/mL,
applying VRC substrate concentrations of 0.5, 1, 2, 3, 4, 5, 8, 10, 15, 30, 60 and 100 uM (n=3).

Samples were taken, and the reaction terminated after 5, 15 and 25 min.

Reaction velocities as well as Ku, Vmax and CLin: were determined as described for the marker

reactions (chapter 2.3.3.2) using equations 2.4 to 2.6.

Furthermore, a Lineweaver-Burk linearisation was performed by determination of the reciprocal
of the mean of the reaction velocity and the respective substrate concentration. The transformed
data were subjected to linear regression analysis and the results were evaluated graphically in a

Lineweaver-Burk plot.
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2.3.4.3 Contribution of individual CYP isoenzymes to voriconazole N-oxidation

Further research focussed on the contribution of individual CYP isoenzymes to the overall
formation of NO in HLM. Therefore, two different approaches were explored. First, CYP
enzymes in the complex system of HLM were individually inhibited to determine the remaining
metabolism. Second, kinetic parameters determined in recombinant systems were transformed to

reflect the metabolism in HLM.

Specific enzyme inhibition in human liver microsomes. To identify the involved CYP
isoenzymes in VRC N-oxidation, experiments with specific CYP inhibitors were performed. For
this purpose, VRC concentrations of 0.5, 1, 2, 3, 4, 8, 30 and 100 uM were incubated with HLM
at a concentration of 0.2 mg/mL. Additionally, the CYP specific inhibitors loratadine
(CYP2C19), sulfaphenazole (CYP2C9) and ketoconazole (CYP3A4), as well as a mixture of the
three, were added to the incubation [149,150,158]. The specificity of the inhibition is highly
dependent on the concentration of the inhibitor, thus based on literature, concentrations of 10 pM
loratadine, 10 uM sulfaphenazole and 0.1 uM Kketoconazole were used [159-162]. Control
incubations were performed without inhibitor, instead the same volume of inhibitor-free solvent
was added. The enzymatic reaction was stopped by addition of 20 uL of the incubation mixture
to 80 uL MeOH after 15 and 25 min. The reaction velocities at the respective substrate
concentration in the presence and absence of the inhibitor were determined according to equation
2.4. The contribution of a single enzyme to the overall VRC N-oxidation was calculated as the
deviation to 100% of the ratio of the respective reaction velocity of incubations in the presence
of inhibitor (Vinn) and the reaction velocity at the same concentration level of the control (Vcon,
Eq. 2.7).

: . Vinh.
Contributioncyp;, % = 100% — ——-100% (2.7)

con.

In order to control for the specificity of the enzyme inhibition, the inhibitors loratadine,
sulfaphenazole and ketoconazole were tested on marker reactions specific for the respective CYP
isoenzymes (chapter 2.3.3). For this purpose, S-mephenytoin (CYP2C19), diclofenac (CYP2C9)
and midazolam (CYP3A4) were used as probe substrates at concentrations close to their Ky, i.e.
45.8, 10.1 and 6.1 uM, respectively, and incubated with HLM at a concentration of 0.2 mg/mL
for 15 and 25 min. Each probe substrate was incubated in the presence of each inhibitor. The
reaction velocity, calculated according to equation 2.4, was determined in the presence of each
inhibitor and compared to the reaction velocity in an uninhibited control. The latter was derived
during the determination of the Michaelis-Menten kinetics of the marker reactions as described
in chapter 2.3.3.2.
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Extrapolation from recombinant human CYP enzymes. Individual CLi of VRC N-oxidation
determined in the recombinant human isoenzymes 2C19, 2C9 and 3A4 (CLintcyri) Were
extrapolated to the CLix of the respective isoenzyme in HLM by taking the CYP abundance in
HLM into account (Eqg. 2.8). Consequently, the CLix: of each isoenzyme (CLint.cvriHm) Was either
related to (i) the overall observed CLiyx in HLM (CLintnim, EQ. 2.9) or (ii) to the sum of the
individual converted CLix to determine the contributions of the respective CYP isoenzymes
(Eq. 2.10).

CLintcypipim = CLingrncypi - PA450i abundance (2.8)

CLint,cypiHim

Contributioncyp;, % = -100% (2.9)

CLint,HLM

CLint,cypiHim

Contributioncyp;, %o = -100% (2.10)

Z CL int,CYPi,HLM

However, as rhCYP are artificially expressed systems, the use of ISEF were considered to account
for activity differences in the two metabolic systems [163,164]. ISEF were derived by the
assessment of Michaelis-Menten kinetics of marker reactions, which are specific for one enzyme,
in HLM and rhCYP (chapter 2.3.3). Subsequently, the ISEF was calculated by two different
approaches. First, as the ratio of Vmax 0Of the respective marker reaction (Vmaxmr) in HLM and
rhCYP (chapter 2.3.3.2) corrected for CYP abundance in HLM (P450i abundanceniv) under the
assumption that the Ky was constant in the two systems (Eg. 2.11). Second, as the ratio of CLin
of the respective marker reaction (CLinmr) in HLM and rhCYP (chapter 2.3.3.2) corrected for
CYP abundance in HLM and thus allowing for a different Ky in the two systems (Eq. 2.12).

Vmax,MR,HLM

ISEF, P =
Vinax,CYPU Vinaxmrrrcyp - P450i abundancey; y

(2.11)

CLint,MR,HLM
CLint Mrrheyp * P450i abundancey y

ISEFcy,,, cypi = (2.12)

The individual isoenzyme CLix of VRC N-oxidation in HLM (CLincvriHim,iser) Were then
calculated by using the individual CLiy determined in the respective rhCYP (CLintmcyei) and
converting them, taking into account the individual CYP abundances in HLM as well as the
respective ISEF (Eqg. 2.13). CYP abundances per milligram liver were taken from literature [165]
and are reported in Table 7.2.

CLintcypinimiser = ISEFcypi * CLintrncypi - P450i abundance (2.13)

Lastly, the individual CL;x of each isoenzyme was either related to (i) the overall CL;x observed
in HLM (CLinnim) (EQ. 2.9) or (ii) the sum of the individual converted CLix corrected by the
ISEF approach (Eqg. 2.10), and hence the contribution determined.
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2.3.4.4 Invitro in vivo extrapolation

CLin determined in in vitro metabolic systems can be extrapolated to in vivo hepatic CLint
(CLinthepatic.invivo) By multiplication with the microsomal protein per gram liver (MPPGL in mg/g)
and the mean human liver weight (Eq. 2.14) [164].

CLint,hepatic,invivo = MPPGL - liver Weight ) CLint, invitro (2-14)

Furthermore, by applying the well-stirred liver model [164,166,167], that takes hepatic blood
flow (Qw in mL/min), the fraction unbound in plasma (fup) and the blood-plasma-ratio (BP) into
account, an in vivo hepatic clearance (CLhepaic in mL/min) was calculated (Eq. 2.15).

fuy

QH ' BP 'CLint,hepatic,invivo
CLhepatic = fu

(2.15)
Qu + B_Pp ' CLint,hepatic,invivo

Respective values for MPPLG, liver weight, Qw, fup and BP were taken from literature and are
collected in Table 7.2.

2.3.4.5 Metabolic stability of voriconazole N-oxide and hydroxyvoriconazole

For investigations of NO and OH-VRC stability in HLM incubations, continued metabolism to
secondary VRC metabolites and degradation, both compounds were directly incubated with
HLM. The depletion of NO and OH-VRC at a low (0.137 uM) and a high (1.10 uM) concentration
was assessed over time in incubations containing 0.2 mg/mL HLM. After 5, 15, 30 and 60 min
samples were taken and the respective concentration of NO or OH-VRC was determined (n=2).
An incubation that contained PPB only instead of an HLM dilution, served as a control and was

used for normalisation (n=1).

2.3.5 Voriconazole and its metabolites as enzyme inhibitors

VRC and its two main metabolites, NO and OH-VRC, were investigated for their inhibitory
potential as well as their inhibitory properties characterised in more detail. Overall, a thorough
picture of the effects of VRC on its own metabolising enzymes, i.e. CYP2C19, CYP2C9 and
CYP3A4, was aimed for.

2.3.5.1 Inhibitory potential of voriconazole, voriconazole N-oxide and hydroxyvoriconazole

For the assessment of the inhibitory potential of VRC, NO and OH-VRC, the previously described
marker reactions (chapter 2.3.3) were used at a substrate concentration close to the respective Ky
of the reaction, which was 55.0 uM for S-mephenytoin, 4.73 uM for diclofenac and 4.60 uM for
midazolam. Additionally, five test compound (VRC, NO, OH-VRC) concentrations plus a control

containing only the solvent of the test compound dilution (UP water) were added to the
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incubations (n=2). The sampling time points were kept constant as described before
(chapter 2.3.3.2). However, the HLM concentration for the CYP2C9 marker reaction of
diclofenac 4-hydroxylation was increased to 0.08 mg/mL to ensure the formation of sufficient
metabolite for bioanalysis even at a potential 95% inhibition. VRC was investigated as inhibitor
at concentrations of 0.10, 1.0, 5.0, 10.0 and 100 uM while for NO and OH-VRC due to limited
solubility concentrations of 0.0958, 0.958, 3.83, 9.58 and 34.2 uM were used.

Concentrations of OH-MEP (CYP2C19), OH-DIC (CYP2C9) and OH-MDZ (CYP3A4) were
determined in the incubations and reaction velocities calculated according to equation 2.4.
Reaction velocities derived from metabolic transformations in the presence of an inhibitor (Vim.)
were related to the reaction velocities of the uninhibited control (Vcon.) and thus the percentage of
remaining activity (A) determined (Eqg. 2.16).

Vinn.

A% =

-100% (2.16)

con.

The concentration at which VRC, NO and OH-VRC displayed their half maximal inhibitory effect
(ICso in uM) under the applied conditions as well as the Hill factor, i.e. the steepness of the
inhibition curve (H), were estimated by fitting the four-parameter inhibition model to the
experimental data (Eg. 2.17) [110]. Maximum (Ama) and minimum activity (Ao) were fixed to

100% and 0%, respectively.

(Amax - AO)

log(C) \" (2.17)
1+ (log(w;o)>

In addition, in a sensitivity analysis, Amax and Ao were estimated one at a time as well as

A% =A, +

simultaneously in the model, allowing the evaluation of their impact on ICso.

2.3.5.2 Time-dependent inhibition

Time-dependent inactivation of CYP2C19, CYP2C9 and CYP3A4 by VRC, NO and OH-VRC
was investigated performing an ICso shift assay. The proceedings of this assay were identical to
the 1Cso determination (chapter 2.3.5.1) despite a pre-incubation time of 30 min before the
addition of the respective substrate of the marker reaction. In this pre-incubation step, VRC, NO
or OH-VRC were incubated at 37°C together with HLM in the presence or absence of the NADPH
re-generating system and the remaining activity compared to a control that contained inhibitor-
free solvent (EqQ. 2.16). 1Cs calculations were performed according to equation 2.17 setting Amax
to 100% and Ao to 0%. In case of time-dependent inhibition, 1Cso values were expected to shift to
lower values and shifts of >1.5-fold have been previously described to be physiologically relevant
[168].
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2.3.5.3 Type of reversible inhibition

For the assessment of the type of reversible inhibition the previous experiments were extended
and six substrate concentrations of the marker reactions were combined with five concentrations
of VRC, NO or OH-VRC plus the uninhibited control. The concentrations of VRC, NO and OH-
VRC were identical to those in 1Cso investigations (chapter 2.3.5.1). For CYP2C19, CYP2C9 and
CYP3A4 S-mephenytoin concentrations of 9.16, 13.7, 18.3, 55.0, 91.6 and 458 uM, diclofenac
concentrations of 1.69, 3.38, 4.73, 6.75, 27.0 and 169 uM and midazolam concentrations of 0.767,
1.53, 3.07, 4.60, 9.21 and 30.7 uM were used, respectively. Hence, substrate concentrations
ranged across the full kinetic profile of the respective marker reaction. All incubations were
carried out in duplicate and two samples taken from each incubation at the previously defined
time points (chapter 2.3.3.2). Reaction velocities and their precision were determined (Eq. 2.4)
and investigated in relation to the substrate (Cs) and inhibitor (C, in uM) concentration to
determine Kmv and Vmax as well as the inhibitory constant (K; in uM) of the reaction. The obtained
data were used to fit the three main models of reversible inhibition, i.e. competitive (Eq. 2.18),
non-competitive (Eq. 2.19) and uncompetitive (Eq. 2.20) using the “nls” function in R [110]. The
type of inhibition was determined according to the best model fit assessed with the Akaike’s
information criteria (AIC) [169]. Models with a lower AIC were considered superior to models
with a higher AIC. A model was deemed to be significantly better when the difference in AIC

exceeded 2. All estimated model parameters were evaluated for their precision and plausibility.

V= Vmax
1+ 5% i M (1+ Ii’) (2.18)
V= KVmax C (2.19)
(1+ CM) (1+ KI)
V= ];?;x G, (2.20)
(1+ o l)

Lastly, also a Lineweaver-Burk linearisation of the data was performed by determination of the
reciprocals of the reaction velocities and the substrate concentrations. Subsequently, a linear
regression analysis was performed for each inhibitor as well as inhibitor level on the CYP
isoenzymes 2C19, 2C9 and 3A4. In case of competitive inhibition, individual linear functions
were expected to share a common intersection on the y-axis of the Lineweaver-Burk plot (the
Vmax) While in the case of non-competitive inhibition the common intersection would lie on the
x-axis of the plot (the Km). Uncompetitive inhibition was concluded when the linear regression

functions present themselves as parallel lines (identical slopes) [110].
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2.4 In vitro microdialysis feasibility studies for voriconazole and its N-oxide metabolite

The feasibility of the simultaneous microdialysis of VRC and NO was explored in vitro under
standardised conditions before the investigation of clinical trial samples. For this purpose, in a
first step VRC and NO RR were assessed in the absence of the respective other across a large
concentration range (chapter 2.4.4). Afterwards, combinations of VRC and NO at different
concentration levels were evaluated (chapter 2.4.5) as well as all data simultaneously analysed
applying a linear mixed-effects (LME) model (chapter 2.4.6). Finally, the catheter calibration
method of retrodialysis was explored to test its feasibility for determination of ISF concentrations
for VRC and NO (chapter 2.4.7).

2.4.1 Preparation of in vitro microdialysis solutions

VRC and NO solutions for in vitro microdialysis investigations, i.e. catheter-surrounding medium
and retroperfusate, were prepared using the 1 mg/mL methanolic stock solutions (chapter 2.1.5.3).
By a 100-fold dilution of the stock solution with RS, a 10 pg/mL working solution of VRC and
NO was prepared. The final catheter-surrounding medium was prepared by spiking RS with the
VRC and/or NO stock or working solution, respectively, to obtain the final concentrations as
described in the following sections. A total volume of 14 mL was needed to adequately surround

microdialysis catheters with medium in the sIVMS (chapter 1.4.3).

For VRC retroperfusate, the same stock solution was used to spike RS to obtain a concentration
of 60 pg/mL. A total volume of 5 mL was prepared as identical solutions were applied for the

parallel use of up to four microdialysis catheters.

2.4.2 Invitro microdialysis procedure

The previously developed and validated sIVMS [134] was used to perform all in vitro
microdialysis experiments under standardised conditions and enable the parallel use of up to four
microdialysis catheters. To optimally mimic the ISF, the catheter-surrounding medium, consisting
of RS, was constantly stirred and maintained at 37°C. For all recovery investigations, the catheter-
surrounding medium was spiked with the respective compound(s), VRC, NO or a combination,
at different concentrations. Microdialysis catheters were perfused with RS at a flow rate of
2 uL/min, which was identical to flow rates of previously performed in vivo investigations
[132,146]. For the purpose of reproducibility and uniformity, all experiments were conducted
according to a standardised procedure. First, syringes holding the perfusate and containers for the
catheter-surrounding medium were filled with MilliQ® water and microdialysis catheters perfused
for 15 min while gradually increasing the flow rate and flushing finally at 15 pL/min for one
minute. Secondly, syringes and medium containers were filled with compound-free RS and the

procedure was repeated. Afterwards the flow rate was set to the final 2 pL/min and the system
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was equilibrated for 15 min. Two baseline samples were taken by collecting microdialysate for
15 min each in an Eppendorf tube while pure RS was in the syringes and medium containers. This
procedure ensured that no VRC or NO from previous experiments were left in the catheters and
the flushing procedure had been successful. After the baseline samples, the catheter-surrounding
medium was exchanged to medium spiked with VRC, NO or a combination, and another 15 min
equilibrated to assure the steadiness of concentrations in the tubing system. Recovery
investigations started thereafter. One sample period lasted 7.5 min to collect enough volume of
microdialysate for quantification. Depending on the study day, up to ten microdialysate samples
were taken consecutively. The catheter-surrounding medium was sampled directly after
preparation and then after every second microdialysis interval for calculation of RR values
(Figure 2.2).

-45 -3|0 -lli (l) 7I5 15 22|.5 30 32.5
Time [min] I | | | | | | | |
Medium Ringer’s solution VRC or/and NO solutions
Medium samples [ 1 ]
n<6
Microdialysis phases Baseline Equili- Recovery
bration
Microdialysate samples <o [ ] Microdialysate

Figure 2.2: Experimental procedure and sampling schedule for the determination of relative recovery of
voriconazole (VRC) and its N-oxide metabolite (NO) in a validated in vitro microdialysis system. Times

are given relatively to the start of recovery investigations.

2.4.3  Stability of voriconazole N-oxide under in vitro microdialysis conditions

As a prerequisite for reliable microdialysis investigations NO needed to be stable at a temperature
of 37°C for an adequate time of approximately 4 h. Therefore, two NO solutions at a low and a
high concentration (0.01 and 4.0 pug/mL), were prepared in duplicate in RS and kept at 37°C ina
constantly shaking Eppendorf ThermoMixer®. Aliquots for analysis were taken immediately after
preparation and every 20 min afterwards for a total of 4 h and quantified with freshly prepared
calibration samples (chapter 2.2). The metabolite was deemed stable if no degradation tendencies
were observable and the deviation from the nominal concentration was less than +15% as

predefined by the EMA guideline on bioanalytical method validation [139].
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2.4.4 Relative recovery of voriconazole and its N-oxide metabolite during individual

microdialysis

The RR of VRC and NO in the absence of the respective other was investigated using five
concentrations (0.01, 0.1, 0.2, 0.5 and 3 pg/mL) for VRC and four (0.01, 0.1, 0.5 and 3 pg/mL)
for NO in the catheter-surrounding medium. For VRC, investigations were performed on five
study days using five different microdialysis catheters and for NO on three days using four
catheters. Microdialysate samples were collected over a period of 7.5 min with up to ten intervals
consecutively on each study day with the same catheter. Additionally, the catheter-surrounding
medium was sampled up to six times throughout the experiment (Figure 2.2). RR was assessed
as ratio of the individual microdialysate concentration (C,p) and mean medium concentration
(Cwmedium) (Eq. 2.21).

RR,% — CHD

-100% (2.21)

Medium

RR values were graphically explored to evaluate their dependency on concentration, the used
microdialysis catheter and the study day. Thereby, the respective other parameters were omitted.

2.4.5 Relative recovery of voriconazole and its N-oxide metabolite during simultaneous

microdialysis

Simultaneous microdialysis of VRC and NO was investigated using four catheters on three study
days. In total, five different solutions combining VRC plus NO were examined: 0.01 + 0.01,
0.2+0.5,0.5+0.5 3+0.01 and 3 + 3 pug/mL, respectively. Combinations of high NO and low
VRC concentrations were not feasible due to the impurity of the NO reference standard containing
approximately 2% of VRC. Medium samples were taken throughout each experiment and used
to calculate RR according to equation 2.21. The obtained RR values were evaluated graphically
to assess changes in RR compared to individual microdialysis. Additionally, the influence of the

concomitant concentration of the second compound was explored.

2.4.6 Linear mixed-effects modelling

For a comprehensive evaluation, a LME model was built, applying the “Ime4” package in R and
RStudio®[170], to simultaneously assess the impact of experimental factors on RR as well as to
explore the difference between RR of VRC, NO and their combination. Investigated experimental
factors comprised the VRC and NO concentration, the used individual microdialysis catheter and
the respective study day. The RR of VRC and NO were set as dependent variable and the
corresponding nominal concentration (Cnom) as well as the scenario were defined as fixed terms.
In total, RR corresponded to four different scenarios, which were integrated in the model as

categorial variables (Figure 2.3).
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Scenario
I
e e e Y
VRC NO
VRC (+NO) NO | +vRre)

Figure 2.3: The four investigated scenarios for the determination of relative recovery of voriconazole
(VRC), its N-oxide metabolite (NO) individually or in the presence of the respective other (given in
brackets).

RR of the individual microdialysis of VRC was thereby the reference scenario and estimated as
the coefficient ag (Eq. 2.22) corresponding to the y-intercept of the linear model. The RR of the
other three scenarios were estimated as absolute deviation from RR of VRC as coefficient a; for
each of the remaining three scenarios (Eq. 2.22). The slope of the linear regression for each
scenario was described by the impact of Cnom and its coefficient a,. Furthermore, the individual
microdialysis catheter (n=5) and the study day (n=7) were defined in the model as crossed random
effects as they were assumed to contribute to the observed variance (o) in the data whereas &

depicted the remaining unexplained variance (Eg. 2.22).
RR = ay + aq * Scenario + a, *Cyom+ 0(Catheter) + o(Study day) + & (2.22)

All fixed effects were tested for statistical significance applying an F-statistic using
Satterthwaite’s approximation for the degrees of freedom, using the ImerTest package [171] in
the software R. The result was considered statistically significant with the 95% confidence

interval (CI) excluding zero and p-values <0.05.

2.4.7 Invitro retrodialysis

Retrodialysis with VRC was performed at the end of two recovery investigations using a 20-fold
higher VRC concentration in perfusate (60 pg/mL) as the highest VRC concentration in medium.
This ensured an unsaturated diffusion across the membrane of the microdialysis catheter as the
concentration in the catheter-surrounding medium was negligibly compared to retroperfusate
[137]. Three retrodialysate samples were collected per microdialysis catheter for 10 min each
while retroperfusate samples were taken at the beginning (n=1) and the end of retrodialysis (n=2)
(Figure 2.4).

Relative delivery (rD) was calculated as difference to 100% of the ratio of the VRC concentration
in retrodialysate (Cretrodialysate) and the concentration in retroperfusate (Cretroperfusate) (EQ. 2.23) and
used to determine the concentration of VRC and NO in the catheter-surrounding medium
(Eq. 2.24).
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C .
D, % = 100% — <w) - 100% (2.23)
Retroperfusate
Cup .
CMedium or ISF = F%. 100% (2.24)

The performance of VRC retrodialysis was assessed by comparing these calculated VRC and NO

concentrations to the direct measurements in the catheter-surrounding medium (n=6).

I I N N N T A

Time [min] | | | | | - | | | |
0 10 20 30
Medium Ringer’s solution VRC or/and NO solutions
Medium samples [ 1 ]
n=6
Microdialysis phases Baseline Equili.. . Recovery Retrodialysis
bration
Microdialysate samples Micro. ] e Retrodialysate
dialysate

Perfusate Ringer’s solution Retroperfusate
Perfusate samples 1 1

Figure 2.4: Experimental procedure and sampling schedule for the determination of relative recovery of
voriconazole (VRC) and its N-oxide metabolite (NO) in a validated in vitro microdialysis system including
retrodialysis. Times are given relatively to the start of recovery investigations and start of retrodialysis,

respectively.

2.5 Clinical microdialysis trial for the determination of voriconazole and its N-oxide

metabolite concentrations in plasma, ultrafiltrate and interstitial space fluid

Aiming at amalgamating the knowledge on VRC PK that can be gained by microdialysis
investigations and the simultaneous assessment of drug and metabolite, plasma, ultrafiltrate and
microdialysate samples from a clinical trial were assessed for their VRC and NO concentrations

and differences in the PK profiles were investigated.

2.5.1 Clinical trial design and study schedule

From 2009 to 2013, a clinical microdialysis study (ClinicalTrials.gov identifier NCT01539330;
EudraCT No. 2008-008524-32) was conducted at the Medical University Vienna. The trial was
approved by the Ethics Committee of the university, the competent federal authority (BASG) and
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performed according to the Declaration of Helsinki as amended in Seoul 2008 [172], the ICH
guideline for good clinical practice, as well as local regulatory requirements at the Department of
Clinical Pharmacology, Medical University Vienna, Austria. Healthy male volunteers were
enrolled in the prospective, open-labelled and uncontrolled trial. All received twice daily an
approved VRC standard dosing of 6 mg/kg body weight i.v. as a 2 h infusion on day one, 4 mg/kg

i.v. as a 1.3 h infusion on day two and 200 mg tablets on day three and four [38].

Microdialysis catheters were inserted into ISF of the abdominal subcutaneous adipose tissue for
a total of four days and microdialysate as well as plasma samples were collected according to a
prespecified schedule. After the first, fifth and seventh dose, intensive sampling was performed
by taking 16 plasma samples (0, 0.5, 1, 1.5, 1.75, 2, 2.25, 2.5, 3.25, 4.5, 6, 8, 9, 10, 11, 12 h) as
well as collecting microdialysate samples in 16 intervals (0-0.5, 0.5-1, 1-1.5, 1.5-2, 2-2.5, 2.5-3,
3-3.5, 3.5-4, 4-5, 5-6, 6-7, 7-8, 8-9, 9-10, 10-11, 11-12 h) after VRC administration. Sparse
sampling was performed after the second, third and fourth VRC dose administration taking
plasma samples at the end of the infusion (2 h on day 1, 1.3 h on day 2 and 3) and after 12 h as
well as collecting microdialysis samples in 0.33 h intervals until the end of the infusion. After the
sixth dose (tablet) on day 3, only after 12 h, a plasma sample was taken [132]. Ultrafiltrate was
acquired by centrifugation of 1 mL plasma in a Centrifree® ultrafiltration device at 2000 x g at

room temperature for 20 min.

Toindividually calibrate microdialysis catheters, retrodialysis was performed twice, subsequently
to the third and last (seventh) dosing interval. Therefore, catheters were perfused with RS
containing VRC at a concentration of 200 pg/mL and two retrodialysate samples were collected
for 15 min after a 10 min equilibration. Perfusate as well as retrodialysate samples were evaluated
individually for every volunteer [173]: rD was assessed by relating the concentration in
retrodialysate (Cretrodialysate) t0 the concentration in retroperfusate (Cretroperfusate) @S presented in
equation 2.23 and assumed equal to RR. Thus, based on rD determinations, concentrations of
VRC and NO in ISF (Cisr) were determined from microdialysate concentrations (Cup) as

described in equation 2.24.

2.5.2 Study population

The described clinical trial was evaluated previously for VRC concentrations alone in ultrafiltrate
and microdialysate [132,173]. The current analysis focussed on all available matrices, i.e. plasma,
ultrafiltrate and microdialysate, from four individuals of this trial to simultaneously assess the
concentrations of VRC and NO. The investigated healthy volunteers were all male, between 22
and 28 years old and had a body mass index of 20.5 to 23.4 kg/m2. Despite their similar
demographic characteristics, they all showed a different CYP2C19 genotype-predicted

phenotype. According to the recommendations of the Clinical Pharmacogenetics Implementation
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Consortium (CPIC®), one individual was thus classified as a RM (CYP2C19 *1/*17), one as a
NM (CYP2C19 *1/*1) and two as IM (CYP2C19 *1/*2 and CYP2C19 *2/*17) [63]. However,
for better differentiation, the CYP2C19 *2/*17 genotype will be referred to as a RM/PM.

2.5.3 Bioanalysis of study samples

Bioanalysis was performed according to the validated LC-MS/MS assay described in chapter 2.2.
Each analytical run was conducted and evaluated as recommended by the EMA guideline on
bioanalytical method validation [139]. Therefore, each run contained, besides the clinical
samples, CAL samples, including a blank and a zero sample, and QC samples. For each analyte,
VRC and NO, separate CAL and QC samples were prepared. Four QC levels were assessed at
least in duplicate and evenly increased to equal or exceed 5% of the number of study samples.
Overall, four bioanalytical runs were carried out, two for microdialysate and two for plasma and
ultrafiltrate samples. Thereby, the ultrafiltrate samples obtained during the first evaluation of the
clinical trial were used and plasma samples not submitted to a new ultrafiltration procedure.
Samples from the CYP2C19 RM and NM as well as the CYP2C19 IM and RM/PM were
combined for the respective analytical runs.

An analytical run was accepted if the back-calculated concentrations of the CAL samples were
within £15% of their nominal value (£20% for the LLOQ). In total, a minimum of 75% of CAL
samples had to fulfil this criterion. If a CAL sample was outside those limits, it was rejected and
the linear regression re-assessed without it. A minimum of six CAL concentrations had to remain
in the calibration function to permit its application to study samples. In case the LLOQ or upper
limit of quantification (ULOQ) had to be rejected, the calibration range was adapted for this run
if all QC levels were still covered by it. However, when replicate CAL concentrations were used
and only one sample at the LLOQ or ULOQ failed, the range remained unchanged. Furthermore,
more than 67% of QC samples in each run had to be accurate, indicated by a maximum deviation
of £15% of their nominal value. At least 50% of QC samples per level had to conform to this
limit. An overall accuracy and precision of VRC and NO quantification was determined for
plasma and microdialysate by combining the respective QC measurements of all runs. Good
performance was demonstrated if the mean concentration per QC level was within +15% of the

nominal value and the imprecision <15% CV [139].

2.5.4 Pharmacokinetic data analysis for clinical study samples in plasma, ultrafiltrate and

interstitial space fluid

The obtained clinical data of VRC and NO from plasma, ultrafiltrate and microdialysate were
subjected to an exploratory PK analysis. This analysis focussed on several aspects: the plasma
protein binding (chapter 2.5.4.1), the concentration-time profiles (chapter 2.5.4.2), the total
exposure (chapter 2.5.4.3) as well as the metabolic ratios (chapter 2.5.4.4) of VRC and NO.
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Therefore, the four individuals were assessed individually considering their CYP2C19 genotype-
predicted phenotype and changes in PK analysed regarding the number of VRC dose
administrations. In particular, PK after the first VRC dose administration (first dosing interval on
day one, i.e. considered as single dosing), which reflected an i.v. administration, after the fifth
dose (fifth dosing interval on day three, i.e. multiple dosing), which reflected the first p.o. dosing
and after the seventh and last dose of the clinical trial (seventh dosing interval on day four, i.e.
multiple dosing), was evaluated. Further, differences in PK between plasma, ultrafiltrate and ISF

were explored.

2.5.4.1 Fraction unbound in plasma of voriconazole and its N-oxide metabolite

The fraction unbound (fu,) of VRC and NO was investigated by relating the unbound plasma
concentrations determined in ultrafiltrate to the total plasma concentrations assessed in plasma.
The dependencies of VRC and NO plasma protein binding were investigated by relating f, to the
total concentration of the respective compound as well as to the time after the first VRC dose
administration. Furthermore, the differences between the individuals with different CYP2C19
genotype-predicted phenotypes was evaluated.

2.5.4.2 Concentration-time profiles and pharmacokinetic target attainment

VRC and NO concentration-time profiles were investigated in plasma, ultrafiltrate and ISF. While
concentrations of VRC and NO in plasma samples reflected total plasma concentrations,
ultrafiltrate samples represented the protein-unbound concentrations in plasma. Concentrations
determined in microdialysate samples were transformed to ISF concentrations by application of
retrodialysis data. Diffusion processes across the microdialysis membrane were considered equal
in both directions, thus VRC rD determined by retrodialysis was presumed equivalent to RR and
used to calculate VRC concentrations in ISF. NO concentrations were calculated in the same way,
using VRC retrodialysis as a surrogate based on in vitro feasibility investigations (chapters 2.4.7
and 3.3.5). Lastly, midtime points of the microdialysis sampling intervals were considered for

graphical evaluations.

Maximum and minimum plasma, ultrafiltrate and ISF concentrations (Cmax and Cnin) as well as
time points for the occurrence of Cmax (tmax) in all matrices were determined for VRC and NO,
respectively. As a PK target, Cmin of VRC in plasma is typically considered, targeting
concentrations of minimum 1-2 pg/mL (2.86 — 5.73 umol/L) while not exceeding 4.5-6 pg/mL
(12.9 — 17.2 pmol/L) [174]. Consequently, also the attainment of Cnin Was explored for each

individual.
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2.5.4.3 Total exposure of voriconazole and its N-oxide metabolite in plasma, ultrafiltrate

and interstitial space fluid

To assess the exposure over time, the AUC was determined for VRC and NO in plasma,
ultrafiltrate and ISF after the first, fifth and seventh VRC dose as in those dosing intervals
intensive sampling was performed. The AUC was determined by the linear-up/log-down
trapezoidal method from time point O to the time point of the last positive concentration, i.e.
quantified concentration, using the “pkr” package in R [175]. For this purpose, while
concentrations were increasing, a linear interpolation between two successive measurements (C;
and Ci+1 with their measurement time points ti and ti+1) was applied and the emerging trapezia
summed up (Eg. 2.25). When concentrations were decreasing, a logarithmic interpolation
between two successive measurements was used and the emerging trapezia summed up (Eg. 2.26).

n

Ci+ Cina
AUCti—tH.l = Z % ' (ti+1 - tl) (225)
i=1
n
C; — Civa
AUCy—y,,, = Z% (tiv1 — &) (2.26)

i=1ln (Ci+1)

The extent of tissue fluid exposure was furthermore assessed by the ratio of AUC in ISF to the
AUC in plasma or ultrafiltrate for VRC and NO, respectively.

2.5.4.4 Metabolic ratios

For the assessment of the total observed differences between the four individuals as well as to
investigate the extent of metabolism, ratios of the VRC and NO concentrations were evaluated.
For this purpose, in a first step, metabolic ratios of NO to VRC molar concentrations were
calculated for every individual plasma, ultrafiltrate and ISF sample and investigated for changes

across time and VRC concentration.

In a second step, also the metabolic ratios of the molar AUC of NO to VRC were explored for the
different CYP2C19 genotype-predicted phenotypes, the respective dosing interval as well as for

the three different matrices.

2.6 Statistics

All generated data were subjected to various statistical analyses. Specific numerical evaluations,
e.g. quantification of enzyme kinetics (chapter 2.3) or LME modelling (chapter 2.4.6), were
introduced in the preceding chapters. In the following general statistical parameters and methods
that were applied throughout this thesis are presented. The respective calculations were performed

with R and RStudio® or Microsoft Excel®.
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2.6.1 Descriptive statistics

Central tendency parameters. The arithmetic mean (Eg. 2.27) was applied as a measure of
central tendency whenever data were symmetrically distributed. As the median (Eq. 2.28) is less
prone to outliers it was used when the number of data points was small or the distribution of the
data unknown [176]. In particular for box plots data were assessed based on quartiles ordering
the values from smallest to largest and dividing the number of data points into equally sized
quarters. The first quartile (Q1) thereby represented the middle value between the minimum and
the median indicating that 25% of the data are lower than this value (25" percentile). The third
quartile (Qs) reflected the middle value between the median and the maximum and indicated that
25% of the data are larger than this value (75" percentile). The second quartile (Q2) equalled the

median.

2.27)
X =

Sl

n
. in
i=1

Forunevenn: X = xn+1 (2.28)

2

Forevenn: x =

N | =

JCRE

Dispersion parameters. Variability and hence the precision of the generated data was assessed
with dispersion parameters such as the range (Eq. 2.29), variance (o2, Eq. 2.30), standard
deviation (SD, Eq. 2.31) or the coefficient of variation (CV, Eq. 2.32). Additionally, the 95%
confidence interval (Cl) was applied, describing the lower and upper limit of the range the
estimated point falls with a probability of 95%. The interquartile range (IQR) was defined as the
difference between Qs and Q; and was represented by the upper and lower border of the box in
boxplots. Additionally, the upper whisker of the boxplots extended to the largest value but no
further than 1.5-fold IQR, the lower whisker extended to the smallest value at most 1.5-fold IQR.

Range = Xmaximum — Xminimum (2.29)
n
1 (2.30)
% = — 1Z:(xi — ¥)?
=1
SD = /o2 (2.31)

SD
CV,% = - 100 (2:32)
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2.6.2 Linear regression analysis

Regression analyses were performed to explore the relation between two continuous variables
[177]. Thereby, the change of a dependent variable yi (e.g. concentration of metabolite formed)
was observed as an independent variable x; (e.g. time) changed. In the case of a linear regression,
the assumption of a linear relationship between the dependent and independent variable was
made, resulting in the estimation of the model parameters fo (intercept with the y-axis) and S

(slope of the function) (Eqg. 2.33). The term ¢; described an error term.
Vi=Pot+ P xitg (2.33)

The sum of square residuals (SSrs) of the observed to the predicted dependent variables was
aimed to be minimised (Eq. 2.34). The goodness of fit was evaluated based on the coefficient of
determination (R?, Eq. 2.36), which was determined as the ratio of SSrs (Eq. 2.34) to the total
sum of squares (SSwt, EQ. 2.35). A value of Rz of 1 represented a perfect fit. All linear regression

analyses were carried out with R and RStudio® using the “Im” function of the package “stats”.

n
SSres = ) i = (Bo + B %)Y (239
i=1
n
SStor = ) 01 = 7Y (235)
i=1
SS
RZ=1-—2= 2.36
SStor (239
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3 Results

3.1 Bioanalytical assay for the simultaneous quantification of voriconazole,

voriconazole N-oxide and hydroxyvoriconazole

For all in vitro and in vivo PK investigations, a reliable and versatile bioanalytical assay was
developed that enabled the simultaneous determination of VRC, NO and OH-VRC
(chapter 3.1.1). The LC-MS/MS assay was furthermore fully validated for VRC and NO in two
matrices, plasma and microdialysate (chapter 3.1.2). The feasibility of the bioanalytical assay for
quantifications in ultrafiltrate (chapter 3.1.3) and the in vitro matrices of HLM and rhCYP was
demonstrated and the performance of the latter continuously evaluated (chapter 3.1.4) [178].

3.1.1 Development of the bioanalytical assay

The best chromatographic results were achieved by maintaining the phenyl-hexyl column at 30°C
and sustaining a flow rate of the mobile phase of 0.350 mL/min. The analytes, i.e. VRC, NO and
OH-VRC, as well as the IS were highly lipophilic, requiring a high proportion of organic solvent
for elution from the column during chromatography. Thus, starting from a baseline eluent
composition of 95% UP water plus 5% MeOH, the MeOH fraction was linearly increased to 50%
over 0.5 min and kept at this level for another 0.5 min. Afterwards, the MeOH fraction was first
gradually increased to 70% over 2 min followed by a steep rise to 98% over 0.05 min. This
condition was kept constant for 1.65 min before the mobile phase composition was reset to
baseline conditions within 0.1 min and maintained until the next injection (Figure 3.1). The
injection volume was set to 2 puL and the injection needle washed with a solution of MeOH/UP

water (90:10 [V/V]) to minimise carry-over.

100
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UP water + 0.1% FA
- Methanol + 0.1% FA
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Figure 3.1: Mobile phase composition over time for the elution of voriconazole and its N-oxide and
hydroxy metabolite. Mobile phase A and B consisted of ultrapure (UP) water and methanol, respectively,
both containing 0.1% formic acid (FA) [V/V].
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The overall short run time of 6.9 min included a postrun of 1.6 min as well as a needle wash time
of 20 s. All eluents were directed to the waste before 2.4 min to avoid a contamination of the ion
source with non-evaporable inorganic salts and thus a decrease in sensitivity during longer
analytical runs. The described gradient method resulted in retention times of 3.4 min for NO,
3.7 min for OH-VRC, 4.1 min for VRC and 4.4 min for the IS, diazepam (Figure 3.2).

In the final MS settings, the ESI source was operated in positive ionisation mode and ion
acquisition was performed in dAMRM mode. Three mass transitions were monitored for VRC,
OH-VRC and the IS and two for NO. The transition with the highest intensity and smallest
background noise in blank samples was chosen as the quantifier. All mass transitions with the
corresponding collision energies are presented in Table 3.1. The qualifier to quantifier relative
response was 32.8% (m/z 350 — 224) and 92.1% (m/z 350 — 127) for VRC, 80.0% for NO
(m/z 366 — 143), 34.0% (M/z 366 — 143) and 68.4% (m/z 366 — 127) for OH-VRC and 50.0%
(m/z 285 — 222) and 102% (m/z 285 — 154) for the IS, respectively. The qualifier to quantifier
ratio was monitored in all runs, allowing for an uncertainty of +25%. Only few individual samples
revealed a ratio close outside the allowed range. However, overall the ratios were maintained

during all runs and study days indicating a reproducible identification of the compounds.

Table 3.1: Precursor ions of voriconazole, its N-oxide and hydroxy metabolite as well as the internal
standard diazepam including the product ions with corresponding applied collision energy. Transitions used

for quantification are marked in bold.

Compound Precursor  Product Collision Frag- Cell Polarity
ion m/z ion m/z energy mentor accelerator
[M+H]* [eV] voltage [V]  voltage [V]
Voriconazole 350 281 17 380 5 Positive
350 224 13 380 5 Positive
350 127 41 380 5 Positive
Voriconazole 366 224 13 380 5 Positive
N-oxide .
366 143 9 380 5 Positive
Hydroxy- 366 297 16 380 5 Positive
voriconazole .
366 143 24 380 5 Positive
366 127 56 380 5 Positive
Internal 285 222 36 380 5 Positive
standard .
(diazepam) 285 193 36 380 5 Positive
285 154 32 380 5 Positive

m/z, mass-to-charge ratio
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Figure 3.2: Typical chromatograms of the quantifier mass-to-charge (m/z) transitions at the lower (LLOQ)
and upper (ULOQ) limit of quantification for voriconazole N-oxide (NO), hydroxyvoriconazole (OH-
VRC), voriconazole (VRC) and the internal standard (1S).

As NO and OH-VRC had identical precursor ions and shared equal product ions, a
chromatographic separation was essential. The final chromatographic and MS settings provided

for this requirement and led to sharp and clear detector responses for VRC, NO, OH-VRC and
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the IS (Figure 3.2). lon source parameters were primarily optimised for NO and OH-VRC
ionisation as here the lowest concentrations were expected. The final ion source parameters are
listed in Table 3.2.

Table 3.2: lon source parameters of the mass spectrometer.

Parameter Value
Capillary voltage 2500 V
Nebulizer gas pressure 40 psi

Drying gas flow 13 L/min of nitrogen
Drying gas temperature 120 °C
Sheath gas flow 12 L/min of nitrogen
Sheath gas temperature 350 °C
iFunnel RFH 60 V/RFL 90 V

RFH, radio frequency voltage high pressure; RFL, radio frequency voltage low pressure

3.1.2 Validation of the bioanalytical assay for the simultaneous quantification of

voriconazole and its N-oxide metabolite in human plasma and microdialysate

The developed method was successfully validated for the quantification of VRC and NO in
plasma and microdialysate according to the following parameters of the EMA guideline on
bioanalytical method validation [139].

3.1.2.1 Selectivity and carry-over

Blank samples prepared from six individual plasma donors were investigated for interferences at
the retention times of VRC and NO. The EMA guidelines criteria (<20% of the LLOQ response)
were met with a maximum response of 8.18% for VRC and 1.96% for NO, respectively. As
microdialysate is a rare matrix, no blank matrices from six individuals were available. Thus, in a
first step six blank samples prepared from pure RS, which is used in clinical settings for the
perfusion of the microdialysis catheter, were investigated and resulted in a maximum response of
4.58% for VRC and 5.02% for NO, respectively. However, additional microdialysate samples,
collected from four healthy volunteers before VRC administration, were inspected and showed a
maximum detector response of 12.3% for VRC and 6.94% for NO compared to the LLOQ, which
additionally confirmed the selectivity of the method. The IS achieved a maximum response of

0.0842% in blank samples, supporting the selectivity.

Carry-over was initially not avoidable for VRC in plasma and microdialysate due to its high
lipophilicity and the large concentration range. Despite the optimisation of the needle wash

composition and increased needle washing time, the maximum detector response of a blank
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sample following a high VRC concentration was 44.8% of the response at the LLOQ and thus not
acceptable. The second blank sample after a high concentration occasionally showed (3 of 20
samples) too high responses (max. 26.0%) as well. For NO in plasma and microdialysate carry-
over was not as pronounced. Only 2 of 17 blank samples following a high concentration showed
a response >20% (max. 28.3%) compared to the LLOQ. Consequently, a full randomisation of
the sample order was not possible and in case of expected high VRC or NO concentrations,
additional blank samples were processed. In contrast, for the IS no carry-over effect was
detectable with a maximum response across all matrices of 0.339% in blank samples following
an IS containing sample compared to the mean IS detector response.

3.1.2.2 Calibration function

In plasma, linearity was assessed over a concentration range from 5 to 5000 ng/mL. Resulting R2
values were >0.9924 for VRC and >0.9973 for NO, respectively (Table 3.3, Figure 7.1). None of
the back-calculated CAL concentrations were outside the accuracy limits of +15% of their
nominal value (£20% at the LLOQ). Overall accuracy of CAL samples in plasma ranged from
85.4% to 109% of their nominal value for VRC and from 92.1% to 106% for NO (Figure 3.3).

Table 3.3: Parameters (slope, intercept, R?) of voriconazole and voriconazole N-oxide calibration functions

in human plasma and microdialysate on the four different days of validation.

Compound Plasma Microdialysate
Day Slope Intercept R2 Slope Intercept R2
\ori- 1 5.57-10* 3.14-10% 0.9962 8.28-10*  -2.85-10*  0.9924
conazole
2 5.68-10* 2.36:10* 0.9993 7.67-10*  4.49-10*  0.9986
3 5.56-10* 2.53-10* 0.9978 6.26:10* -0.359-10* 0.9946
4 8.35-10%  -0.743-10* 0.9924 7.19-10*  2.45-10%  0.9918
\ori- 1 2.65-10%  -0.094-10* 0.9973 2.73-10* 1.11-10%  0.9988
conazole
N-oxide 2 2.54-10*  0.177-10*  0.9988 3.10-10* -0.0569-10* 0.9980
3 3.03-10%  0.104-10%  0.9995 2.69-10* -0.844-10% 0.9910
4 2.63:10%  -0.0156-10* 0.9987 3.01-10* 1.57-10%  0.9973

The calibration functions of VRC and NO in microdialysate showed good linearity over a range
of 4 — 4000 ng/mL indicated by a R? 0f >0.9918 for VRC and R? 0of >0.9910 for NO, respectively
(Table 3.3, Figure 7.1). Back-calculated concentrations of CAL samples in microdialysate were
100% accurate for VRC (n=28) and 96.4% accurate for NO (n=28). The one inaccurate NO CAL
sample was excluded and the respective calibration function of this run re-assessed. Subsequently,
the remaining six CAL levels met the required accuracies and the function was thus used for the

evaluation of the run. In total the concentrations of CAL samples applied during the validation
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process in microdialysate ranged from 87.3% to 111% of their nominal value for VRC and from
84.9% to 114% for NO (Figure 3.3).
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Figure 3.3: Accuracy of voriconazole (left panel) and voriconazole N-oxide (right panel) calibration (CAL)
and quality control (QC) samples in plasma (upper panel) and microdialysate (lower panel). Data was
acquired on four independent days (n=5-6 per concentration and day) and is presented as percentage of its
nominal concentration. Dashed lines indicate the required accuracies of +15% and £20% for the lower limit

of quantification.

3.1.2.3 Lower limit of quantification

The detector response at the LLOQ of VRC and NO was, in both matrices and at all study days,
more than five times higher than the response of the preceding blank or zero sample and therefore
met the EMA guideline’s criteria [139]. Within-run accuracy at the LLOQ (5 ng/mL) ranged from
94.7% to 105% and from 92.0% to 105% for VRC and NO in plasma, respectively. In
microdialysate within-run accuracy of the LLOQ (4 ng/mL) was 92.8%-110% for VRC and
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98.8%-115% for NO (Figure 3.3, Table 7.3). Imprecision calculated as CV was <12.6% and
<11.5% for VRC and NO in plasma and <17.5% and <15.3% for VRC and NO in microdialysate
(Table 7.3). Thus, the set criteria of an inaccuracy and imprecision of <20% at the LLOQ were
met. The calculated LOD for VRC and NO was 0.914 ng/mL and 0.912 ng/mL in plasma, and
1.70 ng/mL and 1.26 ng/mL in microdialysate, respectively.

3.1.2.4 Accuracy and precision

To cover the large concentration range of the calibration function, the EMA guideline’s
requirements for QC sample levels were expanded and four QC levels plus the LLOQ were
investigated. For VRC in plasma, a within-run mean accuracy from 94.9% to 110% and a CV of
<12.8% was achieved for samples above the LLOQ. Investigations of NO QC samples >LLOQ
resulted in a within-run mean accuracy of 84.5%-104% and an imprecision of <12.8% (Figure 3.3,
Table 7.3). Between-run accuracy for VRC and NO in plasma ranged from 99.0% to 105% and
from 93.0% to 97.6% while between-run precision resulted in a CV <8.58% for VRC and <10.8%
for NO, respectively (Table 3.4). Overall, 95.0% of all VRC plasma QC samples (n=120) were
within £15% of their nominal value (x20% at the LLOQ) and 92.5% of all NO plasma QC
samples (n=120).

In microdialysate, within-run mean accuracy for VRC QC samples >LLOQ fluctuated between
88.0% and 106% of the nominal value and within-run imprecision ranged from 1.79% to 9.49%
CV and thus fulfilled the set criteria (Figure 3.3, Table 7.3). The same applied to between-run
accuracy and precision that ranged from 93.4% to 104% of the nominal value and from 4.39% to
7.12% CV, respectively (Table 3.4). Overall, 96.4% of individual VRC microdialysate QC
samples (n=110) were within £15% or £20% at the LLOQ of their nominal value. For NO in
microdialysate, within-run mean accuracy of QC samples >LLOQ was between 93.3% and 111%
while precision investigations resulted in a CV of <10.6% (Table 7.3). Between-run accuracy for
NO microdialysate samples >LLOQ ranged from 101% to 104% and imprecision was <9.28%
CV (Table 3.4). Only nine of 120 individual QC samples were outside the defined criteria,

representing 92.5% accuracy.
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Table 3.4: Between-run accuracy and precision (n=22-24 per concentration level) for voriconazole and
voriconazole N-oxide quality control samples in human plasma and microdialysate. Precision is presented
as the coefficient of variation (CV) and accuracy as mean concentration compared to the nominal

concentration (Cnom).

Matrix and compound Chom Xmean = SD Accuracy, % CV, %
[ng/mL] [ng/mL]
Plasma
Voriconazole 5 5.07 £ 0.474 101 9.35
15 15.6 +1.22 104 7.87
200 198+ 17.0 99.0 8.58
1500 1547 + 105 103 6.77
4000 4216 + 250 105 5.92
Voriconazole N-oxide 5 4.94 + 0.501 98.9 10.1
15 13.9+0.938 93.0 6.73
200 188 +20.3 93.8 10.8
1500 1464 + 68.8 97.6 4.70
4000 3903 + 311 97.6 7.96

Microdialysate

Voriconazole 4 3.97 £ 0.464 99.1 11.7
8 7.70£0.476 96.3 6.18

150 140 = 8.62 934 6.16

1200 1205 +52.8 100 4.39

3000 3106 + 221 104 7.12

Voriconazole N-oxide 4 4.27 £ 0.502 107 11.8
8 8.33+0.773 104 9.28

150 152 +9.51 101 6.27

1200 1207 +78.3 101 6.49

3000 3077 £ 257 103 8.36

Xmean, Mean concentration; SD, standard deviation

3.1.2.5 Matrix effects

Overall, matrix effects were not very distinct and did not differ remarkably between the low and
high investigated concentration. For VRC and NO in plasma, MF of 1.17 and 1.08 as well as 0.89
and 0.97 were determined for the low and the high concentration, respectively (n=6 each). In

microdialysate, the MF for the low and high concentration were 1.16 and 1.12 for VRC and 1.10
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and 1.13 for NO. Furthermore, the required precision of <15% CV was accomplished for VRC
and NO in both matrices. In detail, at the low and high plasma concentration (15 ng/mL and
4000 ng/mL), the CV was 8.07% and 6.70% for VRC and 9.33% and 7.61% for NO, respectively.
In microdialysate concentrations of 8 and 3000 ng/mL were investigated and resulted in CV of
7.61% and 3.31% for VRC and 5.14% and 7.07% for NO.

3.1.2.6 Stability

Due to previously reported instabilities of VRC and NO, stability investigations were approached
with particular care. However, VRC proved stable under all applied conditions in both matrices
(Table 3.5). Freeze-thaw stability, autosampler stability, short-term stability and long-term
stability were indicated by high recoveries in QC samples of a low and high concentration ranging
from 88.0% to 112% and from 91.9% to 107%, respectively. The imprecision was at all times
<11.7% CV. Furthermore, NO was stable under most conditions according to the defined criteria
(Table 3.5). Only the third freeze-thaw cycle of the lower concentration resulted in a recovery of
only 81.0%. However, as the original samples were with a mean accuracy of 87.5% already close
to the lower accuracy limit of 85%, this might be a coincidence and not a proof of degradation.
Except this observation, recoveries for NO ranged between 95.5% and 107% for the low QC and
between 92.9% and 107% for the high QC concentration. All measurements were precise with a

maximum CV of 12.6%.

The stock solution of 1 mg/mL VRC in MeOH was stable under all investigated conditions. Short-
term stability was demonstrated by a recovery of 103% and 107% after dilution to a low (8 ng/mL
in microdialysate) and high (3000 ng/mL in microdialysate) QC level. The precision of the
investigation was given by a CV of 9.18% and 0.874% (n=5 each). After three freeze-thaw cycles
VRC stock solution did not show degradation with recoveries of 102% (3.35% CV) and 109%
(1.77% CV) after dilution to a low (8 ng/mL in microdialysate) and high QC concentration
(3000 ng/mL in microdialysate, n=5 each). Lastly, also a three-month storage at -80°C had no
observable effects on VRC stock solution stability indicated by a recovery of 98.8% (9.06% CV)
and 108% (2.63% CV) after dilution to a low (8 ng/mL in microdialysate) and high (3000 ng/mL
in microdialysate) QC level (n=5 each). NO stock solution of 1 mg/mL in MeOH was stable short-
term as overnight storage at 4-8°C in the fridge resulted in recoveries of 93.8% (2.65% CV) and
92.0% (2.58% CV) after dilution to a low (8 ng/mL in microdialysate) and high (3000 ng/mL in
microdialysate) QC concentration, respectively (n=6 each). Freeze-thaw stability of NO stock
solution was demonstrated by three freeze-thaw cycles and recoveries of 85.4% (7.15% CV) and
102% (1.48% CV) at the low (15 ng/mL in plasma) and high QC level (4000 ng/mL in plasma,

n=3 each). Finally, the stock solution of NO was also stable long-term. After three-month storage
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at -80°C and a dilution to a low (15 ng/mL in plasma) and a high (4000 ng/mL in plasma) QC
concentration level recoveries of 95.0% (8.27% CV) and 109% (5.63% CV) were determined.

Overall, a rapid and targeted handling of all VRC and NO samples was recommended to forestall
degradation processes. Wherever possible samples should be kept chilled, e.g. in the autosampler

or the centrifuge, and on ice during preparation.

Table 3.5: Freeze-thaw, autosampler, short-term and long-term stability of voriconazole (VRC) and
voriconazole N-oxide (NO) quality control samples in human plasma and microdialysate at a low and high
concentration under specified conditions (n=5-6, except long-term stability n=3-5).

Com-  Cnom Freeze-thaw Autosampler Short-term Long-term
pound [ng/mL] stability @ stability P stability © stability ¢

RV,% CV,% RV, % CV,% RV, % CV,% RV, % CV,%

Plasma

VRC 15 112 4.76 99.5 5.13 95.0 11.7 102" 8.82"
4000 102 4.67 105 3.25 102 9.33 98.7" 4.86"

NO 15 81.0 7.80 104 8.22 96.4 6.42 97.2 6.09
4000 92.9 3.29 113 9.67 100 2.03 107 2.23

Microdialysate

VRC 8 88.0 2.10 99.5 5.25 93.1 6.80 93.4" 6.30
3000 104 1.21 107 10.6 107 2.38 91.9% 2.52"
NO 8 106 6.60 99.0 5.68 95.5 12.6 107 6.34
3000 99.1 1.83 103 231 100 0.99 98.7 4.81

Cnom, Nominal concentration; CV, coefficient of variation; RV, recovery
23 cycles of freezing (>12 h at -80°C) and thawing (4-8°C); >24 h at 4°C; ¢>12 h at 4-8°C; 9 >3 months at -80°C;

*long-term stability of VRC was investigated at concentrations of 10 and 4000 ng/mL

3.1.3 Simultaneous quantification of voriconazole and its N-oxide metabolite in

ultrafiltrate

Selectivity for VRC and NO in ultrafiltrate blank samples prepared from six individual donors
was supported by a maximum detector response of 13.9% for VRC and 3.46% for NO compared
to the mean response of LLOQ samples of the same run. The IS reached a maximum of 0.0222%
interference and thus equally fulfilled the defined criteria. Spiked ultrafiltrate samples were
reliably quantifiable using the plasma calibration function. VRC ultrafiltrate samples of a
concentration of 15 ng/mL and 4000 ng/mL reached an accuracy of 96.7% and 103% (n=6 each),
respectively. The precision of the determination was high, with a respective CV of 2.99% and

2.80% for the low and high QC level. For NO, accuracy was 99.2% for the low QC concentration
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and 95.7% for the high, while the precision assessed as CV was 5.95% and 3.49%, respectively.
Consequently, it was concluded that plasma and ultrafiltrate caused similar matrix effects and that
plasma CAL and QC samples can be applied to ultrafiltrate samples. Thus, no additional CAL

and QC solutions were needed for the quantification of unbound VRC and NO.

3.1.4 Quantification of voriconazole metabolites in in vitro matrices

For the quantification of NO and OH-VRC in all in vitro matrices, sample pre-treatment was
adapted to allow a decrease in the LLOQ. The final 1:2 dilution was carried out by adding 20 pL
of the supernatant after protein precipitation to 20 pL IS solution. By an increase of the injection
volume to a minimum of 5 pL, the LLOQ for NO and OH-VRC could be lowered to 0.1 and
1 ng/mL, respectively. Due to pronounced fluctuations in sensitivity of the MS system, the
injection volume was adjusted for the individual run, ranging between 5 and 18 pL. The aim was
to keep the intensity of the detector response at a constant value between study days and hence
maintain the LLOQ.

Matrix effect. Conformity of NO detector responses in the surrogate incubation (n=4) and HLM
matrix (n=8) was high and resulted in a deviation of only 4.13%. Also, imprecision was
comparable in the two matrices, being 7.09% in surrogate incubation and 6.61% CV in HLM
matrix. The same observation was made for the surrogate incubation matrix (n=8) and the three
rhCYP systems 2C19, 2C9 and 3A4 (n=12 each). For rhCYP2C19, rhCYP2C9 and rhCYP3A4
the deviation was 7.3%, 11.3% and 8.1%, respectively. In all cases, detector responses were
higher in the surrogate incubation matrix. The imprecision, assessed as CV, was similar between
the different matrices with 4.95% in surrogate incubation and 7.98% in rhCYP2C19 matrix,
8.85% in surrogate incubation and 10.4% in rhCYP2C9 matrix as well as 8.36% in surrogate
incubation and 8.91% in rhCYP3A4 matrix.

Analytical runs. In total seven analytical runs were performed for the quantification of NO and
all met the set criteria of the EMA guideline on bioanalytical method validation resulting in the
acceptance of the runs [139]. Only four individual CAL samples were rejected, yielding a 93.0%
accuracy. The maximum deviation was 155% of the nominal concentration, most likely
originating in a mistake during spiking or sample pre-treatment, e.g. by setting an incorrect
pipetting volume. All accepted CAL samples ranged between 86.4% and 115% accuracy. From
a total number of 111 QC samples, seven failed the +15% (£20% at the LLOQ) accuracy limits
resulting in an overall accuracy of 93.7%. However, three individual QC samples not meeting the
necessary limits were in retrospective assessment exposed as handling errors and therefore
excluded from the overall evaluation. The LLOQ of 0.1 ng/mL showed a mean accuracy of 105%
and a precision of 6.53% CV (n=7). At a concentration of 0.25 (n=21) and 0.5 ng/mL (n=14)

mean accuracy amounted to 101% and 99.4% while imprecision was 12.1% and 7.14% CV,
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respectively. The higher QC levels of 5, 100 and 400 ng/mL (n=22 each) reached mean accuracies
of 100%, 96.0 % and 95.6% as well as precisions of 7.72%, 6.32% and 6.02% CV, respectively.
Consequently, all EMA guideline requirements were accomplished and thus the performance of

the adapted bioanalytical method demonstrated.

3.2 In vitro metabolism studies for voriconazole and its metabolites

Prior to the examination of VRC and its metabolites, a characterisation of marker reactions for
the CYP isoenzymes 2C19, 2C9 and 3A4 was performed (chapter 3.2.1) to enable the generation
of ISEF and the assessment of inhibitory potentials. Afterwards, a coherent framework of VRC
metabolism was established by assessing the three compounds as substrates (chapter 3.2.2) as
well as inhibitors (chapter 3.2.3) of the enzymes CYP2C19, CYP2C9 and CYP3A4 [179].

3.2.1 Assessment of CYP2C19, CYP2C9 and CYP3A4 activity with marker reactions

The activity of CYP2C19, CYP2C9 and CYP3A4 was assessed using marker reactions with high
specificity for the respective enzyme as recommended by EMA and FDA guidelines on the
investigation of drug interactions [149,150]. For CYP2C19, the 4-hydroxylation of
S-mephenytoin, for CYP2C9, the 4-hydroxylation of diclofenac and for CYP3A4, the
1-hydroxylation of midazolam was monitored. All kinetic parameters were derived from the

guantification of the formation of the respective metabolites in the enzymatic incubations.

3.2.1.1 Bioanalytical assay for the quantification of 4-hydroxymephenytoin,

4-hydroxydiclofenac and 1-hydroxymidazolam

A previously developed bioanalytical LC-MS/MS assay was applied to quantify the
concentrations of OH-MEP, OH-DIC and OH-MDZ in incubations of HLM and rhCYP [151].
The performance of the assay was continuously controlled by the evaluation of CAL and QC
samples of the respective runs. Overall, four analytical runs were performed for the quantification
of OH-MEP and five each for OH-DIC and OH-MDZ.

From 32 CAL samples of OH-MEP, all were accurate, indicated by a deviation from their nominal
value of less than +15% (£20% at the LLOQ). The minimum and maximum accuracy achieved
were 85.5% and 115%, respectively. In 98.0% of the cases, individual QC samples were correctly
quantified, with only one sample of 51 being outside the £15% accuracy limits. For individual
QC levels of OH-MEP, the overall mean accuracy and precision of all runs were determined:
accuracies ranged from 96.8% at a concentration of 1.5 ng/mL to 106% at a concentration of

300 ng/mL. Imprecision calculated as CV was on all QC levels <9.20%.

The 40 CAL samples of OH-DIC met the accuracy limits with a minimum of 88.3% and a

maximum of 114% of their nominal concentration, respectively. The QC samples (n=60) were
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93.3% accurate and ranged from 72.6% to 118% of their nominal value. Mean accuracy and
precision of the individual QC concentration levels were demonstrated by a maximum deviation
of -4.2% from the nominal value at a concentration of 75 ng/mL and a CV of <11.8%,

respectively.

Overall, 100% of OH-MDZ CAL samples (n=41) were within +15% of their nominal
concentration, ranging from 85.4% to 110%. From the total 66 OH-MDZ QC samples, 87.9%
were accurate according to the set requirements. One individual QC sample was excluded from
the evaluation as an error during preparation was detected in retrospect. All other QC samples
varied between 86.8% and 148% of their nominal concentration. The mean accuracy for the
individual QC levels was high, with a maximum deviation of +6% of the nominal concentration
at the 40 ng/mL concentration level. The imprecision was highest at the lowest concentration of
0.3 ng/mL with a CV of 14.8%.

3.2.1.2 Michaelis-Menten  kinetics of the 4-hydroxylation of S-mephenytoin,
4-hydroxylation of diclofenac and 1-hydroxylation of midazolam

The Michaelis-Menten kinetics of the marker reactions, i.e. the respective Ky, Vimax and CLint,
were assessed in HLM and the respective rhCYP under laboratory-individual conditions as a

prerequisite for further investigations with VRC and its metabolites.

Human liver microsomes. The 4-hydroxylation of S-mephenytoin by CYP2C19 was
characterised by a slow metabolic turnover. Therefore, after 15 and 25 min a sample was taken
from each incubation (n=3) to ensure quantifiable concentrations of OH-MEP. The Ku of the
reaction resulted in 53.0 UM (95% CI: 45.6 — 60.4 uM) while Vmax reached 44.7 pmol/(min-mg)
(95% ClI: 42.3 — 47.2 pmol/(min-mg)) and was based on six observations of the reaction velocity
per substrate concentration. Thus, the CLin amounted to 0.845 pL/(min-mg). Overall, the chosen
substrate concentrations spread from approximately 1/10" to 10-fold the Ky and represented all

phases of the Michaelis-Menten kinetics well (Figure 3.4, Table 7.4).

The formation of OH-DIC by CYP2C9 was distinguished by a rapid metabolism. Reaction times
of 5 and 10 min were sufficient to reach quantifiable OH-DIC concentrations. The underlying
Michaelis-Menten kinetics were described by a Ku of 4.15 uM (95% CI: 3.61 — 4.70 uM) and
Vmax Of 1693 pmol/(min'mg) (95% CI: 1639 — 1746 pmol/(min‘mg)). The CLix was hence
determined as 408 pL/(min'mg). Diclofenac concentrations ranged from approximately half the
Kwm to 40-fold Kw, representing disproportionally the higher substrate concentrations (Figure 3.4,
Table 7.4).

Lastly, the 1-hydroxylation of midazolam by CYP3A4 was described by a moderately
pronounced metabolic turnover. Three incubations were carried out per substrate concentration,

taking samples after 7 and 12 min reaction time. This yielded in Michaelis-Menten kinetics
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described by a Ky of 4.45 uM (95% CI: 3.56 — 5.35 pM) and a Vmax 0f 559 pmol/(min-mg) (95%
Cl: 523 — 595 pmol/(min‘mg)). CLix consequently resulted in 126 pL/(min'mg). The applied
midazolam concentrations ranged from approximately 1/15" to 7-fold Ky, capturing all phases
of the kinetic profile well (Figure 3.4, Table 7.4).
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Figure 3.4: Michaelis-Menten kinetics of the 4-hydroxylation of S-mephenytoin (upper panel),
4-hydroxylation of diclofenac (middle panel) and 1-hydroxylation of midazolam (lower panel) in human
liver microsomes (HLM, left panel, n=5-6 each) and the recombinant human cytochrome P450 isoenzymes
(rhCYP) 2C19 (n=6), 2C9 (n=12) and 3A4 (right panel, n=12).

Data points: mean reaction velocity; error bars: standard deviation of reaction velocity; solid line: estimated
enzyme kinetics; shaded area: 95% confidence interval of the estimation; dashed lines: estimated Michaelis-

Menten constant (Km) and maximum reaction velocity (Vmax)-

Recombinant human CYP. Michaelis-Menten kinetics for the 4-hydroxylation of
S-mephenytoin, 4-hydroxylation of diclofenac and the 1-hydroxylation of midazolam were

similarly determined in recombinant enzyme systems.
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The formation of OH-MEP in rhCYP2C19 was assessed by triplicate determinations per substrate
concentration, taking a sample each after 15 and 25 min reaction time (n=6). As a result, kinetics
were determined with a Ky of 22.1uM (95% CI: 17.2 — 27.0uM) and a Vmx Of
7.10 pmol/(min-pmol) (95% CI: 6.59 — 7.62 pmol/(min-pmol)). From this, a CLix of
0.321 pL/(min-pmol) was derived (Figure 3.4, Table 7.4).

The 4-hydroxylation of diclofenac was determined on two different study days performing three
replicates each and sampling each incubation twice. Thus, the kinetic profile was based on twelve
individual reaction velocity determinations per substrate concentration. The resulting Km, Vmax
and CLin were 2.29 UM (95% CI: 1.40 — 3.17 uM), 13.5 pmol/(min-pmol) (95% CI. 12.4 —
14.6 pmol/(min-pmol)) and 5.89 pL/(min-pmol), respectively (Figure 3.4, Table 7.4).

The 1-hydroxylation of midazolam was investigated on two separate study days, using triplicate
incubations and sampling each after 7 and 12 min reaction time. This resulted in a twelve-fold
determination of the reaction velocity for each substrate concentration. The overall kinetics for
the reaction were characterised by a Ky of 1.96 uM (95% CI: 1.49 — 2.44 uM) and a Vmax Of
1.67 pmol/(min-pmol) (95% CI: 1.56 — 1.78 pmol/(min-pmol)). CLixwas hence determined as
0.850 pL/(min-pmol) (Figure 3.4, Table 7.4).

3.2.2 Voriconazole and its metabolites as substrates

The interaction of VRC with CYP2C19, CYP2C9 and CYP3A4 was investigated in a stepwise
approach. First, as a prerequisite for kinetic investigations, optimal experimental conditions were
determined by evaluation of the linearity of NO formation and the reaction’s enzyme dependence
(chapter 3.2.2.1). Second, the reaction kinetics of VRC N-oxidation in different enzyme systems
were analysed (chapter 3.2.2.2). Third, the contribution of the three CYP isoenzymes to NO
formation was assessed by different established methods (chapter 3.2.2.3). Fourth, IVIVE was
performed to gauge in vivo relevance of VRC N-oxidation (chapter 3.2.2.4). Last, secondary
metabolic pathways of VRC were explored by investigating the VRC metabolites, NO and OH-
VRC, as substrates (chapter 3.2.2.5).

3.2.2.1 Reaction linearity, voriconazole stability and substrate depletion

To assess the reaction kinetics of VRC metabolite formation, the determination of the reaction
velocity at the respective substrate concentration was essential. The reaction velocity was
determined as metabolite concentration per reaction time and protein (for HLM and HIM) or
enzyme (for rhCYP) concentration. Hence, metabolite formation had to be linear until the
sampling time point and applied protein/enzyme concentration. Additionally, the transformation
to NO and OH-VRC had to be solely enzyme-dependent without spontaneous NO or OH-VRC
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production and the depletion of VRC kept to a minimum (<10%) to avoid a distortion of reaction

kinetics.

In all the following described investigations, also the formation of OH-VRC was monitored.
However, OH-VRC was not detected. Consequently, also no kinetic evaluations were

performable, and VRC N-oxidation was focussed on.

Human liver microsomes. The formation of NO in HLM was linear for up to 120 min for all
four investigated protein concentrations as well as for all four substrate concentrations. R? yielded
values of >0.9781 (maximum 0.9952) in all cases, confirming the graphically suggested linearity
of NO formation across reaction time. Moreover, linearity of NO formation across protein
concentration was demonstrated for all seven reaction times by R? values of >0.9713 (maximum
0.9998). The results of the linearity investigations are shown in Figure 3.5 and Figure 3.6 for
VRC concentrations of 1 and 100 uM. In none of the control incubations without NADPH re-
generating system, NO was formed and VRC concentrations did not decrease across time,
indicating the specificity of the reaction and VRC stability in HLM incubations.

In most incubations, VRC did not show depletion indicated by a recovery of 90%-110% compared
to a control incubated without NADPH re-generating system. The only exceptions were
incubations with the highest protein concentration (0.5 mg/mL) combined with the lowest VRC
substrate concentration (1 uM) after 60 and 120 min reaction time. After 60 min, -13.0%
and -18.1% VRC were observed in the two replicates compared to the control and after 120 min
-23.8% and -12.5%, respectively. A mean loss of 18.1% after 120 min equalled 139 pmol/mL
VRC. At the same time, 108 pmol/mL NO were formed, indicating that a high percentage of
77.7% of the depleted VRC was transformed to NO.

Recombinant human CYP. For rhCYP2C19, all performed incubations led to quantifiable NO
concentrations, except for the second replicate at a rhCYP2C19 enzyme concentration of
10 pmol/mL where a handling error during the experiment led to unusable results. Firstly, the
linearity of NO formation in rhCYP2C19 was acceptable until 60 min reaction time with R?
>0.6861 (maximum 0.9905) (Figure 3.5). The lowest R2 value of NO formation across time was
found for the lowest enzyme concentration (1 pmol/mL) in combination with the lowest substrate
concentration (1 uM). However, the second lowest Rz value was 0.8469, indicating an
informative relation. Furthermore, the graphical evaluation displayed a decrease in NO formation
after 60 min. Thus, this time point was excluded and linearity re-assessed without it.
Consequently, R? increased to >0.8617 (maximum 0.9920). Secondly, the linearity of NO
formation across rhCYP2C19 enzyme concentrations was demonstrated with R? >0.8991
(maximum 0.9944) (Figure 3.6). Control incubations without NADPH re-generating system did

not form NO, demonstrating the rhCYP2C19 dependence of the formation. Relevant depletion
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was observed in incubations with 20 pmol/mL rhCYP2C19 and a VRC concentration of 1 uM.
After 60 min, the VRC concentration compared to the control was decreased by -54.3%
and -57.1% in the two replicates, respectively. The loss in VRC (458 and 430 pmol/mL) was,
within the precision limits of the bioanalytical method, equal to the amount of NO formed (457

and 461 pmol/mL), suggesting VRC N-oxidation as the sole metabolic pathway of CYP2C19.

In rhCYP2C9, NO formation was very low, yielding non-evaluable results for enzyme
concentrations <40 pmol/mL as those incubations only narrowly exceeded the LLOQ for NO after
15 min reaction time with a substrate concentration of 100 uM and only after 60 min with 10 uM
VRC. Consequently, the investigation was extended to rhCYP2C9 concentrations of 60 and
80 pmol/mL using VRC concentrations of 10 and 100 pM. Nevertheless, incubations with
60 pmol/mL rhCYP2C9 and 10 uM VRC still revealed NO concentrations below the LLOQ at
earlier time points. However, the evaluation of incubations with NO concentrations above the
LLOQ resulted in acceptable linearity across reaction time until 60 min with R? of >0.7459
(maximum 0.9719) (Figure 3.5). A quantitative assessment of linearity across enzyme
concentration was not feasible with two enzyme concentrations (Figure 3.6). In all control
incubations without NADPH re-generating system, no NO was detectable. Additionally, there

was no depletion of VRC in any incubation observed across time.

Finally, also in rhCYP3A4, VRC turnover was unexpectedly low. Incubations of 5 pmol/mL
rhCYP3A4 did not produce high enough NO concentrations for linearity investigations with
regards to reaction time. Here, only in incubations with 100 uM VRC, NO was detectable after
15 min reaction time. Also at 20 pmol/mL rhCYP3A4 and a substrate concentration of 1 uM, the
NO concentration was below the LLOQ after 5 min reaction time. Additionally, due to an error
during the execution of the experiment, the second replicate of the enzyme concentration of
80 pmol/mL at all VRC concentrations was unavailable. However, linearity of VRC N-oxidation
across time in rhCYP3A4 was demonstrated until 60 min reaction time by R? of >0.8566
(maximum 0.9887) (Figure 3.5). The graphical evaluation suggested a flattening of NO formation
at 60 min reaction time. Hence, linearity across time was re-assessed until 30 min, revealing
higher linearity indicated by an R? of >0.8812 (maximum 0.9943). For the assessment of linearity
of NO formation across enzyme concentration, only three rhCYP3A4 concentrations were
available. Evaluations resulted in R2 values of >0.7783 (maximum 0.9994), indicating a sufficient
linearity in particular as the lowest relation was found at the already unfavourable reaction time
of 60 min. In none of the control incubations without NADPH re-generating system NO formation
was observable, suggesting the specificity of the reaction. Lastly, no depletion of the substrate
VRC was detected, being in line with the observed low turnover and stability of VRC in
rhCYP3A4 incubations.
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Human intestine microsomes. The linearity of VRC N-oxidation across reaction time in HIM
was demonstrated until 60 min by R? of >0.9124 (maximum 0.9537). However, the graphical
assessment suggested a decreased formation of NO at 60 min (Figure 3.5). The linearity
evaluation without this time point resulted in higher R2 values of >0.9204 (maximum 0.9887).
Linearity across protein concentration was not determinable as CYP concentrations in HIM were
low, not allowing for a further decrease in concentration and simultaneously maintaining NO
formation in the quantifiable range of the bioanalytical assay. Control incubations without
NADPH re-generating system showed no NO formation, and VRC concentrations were
stable until the last measurement at 60 min. Overall, VRC turnover was low in HIM, matching
with the absence of VRC depletion in all incubations across time.

80



Results

Yoriconazole N-oxide Voriconazole N-oxide Voriconazole N-oxide Voriconazole N-oxide
concentration[pmol/mL]

concentration[pmol/mL]

Voriconazole N-oxide
concentration [pmol/mL]

HLM
VRC 1 pM

ol/mL]

n [pm
)
3

n
(=]

2100

W
(=)

60
Time [min]

120

concentrat

Protein concentration [mg/mL]

rhCYP2C19
VRC 1 pM

30 60
Time [min]

Enzyme concentration [pmol/mL|

rhCYP2C9
VRC 10 pM

— N W

Voriconazole N-oxide
concentration [pmol/mL|

P
>
h

Voriconazole N-oxide
concentration[pmol/mL|

VRC 100 pM

30 60

Time [min]

120

0.1

02 e

0.5

VRC 100 pM
500
000
500

[

VRC 100 pM

[SE I SO}

15 30

Time [min]|

60

Enzyme concentration |pmol/mL|

rhCYP3A4
VRC 1 pM

bo n )
n o

30
Time [min|

60

Enzyme concentration [pmol/mLj]

HIM
VRC 1 pM

o W

15 30

Time [min]

60

VYoriconazole N-oxide
concentration|pmol/mL]

Voriconazole N-oxide

concentration [pmol/mL]

Voriconazole N-oxide
concentration [pmol/mL]

15 30

Time |[min]|

60

60 o

80

VRC 100 pM

30
Time |min|

60

80

VRC 100 pM

N BN
[ e i

30
Time |min|

60

Protein concentration [mg/mL] =e= 0.5

Figure 3.5: Voriconazole (VRC) N-oxide formation across time in human liver microsomes (HLM, n=2,

top row), recombinant human cytochrome P450 (rhCYP) isoenzymes 2C19 (n=1-4, second row), 2C9 (n=2,

middle row) and 3A4 (n=1-2, second last row) and human intestine microsomes (HIM, n=3, bottom row)
ata low (1 or 10 pM, left) and high (100 puM, right) VRC concentration.

Data points: individual determinations of VRC N-oxide concentrations; solid line: linear model describing

the VRC N-oxide concentration as function of reaction time.

81



Results

HLM
— VRCI1pM — VRC 100 ptM
O = o =
B E - = E500
23,0, 23
z E 2 £400
o5 < 2300
S 60 < 8
N .= N .=
=R = 200
S 5301 — R
3= @ =100
58 Eg
> 5 01 5 0
© 0.1 0.2 0.3 0.4 0.5 © 0.1 0.2 0.3 0.4 0.5
Protein concentration [mg/mL)] Protein concentration [mg/mL|
Time [min] 5 10 15 © 20 o 30 o 60 e 120
rhCYP2C19
— VRC 1 pM = VRC 100 pM
§ E 5004 ﬁ :E
572 400 2 Z1500
2E s g
2 5300' 2751000
N .= N .=
E 22 £E 500
bt S
£ 1007 A=
58 £
> 5 0 =5 0
© 1 6] 10 15 20 @ 1 5 10 15 20
rhCYP2C19 concentration |[pmol/mLj] rhCYP2C19 concentration [pmol/mL]
Time [min] 5 10 15 » 20 ¢ 30 o 60
rhCYP2C9
— VRC 10 pM = VRC 100 pM
3z * HES
z z
P $ o=t
g8’ 2
=t | sE
c g =
= (=2
-2 - — ~ 5
© 50 60 70 80 © 50 60 70 80
rhCYP2C9 concentration [pmol/mL] rhCYP2CY concentration [pmol/mL)]
Time [min] 5 10 15 © 20 e 30 o 60
rhCYP3A4
— VRC1puM = VRC 100 pM
"
ZE g E50]
$Es $ 240
s 2 =30
> £5.0 s =
S8 N.2
sE s =201
2= £ =
gE25 g = 104
c g E £
=] c
- 5 > £ 01
2 20 40 80 © 20 40 80
rhCYP3A4 concentration [pmol/mL| rhCYP3A4 concentration [pmol/mL)]
Time [min] 5 10 15 o 20 e 30 o 60

Figure 3.6: Voriconazole (VRC) N-oxide formation across protein concentration in human liver
microsomes (HLM, n=2, top row), and enzyme concentration in recombinant human cytochrome P450
(rhCYP) isoenzymes 2C19 (n=2-4, second row), 2C9 (n=2, second last row) and 3A4 (n=1-2, bottom row)
at a low (1 or 10 uM) and high (100 uM) VRC concentration.

Data points: individual determinations of VRC N-oxide concentrations; solid line: linear model describing

the VRC N-oxide concentration in function of protein/enzyme concentration.

82



Results

3.2.2.2 Michaelis-Menten kinetics of the N-oxidation of voriconazole

VRC N-oxidation was characterised by Michaelis-Menten kinetics in all investigated enzymatic
systems (HLM, HIM and rhCYP, Figure 3.7). As HLM and HIM were multi-enzyme systems,
i.e. more than one CYP isoenzyme might have been involved in the transformation of a substrate,

only apparent kinetics could be determined.

The estimated kinetic parameters, i.e. Ky, Vimax and CLint, are summarised in Table 3.6. Overall,
the Km in HLM and HIM was in a similar range, while Vmax was 6.78-fold higher in HLM.
Furthermore, the Kv in rhCYP2C19 and rhCYP3A4 was in a comparable range but was
approximately 3-fold higher in rhCYP2C9. Vmax was highest in rhCYP2C19 and 233- and
184-fold lower in rhCYP2C9 and rhCYP3AA4, respectively.

Table 3.6: Estimated Michaelis-Menten kinetic parameters, i.e. the Michaelis-Menten constant (Kw),
maximum reaction velocity (Vmax) and the resulting intrinsic clearance (CLin), including their 95%
confidence interval (Cl), of the N-oxidation of voriconazole determined in human liver microsomes (HLM),
human intestine microsomes (HIM) and recombinant human cytochrome P450 enzymes 2C19, 2C9 and
3A4 (rhCYP).

Enzymatic Kwm Vmax, HLM/HIM CLint HLMHIM
system (95% CI) (95% CI) [pmol/(min-mg)] (95% CI) [uL/(min-mg)]
[HM] or or
Vmax,rhCYP CLint,rhCYP

(95% CI) [pmol/(min-pmol)] (95% CI) [nL/(min-pmol)]

HLM 2.98 26.1 8.76

(2.63 - 3.33) (25.4 — 26.8) (7.63-10.2)
HIM 2.53 3.85 1.52

(2.15 - 2.92) (3.70 — 4.00) (1.27 - 1.86)
rhCYP2C19 131 1.64 1.25

(0.862 — 1.75) (1.50 - 1.77) (0.857 — 2.05)
rhCYP2C9 4.06 0.00705 0.00173

(3.32 - 4.81) (0.00665 — 0.00744) (0.00138 — 0.00224)
rhCYP3A4 1.20 0.00893 0.00742

(0.830 — 1.58) (0.00827 — 0.00958) (0.00523 — 0.0115)

Consequently, in HLM a CLix of VRC N-oxidation of 8.76 uL/(min'mg) (7.63 -
10.2 pL/(min-mg)) was determined. HIM also relevantly metabolised VRC to NO. The reaction
kinetics were characterised by a CLin of 1.52 pL/(min'mg) (1.27 — 1.86 puL/(min-mg)) and were
thus 5.76-fold lower than CLix observed in HLM. In recombinant enzymes, rhCYP2C19 showed
the highest VRC turnover indicated by a CLix of 1.25 pL/(min-pmol) (0.857 -
2.05 pL/(min-pmol)). Kinetics for rhCYP2C9 were determined with a CLix of
0.00173 pL/(min-pmol) (0.00138 — 0.00224 pL/(min-pmol)) which was 723-fold lower than in
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rhCYP2C19. Lastly, in rhCYP3A4, Michaelis-Menten kinetics of VRC N-oxidation were
described by a CLiy of 0.00742 pL/(min-pmol) (0.00523 — 0.0115 pL/(min-pmol)) which was
168-fold lower and 4.29-fold higher than in rhCYP2C19 and rhCYP2C9, respectively (Table 3.6).
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Figure 3.7: Michaelis-Menten kinetics of the N-oxidation of voriconazole in human liver microsomes (A,
n=8-9), human intestine microsomes (B, n=9) and recombinant human cytochrome P450 isoenzymes 2C19
(C, n=18), 2C9 (D, n=10) and 3A4 (E, n=18).

Data points: mean reaction velocity; error bars: standard deviation of reaction velocity; solid line: estimated
enzyme kinetics; shaded area: 95% confidence interval of the estimation; dashed lines: estimated Michaelis-

Menten constant (Km) and maximum reaction velocity (Vmax)-

Evaluations applying the Lineweaver-Burk transformation showed linear relations between the
reciprocal of the reaction velocities and reciprocals of the substrate concentration (Figure 7.2).
The absence of a noticeable disruption in the slope of the linear function contrasted with the

presumption that more than one metabolic enzyme was involved in the formation of NO in HLM
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and HIM. However, only isoenzymes with large differences in their Ky regarding the substrate

could be detected by this approach.

3.2.2.3 Contribution of individual CYP isoenzymes to voriconazole N-oxidation

To assess the individual contribution of the CYP isoenzymes 2C19, 2C9 and 3A4 to the
N-oxidation of VRC, two different experimental approaches were applied to detect potential

biases in the determination.

Specific enzyme inhibition in human liver microsomes. First, the CYP isoenzymes 2C19, 2C9
and 3A4 were inhibited in HLM by loratadine, sulfaphenazole and ketoconazole, respectively.
Inhibition on the reaction velocities of VRC N-oxidation was evaluated at VRC concentrations
<Kwm (2.98 uM), in the linear phase of the Michaelis-Menten kinetics. CYP2C19 had the largest
share in VRC N-oxidation with 61.8% and was followed by CYP3A4 with 47.6% and CYP2C9
with 36.2% (Table 3.7). VRC concentrations >Kw were not included in the assessment of enzyme
contributions as loratadine, sulfaphenazole and ketoconazole are competitive inhibitors and at
increasing VRC concentrations a displacement of the inhibitors from the enzyme by the substrate
was observable. This displacement was accompanied by a reduction in the contribution of the
respective isoenzyme. Thus, if assessments were made at a VRC concentration of 100 uM a
contribution of 56.5%, 24.4% and 21.4% for CYP2C19, CYP2C9 and CYP3A4 would have been

determined.

Evidently, an inhibition of >100% in sum was implausible and indicated that the inhibitors were
not sufficiently specific for the respective enzymes. Thus, they were tested on marker reactions
catalysed by mainly one enzyme (chapter 3.2.1). Loratadine inhibited the formation of OH-MEP
by CYP2C19 reliably with less than 5% of reaction velocity remaining compared to an
uninhibited control. Additionally, it did not affect the 1-hydroxylation of midazolam by CYP3A4
with reaction velocities remaining unchanged in its presence. However, there was a cross-reaction
with the 4-hydroxylation of diclofenac by CYP2C9 as its reaction velocity was decreased to 42%
when loratadine was present. The observations made for sulfaphenazole, a CYP2C9 inhibitor,
were comparable. Sulfaphenazole inhibited CYP2C9 almost completely as reaction velocities
decreased to 6.3% compared to an uninhibited control. The CYP3A4 catalysed reaction of
midazolam 1-hydroxylation was again not affected with a reaction velocity of 97% compared to
the control incubation without sulfaphenazole. Yet, sulfaphenazole also inhibited CYP2C19 as
reaction velocities were decreased to 77% compared to the uninhibited control. Lastly,
ketoconazole had minor effects on CYP2C19 and CYP2C9 with 92% and 85% remaining
metabolism compared to the uninhibited control but relevantly inhibited the 1-hydroxylation of
midazolam by CYP3A4 as only a fraction 37% reaction velocity was observed in comparison to

the non-inhibition control (Table 7.5).
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Table 3.7: Reaction velocities of voriconazole N-oxidation in the absence and presence of cytochrome
P450 (CYP) enzyme inhibitors and their proportion compared to the uninhibited control incubation and the
resulting percentage of inhibition (n=6).

Voriconazole Mean (SD) % of Mean (SD) % inhibition
concentration reaction velocity uninhibited % of
. control uninhibited
[IJM] [pmol/(mm-mg)] control

Control incubation without inhibitor

0.5 2.92 (0.288) 100
1 5.34 (0.574) 100 100
2 7.79 (1.05) 100 0) °
3 9.38 (1.11) 100
Incubation with CYP2C19 inhibitor loratadine
0.5 1.23(0.118) 42.0
1 2.01 (0.267) 37.7 38.2
2 2.86 (0.351) 36.7 (2.64) °Le
3 3.40 (0.311) 36.2
Incubation with CYP2C9 inhibitor sulfaphenazole
0.5 1.89 (0.124) 64.8
1 3.24 (0.431) 60.7 63.8
2 4.88 (0.391) 62.6 (2.69) 32
3 6.48 (0.839) 66.9
Incubation with CYP3A4 inhibitor ketoconazole
0.5 1.45 (0.140) 49.8
1 2.58 (0.248) 48.4 52.4
2 4.17 (0.350) 53.6 (4.26) e
3 5.43 (0.393) 57.9
Incubation with a mixture of the CYP2C19, 2C9 and 3A4 inhibitors loratadine,
sulfaphenazole and ketoconazole
0.5 0.249 (0.0151) 8.52
1 0.525 (0.0442) 9.83 10.8
2 0.910 (0.111) 11.7 (2.02) 592
3 1.23 (0.149) 13.1

SD, standard deviation
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Overall, the observed effect of the three combined inhibitors on VRC N-oxidation might be the
most conclusive as specificity was of less importance. Here, 89.2% of the metabolism of VRC
was inhibited indicating that the most relevant enzymes were detected — in particular considering

that CYP3A4 inhibition was insufficient, potentially due to a too low ketoconazole concentration.

Extrapolation from recombinant human CYP enzymes. As all the investigated recombinant
enzyme systems (rhCYP2C19, rhCYP2C9 and rhCYP3A4) revealed a distinct NO formation, an
extrapolation of CLin in rhCYP to HLM was performed.

First, only the respective CYP abundance in HLM (Table 7.2) was considered and the CLin of
VRC  N-oxidation observed in rhCYP2C19 (1.25 pL/(min-pmol)), rhCYP2C9
(0.00173 pL/(min-pmol)) and rhCYP3A4 (0.00742 pL/(min-pmol)) was transformed. This
resulted in CLincvpacioqim Of 13.8 pL/(min'mg), CLincyrocoqm Of 0.106 pL/(min'mg) and
CLintcypsasnim Of 0.690 uL/(min-mg). Compared to the total CLix of 8.76 puL/(min-mg)
determined in HLM, this was a share of 157% for CYP2C19, 1.21% for CYP2C9 and 7.87% for
CYP3A4. The sum of the individual CLin of the isoenzymes resulted in 14.6 pL/(min'mg) and
thus yielded in isoenzyme contributions of 94.5% for CYP2C19, 0.726% for CYP2C9 and 4.73%
for CYP3AA4.

Second, ISEF were determined to account for activity differences in the two metabolic systems,
rhCYP and HLM. Michaelis-Menten kinetics of the marker reactions for CYP2C19, CYP2C9 and
CYP3A4 were evaluated under laboratory-individual conditions in HLM and rhCYP
(chapter 3.2.1.2). When Vmax was used for ISEF determination, ISEFvmax values resulted in 0.573,
2.06 and 3.60 for CYP2C19, CYP2C9 and CYP3A4, respectively. Consequently, extrapolated
CLin,cyeiqm Yielded 7.89, 0.218 and 2.48 pL/(min-mg) and respective contributions of 90.0%,
2.49% and 28.4% for CYP2C19, CYP2C9 and CYP3A4 in VRC N-oxidation when compared to
the total CLix observed in HLM. The sum of the individual clearances was in this approach
10.6 pL/(min-mg). Consequently, when the individual CLincypiHLm,iseF Were related to their sum,
isoenzyme contributions resulted in 74.4% for CYP2C19, 2.06% for CYP2C9 and 23.4% for
CYP3AA4.

Third, ISEF was based on CLix of the marker reactions and values of ISEFcLin; 0f 0.239, 1.13 and
1.59 for CYP2C19, CYP2C9 and CYP3A4 were obtained. Hence, extrapolated CLintcvpiHim for
VRC N-oxidation yielded 3.30, 0.120 and 1.10 pL/(min‘mg) for CYP2C19, CYP2C9 and
CYP3A4, respectively. Based on this, enzyme contributions of CYP2C19, CYP2C9 and CYP3A4
were determined as 37.6%, 1.37% and 12.5% when compared to the determined CLintnim Of
8.76 pL/(min'mg) or 73.0%, 2.65% and 24.3% when compared to the sum of CLintcypiHim OF
4.52 pL/(min'mg).
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Finally, a mean contribution was assessed, amalgamating the results from the inhibition
experiment in HLM and the two ISEF approaches when CLintcypinim Was related to the measured
CLint in HLM (not the sum). This resulted in a mean contribution in the N-oxidation of VRC of
63.1% for CYP2C19, 13.2% for CYP2C9, 29.5% for CYP3A4 and a sum of 106% for the three

isoenzymes, respectively.

3.2.2.4 Invitro in vivo extrapolation

IVIVE from VRC N-oxidation in HLM resulted in a CLint hepatic,invivo OF 540 mL/min (32.4 L/h) and
applying the well-stirred liver model in a CLhepaic Of 227 mL/min (13.6 L/h). When individual
CLin: of VRC N-oxidation in rhCYP were summed up, CLintnepatic.invivo OF 652 and 278 mL/min
(39.1 and 16.7 L/h) were obtained if ISEFvmax Or ISEFcLine Were applied, respectively.
Consequently, CLnepaic 0f 266 and 127 mL/min (16.0 and 7.62 L/h) were determined using
ISEFvmax Or ISEFcLint, respectively.

3.2.2.5 Metabolic stability of voriconazole N-oxide and hydroxyvoriconazole

NO and OH-VRC showed no depletion over time, when incubated directly with HLM. After
60 min at the low NO concentration, 110% and 105% NO compared to a control incubation
without HLM were present in the two replicates. At the high NO concentration 96.9% and 109%
NO compared to the control were determined. The same was observed for OH-VRC which
yielded a recovery of 92.5% and 108% at the low as well as of 94.7% at the high OH-VRC
concentration after 60 min. Additionally, no trend, i.e. decreasing concentrations over time, was

observable, neither for the HLM containing incubation nor for the control (Figure 3.8).
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Figure 3.8: Stability of voriconazole N-oxide (NO) and hydroxyvoriconazole (OH-VRC) in human liver
microsomes across time at two concentrations (n=1-2 each), presented as percentage of a control incubation

(n=1). Dashed lines: £10% and +20% deviation from the control.
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3.2.3 Voriconazole and its metabolites as enzyme inhibitors

In the following sections, the results of the investigations of the potential inhibitory effects of
VRC, NO and OH-VRC on the CYP isoenzymes 2C19, 2C9 and 3A4 are presented. This includes
the results of the determination of 1Cso (chapter 3.2.3.1), the assessment of the occurrence of time-
dependent inhibition (chapter 3.2.3.2) as well as the determination of the type of reversible

inhibition and the corresponding K; (chapter 3.2.3.3).

3.2.3.1 Inhibitory potential of voriconazole, voriconazole N-oxide and hydroxyvoriconazole

Aiming at a first assessment of the inhibitory potential of VRC, NO and OH-VRC, a
determination of the ICs of the three compounds on the enzymes also involved in the metabolism
of VRC was performed. Therefore, reaction velocities of the marker reactions for CYP2C19,
CYP2C9 and CYP3A4 (chapter 3.2.1) at substrate concentrations close to their Ky in the presence
of different concentrations of VRC, NO and OH-VRC were evaluated.

Inhibitory effect on CYP2C19. VRC had a large effect on the 4-hydroxylation of S-mephenytoin
by CYP2C19. Already a concentration of 0.1 M caused a mean decrease in the reaction velocity
of 11.7% compared to the uninhibited control. At a concentration of 1, 5 and 10 pM VRC, the
reaction velocity dropped by 23.9%, 53.3% and 68.2% compared to the uninhibited control,
respectively. The highest inhibition was observed at a VRC concentration of 100 uM with only
5.27% mean activity remaining compared to the uninhibited control (Figure 3.9). The precision
of the assessment was high with a maximum CV of 16.3%, determined by duplicate incubation
replicates, that were sampled twice each (n=4). Based on those data, via equation 2.17 an ICsg of
3.72 uM (95% CI: 2.85-4.78 uM) was determined for VRC.

Also NO inhibited CYP2C19 indicated by the reduction in reaction velocity of S-mephenytoin
4-hydroxylation. However, NO was a less potent inhibitor than VRC. At a concentration of
0.0958 uM the mean reaction velocity was decreased by 9.7% but a further increase in NO
concentration did not entail a steep decrease in enzyme activity as observed for VRC. At
concentrations of 0.958, 3.83 and 9.58 uM the mean reaction velocities of the 4-hydroxylation of
S-mephenytoin remained at a high level with 89.3%, 81.2% and 77.9% compared to the
uninhibited control. Even the highest concentration of NO (34.2 uM) only caused a reduction of
activity to 61.8% compared to the control (Figure 3.9). The imprecision was comparable to those
of VRC with a maximum of 12.4% CV (n=4). The determined 1Cso of 288 uM (95% CI: 65.0 —
31623 uM) was 77-fold higher than for VRC but exceeded the experimentally applied

concentrations. Consequently, a precise estimation of 1Cso was precluded.

The inhibitory effect of OH-VRC on CYP2C19 was intermediate between the effects of VRC and
NO. At lower concentrations of 0.0958 and 0.958 UM the influence on the reaction velocity of

OH-MEP formation was minor with 98.0% and 92.1% mean activity remaining compared to the
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uninhibited control. However, higher concentrations of 3.83 and 9.58 UM led to relevant
inhibition indicated by a mean decrease in activity to 83.6% and 73.0%. The highest concentration
of 34.2 uM caused an inhibition of 47.9% (Figure 3.9). The precision was in the same order of
magnitude as in previous investigations with VRC and NO and resulted in a CV of <14.4% (n=4).
Overall, an ICso of 41.7 uM (95% CI: 26.9 — 89.1 uM) was estimated, which, besides the lower
limit of the CI, exceeded the experimentally applied concentrations and resulted similarly to NO,
in imprecise estimations of 1Cso. Compared to VRC, OH-VRC was a 11-fold weaker inhibitor on
CYP2C109.
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Figure 3.9: Inhibitory potential of voriconazole (VRC), voriconazole N-oxide (NO) and
hydroxyvoriconazole (OH-VRC) on CYP2C19 presented as the remaining activity of the 4-hydroxylation
of S-mephenytoin in dependence of the inhibitor concentration (n=4).

Data points: mean activity; error bars: standard deviation of activity; solid lines: estimated correlation

between activity and inhibitor concentration.

Further evaluation focussed on the impact of the assumptions made for the 1Cso determination,
i.e. setting the potential minimum activity observed in the presence of inhibitor to 0% and
maximum activity in the absence of inhibitor to 100%. Hence, Ao and Amax Were estimated one at
a time or simultaneously together with the 1Cso and steepness of the inhibition curve. For VRC
this led to comparable results regarding 1Cso and H (Table 3.8), as CI for all different model
settings were overlapping. However, the 95% CI were relevantly broader, indicating a less precise
estimation. Furthermore, estimations of Ao resulted in values <0% with CI not always including

zero, which was experimentally impossible.

Due to the low inhibitory effect of NO and OH-VRC on CYP2C19 estimations were already
imprecise when two parameters were fixed. Extending the number of parameters to be estimated

thus increased the imprecision of the parameters as indicated by the wide CI or the impossibility
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to determine CI at all. Consequently, a comparison of the different parameter estimates was

inconclusive.

Table 3.8: Overview of the parameter estimates (ICso, H, Amax, Ao) of the inhibition model (chapter 2.3.5.1)
for voriconazole (VRC), voriconazole N-oxide (NO) and hydroxyvoriconazole (OH-VRC) on CYP2C19,

when either both Amax and Ao were fixed to 100% and 0%, respectively, or only one of the two was fixed

or all parameters were estimated by the model.

Inhi- Setting ICso H Amax Ao
bitor (95% CI) (95% CI) (95% Cl) (95% Cl),
[uM] % %
VRC  Fixed Anx=100 3.72 6.64 - -
and Ao=0 (2.85-4.78)  (5.19 - 8.49)
Fixed Amax=100 10.4 4.47 - -315
(3.72-8411)  (2.68—7.00) (-234 - -1.72)
Fixed A¢=0 5.50 8.75 88.2 -
(2.29-6.95) (6.94—115) (82.7—-94.1)
No fixed 5.93 8.06 88.8 -3.40
parameters (417-118) (5.14-120) (NA-959) (-27.0-6.92)
NO Fixed Amnax=100 288 3.34 - -
and Ag=0 (65.0 - 31623)  (1.76 - 5.69)
Fixed Amnax=100 6.22 14.6 - 75.0
(1.75 — NA) (NA) (NA)
Fixed As=0 118 6.98 90.5 -
(55.5-974) (3.21-15.3) (84.7-98.7)
No fixed 5.51 14.8 73.3 49.5
parameters (2.46 — NA) (NA) (68.8 — 78.0) (NA)
OH- Fixed Amax=100 41.7 6.27 - -
VRC and Ao=0 (26.9-89.1)  (4.30 — 4.95)
Fixed Amnax=100 11.8 12.3 - 38.7
(6.42-NA) (NA-24.1) (NA — 55.4)
Fixed As=0 42.9 6.94 97.6 -
(27.2-90.9) (4.10-4.96) (90.6 — 106)
No fixed 107647 4.84 98.9 -693
parameters (NA) (NA) (NA) (NA)

Ao, minimum activity; Amax, maximum activity; Cl, confidence interval; H, Hill factor, i.e. steepness of the inhibition

curve; ICso, Half maximum inhibitory concentration; NA, not assessable.
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Inhibitory effect on CYP2C9. The inhibition by VRC on the 4-hydroxylation of diclofenac by
CYP2C9 was very distinct. At a concentration of 0.1 uM the reaction velocity was decreased by
a mean of 14.0%. With increasing VRC concentrations, the mean reaction velocity of OH-DIC
formation decreased further with a drop of 15.7%, 54.1% and 70.8% at VRC concentrations of 1,
5 and 10 uM compared to the uninhibited control, respectively. The highest VRC concentration
of 100 uM caused a nearly complete inhibition of the CYP2C9 mediated reaction of OH-DIC
formation with a mean reaction velocity of only 6.85% compared to the uninhibited control
(Figure 3.10). Overall, the two performed replicates, that were sampled each at two points in time,
were in good agreement with each other indicated by an imprecision of <14.2% CV (n=4). There
was only one exception at a VRC concentration of 0.1 pM where the two replicates were not alike
entailing a large imprecision of 36.1% CV. The obtained data were fitted to the inhibition model
(chapter 2.3.5.1) and resulted in an 1Cso of 4.17 pM (95% CI: 2.54 — 6.51 uM) for VRC on the
CYP2C9 catalysed reaction of the 4-hydroxylation of diclofenac.

NO showed a lower inhibitory potential than VRC on CYP2C9. At a concentration of 0.0958 uM
no inhibition was observable with mean reaction velocities being identical to the uninhibited
control. Higher NO concentrations of 0.958, 3.83 and 9.58 uM caused greater inhibition as
alluded by mean reaction velocities of OH-DIC formation decreased by 5.1%, 27.9% and 42.3%,
respectively. The largest reduction in reaction velocity was observed at a NO concentration of
34.2 uM with a decrease by 67.0% (Figure 3.10). The imprecision at all NO concentration levels
was <16.2% CV (n=4). Based on those observations, an 1Cs, value of 13.4 uM (95% CI: 9.90 —
19.1 uM) was estimated, which was 3.2-fold higher than the ICso for VRC on the 4-hydroxylation
of diclofenac by CYP2C9.

The inhibitory effects of OH-VRC on CYP2C9 were intermediate between the effects of VRC
and NO. No inhibition was observed at the very low concentration of 0.0958 uM OH-VRC with
a determined mean reaction velocity of OH-DIC formation of 103% compared to the uninhibited
control. However, a further increase in OH-VRC concentration led to a steep decrease in reaction
velocities of the 4-hydroxylation of diclofenac by CYP2C9. At concentrations of 0.958, 3.83 and
9.58 uM OH-VRC, reaction velocities were decreased to a mean remaining activity of 76.1%,
51.6% and 29.9% compared to the uninhibited control. The maximum inhibition caused by
OH-VRC at a concentration of 34.2 uM was 14.4% reaction velocity remaining compared to the
uninhibited control (Figure 3.10). The two performed replicates, as well as the two sampled time
points, yielded in good agreement regarding the determined reaction velocities, which was
indicated by an imprecision of <11.5% CV. The estimated ICso value of OH-VRC on the CYP2C9
mediated reaction of the 4-hydroxylation of diclofenac was with 3.67 pM (95% CI: 3.16 —
4.26 pM) 1.14-fold lower than the 1Cso value of VRC on the same reaction.
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Figure 3.10: Inhibitory potential of voriconazole (VRC), voriconazole N-oxide (NO) and
hydroxyvoriconazole (OH-VRC) on CYP2C9 presented as the remaining activity of the 4-hydroxylation
of diclofenac in dependence of the inhibitor concentration (n=4).

Data points: mean activity; error bars: standard deviation of activity; solid lines: estimated correlation

between activity and inhibitor concentration.

Additionally, the estimated parameters were evaluated for their consistency if the original
assumptions in the model were changed. Thus, in a stepwise approach, the model was applied to
estimate besides the 1Cso and H, Amax Or Ao, as well as all four parameters simultaneously. Overall,
this resulted in a good agreement of all parameter estimates for VRC, NO and OH-VRC
(Table 3.9). The maximum differences in the estimated 1Cso were 2.25 uM for VRC (40.0%),
3.10 pM for NO (23.1%) and 1.31 uM for OH-VRC (29.2%). However, in all cases Cl were
overlapping, suggesting insignificant differences. Also the estimates for Amax and Ao were mostly
plausible. On the one hand, estimations of Amax Were always close to 100% with a maximum
difference of -12.7% with the CI always including 100% (if assessable). On the other hand,
estimations of Ao were always close to 0% with the Cl always including 0% (if assessable). Here,
a maximum difference of -14.8% was observed. Estimations of Amax >100% and Ao <0% were
experimentally implausible, however taking the imprecision of the determination into account,

the differences were most likely negligible.

Regarding the precision of the estimations, it was observed, that parameter estimates were in
general accompanied by larger 95% CI when more parameters were to be estimated. In some
cases, based on the data CI were not assessable at all (Table 3.9). Thus, although the parameter
estimates were in good agreement, due to the wide CI, a meaningful comparison of the conformity
was precluded. In particular for Ao, CI stretched well into the negative range, which was

implausible from an experimental point of view.
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Table 3.9: Overview of the parameter estimates (1Cso, H, Amax, Ao) Of the four-parameter inhibition model

(chapter 2.3.5.1) for voriconazole (VRC), voriconazole N-oxide (NO) and hydroxyvoriconazole (OH-
VRC) on CYP2C9, when either both Amax and Ao were fixed to 100% and 0%, respectively, or only one of

the two was fixed or all parameters were estimated by the model.

Inhi- Setting 1Cso H Amax Ao
bitor (95% CI) (95% CI) (95% Cl), (95% Cl),
[LM] % %
VRC  Fixed Ana=100 4.17 8.32 - -
and Ao=0 (2.54-6.51)  (4.77-15.6)
Fixed Amna=100 3.38 7.67 - -0.890
(2.39-5.60) (5.52-10.2) (-17.5-9.52)
Fixed Ag=0 5.63 11.1 88.2 -
(319-9.39) (5.89-247)  (75.6—103)
No fixed 5.14 13.1 87.3 5.67
parameters (257-223) (440-NA)  (749-103) (-45.9-22.6)
NO  Fixed Anax=100 13.4 7.62 - -
and Ao=0 (9.90-19.1)  (5.60 — 10.2)
Fixed Amnax=100 10.3 6.47 - -0.817
(4.34-622)  (4.23-9.33) (-176 — 24.7)
Fixed Ao=0 12.8 7.39 101 -
(830-20.2) (4.98-10.6)  (92.5-112)
No fixed 10.6 7.92 101 6.96
parameters (369-NA) (NA-184)  (91.7-NA)  (NA-38.8)
OH-  Fixed Anax=100 3.67 7.26 - -
VRC and Ao=0 (3.16 -4.26)  (6.32 - 8.34)
Fixed Amax=100 4.00 6.98 - -3.05
(2.62-9.07)  (5.26 —9.00) (-31.2-10.7)
Fixed Ao=0 3.17 6.71 105 -
(2.48-3.96) (5.69-7.88)  (99.2-111)
No fixed 4.48 5.48 107 -14.8
parameters (256 -187)  (2.70-7.80)  (100-124)  (-154 —5.66)

Ao, minimum activity; Amax, maximum activity; Cl, confidence interval; H, Hill factor, i.e. steepness of the inhibition

curve; ICso, half maximum inhibitory concentration; NA, not assessable.

Inhibitory effect on CYP3A4. VRC was revealed to be a strong inhibitor of the 1-hydroxylation

of midazolam catalysed by CYP3A4. The low concentration of 0.1 M caused a decrease in the

mean reaction velocity of 14.8%, while concentrations of 1, 5 and 10 uM VRC resulted in a
reduction in the mean velocity of OH-MDZ formation of 22.2%, 73.1% and 77.9% compared to
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an uninhibited control, respectively. A concentration of 100 uM VRC almost completely
inhibited CYP3A4 as it yielded a decrease in the reaction velocity of 91.8% compared to the
uninhibited control (Figure 3.11). A maximum imprecision of 16.7% CV was observed for the
determination of the mean reaction velocity (n=4). Overall, this resulted in an estimated 1Cso of
VRC on the 1-hydroxylation of midazolam by CYP3A4 of 1.76 uM (95% ClI: 1.26 — 2.36 uM).

Comparable to observations made with CYP2C19 and CYP2C9, NO showed the least inhibitory
effect on CYP3A4. At low concentrations of 0.0958 and 0.958 pM NO inhibited the reaction
velocity of OH-MDZ formation by 6.1% and 8.8% compared to an uninhibited control,
respectively. A further increase in NO concentrations, i.e. 3.83 and 9.58 uM, resulted in a
reduction in the mean reaction velocity of 48.1% and 68.7%, respectively. The largest impact was
achieved with the highest NO concentration (34.2 uM) and resulted in a decrease in the mean
reaction velocity of 88.9% compared to the uninhibited control (Figure 3.11). The maximum
imprecision observed was 18.5% CV at a NO level of 100 uM (n=4). The resulting 1Cso of NO
on the CYP3A4 mediated reaction of the 1-hydroxylation of midazolam was 4.48 uM (95% ClI:
3.78 —5.29 pM) and thus 2.5-fold higher than ICso of VRC on the same reaction.

OH-VRC showed similar strong inhibitory properties as VRC. Already at low concentrations of
0.0958 and 0.958 uM OH-VRC the reaction velocity of OH-MDZ formation was reduced by
11.1% and 46.9%, respectively. A further reduction of the mean reaction velocity by 73.9% and
83.9% was achieved with OH-VRC concentrations of 3.83 and 9.58 uM, respectively. At a
concentration of 34.2 uM OH-VRC a decrease in OH-MDZ formation by 92.9% compared to the
uninhibited control was determined (Figure 3.11). This was the same degree of inhibition
observed for VRC on CYP3A4 at a concentration of 100 uM. The precision of the determined
reaction velocity at the respective inhibitor levels was comparable to previous investigations with
CV <22.4% (n=4). All in all, the investigation yielded an 1Cs, value of 1.02 pM (95% CI: 0.796 —
1.27 uM) for OH-VRC on the 1-hydroxylation of midazolam mediated by CYP3A4. This was
1.7-fold lower than the I1Cso of VRC on the same reaction.

Furthermore, also for CYP3A4 the consistency of the parameter estimates was evaluated when
only Amax Or Ao were fixed to 100% or 0%, respectively, as well as when all parameters were
estimated at the same time. Overall, the estimation of 1Cs, for VRC, NO and OH-VRC on
CYP3A4 was independent of the chosen setting, i.e. the a priori included assumptions in the
model, indicating the justification of these assumptions (Table 3.10). For VRC, NO and OH-VRC
the maximum difference in the estimated 1Cso was 1.0 (36.2%), 0.78 (16.1%) and 0.26 uM
(20.3%), respectively. Additionally, all CI were overlapping reinforcing the conclusion, that the
observed differences were negligible. The estimation of H showed a higher variability, however
also here CI were widely overlapping, which suggested non-significant differences. Estimations

of Amax and Ao were predominantly plausible, with Ama values reaching 100% and Ao values
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approaching 0%. The largest observed deviation was -14.2% for Amaxwith all Cl including 100%
except for the estimations of VRC. The estimation of A;showed a maximum deviation of +7.84%,

however all ClI (if assessable) included 0%.

Nevertheless, as observed before, the more parameters were estimated simultaneously, the wider
the Cl became, indicating a decreasing precision in the estimation, suggesting an
overparametrisation of the model. Some CI were not assessable at all or resulted in implausible
high or low estimations, e.g. Amax 0f 214% (Table 3.10). Consequently, conclusions about the
most suitable model setting had to be handled with care.
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Figure 3.11: Inhibitory potential of voriconazole (VRC), voriconazole N-oxide (NO) and
hydroxyvoriconazole (OH-VRC) on CYP3A4 presented as the remaining activity of the 1-hydroxylation
of midazolam in dependence of the inhibitor concentration (n=4).

Data points: mean activity; error bars: standard deviation of activity; solid lines: estimated correlation

between activity and inhibitor concentration.
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Table 3.10: Overview of the parameter estimates (ICso, H, Amax, Ag) of the inhibition model
(chapter 2.3.5.1) for voriconazole (VRC), voriconazole N-oxide (NO) and hydroxyvoriconazole (OH-
VRC) on CYP3A4, when either both Amax and Ao were fixed to 100% and 0%, respectively, or only one of

the two was fixed or all parameters were estimated by the model.

Inhi- Setting 1Cso H Amax Ao
bitor (95% CI) (95% CI) (95% CI), (95% Cl),
[UM] % %
VRC  Fixed Amnax=100 1.76 5.92 - -
and Ao=0 (1.26 -2.36)  (4.47 — 8.00)
Fixed Amnax=100 1.92 5.46 - -3.29
(1.14-7.20)  (3.30-10.0) (-38.4-12.3)
Fixed Ap=0 2.76 8.04 87.2 -
(2.01-368) (6.14-105) (80.4-94.6)
No fixed 2.30 10.2 85.8 7.84
parameters (1.68-3.18)  (7.24—14.0) (79.7-92.2)  (-0.56 — 14.6)
NO  Fixed Amax=100 4.48 9.92 - -
and Ag=0 (3.78-529)  (8.13-12.2)
Fixed Amax=100 4.06 10.8 - 457
(2.99-7.11)  (7.30-15.6) (-19.0 - 16.2)
Fixed Ap=0 4.84 10.5 96.5 -
(3.90-5.99) (8.40-13.3)  (90.5-103)
No fixed 4.23 12.3 95.7 6.98
parameters (3.16 —-6.56)  (8.09-18.9)  (89.7-102) (-12.4-17.6)
OH-  Fixed Amax=100 1.02 5.75 - -
VRC and Ao=0 (0.796 —1.27)  (4.84 — 6.94)
Fixed Amax=100 1.25 5.08 - -7.00
(0.789-3.06) (3.71-7.02) (-32.5-5.71)
Fixed Ap=0 1.28 6.50 93.7 -
(0.792-1.77)  (4.98-8.20)  (85.7 —105)
No fixed 1.28 6.46 93.8 -0.202
parameters (0.698-6.52) (NA-10.7)  (84.8-214) (NA-11.3)

Ao, minimum activity; Amax, maximum activity; Cl, confidence interval; H, Hill factor, i.e. steepness of the inhibition

curve; ICso, Half maximum inhibitory concentration; NA, not assessable.

3.2.3.2 Time-dependent inhibition

Time-dependent inhibition was investigated by determination of the influence of a 30 min
pre-incubation period of inhibitor with HLM in the presence and absence of NADPH
re-generating system on the ICs of the respective isoenzymes CYP2C19, CYP2C9 and CYP3A4.
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Time-dependent inhibition on CYP2C19. The inhibitory effect of VRC on the CYP2C19
mediated reaction of the 4-hydroxylation of S-mephenytoin with a pre-incubation time of 30 min
was as pronounced as without. Also, the absence or presence of the NADPH re-generating system
did not show an impact (Figure 3.12). Precision for both investigations including a pre-incubation
time was high with CV <16.4% (n=4). 1Cso were estimated as 5.59 uM (95% ClI: 4.61 — 6.74 uM)
in the absence and as 5.02 UM (95% Cl: 4.12 —6.08 uM) in the presence of NADPH re-generating
system. Thus, no relevantly increased inhibitory properties were observed compared to the ICso
determination without a pre-incubation period (Table 3.11).

The influence of NO on the OH-MEP formation by CYP2C19 was minor, as described before
(chapter 3.2.3.1). Also a pre-incubation time of 30 min in the absence and presence of NADPH
re-generating system did not change this observation (Figure 3.12). Imprecision was on all
inhibitor levels for both investigations including a pre-incubation period <15.9% CV (n=4).
Regarding the impact of NO on CYP2C19, ICs; values of 450 uM (95% Cl: 93.3 — 339557 uM)
and 320 UM (95% CI: 52.0 — 364870 uM) were determined in the absence and presence of
NADPH re-generating system during the 30 min pre-incubation period, respectively (Table 3.11).
As described for the ICsp determination (chapter 3.2.3.1), the overall inhibitory effect of NO was
low, with 1Csy exceeding the applied experimental NO concentrations, and hence a precise

estimation of 1Cso was precluded.

Lastly, inhibition on CYP2C19 by OH-VRC was not increased by the pre-incubation period,
neither without nor with the presence of NADPH re-generating system (Figure 3.12). The
precision of the determination was high with a CV of <9.27% (n=4). The ICso of OH-VRC on
CYP2C19 resulted in 35.5 uM (95% CI: 26.8 — 53.6 uM) in the absence and 33.6 uM (95% ClI:
17.0 — 160 uM) in the presence of the NADPH re-generating system during pre-incubation
(Table 3.11).

Consequently, no ICso shift >1.5-fold was detectable indicating a time-independent inhibition of
VRC, NO and OH-VRC on CYP2C19.

Time-dependent inhibition on CYP2C9. The inhibitory profiles of VRC on the CYP2C9
mediated reaction of the 4-hydroxylation of diclofenac observed without and with a pre-
incubation period of 30 min were very similar (Figure 3.12). All determinations were precise as
CV was in all cases <14.1% (n=4). The obtained ICs, of VRC on CYP2C9 including a 30 min
pre-incubation was 3.31 uM (95% CI: 2.70 — 4.01 uM) in the absence and 3.16 UM (95% CI:
2.71 - 3.67 pM) in the presence of NADPH re-generating system (Table 3.11).

The inhibitory potential of NO on the 4-hydroxylation of diclofenac by CYP2C9 was not
enhanced by the 30 min pre-incubation period, neither in the absence nor in the presence of the

NADPH re-generating system (Figure 3.12). In both settings, precision was demonstrated by a
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CV of <12.9% (n=4). The observations, that inhibition was not increased by the pre-incubation
period was confirmed by the estimated ICso values of 10.1 uM (95% CI: 8.28 — 12.4 uM) and
14.9 uM (95% ClI: 11.1 - 21.3 uM) in the absence and presence of NADPH re-generating system
during the pre-incubation period, respectively (Table 3.11).

The 30 min pre-incubation period of OH-VRC with HLM in the absence or presence of NADPH
re-generating system did not influence the inhibitory effect on OH-DIC formation by CYP2CO9.
The trajectories of the CYP2C9 inhibition in dependence of OH-VRC concentration were almost
identical in all settings (Figure 3.12). The imprecision of the investigations were for all OH-VRC
concentrations <22.0% CV (n=4). Based on these data, an 1Cso value of 3.68 uM (95% ClI: 2.91 —
4.59 uM) was determined when NADPH re-generating system was absent during the pre-
incubation. Furthermore, in the presence of NADPH re-generating system an 1Csy of 3.64 uM
(95% ClI: 3.01 — 4.39 uM) was determined (Table 3.11).

Overall, VRC, NO and OH-VRC did not show time-dependent inhibition, as 1Csy values
determined from the three settings, i.e. no pre-incubation and 30 min pre-incubation without or
with NADPH re-generating system, were comparable indicated by ICso shifts of <1.5-fold and
widely overlapping CI (Table 3.11).

Time-dependent inhibition on CYP3A4. VRC did not cause time-dependent inhibition on the
1-hydroxylation of midazolam by CYP3A4. Inhibitory effects were comparable to those observed
when no pre-incubation was performed (Figure 3.12). In particular, for investigations with
NADPH re-generating system during the pre-incubation, higher imprecisions of 37.4% (VRC
concentration of 10 uM) and 20.6% CV (uninhibited control) were observed (n=4 each).
However, the remaining determinations revealed imprecisions <11.9% CV (n=4). The estimated
ICso values based on the described observations resulted in 2.90 uM (95% CI: 2.13 — 3.85 uM)
and 2.63 uM (95% ClI: 1.97 — 3.40 uM) in the absence and presence of NADPH re-generating
system during the pre-incubation period, respectively (Table 3.11).

The inhibitory potential of NO on the formation of OH-MDZ by CYP3A4 was partly increased
when a pre-incubation with NADPH re-generating system was performed (Figure 3.12).
However, also the observed variability was large, demonstrated by the imprecision reaching a
maximum of 39.9% CV. Apart from that, CV was <25.0% (n=4). The estimated 1Cs, values were
6.96 UM (95% CI: 4.63 — 10.2 pM) and 2.91 uM (95% CI: 1.36 — 6.19 uM) in the absence and
presence of NADPH re-generating system, respectively (Table 3.11).
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Figure 3.12: Inhibitory effect on the CYP2C19 mediated reaction of S-mephenytoin 4-hydroxylation (top),
the CYP2C9 mediated 4-hydroxylation of diclofenac (middle) and the CYP3A4 mediated reaction of the
1-hydroxylation of midazolam (bottom) as function of the concentration of voriconazole (VRC, left),
voriconazole N-oxide (NO, middle) and hydroxyvoriconazole (OH-VRC, right) without a pre-incubation
period of human liver microsomes and inhibitor (dark colours) and with a pre-incubation period of 30 min
in the absence (medium colours) and presence (light colours) of NADPH re-generating system (n=2-4).

Data points: mean activity; error bars: standard deviation of activity; solid lines: model prediction of the

activity in dependence of the inhibitor concentration.
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Also for OH-VRC, the trajectory of the reduction of the reaction velocity of OH-MDZ formation
with increasing concentrations differed slightly when a pre-incubation was performed
(Figure 3.12). The imprecision observed during these investigations was again high with a
maximum CV of 43.8% (n=4). As for the rest, CV was <20.8% (n=4). The consequently estimated
ICso values amounted to 0.579 uM (95% CI: 0.323 — 0.966 uM) and 1.57 uM (95% CI: 1.25 —
1.95 uM) in the absence and presence of NADPH re-generating system during pre-incubation,
respectively (Table 3.11).

Table 3.11: Summary on the concentrations of voriconazole (VRC), voriconazole N-oxide (NO) and
hydroxyvoriconazole (OH-VRC) causing a half maximum inhibitory effect (ICso) on the CYP isoenzymes
2C19, 3A4 and 2C9 without a pre-incubation period (ICso) and with a 30 min pre-incubation in the absence
(ICs0(-)) or the presence (ICso(+)) of NADPH re-generating system. The respective 1Csq shift is given as

ratio of 1Csp to 1Cso(-) or 1Cso(+), respectively.

Enzyme Inhi- |C50 |C50 |C5o |C50 |C50
bitor (95% CI) ) shift (+) shift
[LM] (95% Cl) ) (95% CI) (+)
[HM] [uM]

CYP2C19 VRC 3.72 5.59 0.667 5.02 0.741
(2.85-4.78)  (4.61-6.74) (4.12 - 6.08)

NO 288 450 0.641 320 0.900

(65.0 —31623)  (93.3 — 339557) (52.0 — 364870)

OH- 41.7 35,5 117 33.6 1.24
VRC  (269-89.1)  (26.8-53.6) (17.0 — 160)

CYP2C9 VRC 4.17 3.31 1.26 3.16 1.32
(2.54-651)  (2.70 - 4.01) (2.71 - 3.67)

NO 13.4 10.1 1.34 14.9 0.899
(9.90-19.1)  (8.28-12.4) (11.1 -21.3)

OH- 3.67 3.68 0.997 3.64 1.01
VRC  (316-426)  (2.91-4.59) (3.01 - 4.39)

CYP3A4 VRC 1.76 2.90 0.607 2.63 0.669
(1.26-2.36)  (2.13-3.85) (1.97 — 3.40)

NO 4.48 6.96 0.644 2.91 1.54
(3.78-5.29)  (4.63-10.2) (1.36 - 6.19)

OH- 1.02 0.579 1.76 157 0.650
VRC " (0.796 -1.27)  (0.323 - 0.966) (1.25 - 1.95)

Overall, for the 1-hydroxylation of midazolam mediated by CYP3A4 in two cases an ICsp shift
of >1.5-fold was observed as inhibition was more distinct when a 30 min pre-incubation period

was performed. First, an 1Csp shift of 1.54-fold was obtained when NO was pre-incubated with
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HLM in the presence of NADPH re-generating system. However, the ClI of the two ICso
determinations (without and with pre-incubation) were widely overlapping, challenging the
assumption of time-dependent inhibition. Second, for OH-VRC an ICsp shift of 1.76-fold was
determined when no NADPH re-generating system was present in the pre-incubation. However,
also in this case, Cl were overlapping, questioning the significance of this observation.
Furthermore, the ICso shift was not reproduced in the presence of NADPH re-generating system,

provoking further considerations.

3.2.3.3 Type of reversible inhibition

In a next step, the inhibitory potential of VRC, NO and OH-VRC was assessed in HLM in a
broader approach. Therefore, the effect of increasing inhibitor concentration was not only
evaluated on one substrate concentration (chapter 3.2.3.1) but multiple substrate concentrations
representative for all phases of the Michaelis-Menten kinetics. Consequently, the type of
reversible inhibition was determinable and a K; derivable.

Reversible inhibition on CYP2C19. Two major trends were observable, describing the impact
of VRC on the reaction velocity of the CYP2C19 mediated OH-MEP formation. First, as
described previously (chapter 3.2.3.1 and 3.2.3.2), with increasing VRC concentrations, reaction
velocities of OH-MEP formation decreased when the substrate concentration of S-mephenytoin
was constant. Second, the inhibitory effect of VRC decreased in the presence of increasing
substrate concentrations (Figure 3.13). The inhibitory potential of VRC on the 4-hydroxylation
of S-mephenytoin by CYP2C19 was in general high, leading partly to reductions in the reaction
velocity of >90% at high VRC (100 uM) and low S-mephenytoin (9.16, 13.7 and 18.3 uM)
concentrations. Consequently, the OH-MEP concentration of the respective incubations was
below the LLOQ (0.5 ng/mL) of the bioanalytical assay. At all VRC and S-mephenytoin
concentrations, reaction velocities were determined precisely as indicated by a CV of <19.6%
(n=4). Overall, a competitive inhibition for VRC on the reaction of 4-hydroxylation of
S-mephenytoin was determined as the model of competitive inhibition revealed plausible and
precise parameter estimates and the best fit with an AIC decrease of 143 and 216 to the models
of non-competitive and uncompetitive inhibition, respectively. The corresponding Ki was
determined as 1.89 uM (95% ClI: 1.68 — 2.13 uM).

For NO the observation of tendencies was challenging, as the overall inhibitory potential was low
(chapter 3.2.3.1 and 3.2.3.2). Nevertheless, decreases in the reaction velocity of OH-MEP
formation were distinguishable when NO concentrations increased, although the effect was not
as distinct as for VRC (Figure 3.13). The imprecision was in the same order of magnitude as for
VRC with CV £21.1% (n=4). Based on those observations, a non-competitive type of reversible

inhibition was determined for the effect of NO on the 4-hydroxylation of S-mephenytoin by
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CYP2C19. However, the AIC decreases were with 9 and 23 compared to the models of
competitive and uncompetitive inhibition, respectively, much smaller than for VRC. The derived
Kiwas 58.5 uM (95% CI: 46.8 — 75.0 uM).

OH-VRC revealed a similar inhibition pattern on the 4-hydroxylation of S-mephenytoin as VRC,
although the overall inhibition was not as pronounced. As observed before (chapter 3.2.3.1 and
3.2.3.2) reaction velocities of OH-MEP formation gradually decreased with increasing OH-VRC
concentrations. Concurrently, the inhibitory effect of OH-VRC on CYP2C19 decreased in the
incubations with higher S-mephenytoin concentrations (Figure 3.13). All determinations were
precise indicated by CV of <13.4% (n=4). As for OH-VRC the overall inhibition was not very
distinct in the investigated concentration range, the best model to describe the data was obtained
by AIC decreases of 5 and 63 favouring the competitive inhibition model over the non-
competitive and uncompetitive inhibition model, respectively. The resulting K; for competitive
inhibition of OH-VRC on the CYP2C19 catalysed reaction of the 4-hydroxylation of
S-mephenytoin was 11.6 pM (95% CI: 9.67 — 14.0 uM).

The inhibitory effects of VRC, NO and OH-VRC on CYP2C19 were assessed using the same
marker reaction of the 4-hydroxylation of S-mephenytoin under the same conditions. Thus, the
resulting parameter estimates for Ky and Vmax, that were simultaneously assessed together with
the Kiin all cases, were compared for their consistency between these experiments. As a reference,
Kwm and Vimax Were determined based on the pooled experimental data of the control incubations
(without inhibitor) of the respective experiments by fitting the Michaelis-Menten model (Eq. 2.5).
Although some fluctuations were observed, Ky ranged from 86.8% to 107% of the reference. For
Vmax @ conformity of 88.5% to 102% was achieved (Table 3.12).

Furthermore, the type of reversible inhibition was explored by the Lineweaver-Burk linearisation.
This graphical evaluation supported the mathematical findings of a competitive inhibition for
VRC and OH-VRC, as the linear regressions derived per inhibitor concentration, all shared the
same y-axis intersection (Figure 7.3). For NO the interpretation of the graphical result was

ambiguous being in line with the nonlinear regression analysis.
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Figure 3.13: Reaction velocities of 4-hydroxymephenytoin formation by CYP2C19 in dependence of the
S-mephenytoin concentration under the influence of increasing concentrations of the inhibitors
voriconazole (VRC, top), voriconazole N-oxide (NO, middle) and hydroxyvoriconazole (OH-VRC,
bottom) in human liver microsomes (n=4).

Data points: mean reaction velocity; error bars: standard deviation of reaction velocity; solid lines:
estimated enzyme kinetics; dashed lines: Michaelis-Menten constant (Km) and maximum reaction velocity

(Vmax) of the respective uninhibited control.

Reversible inhibition on CYP2C9. The inhibitory effect of VRC on the 4-hydroxylation of
diclofenac by CYP2C9 was distinct. Confirming previous results (chapter 3.2.3.1 and 3.2.3.2),
with increasing VRC concentrations, reaction velocities of the OH-DIC formation decreased,
independent of the investigated substrate concentration. Furthermore, increasing substrate
concentrations led to declining inhibitory effects of VRC on the reaction velocities of OH-DIC
formation (Figure 3.14). The maximum determined imprecision was <25.0% CV (n=4). Overall,

those observations matched the description of a competitive inhibition, which was confirmed by
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comparison of the three inhibition models, revealing the competitive inhibition model as superior
to the non-competitive and uncompetitive model with AIC decreases of 131 and 143, respectively.
The consequently determined K; amounted to 2.57 uM (95% ClI: 2.12 — 3.14 uM).

The inhibitory effects of NO were most pronounced at low diclofenac substrate concentrations
and increased with rising NO concentrations. In contrast, at high diclofenac concentrations almost
no inhibition was detected, independent of the NO concentration (Figure 3.14). The imprecision
was elevated for one investigated setting (diclofenac concentration of 27.0 uM and NO
concentration of 0.0958 uM) with a CV of 24.2% (n=2). Apart from that, CV was at all times
<18.4% (n=4). The evaluation of the data by the three inhibition models suggested a competitive
mode of inhibition by NO on the 4-hydroxylation of diclofenac as AIC decreases were 113 and
145 compared to the non-competitive and uncompetitive inhibition model, respectively. The
corresponding K; resulted in a value of 5.47 uM (95% ClI: 4.32 — 7.00 pM).

For OH-VRC two overall trends in the inhibitory profile on the 4-hydroxylation of diclofenac
were distinguishable. First, increasing inhibitor concentrations entailed a decrease in reaction
velocities compared to the uninhibited control when the substrate concentration was constant, as
observed before (chapter 3.2.3.1 and 3.2.3.2). Second, identical OH-VRC concentrations caused
less inhibition on incubations with higher diclofenac concentrations (Figure 3.14). The maximum
observed imprecision was 34.3% CV (n=4). Overall, also for OH-VRC a competitive inhibition
on the CYP2C9 mediated reaction of the 4-hydroxylation of diclofenac was observed. The
competitive model was superior to the non-competitive and uncompetitive inhibition models
indicated by AIC decreases of 104 and 142, respectively. The estimated K;was consequently
2.80 UM (95% CI: 2.20 — 3.61 uM).

Independent of the investigated inhibitor, VRC, NO or OH-VRC, Ku and Vmax values for the
4-hydroxylation of diclofenac were in all cases simultaneously assessed in the respective models
(Table 3.12). Compared to the reference Km and Vmax, determined based on the pooled uninhibited
control incubations of the three investigations, a conformity of 97.8% to 134% for Ky and of

98.2% to 106% of Vmax Was achieved. In all cases, the CI of the estimations were overlapping.

Moreover, the graphical evaluation by the Lineweaver-Burk linearisation supported the
conclusion of a competitive mode of inhibition by VRC, NO and OH-VRC on CYP2C9. The

derived linear functions all shared a common intersection on the y-axis of the plot (Figure 7.4).
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Figure 3.14: Reaction velocities of 4-hydroxydiclofenac formation by CYP2C9 in dependence of the
diclofenac concentration under the influence of increasing concentrations of the inhibitors voriconazole
(VRC, top), voriconazole N-oxide (NO, middle) and hydroxyvoriconazole (OH-VRC, bottom) in human
liver microsomes (n=2-4).

Data points: mean reaction velocity; error bars: standard deviation of reaction velocity; solid lines:
estimated enzyme kinetics; dashed lines: Michaelis-Menten constant (Km) and maximum reaction velocity

(Vmax) of the respective uninhibited control.

Reversible inhibition on CYP3A4. The inhibitory effects of VRC on the 1-hydroxylation of
midazolam by CYP3A4 increased with growing VRC concentrations when the substrate
concentration was constant, as seen previously (chapter 3.2.3.1 and 3.2.3.2). However, in contrast
to findings for CYP2C19 and CYP2C9, this inhibitory effect did not depend on the substrate, i.e.
midazolam, concentration (Figure 3.15). In all possible combinations of substrate and inhibitor
concentrations, imprecision was always <27.4% CV (n=4). Overall, those descriptions matched

the profile of a non-competitive inhibition, which was confirmed by the evaluation of the three
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inhibition models and revealing the non-competitive inhibition model as superior to the
competitive and uncompetitive models with AIC decreases of 17 and 43, respectively. The
corresponding K resulted in a value of 2.75 uM (95% CI: 2.35 — 3.22 uM).

For NO a comparable inhibitory profile on the 1-hydroxylatin of midazolam by CYP3A4 was
observed. Again, with increasing NO concentrations also reaction velocities of OH-MDZ
formation compared to an uninhibited control decreased at the same substrate level. Yet, this
inhibitory potential did not decline when midazolam concentrations increased (Figure 3.15). The
precision of the investigation was demonstrated by a CV of <18.2% (n=4). The described
observations corresponded to a non-competitive mode of inhibition by NO on the CYP3A4
mediated reaction of the 1-hydroxylation of midazolam. Models of competitive and
uncompetitive inhibition were inferior to the non-competitive model with AIC differences of 60
and 67, respectively. Based on this, a K; of 5.23 uM (95% CI: 4.68 — 5.86 uM) was determined.

OH-VRC impacted the reaction velocities of the formation of OH-MDZ by CYP3A4 in a similar
way as VRC and NO. While increasing OH-VRC concentrations resulted in a more distinct
inhibition of CYP3A4 and consequently in lower reaction velocities of OH-MDZ formation,
rising midazolam concentrations could not attenuate this phenomenon. Thus, depending on the
concentration of OH-VRC, reaction velocities were, when compared relatively to the uninhibited
control of the same substrate concentration, decreased to the same level (Figure 3.15). For
investigations with OH-VRC on CYP3A4, the maximum observed imprecisions were 40.9% and
39.8% CV. Apart from that, CV was always <24.0% CV (n=4). On the whole, inhibitory effects
of OH-VRC on the 1-hydroxylation of midazolam by CYP3A4 were demonstrated to be non-
competitive as the obtained data best fitted the respective model. AIC decreases were 94 and 37
regarding the competitive and uncompetitive inhibition model, respectively. The corresponding
Ki for the inhibition by OH-VRC on CYP3C4 was 2.53 uM (95% CI: 2.24 — 2.87 uM).

The simultaneously assessed model parameters of Ky and Vmax are reported in Table 3.12.
Overall, experiments revealed a good reproducibility with Ky ranging from 97.2% to 115% and
Vmax from 92.0% to 109% of the reference Km and Vmax Values determined from the pooled data

of the uninhibited control incubations.

Finally, also the Lineweaver-Burk linearisation reinforced the assessment of VRC, NO and OH-
VRC being non-competitive inhibitors on CYP3A4. In contrast to investigations of CYP2C19
and CYP2C9 the derived linear functions showed a common intersection on the x-axis (-1/Kw) of

the Lineweaver-Burk plot (Figure 7.5).
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Figure 3.15: Reaction velocities of 1-hydroxymidazolam formation by CYP3A4 in dependence of the

midazolam concentration under the influence of increasing concentrations of the inhibitors voriconazole

(VRC, top), voriconazole N-oxide (NO, middle) and hydroxyvoriconazole (OH-VRC, bottom) in human

liver microsomes (n=3-4).

Data points: mean reaction velocity; error bars: standard deviation of reaction velocity; solid lines:

estimated enzyme kinetics; dashed lines: Michaelis-Menten constant (Km) and maximum reaction velocity

(Vmax) of the respective uninhibited control.
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Table 3.12: Overview on the type of inhibition caused by voriconazole (VRC), voriconazole N-oxide (NO)
and hydroxyvoriconazole (OH-VRC) on the CYP isoenzymes 2C19, 3A4 and 2C9 and the associated
inhibitory constants (K;) as well as the Michaelis-Menten constants (Km) and maximum reaction velocities
(Vmax). Reference Kyv and Vmax were determined by fitting the Michaelis-Menten model to the pooled

experimental data of the control incubations (without inhibitor) only, which were included in each enzyme-

inhibitor investigation.

Enzyme  Inhibitor Type of Ki(95% CI) Km(95% Cl)  Vmax (95% CI)
reversible [UM] [UM] [pmol/(min-mg)]
inhibition

CYP2C19 None - - 34.2 417

(29.1 - 39.3) (39.6 — 43.8)
VRC Competitive 1.89 37.0 36.9
(1.68-2.13)  (34.2-40.1) (36.0 — 37.9)
NO Non- 58.5 33.2 42.4
competitive (468 75.0) (29.9-36.8)  (40.8—44.0)
OH-VRC  Competitive 11.6 29.7 41.1
(9.67-14.0) (27.3-32.2) (40.1 - 42.1)
CYP2C9 None - - 5.93 2123
(4.95-6.90)  (2013-2232)
VRC Competitive 2.57 5.80 2159
(212-3.14) (5.14-6.52) (2089 — 2230)
NO Competitive 5.47 6.32 2084
(432-7.00) (5.60-7.13) (2016 —2154)
OH-VRC  Competitive 2.80 7.93 2251
(220-3.61) (6.81-9.23) (2158 — 2346)
CYP3A4  None - - 3.62 485
(2.88 — 4.36) (451 - 520)
VRC Non- 2.75 3.52 527
competitive  (235_322)  (3.05-4.05) (500 — 554)
NO Non- 5.23 4.05 505
competitive (468 _586)  (3.65—4.47) (486 — 525)
OH-VRC Non- 2.53 4.16 446
competitive  (224_287)  (3.71 - 4.66) (427 — 466)

Cl, confidence interval
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3.3 In vitro microdialysis feasibility studies for voriconazole and its N-oxide metabolite

A comprehensive in vitro microdialysis study was performed to address the feasibility of
microdialysis sampling of VRC, NO and their combination in vitro (chapter 3.3.2 and 3.3.3),
including a LME modelling approach (chapter 3.3.4). Furthermore, potential influential factors
of the determination of VRC and NO RR were explored (chapter 3.3.2.1, 3.3.2.2 and 3.3.2.3) and
the performance of VRC retrodialysis for catheter calibration and determination of ISF

concentrations of VRC and NO evaluated (chapter 3.3.5).

3.3.1  Stability of voriconazole N-oxide during in vitro microdialysis

NO was demonstrated to be stable under conditions relevant for in vitro microdialysis
investigations. At a temperature of 37°C for 4 h, no degradation was observable. All determined
concentrations ranged from 93.3% to 112% of their nominal concentration and were therefore
within the required limits of the EMA guideline on bioanalytical method validation [139].
Additionally, no trend was detected across time suggesting bioanalytical variabilities for the
above-mentioned deviations (Figure 3.16).
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Figure 3.16: Stability of voriconazole N-oxide at a low and high concentration across time at 37°C
presented as deviation to its nominal concentration. Dashed lines represent the accepted variabilities of
+15%.

3.3.2 Relative recovery of voriconazole and its N-oxide metabolite during individual

microdialysis

First, RR of VRC and its N-oxide metabolite were explored in the absence of the respective other.
Overall, both compounds revealed high and consistent RR. Pooling all RR values of VRC across
all concentrations, study days and used microdialysis catheters, the median RR was 87.6% (95%

Cl: 86.5% — 88.8%, n=114). The observed minimum and maximum RR values were 77.4% and
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101%, respectively. The median RR of NO across all concentrations, study days and microdialysis
catheters was high and exceeded with 91.1% (95% CI: 88.4% — 94.5%, n=85) the median RR of
VRC by an absolute difference of 3.5%. Minimum and maximum observed RR values for NO

were 79.0% and 105%, respectively.

3.3.2.1 Relative recovery of voriconazole and its N-oxide metabolite as a function of

concentration

The median RR of VRC in relation to its concentration (0.01 to 3 pg/mL) ranged from 85.6%
(95% CI: 82.8% — 89.2%) at 0.20 ug/mL (n=10) to 90.3% (95% Cl: 87.4% — 91.5%) at
0.50 pg/mL (n=15). Thus, no dependency on VRC concentration was observable as CI were
overlapping. Moreover, no tendency, i.e. de- or increasing RR, with increasing VRC
concentrations was observable (Figure 3.17). The variability of RR of VRC at the individual
concentrations was comparably low indicated by IQR of a minimum of 3.93% points at a
concentration of 0.50 ug/mL (n=15) and a maximum of 5.86% points at a concentration of
3 pg/mL (n=30).
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Figure 3.17: In vitro relative recoveries in percent of voriconazole (left panel) and its N-oxide metabolite
(right panel) in relation to the nominal concentration. The boxes represent the interquartile ranges (IQR)
including the respective median of all data points as a bold line. The upper whiskers extend to the largest
value but no further than 1.5-1QR, the lower whiskers extend to the smallest value at most 1.5-1QR.

Individual data points are overlaid (n=114 for voriconazole and n=85 for voriconazole N-oxide).

The lowest median RR for NO was observed at the lowest concentration of 0.01 pg/mL with
88.8% (95% ClI: 86.7% — 91.5%, n=30) and the highest with 97.2% (95% CI: 93.7% — 100%) at

the second lowest concentration of 0.10 pug/mL (n=10). Although CI were not overlapping, further
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evaluations were needed to assess the significance of this observation (see chapter 3.3.4 Linear
mixed-effects modelling), as all RR values at the concentration of 0.10 pug/mL derived from the
same study day and the same microdialysis catheter. Moreover, no continuing trend for in- or
decreasing RR with increasing NO concentrations was observable (Figure 3.17). The observed
variability in RR was higher for NO than for VRC, indicated by an IQR of a minimum of 4.57%
points at a concentration of 0.10 pug/mL (n=10) and a maximum of 13.0% points at a concentration
of 0.50 pg/mL (n=25).

3.3.2.2 Relative recovery of voriconazole and its N-oxide metabolite in relation to the
microdialysis catheter

For VRC, a minor influence of the used microdialysis catheter on RR was observable. Median
RR were determined for every catheter, pooling data from different study days and
concentrations. The catheter number was thereby allocated randomly not allowing to draw
conclusions about tendencies. Median RR of VRC were 88.4% (95% CI: 77.9% — 91.6%, n=10),
86.8% (95% CI: 85.1% — 89.2%, n=34), 89.3% (95% CI: 86.2% — 91.2%, n=30), 88.2% (95%
Cl: 85.9% — 90.4%, n=20) and 87.1% (95% ClI: 84.1% — 87.9%, n=20) for the catheters A to E,
respectively (Figure 3.18).
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Figure 3.18: In vitro relative recoveries in percent of voriconazole (left panel) and its N-oxide metabolite
(right panel) in relation to the individual microdialysis catheter. The boxes represent the interquartile ranges
(IQR) including the respective median of all data points as a bold line. The upper whiskers extend to the
largest value but no further than 1.5-1QR, the lower whiskers extend to the smallest value at most 1.5-1QR.

Individual data points are overlaid (n=114 for voriconazole and n=85 for voriconazole N-oxide).
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Thus, the maximum absolute detected difference in median RR between catheters was 2.5%
points indicating a minor influence of the individual microdialysis catheter. Also the intracatheter
variability of RR was mostly comparable with absolute IQR ranging from 4.15% (catheter E,
n=20) to 6.50% (catheter B, n=34), with the exception of catheter A with an IQR of 10.3% (n=10).

For NO the observations were comparable. Here, median RR ranged from 90.5% in catheter E
(n=20) to 93.0% in catheter D (n=20) (Figure 3.18), resulting in a maximum absolute difference
in RR of 2.5%. Although the same microdialysis catheters were used as for VRC, intracatheter
variability of RR was increased for NO with IQR of 10.2%, 8.45%, 13.7% and 7.99% points for
the catheters B to E, respectively.

3.3.2.3 Relative recovery of voriconazole and its N-oxide metabolite in relation to the study
day

Overall, the study day had the largest influence on VRC and NO RR. VRC RR was investigated
on study days 1, 2, 3, 4 and 7 and resulted in median RR values of 83.9% (95% CI: 80.5% —
88.8%, n=14), 91.1% (95% CI: 88.5% — 93.1%, n=15), 90.3% (95% CI: not applicable, n=5)
89.3% (95% CI: 87.4% — 90.4%, n=40) and 86.4% (95% CI: 84.8% — 87.1%, n=40) on the
respective day (Figure 3.19).
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Figure 3.19: In vitro relative recoveries in percent of voriconazole (left panel) and its N-oxide metabolite
(right panel) in relation to the study day. The boxes represent the interquartile ranges (IQR) including the
respective median of all data points as a bold line. The upper whiskers extend to the largest value but no
further than 1.5-1QR, the lower whiskers extend to the smallest value at most 1.5-IQR. Individual data

points are overlaid (n=114 for voriconazole and n=85 for voriconazole N-oxide).
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Consequently, the maximum observed absolute difference in RR between study days was 7.2%.
However, within one study day RR of VRC was relatively constant and independent of catheter
and VRC concentration. This was in agreement with IQR ranging from 4.26% (study day 2) to
7.95% points (study day 3).

RR of NO was investigated on study days 3, 5 and 7 and fluctuated with median RR of NO of
91.1% (95% CI: not applicable, n=5), 97.8% (95% CI: 94.9% — 99.5%, n=40) and 86.2% (95%
Cl: 85.0% — 87.05%, n=40), respectively, more than median RR of VRC (Figure 3.19). In
particular as the variability was comparable with IQR of 3.36%, 5.39% and 3.61% points on study
day 3, 5 and 7, respectively.

3.3.3 Relative recovery of voriconazole and its N-oxide metabolite during simultaneous

microdialysis

In a second step, RR of VRC and its N-oxide metabolite were investigated in the presence of
varying concentrations of the respective other. Pooling all data from different concentrations,
catheters and study days, median RR of VRC in the presence of NO was 87.9% (95% ClI: 85.3% —
90.5%, n=82). This was comparable to an absolute change in RR of 0.3% compared to RR
determined in the absence of NO (Figure 3.20, A). Furthermore, not only the mere presence of
NO was taken into consideration but also the respective concomitant NO concentration. An
absolute decrease in VRC RR of 2.5% was observed when the combination of 0.01 pg/mL VRC
plus 0.01 pug/mL NO was compared to the combination of 3 pg/mL VRC plus 3 pg/mL NO. This

difference was classified as minor, as also Cl were widely overlapping (Table 3.13).

Table 3.13: Median relative recovery of voriconazole and voriconazole N-oxide during simultaneous

microdialysis of five different concentration combinations.

Concentration Median relative Median relative n
[ng/mL] recovery voriconazole,  recovery voriconazole
. . % N-oxide, %
Voriconazole Voriconazole ) .
N-oxide (95% confidence (95% confidence
interval) interval)

0.01 0.01 87.9 (83.7-91.6) 86.3(82.5-91.4) 18
0.20 0.50 86.4 (83.3-92.4) 89.1(87.3-91.3) 20
0.50 0.50 95.1 (n.a.) 94.9 (n.a.) 5
3.0 0.01 87.9 (84.7-92.2) 95.0 (91.4-96.3) 19
3.0 3.0 85.4 (81.1-92.9) 87.4 (84.1-94.4) 20

n.a., not applicable due to low number of replicates
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For NO, pooling data from all concentrations, microdialysis catheters and study days, median RR
in the presence of VRC resulted in 91.1% (95% CI: 88.4% — 94.5%, n=82) and hence no shift
was observed compared to determinations in individual microdialysis investigations
(Figure 3.20, B).
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The concomitant VRC concentration did not have a large impact on RR of NO. A difference in
absolute RR of NO of +1.1% was observed when comparing the combination of 0.01 and
0.01 pg/mL to the combination of 3.0 and 3.0 uyg/mL VRC and NO (Table 3.13). The
combination of a high VRC concentration (3.0 ug/mL) with a low NO concentration
(0.01 pg/mL) led to a slightly increased RR for NO of 95.0%. However, Cl were still overlapping,
indicating a negligible effect (Table 3.13).

3.3.4  Linear mixed-effects modelling

All exploratory and graphical assessments were confirmed and furthermore quantified by an LME
model enabling the simultaneous consideration of all potentially influencing factors. In this
model, RR of VRC in the absence of NO was set as the reference scenario, which resulted in an
estimated RR of 89.7% (ao, Table 3.14). No significant influence of compound concentration was
revealed within the investigated concentration range with a small a, value (slope) and its 95% ClI
including zero (p>0.05, Table 3.14). Moreover, the absolute deviations in RR of the other three
scenarios in comparison to RR of VRC individual microdialysis were not significant with 95%
Cl including zero and p-values >0.05 (Table 3.14).

Table 3.14: Parameter estimates for the fixed effects of the linear mixed-effects model evaluating the
dependence of the in vitro relative recovery (RR) on the nominal concentration and the investigated
scenario, i.e. voriconazole (VRC) and its N-oxide metabolite (NO) in the absence of the respective other
and the combination.

Parameter Estimate 95% confidence interval P-value
of estimate
Qo
RR of VRC 89.7% 86.2% — 93.3% 1.8-10*
aq
ARR of VRC + NO -1.56% -3.18% — +0.113% 0.0636
ARR of NO 0.473% -1.24% — +2.28% 0.5936
ARR of NO + VRC 0.868% -0.757% — +2.54% 0.3014
a, 0.309 mL/pg -0.254 — +0.900 mL/pg 0.2840

ao, intercept of the linear regression function corresponding to the estimated individual RR of voriconazole (=
“reference scenario”); a1, absolute deviation in RR for the three scenarios; az, slope of the linear regression, i.e. change

of RR in function of the concentration.
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The random effects could explain in total 51.2% of the observed variance. Here, the study day
was the most important factor, which explained a standard deviation (SD) of 4.10% points on RR
and had a share of 46.3% in the total variance. In contrast, the individual microdialysis catheter
only entailed an absolute variability of 1.25% (SD) and caused thus 4.33% of the total variance.
A further SD of 4.23% points remained unexplained which equalled 49.4% of the total variance

in the data.

3.3.5 Invitro retrodialysis

Concentrations of VRC and NO in catheter-surrounding medium were determined by direct
measurement as well as by VRC retrodialysis. At a nominal concentration of 0.01 pg/mL VRC,
median concentrations in catheter-surrounding medium determined by retrodialysis (n=8-10
each) at the two days of investigation were -12.8% and -9.2% lower than the median of directly
measured concentrations (n=6 each). At a concentration of 0.02 pug/mL (n=10 each retrodialysis,
n=6 each direct measurement) the deviation was -13.8% and -4.2%. For higher concentrations of
VRC (3 pg/mL) four investigations were performed and resulted in deviations of -1.6%, +1.6%,
-7.1% and -12.9% (n=9-10 each retrodialysis, n=6 each direct measurement) respectively.

Also for NO, retrodialysis of VRC was applied. At a nominal concentration of 0.01 pg/mL NO,
median concentrations in catheter-surrounding medium determined by retrodialysis (n=8-10
each) were at the four investigations -14.9%, -3.0%, -5.0% and -1.5% lower than the median of
directly measured concentrations (n=6 each). The deviation at a concentration of 0.50 pg/mL NO
was -5.9% and -4.6% at the two study days (n=9-10 each retrodialysis, n=6 each direct
measurement), respectively. Lastly, at a nominal concentration of 3.0 pg/mL NO retrodialysis
resulted in median concentrations of -9.7% and +0.4% compared to direct measurements (n=10

each retrodialysis, n=6 each direct measurement).

3.4 Clinical microdialysis trial for the determination of voriconazole and its N-oxide

metabolite concentrations in plasma, ultrafiltrate and interstitial space fluid

In the following sections, the results of the simultaneous determination of VRC and NO in
samples of the clinical microdialysis trial in healthy volunteers will be presented. In detail, a PK
data analysis was performed for VRC and NO in plasma, ultrafiltrate and microdialysate,
focussing on the evaluation of the f, in plasma (chapter 3.4.2.1), concentration-time profiles
(chapter 3.4.2.2), the total exposure (chapter 3.4.2.3) and metabolic ratios (chapter 3.4.2.4) with
regard to the CYP2C19 genotype-predicted phenotype of the individuals as well as the respective
VRC dosing interval.
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3.4.1 Bioanalysis of study samples

The developed and validated bioanalytical method described in chapter 3.1 was applied to overall
212 human plasma, 209 ultrafiltrate and 284 microdialysate clinical trial samples. The
performance of the assay was investigated by the continuous evaluation of CAL and QC samples
within the analytical runs as requested by the EMA guideline on bioanalytical method validation
[139].

In total, four analytical runs were performed to simultaneously quantify VRC and NO
concentrations in the matrices of plasma, ultrafiltrate and microdialysate, respectively. The seven
CAL samples and the blank and zero sample, were prepared freshly in plasma, covering a range
from 0.005 — 5 pg/mL, and microdialysate, covering a range from 0.004 — 4 pg/mL. VRC and
NO concentrations were calculated using a linear regression model (chapter 2.2.2.2), which
resulted in the calibration function parameters presented in Table 3.15.

Table 3.15: Parameters (slope, intercept, R?) of voriconazole and voriconazole N-oxide calibration
functions in human plasma and microdialysate of the different bioanalytical runs during the application of

the liquid chromatography-tandem mass spectrometry assay to clinical trial samples.

Compound Run Plasma Microdialysate

Slope Intercept R2 Slope Intercept R2
Vori- 1 7.66:10%  0.0560-10% 0.9933 9.00-10* 2.15-10* 0.9931
conazole

2 11.5-10% 8.32:10*  0.9897 4.79-10*  0.128:10*  0.9905

\ori- 1 2.63-10* -0.275-10% 0.9960 5.26:10* 0.982-10* 0.9981
conazole
N-oxide 2 4.15-10* 2.21-10* 0.9875 2.19-10* 1.21-10* 0.9939

For VRC and NO in plasma and microdialysate, overall, only 3.06% of CAL (n=98) and 7.87%
of individual QC samples (n=89) were outside the allowed +15% accuracy range (£20% at the
LLOQ). For each of the four QC levels (>LLOQ) in plasma and microdialysate, mean accuracy
and precision was determined across all analytical runs. In summary, the method performance
conformed with the EMA guideline requirements with a mean accuracy in plasma (n=6 per level)
ranging from 101% to 109% for VRC and from 94.8% to 105% for NO. In microdialysate, mean
accuracy (n=5 per level) was between 100% and 109% for VRC and between 96.2 and 98.6% for
NO (Figure 3.21). The imprecision determined as CV ranged from a minimum of 2.10% for NO
in microdialysate at a concentration of 1.2 pg/mL (n=5) to a maximum of 12.4% for VRC in
plasma at a concentration of 1.5 pg/mL (n=6). Based on these results all analytical runs were

accepted for further evaluation of the study samples.
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Due to the low LLOQ, from the total 705 samples, besides the baseline samples that were taken
before VRC administration, only one microdialysate sample was below the LLOQ for VRC and

NO and was thus not considered in the further analysis.

The difference in the number of evaluated plasma and ultrafiltrate samples was based on the
unavailability of three of the original ultrafiltrate samples. Ultrafiltration of the respective plasma
samples was not repeated for reasons of comparability. Furthermore, three microdialysate
samples from the RM/PM in the fifth dosing interval were not available due to a necessary
catheter replacement.
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Figure 3.21: Accuracy of voriconazole (VRC) and voriconazole N-oxide calibrator (CAL) and quality
control (QC) samples in plasma and microdialysate for the different bioanalytical runs during the
application of the liquid chromatography-tandem mass spectrometry assay. The data is presented as
percentage of its nominal concentration. Dashed lines indicate the accuracy limits of £15% and +20% for

the lower limit of quantification, respectively.

3.4.2 Pharmacokinetic data analysis for clinical trial samples in plasma, ultrafiltrate and

microdialysate

Subsequently to the bioanalysis of all available study samples, the individual PK of VRC and NO
of the four healthy individuals was evaluated for total as well as unbound plasma (ultrafiltrate)
and ISF concentrations. In detail, the fy in plasma was investigated (chapter 3.4.2.1) as well as

concentration-time profiles (chapter 3.4.2.2), the total exposure (chapter 3.4.2.3) and metabolic
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ratios (chapter 3.4.2.4) were evaluated. The administered i.v. doses on day one ranged from 390
to 461 mg and on day two from 260 to 307 mg compared to the lower flat 200 mg p.o. doses on

days three and four.

3.4.2.1 Fraction unbound in plasma of voriconazole and its N-oxide metabolite

Based on the concentrations determined for VRC and NO in plasma and ultrafiltrate the f, for
VRC and NO was determined. For VRC median f, was 0.628 covering a range from 0.403 to
1.09. There was no considerable difference of f, between the four healthy volunteers. The RM,
NM, RM/PM and IM revealed median f, for VRC of 0.649 (range: 0.555 — 0.765), 0.621 (range:
0.434 — 0.714), 0.643 (range: 0.512 — 1.09) and 0.607 (range: 0.403 — 0.847), respectively. No
trend of changing f, with increasing VRC concentrations was observable, as individual
determinations of f, scattered randomly around the median (Figure 3.22). Additionally, no
tendencies of decreasing or increasing f, over time were detectable (Figure 7.6).
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Figure 3.22: Fraction unbound of voriconazole in relation to the total voriconazole plasma concentration
for four healthy volunteers determined by ultrafiltration. The dashed line represents the median fraction

unbound of all volunteers and all samples.

For NO overall, a median f, of 0.566 with a range from 0.251 to 0.908 was determined. The four
individuals showed considerable differences in the determined f.. For the CYP2C19 RM,
RM/PM, NM and IM the assessment of median f, resulted in 0.717 (range: 0.615 — 0.908), 0.704
(range: 0.555 — 0.790), 0.476 (range: 0.254 — 0.566) and 0.450 (range: 0.251 — 0.522),
respectively. Also, for NO no trend of decreasing or increasing f, across NO concentration was
detectable (Figure 3.23). Furthermore, there were no trends in f, of NO over time for all

individuals (Figure 7.7).

However, it was noticeable, that the RM and NM as well as the RM/PM and IM showed very

similar f, whereas the differences in f, between the two groups were distinct. Consequently,
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potential reasons for the observed deviations were investigated. In this process, an anomaly was
found in the bioanalysis of the study samples. All ultrafiltrate samples of the two individuals with
lower f, showed for NO a second larger peak in the chromatograms at a slightly later retention
time (Figure 7.8). This peak was absent in chromatograms of ultrafiltrate samples of the RM and
NM. Due to the application of a dAMRM method, this peak had to have the same precursor as well
as product ion as NO to be detected. Yet, because of the different retention time, a chemical
modification was likely. Overall, it was concluded that ultrafiltrate samples of NO of the IM and
RM/PM had to be evaluated with some caution. Thus, the f, of NO was reassessed without the
two individuals and resulted in a median of 0.713 (range: 0.555 — 0.908).

Voriconazole N-oxide

1.0
A A A
2038 & A D (9@ . Ay R A
= A—D TARD- & O YANERY/X g o 9 @:
"§ & e & > o /n @ @X JYARN
506—————:———/————1:1—————— ______H_ ————————————————— —//— ———————
£ S = O g 2 a0 :
£ o mO O Ho @ o8 B
204 _ ©
= a O O p 0O - -
1S}
0.2
0.0
2 4 6 8 10 12 14
Voriconazole N-oxide concentration [pumol/L]
CYP2C19 Intermediate metaboliser [ Rapid/poor metaboliser <> Normal metaboliser /A Rapid metaboliser

Figure 3.23: Fraction unbound of voriconazole N-oxide in relation to the total voriconazole N-oxide plasma
concentration for four healthy volunteers determined by ultrafiltration. The black dashed line represents the
median fraction unbound of all volunteers and all samples and the grey dashed line depicts the median

fraction unbound of the CYP2C19 rapid and normal metaboliser (see text for explanation).

3.4.2.2 Concentration-time profiles and pharmacokinetic target attainment

Plasma. In total, across all dosing intervals VRC and NO plasma concentrations ranged from
0.553 to 18.7 pmol/L and from 0.720 to 14.9 umol/L, respectively. Overall, the CYP2C19 IM
showed the highest VRC and lowest NO concentrations, whereas the CYP2C19 RM revealed the
lowest VRC and highest NO concentrations, respectively. Interindividual differences
substantially increased for VRC plasma concentrations from the first to the last dose, while for

NO it was relatively stable (Figure 3.24).
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Figure 3.24: Concentration-time profiles of voriconazole (left) and its N-oxide metabolite (right) in plasma
in the first, fifth and seventh dosing interval after continuous twice daily voriconazole administration to
four healthy volunteers with different CYP2C19 genotype-predicted phenotypes. Time is presented as
hours after the first VRC dose administration. The shaded area shows the recommended lower therapeutic

target threshold of total voriconazole minimum plasma concentration (2.86 — 5.73 pumol/L) [174,180].
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Cmax Values were assessed in dosing intervals with intensive sampling to ensure the correct capture
over time and were influenced by the CYP2C19 genotype-predicted phenotype of the four
volunteers (Table 3.16).

Maximum plasma concentrations of VRC and NO occurred at earlier times (tmax) after multiple
dosing. After the first VRC administration, VRC Cmax Was reached after 1.75 to 2.25 h. After the
fifth and seventh dosing, tmax for VRC declined to 0.5-2.25 h and 0.5-1.75 h, respectively.

NO Chax after the first VRC dose administration was observed considerably later with a tmax of 8
to 10 h, depending on the individual subject, reflecting the delayed metabolism of VRC. However,
the plateau-like NO plasma concentrations after multiple dosing precluded a meaningful
specification of tmax in the fifth and seventh dosing interval.

Table 3.16: Maximum plasma concentrations of voriconazole and voriconazole N-oxide of four healthy
male adults with different CYP2C19 genotype-predicted phenotypes for the respective dosing interval.

CYP2C19 metaboliser Maximum plasma concentration [umol/L]
Voriconazole Voriconazole N-oxide
Dosing interval Dosing interval
1 5 7 1 5 7
Rapid metaboliser 5.54 6.73 7.24 9.09 14.9 13.1
Normal metaboliser 6.43 9.48 9.31 7.84 13.5 11.2
Rapid/poor metaboliser 7.33 10.7 11.6 6.28 9.33 10.6
Intermediate metaboliser 7.68 12.8 14.9 5.54 9.29 9.19

Regarding the PK target, the lower threshold was not met after the first VRC dose by any of the
four volunteers with a maximum Cpi, of 2.22 pmol/L for the CYP2C19 RM/PM. After the second
VRC dose, the IM and RM/PM exceeded the Cin threshold with 5.80 umol/L and 5.83 umol/L,
respectively. The NM and RM did not reach the necessary Cmin range in any of the dosing intervals
(maximum observed Cmin: for NM, 2.65 pmol/L after the fourth VRC dose; for RM, 1.79 pmol/L
after the second dose). The upper limit of Cmin 0f 12.9 — 17.2 pmol/L was never exceeded with a
maximum observed Cmin Oof 12.0 pmol/L in the CYP2C19 IM after the fifth VRC dose
(Figure 3.25). No PK target range for Cmin 0f NO has been defined yet. In the first dosing interval,
Cmin ranged from 4.83 (IM) to 7.89 umol/L (RM) and increased for all individuals until the last
i.v. dose before decreasing slightly again until the end of the trial. Overall, a general trend was
observable, that the interindividual difference of VRC plasma Cmin increased with multiple
dosing, whereas the interindividual difference of Cmin 0f NO reached the highest level after the

second dose before decreasing until the sixth VRC dose administration (Figure 3.25).
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Figure 3.25: Voriconazole (left) and voriconazole N-oxide (right) minimum total plasma concentrations
determined 12 h after voriconazole dose administration in function of the respective dosing interval (1 to
7) of four healthy volunteers with different CYP2C19 genotype-predicted phenotypes. The dashed lines
indicate the recommended therapeutic target range of total voriconazole minimum plasma concentration
(2.86 — 17.2 umol/L) [174,180].

Ultrafiltrate. VRC and NO concentrations determined in ultrafiltrate, reflected the unbound
plasma concentrations. Across all dosing intervals, concentrations in ultrafiltrate ranged from
0.366 to 10.4 pmol/L for VRC and from 0.348 to 10.1 umol/L for NO. In the first dosing interval,
the CYP2C19 RM and NM as well as the RM/PM and IM showed very similar VRC
concentration-time profiles. However, for NO, similar concentrations were only observed for the
RM/PM and IM but the RM exceeded the NM regarding NO concentrations. In the fifth and
seventh dosing interval the IM showed the highest and the RM the lowest VRC concentrations,
while for the RM the highest NO concentrations were observed. The RM/PM and IM revealed
still similar NO concentrations in the fifth dosing interval before NO concentrations of the IM
fell below those of the RM/PM in the seventh dosing interval. The interindividual differences in
VRC concentration-time profiles increased substantially with multiple dosing, whereas for NO,

only a slight rise was observable (Figure 3.26).
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Figure 3.26: Concentration-time profiles of voriconazole (left) and its N-oxide metabolite (right) in
ultrafiltrate in the first, fifth and seventh dosing interval after continuous twice daily voriconazole
administration to four healthy volunteers with different CYP2C19 genotype-predicted phenotypes. Time is

presented as hours after the first VRC dose administration.
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In ultrafiltrate, Cmax (Table 3.17) of VRC and NO occurred at comparable times after VRC dose
administration as in plasma. For VRC tma in the first dosing interval occurred between 1.75 and
2.25 h and for NO between 6 and 10 h. After multiple dosing tmax for VRC appeared at earlier

times, i.e. after 0.5 — 1.75 h after VRC administration in the fifth and seventh dosing interval.

For NO, a plateau-like profile was observed in the fifth and seventh doing interval preventing a

meaningful determination of tmax (Figure 3.26).

Table 3.17: Maximum concentrations of voriconazole and voriconazole N-oxide determined in ultrafiltrate
of four healthy male adults with different CYP2C19 genotype-predicted phenotypes for the respective

dosing interval.

CYP2C19 metaboliser Maximum ultrafiltrate concentration [umol/L]
Voriconazole Voriconazole N-oxide
Dosing interval Dosing interval
1 5 7 1 5 7
Rapid metaboliser 3.71 4.07 5.40 7.09 10.1 8.93
Normal metaboliser 3.89 5.87 5.83 5.55 7.81 7.57
Rapid/poor metaboliser 4.19 7.30 7.16 2.84 411 4.66
Intermediate metaboliser 4.14 9.56 8.76 2.53 4.09 4.38

Cmin 0f VRC and NO in ultrafiltrate were lower compared to plasma. All individuals revealed the
highest Cnin for VRC after the fourth VRC dose administration, except for the CYP2C19 RM,
who showed the highest VRC Cnin in the second dosing interval. Thereby, Cmin Were increased
3.0-, 3.6-, 3.5-, and 4.6-fold for the RM, NM, RM/PM and IM compared to the first dosing
interval, respectively. Until the end of the trial, Cnin decreased again by a maximum of 44.4%
(NM) compared to its maximum (Figure 3.27). For NO, Cmin in ultrafiltrate revealed greater
fluctuations. The maximum of Ci, was reached after the fourth VRC dose administration for the
CYP2C19 RM and NM, as well as after the sixth dose administration for the RM/PM and IM.
This corresponded to a 1.6-, 1.5-, 1.4- and 1.8-fold increase in NO Cpi, for the RM, NM, RM/PM
and IM compared to the first dosing interval, respectively. After the last VRC dose administration
of this trial, Cmin 0f NO was decreased by a maximum of 29.5% (RM) compared to its peak

concentration (Figure 3.27).
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Figure 3.27: Voriconazole (left) and voriconazole N-oxide (right) minimum unbound plasma
concentrations determined 12 h after voriconazole dose administration in function of the respective dosing

interval (1 to 7) of four healthy volunteers with different CYP2C19 genotype-predicted phenotypes.

Interstitial space fluid. Microdialysate concentrations were transformed to ISF concentrations
by taking RR into account, which was determined individually for all four volunteers
subsequently to the third and seventh (last) dosing interval by VRC retrodialysis. Except for the
CYP2C19 RM/PM, the mean of both RR determinations of each individual was applied to
calculate ISF concentrations. As the microdialysis catheter of the RM/PM had to be replaced
during the fifth dosing interval, RR determination for the individual catheter was used for ISF
concentration determination. Overall RR was high and ranged from 75.2% to 96.8% for the

individually performed retrodialysis investigations.

VRC, as well as NO, showed relevant distribution into ISF. Across all dosing intervals, ISF
concentrations ranged from 0.0610 to 10.7 umol/L for VRC and from 0.0231 to 5.47 pumol/L for
NO, respectively. In the first dosing interval the CYP2C19 NM and RM showed very similar
concentration-time curves, revealing the highest VRC concentrations until approximately four
hours after VRC administration. Afterwards, the RM/PM exhibited the highest VRC
concentrations. However, in the fifth and seventh dosing interval, it was the CYP2C19 IM
revealing the highest and the RM showing the lowest VRC concentrations. For NO the CYP2C19
IM had the lowest concentrations at all times while the RM and NM showed comparable profiles
in the first dosing interval before NO concentrations of the NM exceeded those of the RM in the
fifth and seventh dosing interval. Similar to observations in plasma, in ISF the interindividual
differences of VRC concentrations increased with multiple dosing. However, in ISF this

observation was also true for NO (Figure 3.28).
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Figure 3.28: Concentration-time profiles of voriconazole (left) and its N-oxide metabolite (right) in
interstitial space fluid in the first, fifth and seventh dosing interval after continuous twice daily voriconazole
administration to four healthy volunteers with different CYP2C19 genotypes. Time is presented as hours
after the first VRC dose administration. The data points are represented as midtime point of the
microdialysis sampling interval.
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In ISF, Crmax (Table 3.18) of VRC occurred at earlier times after multiple dosing. Overall, the tmax
of VRC ranged between 2.25 and 5.5 h for the four individuals in the first doing interval, from
0.25to 1.75 h in the fifth and from 1.25 to 2.25 h in the seventh dosing interval. Some caution is
required with the interpretation of tmax as midtime points of the sampling intervals were allocated
to the respective concentrations. Additionally, for the RM/PM three samples in the fifth dosing
interval were missing in the crucial time period. Overall, tnax 0f VRC did not differ substantially

from plasma suggesting a fast distribution into ISF.

For NO, tmax in ISF was reached in the first dosing interval after 6 — 12 h indicating the time lag
for the transformation of VRC. Furthermore, tmax 0f NO in ISF was similar to tmax in plasma,
supporting a comparable fast distribution of NO into ISF as for VRC. In the fifth and seventh
dosing interval, NO concentrations were plateau-like, impeding an assessment oOf tmax
(Figure 3.28).

Table 3.18: Maximum interstitial space fluid (ISF) concentrations of voriconazole and voriconazole
N-oxide of four healthy male adults with different CYP2C19 genotype-predicted phenotypes for the

respective dosing interval.

CYP2C19 metaboliser Maximum ISF concentration [umol/L]
Voriconazole Voriconazole N-oxide
Dosing interval Dosing interval
1 5 7 1 5 7
Rapid metaboliser 2.30 2.69 2.27 2.37 412 4,24
Normal metaboliser 2.77 4.40 3.20 2.55 5.21 5.47
Rapid/poor metaboliser 2.75 5.20 4.95 1.56 2.97 3.81
Intermediate metaboliser 1.97 8.37 7.34 0.338 0.651 0.791

Cwmin of VRC and NO in ISF were available for the first, fifth and seventh dosing interval. Overall,
Cmin of VRC in ISF was lower compared to plasma and ultrafiltrate. In the fifth dosing interval,
Cmin Were approximately 2- to 5-fold increased compared to the first dosing interval, before an
approximately 16%-28% decrease in the seventh dosing interval compared to the fifth occurred
(Figure 3.29). Similarly to VRC, Cmin of NO in ISF increased 1.6- to 3-fold in the fifth dosing
interval compared to the first. However, in the seventh dosing interval Cmin 0f NO were increased
by 10%-30% compared to the fifth, except for the CYP2C19 NM whose Cnmin decreased by 7%
(Figure 3.29).
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Figure 3.29: Voriconazole (left) and voriconazole N-oxide (right) minimum ISF concentrations determined
12 h after voriconazole dose administration in function of the respective dosing interval (1, 5 and 7) of four

healthy volunteers with different CYP2C19 genotype-predicted phenotypes.

3.4.2.3 Total exposure of voriconazole and its N-oxide metabolite in plasma, ultrafiltrate
and interstitial space fluid

VRC exposure in plasma, assessed by the AUC, was highest for the CYP2C19 IM and lowest for
the RM. In the first dosing interval, the interindividual difference was the lowest with AUC
ranging from 25.5 to 45.3 pumol-h/L, and consequently a 1.8-fold difference between the RM and
NM was observed. In the fifth and seventh dosing interval, interindividual differences increased
considerably with AUC of VRC ranging from 31.9 to 124 pmol-h/L and 27.2 to 130 pmol-h/L,
respectively, indicating a 3.9- and 4.8-fold lower VRC exposure in plasma for the IM compared
to the RM.

The NO exposure pattern in plasma was vice versa: the highest AUC were determined for the RM
and the lowest for the IM. In contrast to VRC, the interindividual differences remained relatively
constant across the dosing intervals. In the first dosing interval AUC of NO in plasma ranged
from 50.4 to 84.3 umol-h/L, which was equivalent to a 1.7-fold difference between the RM and
the IM. In the fifth dosing interval, the AUC of NO overall increased, stretching from 96.9 to
146 pmol-h/L, yet the interindividual difference was comparable to the first dosing interval with
a 1.5-fold difference between the RM and IM. The total exposure for NO in the seventh dosing
interval changed only slightly with AUC ranging from 99.0 to 128 umol-h/L, marking a 1.3-fold
difference between the RM and IM (Figure 3.30).

In ultrafiltrate, the determined AUC of VRC were lower compared to plasma. However, except
for the first dosing interval in which the NM revealed the lowest and the RM/PM the highest
AUC, it was again the CYP2C19 IM who showed the highest and the RM who showed lowest
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VRC exposure. In detail, AUC of VRC in ultrafiltrate ranged between 15.8 and 28.1 umol-h/L in
the first dosing interval, which was equivalent to a 1.8-fold difference between the NM and the
RM/PM. In the fifth dosing interval, AUC of VRC as well as the interindividual difference
increased, with AUC ranging from 20.4 to 93.2 pmol-h/L, revealing a 4.6-fold lower exposure of
the RM compared to the IM. The overall exposure with VRC decreased slightly in the seventh
dosing interval, with AUC of VRC spreading from 18.2 to 81.1 pmol-h/L and consequently the
interindividual difference of a 4.5-fold difference between the RM and the IM was maintained.

Plasma Ultrafiltrate Interstitial space fluid
150
=
=
x
=]
1001
E e o
-
T
s
g O
2 O
§ 50 a & O O
S A - o
2 <
« AT =
A A X m] A X
£x
0 4
1 5 7 1 5 7k 1 5! 7
Dosing interval
Plasma Ultrafiltrate Interstitial space fluid
150 A
= A
= &
£ &
=100 g B A
2 A
=
z &
L
2 A
= 0 e
£ 50 <& O >
£ B & A
-
S H o
< &
01
1 5 7 1 5 7 1 5 7

Dosing interval

CYP2C19 Intermediate metaboliser (] Rapid/poor metaboliser &> Normal metaboliser 2\ Rapid metaboliser

Figure 3.30: Area under the concentration-time curve (AUC) of voriconazole (top) and voriconazole
N-oxide (bottom) in plasma (left), ultrafiltrate (middle) and interstitial space fluid (right) of four healthy
volunteers with different CYP2C19 genotype-predicted phenotypes in relation to the respective dosing

interval.

The AUC of NO in ultrafiltrate was in general lower compared to plasma, with the RM showing

the highest and the IM showing the lowest exposures. In the first dosing interval, AUC of NO
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ranged from 22.2 to 64.1 umol-h/L, which equalled a 2.9-fold higher exposure with NO for the
RM compared to the IM. In the fifth dosing interval AUC of NO increased and ranged from 41.4
to 102 umol-h/L. However, the interindividual difference was relatively constant with a 2.5-fold
difference between the RM and IM. In the seventh dosing interval AUC of NO were comparable
to the fifth dosing interval and stretched from 42.2 to 91.8 umol-h/L indicating a 2.2-fold higher
exposure of NO for the RM in comparison to the IM (Figure 3.30).

In ISF, for all individuals AUC of VRC was lower compared to plasma and ultrafiltrate. In detail,
in the first dosing interval, AUC of VRC was lowest for the CYP2C19 RM with 11.2 pmol-h/L
and highest for the RM/PM with 22.2 umol-h/L, resulting in a 2.0-fold higher exposure for the
RM/PM. In the fifth dosing interval, the RM and IM showed the lowest and highest AUC of VRC
with 21.8 and 86.7 umol-h/L, respectively. Consequently, the interindividual difference was
increased compared to the first dosing interval with a 4.0-fold difference between the RM and
IM. In the last dosing interval, AUC of VRC in ISF ranged from 17.0 to 73.1 umol-h/L, and thus,
the interindividual difference was further increased to a 4.3-fold difference between the RM and
IM.

For AUC of NO in ISF comparable observations were made: in the first dosing interval AUC of
NO ranged from 2.84 to 20.7 umol-h/L representing a 7.3-fold difference between the CYP2C19
RM and IM. In the fifth and seventh dosing interval, it was the IM showing the lowest AUC of
NO with 6.61 and 7.62 umol-h/L, respectively, and the NM revealing the highest AUC of NO
with 54.4 and 55.8 pmol-h/L, respectively. This translated to an 8.2- and 7.3-fold higher NO
exposure in the RM in comparison to the IM (Figure 3.30).

From the described observations the following results across matrices could be summarised: (i)
exposure with VRC and NO was lowest in the first dosing interval, increased in the fifth dosing
interval and remained relatively constant in the seventh; (ii) interindividual differences in AUC
of VRC were comparable in plasma, ultrafiltrate and ISF, but were increased in the fifth and
seventh dosing interval compared to the first; (iii) interindividual differences of AUC of NO were
relatively constant within one matrix (independent of the dosing interval), but considerably

increased in ISF.

Lastly, the distribution of VRC and NO into ISF was investigated by evaluating the AUC of VRC
and NO in ISF in relation to their AUC in plasma or ultrafiltrate. Overall, VRC showed a
relatively good distribution to ISF with observed exposure in ISF ranging from 35.5% to 68.2%
compared to plasma exposure. When the unbound fraction was taken into account, the exposure
in ISF ranged from 62.2% to 107% in comparison to ultrafiltrate. Furthermore, multiple dosing
led for most individuals to an increase in the ratios of AUC in ISF to plasma and ultrafiltrate. The

ratio of AUC in ISF to ultrafiltrate approached for most individuals after multiple dosing a value
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of 1, indicating a comparable VRC exposure in the two matrices. Interindividual differences in

the tissue penetration were minor (Table 3.19).

For NO the distribution into ISF was not as distinct as for VRC. The exposure with NO in ISF
reached only 5.64% to 49.4% of the exposure in plasma as well as 12.8% to 82.4% of the exposure
determined in ultrafiltrate. In particular, the CYP2C19 IM revealed low AUC ratios and protruded
from the other individuals (Table 3.19).

Table 3.19: Distribution of voriconazole and voriconazole N-oxide into interstitial space fluid (ISF)
assessed as ratios of area under the concentration-time curve (AUC) in ISF to plasma or ultrafiltrate (UF)
in the three voriconazole dosing intervals with intensive sampling for four healthy volunteers with different
CYP2C19 genotype-predicted phenotypes.

Compound  CYP2C19 metaboliser AUC,se/ AUCpiasma AUC,se/AUC e
Dosing interval Dosing interval
1 5 7 1 5 7
Voriconazole Rapid metaboliser 0440 0.682 0.624 0.652 1.07 0.930
Normal metaboliser 0425 0.620 0.601 0.755 1.04 0.939

Rapid/poor metaboliser 0.506 0.464 0524 0.799 0.725 0.828
Intermediate metaboliser 0.355 0.698 0.564 0.622 0.930 0.901

Voriconazole Rapid metaboliser 0.245 0.262 0329 0.322 0.376 0.459
N-oxide
Normal metaboliser 0.242 0443 0.494 0.353 0.649 0.675
Rapid/poor metaboliser 0.243 0.270 0.397 0,517 0.626 0.824

Intermediate metaboliser 0.0564 0.0683 0.0769 0.128 0.160 0.180

3.4.2.4 Metabolic ratios

The individual ratios of NO to VRC molar concentrations in plasma showed the largest spread
for all individuals after the first VRC dose. The intraindividual variability decreased for all
individuals in the fifth dosing interval, i.e. the first p.o. dosing, before rising slightly again in the
seventh dosing interval, i.e. after continued p.o. dosing. Continued VRC dosing led to an increase
in the median metabolic ratios in all CYP2C19 genotype-predicted phenotypes, except for the IM

whose median metabolic ratio was highest after the first VRC dose (Figure 3.31).

A similar pattern was observed for metabolic ratios in ultrafiltrate: the largest intraindividual
variability was observed for all individuals after the first, i.v., VRC dose administration. However,
intraindividual variability reached a minimum in the fifth dosing interval, before increasing again
in the seventh. Overall, individual metabolic ratios were comparable to those determined in

plasma with a maximum 1.5-fold difference. Median metabolic ratios increased with multiple
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dosing for the CYP2C19 RM and NM. For the RM/PM and IM, median metabolic ratios

decreased in the fifth dosing interval before rising again in the seventh (Figure 3.31).

In ISF, individual metabolic ratios showed the largest variability after the first VRC dose
administration, while variability was reduced in the fifth dosing interval and rose again after the
final VRC p.o. dose administration for all CYP2C19 genotype-predicted phenotypes. The only
exception was the IM who showed a steady decrease in intraindividual variability with continued
dosing (Figure 3.31). The median metabolic ratios were approximately 2-fold lower in ISF
compared to plasma or ultrafiltrate for the CYP2C19 RM, NM and RM/PM and >5-fold decreased
for the IM. Based on this, it could be assumed that distribution into ISF for NO was not as distinct
as for VRC. Also in ISF, multiple dosing resulted in an increase of median metabolic ratios for
all individuals, except for the CYP2C19 IM, who revealed the highest median metabolic ratio in
the first dosing interval and the lowest in the fifth (Figure 3.31).

Overall, the observed difference in metabolic ratios between individuals within a matrix was
higher in ISF compared to plasma and ultrafiltrate with the median ratios across all dosing
intervals being 18- (ISF), 5- (plasma) and 9-fold (ultrafiltrate) lower in the CYP2C19 IM

compared to the RM, respectively.
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Figure 3.31: Variability of metabolic ratios of voriconazole N-oxide (NO) to voriconazole (VRC) in
plasma, ultrafiltrate and interstitial space fluid in dependence of the CYP2C19 genotype-predicted
phenotype of four healthy individuals in the first, fifth and seventh VRC dosing interval.
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During one dosing interval, the individual metabolic ratios in plasma, ultrafiltrate and ISF
increased steadily, illustrating the time-dependent transformation of VRC to NO. Overall, the
differences in metabolic ratios at the beginning and the end of the dosing interval were largest
after the first VRC dose administration and smallest after the fifth. Furthermore, the RM showed

the steepest increase of metabolic ratios across time (within one dosing interval) and the IM the

shallowest (Figure 3.32).
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Figure 3.32: Metabolic ratios of voriconazole N-oxide (NO) to voriconazole (VRC) molar concentrations
in plasma (top), ultrafiltrate (middle) and interstitial space fluid (bottom) across time in the first, fifth and
seventh VRC dosing interval of four healthy volunteers with different CYP2C19 genotype-predicted

phenotypes. Time is presented as hours after the first VRC dose administration.
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The capacity of VRC metabolic transformation to NO was limited, indicated by a decreasing
metabolic ratio with increasing VRC concentrations in plasma, ultrafiltrate and ISF, and was
constrained depending on the CYP2C19 genotype-predicted phenotype of the individual.
Independent of the CYP2C19 genotype, the decline of the metabolic ratio was not linear with
regard to VRC concentration but appeared to approach a plateau at a particular VRC concentration
(Figure 3.33).
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Figure 3.33: Metabolic ratios of voriconazole N-oxide (NO) to voriconazole (VRC) in plasma, ultrafiltrate
and interstitial space fluid in the first, fifth and seventh VRC dosing interval in dependence of the VRC

concentration stratified by CYP2C19 genotype-predicted phenotype of the four healthy volunteers.

The metabolic ratios of the AUC of NO to VRC were assessed in all matrices. In plasma, during
the first dosing interval, interindividual differences were smallest with AUC ratios of 3.30, 2.71,
1.27 and 1.11 for the RM, NM, RM/PM and IM, respectively, resulting in a 3.0-fold difference
between the RM and IM. The interindividual difference increased in the fifth dosing interval with
AUC ratios of the RM, NM, RM/PM and IM of 4.57, 2.34, 1.04 and 0.780 and a 5.9-fold
difference between the RM and IM. During the last dosing interval in plasma, the observed
interindividual difference was the largest with an AUC ratio of the RM, NM, RM/PM and IM of
4.71, 2.78, 1.13 and 0.764 and consequently, a 6.2-fold difference between the RM and IM.
Overall, the RM showed an increase in AUC ratios from the first to the last dosing interval,
whereas the NM, RM/PM and IM revealed the lowest AUC ratios in the fifth dosing interval
(Figure 3.34).

In ultrafiltrate, for the CYP2C19 RM, NM, RM/PM and IM AUC ratios of 3.72, 3.29, 0.939 and
0.857 were observed in the first dosing interval, representing a 4.4-fold difference between the
CYP2C19 RM and IM. In the fifth dosing interval the interindividual difference was most
distinctive as the RM, NM, RM/PM and IM revealed AUC ratios of 4.99, 2.68, 0.700 and 0.444,
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respectively, resulting in an 11.2-fold difference between the largest and the lowest AUC ratio.
In the seventh dosing interval AUC metabolic ratios amounted to 5.04, 3.17, 0.856 and 0.520 for
the RM, NM, RM/PM and IM, respectively. Consequently, a 9.7-fold difference in AUC
metabolic ratios between the RM and IM was determined. Similar to observations in plasma,
AUC ratios increased from the first to the last dosing interval for the RM but decreased in the
fifth dosing interval for the other three individuals before increasing again in the last dosing
interval. Overall, AUC metabolic ratios in ultrafiltrate were slightly higher for the RM and NM
(maximum 1.2-fold) and lower for the RM/PM and IM (max. 0.57-fold) compared to plasma
(Figure 3.34).
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Figure 3.34: Ratio of the area under the concentration-time curve (AUC) of voriconazole N-oxide (NO) to
voriconazole (VRC) in plasma (left), ultrafiltrate (middle) and interstitial space fluid (right) of four healthy
volunteers with different CYP2C19 genotype-predicted phenotypes in dependence of the respective dosing

interval.

The analysis of AUC ratios in ISF in the first dosing interval resulted in values of 1.84, 1.54,
0.608 and 0.177 for the RM, NM, RM/PM and IM, respectively, showing a 10-fold difference
between the RM and IM. This observed interindividual difference increased with multiple dosing.
In the fifth dosing interval AUC ratios were 1.75, 1.67, 0.604 and 0.0763 for the RM, NM,
RM/PM and IM, respectively, with a maximum 23-fold difference between the RM and IM.
Finally, in the seventh and last dosing interval, AUC metabolic ratios in ISF for the RM, NM,
RM/PM and IM were 2.49, 2.28, 0.852 and 0.104, respectively. Consequently, a maximum
24-fold difference between the RM and IM was observed. The course of the AUC ratios across
dosing intervals was different to those in plasma and ultrafiltrate: for the RM and RM/PM
metabolic ratios were lowest in the fifth and highest in the seventh dosing interval, whereas for

AUC ratios were smallest in the first and highest in the seventh dosing interval for the NM and
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smallest in the fifth and highest in the first dosing interval for the IM. In total, AUC ratios in ISF
were lower than in plasma or ISF. In detail, for the RM, NM and RM/PM the AUC ratio in ISF
was a maximum of 2.6-, 1.8- and 2.1-fold lower compared to plasma, while for the 1M, a

maximum of a 10-fold difference was observed (Figure 3.34).
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4 Discussion

4.1 Bioanalytical assay for the simultaneous quantification of voriconazole,

voriconazole N-oxide and hydroxyvoriconazole

A bioanalytical LC-MS/MS for the simultaneous quantification of VRC, NO and OH-VRC in
various biological matrices was developed and validated according to criteria of the EMA

guideline on bioanalytical method validation [139].

The availability of a sensitive, fast and easy applicable bioanalytical assay was an essential
prerequisite for all further investigations of this thesis [178]. Firstly, in vitro microdialysis studies
for the feasibility testing of simultaneous sampling of VRC and NO were to be performed.
Secondly, clinical study samples were to be analysed for VRC and NO concentrations in human
plasma, ultrafiltrate and microdialysate. Thirdly, the formation of NO and OH-VRC in enzymatic
incubations with VRC was to be monitored. As a consequence, the bioanalytical assay had to
enable the simultaneous detection and quantification of VRC, NO and OH-VRC in plasma,
ultrafiltrate and microdialysate as well as in incubations of HLM, HIM and rhCYP. Moreover,
the analysis of small sample volumes was essential in particular for microdialysate. As
microdialysis catheters are only perfused with a flow rate of 1-2 puL/min and shorter collecting
intervals are preferable, high requirements are imposed on bioanalytical assays regarding the
sample volume [127,129]. Simultaneously, analyte concentrations in microdialysate are often
low, demanding a bioanalytical method with a low LLOQ but preferably also covering a large
concentration range, to adequately quantify higher plasma concentrations. Lastly, also in vitro
metabolism investigations benefit from a low LLOQ as shorter reaction times and lower enzyme
concentrations can be applied, which is increasing the efficiency of those experiments. Overall,
to meet those necessary requirements for a successful implementation of a bioanalytical assay the
technique of LC-MS/MS with a QQQ mass detector was the method of choice.

Bioanalytical method development. During method development, in a first step, the detection
of the three analytes, VRC, NO and OH-VRC, as well as the IS was ensured. Based on literature,
the ESI source was operated in positive ionisation mode [181-185]. The fragmentation of the
precursor ions ([M+H]*) was monitored and product ions of high intensity and specificity for the
respective compound with their corresponding collision energy were chosen. The finally selected
fragmentations for quantification of m/z 350 — m/z 281 for VRC and m/z 366 — m/z 224 for NO
have been previously applied in bioanalytical assays [181-185]. Although OH-VRC has been
investigated in clinical analyses before, no fragmentation has been reported [48,67]. The great
advantage of tandem MS is its large specificity, in particular when multiple reaction monitoring
is applied. A highly targeted analysis can be performed by the selection of one precursor ion by

the first quadrupole, which is subsequently fragmented in the second quadrupole, and the
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selection of multiple product ions by the third quadrupole [138]. Consequently, for VRC, NO and
OH-VRC as well as the IS a minimum of two fragmentation reactions were selected and
implemented in the final method [186]. However, VRC and NO shared the same product ion of
m/z 224 and the two hydroxylated metabolites of VRC had the same precursor ion (m/z 366) and
additionally revealed a common product ion (m/z 143). Although other fragmentations, that were
unique to the two metabolites (m/z 366 — m/z 224 for NO and m/z 366 — m/z 297 for OH-VRC),
were chosen as the quantifier reaction, potential interferences with the qualifier reaction could not
be excluded. Consequently, a chromatographic separation of NO and OH-VRC was aimed for,
although this is usually not compulsory for tandem MS assays [138]. For this purpose, a phenyl-
hexyl column was best suited, as all compounds (VRC, NO, OH-VRC and the IS diazepam) were
characterised by multiple aromatic rings in their chemical structures. Compared to regularly used
Cis columns [181,183,185,187-190] this promised a higher peak resolution and improved
separation of NO and OH-VRC. In the following, a suitable gradient method for the elution and
separation was developed. The most commonly used eluents are water and acetonitrile or MeOH
with the addition of FA (usually 0.1% [V/V]), ammonium formate or acetate [182-185,191]. The
highest detector responses and optimal chromatographic separation were achieved by the sole
addition of FA (0.1% [V/V]) and the gradient method presented in Figure 3.1. All compounds
were highly lipophilic and consequently eluted between 3.4 and 4.4 min, when the mobile phase
was composed of 98% MeOH. Nevertheless, it was not feasible to shorten the retention times and
thus the run time by a steeper methanolic gradient, because this prevented baseline separation of
the NO and OH-VRC peaks. Furthermore, the initial high proportion of aqueous phase allowed
the elution of polar matrix components and ions before the compounds of interest, avoiding
potential ion suppression [192]. From a different perspective, it was also not possible to shorten
the run time after the elution of all compounds as the postrun was essential to restore the initial
conditions, i.e. composition of eluents and system pressure. The applied flow rate of 0.35 mL/min
provided both, adequate chromatographic results as well as an acceptable backpressure, that was
limited to 600 bar as a default parameter of the used column. Therefore, for a further reduction of
run times, ultrahigh-performance liquid chromatography (UHPLC) methods must be developed.
This would be advantageous for high-throughput analyses as run times can be reduced to <4 min,
which enables the analysis of a high number of samples in a short time [181,193]. Lastly, after
the successful implementation of detection and chromatography settings, ion source parameters
were optimised to increase the signal strength of the detector for the final settings to enable
quantification of low concentrations of VRC, NO and OH-VRC. For this purpose, a higher focus

was put on the two VRC metabolites as their concentrations were expected to be lower [37,48,67].

The further method development was performed in a stepwise approach. First, the determination

of VRC and NO in plasma, ultrafiltrate and microdialysate was targeted to proceed with method
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validation. Aiming at the definition of an appropriate concentration range and an adequate sample
pre-treatment, VRC and NO concentrations observed in clinical trials, during Therapeutic Drug
Monitoring (TDM) as well as previously reported calibration ranges were considered. Regarding
the latter most bioanalytical methods covered a calibration range between 10 ng/mL and
10 pg/mL for VRC and NO [182,183,193]. Yet, when clinical samples were investigated, only
occasionally concentrations above 5 pug/mL were observed [48,65,67,132,181,188]. Exemplary,
ter Avest et al. reported median VRC and NO concentrations of 2.5 pg/mL (IQR: 1.3-4.2 pg/mL,
n=717) and 2.6 pg/mL (IQR: 1.6 — 3.7 pg/mL, n=590), respectively [181]. This was in line with
Yoon et al., reporting a median VRC concentration of 2.63 pg/mL (range: 0.05 — 10.0 pg/mL,
n=835) [188]. Additionally, also unbound plasma concentrations, determined by ultrafiltration,
were of interest and considering the plasma protein binding of VRC, which has been reported as
50%-58% [57,60], a concentration range of 5 to 5000 ng/mL for plasma and ultrafiltrate samples
was deemed appropriate. For microdialysis, only a few studies for VRC have been reported and
none for NO [132,194,195]. However, overall a lower range as for plasma, i.e. 4 — 4000 ng/mL,

was aimed for.

Based on this knowledge and the aforementioned objectives, a reasonable and easy applicable
sample pre-treatment was developed. Plasma samples contain proteins that need to be removed
before injection into the LC system to avoid e.g. column clogging. A simple approach, that is
realisable in every laboratory, is the precipitation by an organic solvent, such as MeOH or
acetonitrile, followed by a centrifugation step to separate the precipitate from the supernatant.
Subsequently, the supernatant is used either directly [181-184,187,189] or further diluted before
injection [185,191]. Due to the high sensitivity of the here presented assay, the latter approach
was applied to attain a linear relation between concentration and detector signals. Indeed, a 1:40
dilution was necessary to avoid an overloading of the LC-MS/MS system. Consequently, also the
previously intended calibration range for VRC and NO in plasma and ultrafiltrate was achievable
without the use of more complex and time-intensive sample pre-treatment. This includes for
instance LLE [196-198], SPE [199,200], additional evaporation steps [190,193] or even
approaches using special instrumental set-ups [201], that have been previously described for the
bioanalysis of VRC. Microdialysate is already protein-free and thus a simple dilution step was
sufficient. To achieve comparable detector signals for a concentration range of 4 — 4000 ng/mL
in microdialysate as for a concentration range of 5 — 5000 ng/mL in plasma, a 1+31 dilution step
with IS solution was performed. The described dilutions were also beneficial regarding the sample
volume. For less sensitive methods, potentially including an evaporation and reconstitution step
to concentrate the sample, higher volumes of plasma or microdialysate are needed to obtain
volumes after sample pre-treatment that are adequate for injection into the analytical system.

However, due to the high dilution only 20 or 5 pL original plasma and microdialysate volume,
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respectively, were necessary to achieve this aim in the here presented assay. Furthermore, only
2 uL were finally injected into the system. In case applications requiring a lower LLOQ become
interesting in the future, the bioanalytical method could be further improved regarding the
sensitivity by higher injection volumes. An additional advantage of the described sample pre-
treatment was the associated dilution of matrix components that might cause ion suppression
[192]. In combination with the setting of a 2.4 min period at the beginning of each sample run
that led all eluents to waste, a contamination of the ion source and thus a decrease in sensitivity
was successfully prevented also during longer analytical runs (>24 h).

Further considerations focussed on the 1S. The described advantage of the high sensitivity in LC-
MS/MS methods is at the expanse of its ruggedness. As a result, in particular for LC-MS/MS
methods the use of an IS is recommended to detect and account for variations occurring during
sample preparation or analysis [202,203]. For this purpose, structural analogues or stable isotope
labelled (SIL) IS are added to all types of samples, i.e. CAL, QC as well as study samples, and
the respective ratios of the detector signal of compound to IS are used in the regression analysis
[202]. SIL IS have the advantage of having identical chemical features as the compound of interest
and hence show co-elution, which is beneficial e.g. in case of occurring ion-suppression.
However, SIL 1S must be of highest purity and at least 4-5 Da higher in molecular mass to avoid
interference with the analyte signal [203]. As a consequence, SIL IS are often expensive and
structural analogues are used. For VRC and NO, triple deuterated SIL IS (VRC-D3; and NO-D3)
are commercially available but were not used for this method as cross signal contribution from
analyte to IS or from IS to analyte was likely based on the available purity levels [202,204,205].
Potential consequences include biases in the determined concentrations such as decreased
accuracies in the higher concentration range when the analyte contributes to the IS signal
[202,204]. These arise when the SIL IS is added to the samples at a low concentration and the
respective detector signal is increased by the naturally occurring heavy atoms of the analyte at
higher concentrations. Potentially this phenomenon was observed in the bioanalytical method
validation published by Moorthy et al. [182]. The authors used VRC-Ds at a low concentration
(5 ng/mL) and the accuracy of their QC samples was constantly decreasing with increasing VRC
and NO concentrations on most study days, although the required accuracy and precision limits
were complied with. However, in the bioanalytical assay presented in this thesis an alternative for
a SIL IS was chosen: diazepam. Diazepam shares identical chemical features with VRC, NO and
OH-VRC such as aromatic, nitrogen substituted ring moieties, halogen substituents and an
oxygen group. Moreover, samples of the various projects were not expected to contain diazepam,
which was the reason for excluding other previously used 1S, e.g. ketoconazole (used as in vitro
CYP3A4 inhibitor) [206].
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Bioanalytical method validation. The bioanalytical assay could be successfully validated for
VRC and NO in plasma and microdialysate according to criteria of the EMA guideline on
bioanalytical method validation [139]. The selectivity of the assay was expectedly high and no
interfering peaks or noise were present at the retention times of VRC, NO or the IS. However,
carry-over was a critical aspect of method validation. In particular VRC remained in the LC
system and was detected in blank samples succeeding VRC samples close to the ULOQ. To
minimise the effect, the composition of the needle wash solution was optimised by increasing the
fraction of organic solvent, i.e. MeOH, to remove the lipophilic VRC. Simultaneously, the needle
washing time was increased to 20 s. Furthermore, additional blank or solvent injections were
processed after samples with expected high concentrations and samples were not fully
randomised. Consequently, unbiased quantifications were feasible.

The desired calibration ranges for VRC and NO in plasma (5-5000 ng/mL) and microdialysate
(4-4000 ng/mL) were maintainable during validation and thus covered clinically relevant
concentrations [37,67,132,181,188]. Due to the large concentration range covered, a distinct
heteroscedastic error was observed suggesting a higher SD and variance of the detector response
at higher VRC or NO concentrations. Thus, the assumption of homoscedasticity in non-weighted
linear regression analysis was not fulfilled and consequently non-weighted calibration functions
did not allow the quantification of samples with the necessary accuracy [147]. For that reason, a
weighting factor of 1/(concentration)? was implemented in the linear regression analysis to
account for the different extent of measurement uncertainties at different concentration levels.
Consequently, for both matrices and analytes reasonable linearity (R2>0.99) and accuracy were

observed.

The EMA guideline on bioanalytical method validation is not explicit about the procedure for
multiple analytes, it only states, that “[i]n these cases the principles of validation and analysis
apply to all analytes of interest” [139]. Thereon, in the here described method CAL and QC
samples were prepared individually for VRC and NO and not pooled for shared CAL and QC
solutions. To ensure the absence of interferences, in all validation runs also the respective other
analyte was monitored and the occurrence of detector signals at the respective retention time was
evaluated. Minor VRC peaks observed in NO CAL and QC samples of higher concentrations
were potentially derived from the impurity of the reference substance, which the manufacturer
reported to be 98.1% pure. Thus, this analytical artefact was not assumed to have an impact in
study sample analysis. Nevertheless, this observation supported the decision for individual CAL

and QC samples.

The LLOQ of VRC and NO of 5 ng/mL in plasma and 4 ng/mL in microdialysate achieved the
necessary accuracy and precision required by the EMA guideline on bioanalytical method

validation [139]. Indeed, within-run as well as between-run accuracy and precision at the LLOQ
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were comparable to those of higher concentration levels and the higher allowances of the EMA
guideline of +20% at the LLOQ were not exhausted. The only exception here was the second
validation run of VRC in microdialysate, which revealed an imprecision of 17.5% CV (Table 3.4,
Table 7.3). Furthermore, also for the LLOQ the ratio of the detector response of the qualifier and
quantifier transition was, within the allowed +25% uncertainty, for the majority of samples
maintained. Only three individual LLOQ samples did not fulfil this criterion. Different LC-
MS/MS assays for VRC and NO have been developed and validated previously and hence in
human plasma LLOQ of, e.g. 100 ng/mL [181,183,193], 10 ng/mL and 20 ng/mL [182] have been
reported. VRC in microdialysate was quantified before only by a high-performance liquid
chromatography (HPLC) ultraviolet (UV) detection method with a LLOQ of 150 ng/mL [194].
Compared to literature, the LLOQ in the newly developed assay was lowered 2- to 20-fold for
plasma and approximately 38-fold for microdialysate and is therefore ideally suited for

determinations of lower unbound plasma and ISF concentrations.

The calculated LOD of 0.914 ng/mL and 0.912 ng/mL for VRC and NO in plasma, and
1.70 ng/mL and 1.26 ng/mL in microdialysate, respectively, were highly plausible in comparison
to the LLOQ and substantiated the definition of a highly sensitive bioanalytical assay. However,
there is some controversy on the definition of a LOD. Firstly, the LOD was determined by
calculations based on the calibration function of the four validation runs and thus represented
rather a theoretical value that has not been confirmed by experiments. Secondly, as previously
mentioned, the sensitivity of LC-MS/MS analytics comes at the expense of ruggedness. Thus, a
LOD or even LLOQ value depends on the current instrument condition and might not always be
transferrable from the validation process to analytical runs. Therefore, a continuous maintenance
of all instruments and a continuous evaluation of method performance is essential. Thirdly, the
definition of a LOD for LC-MS/MS MRM methods is more complex than its initial definition
[148,186]. Originally, the LOD focussed only on one detector signal for each analyte. However,
multiple product ions are monitored applying MRM methods, raising uncertainty about
appropriate procedures for LOD determination. One suggestion that has been raised is to divide
the LOD into three subcategories: the limit of suspicion, the limit of recognition and the limit of
confirmation and hence, distinguish whether only the quantifier is detected, the quantifier and
qualifier are detected but the ratio of the two is not corresponding, or both are detected and show
the correct ratio, respectively [186]. Overall, this approach will entail the most reliable results, as
the LOD is based on experimental verification. However, the LOD is of secondary significance
for bioanalytical assays focussing on the quantification of (clinical) study samples and might be
more relevant in toxicological research aiming at reliable statements about the presence or

absence of compounds.
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Further, accuracy and precision were demonstrated for VRC and NO in plasma and
microdialysate within all validation runs as well as between runs by adhering to the EMA
guideline requirements of a maximum £15% (£20% at the LLOQ) deviation from the nominal
concentration and imprecision determined as CV (Table 3.4, Table 7.3) [139]. Additionally, a
random fluctuation of the individual deviations from the nominal concentration was observed,

indicating unbiased measurements (Figure 3.3).

Occurring matrix effects for VRC and NO were investigated by determination of IS corrected
MF, which ranged between 0.89 and 1.17 for both matrices, revealing an overall minor influence
of the matrices. In an optimal setting, MF approach a value of 1 indicating identical detector
responses in the presence and absence of matrix. Additionally, the variability between different
lots of matrix, i.e. individual donors, was below the required 15% CV. There are three potential
reasons for the absence of matrix effects in the validated assay [207]. First, a high dilution was
applied during sample pre-treatment, substantially reducing the concentration of potentially
co-eluting matrix components. This approach was feasible for the here presented assay as the
sensitivity for the compounds was high. In cases of lower sensitivity, often sample pre-treatment
by SPE or LLE is necessary to achieve cleaner sample extracts, especially for complex matrices
such as plasma or urine. Second, a co-elution of compounds and matrix components was
prevented by the settings for chromatography, in particular the gradient method. Third, the IS
accounted for potentially occurring fluctuations in co-eluting matrix components. However, it
must be recognised, that no six lots of microdialysate were available and instead six individually
prepared replicates in RS were used for the investigation. Microdialysate is a rare matrix,
available only in very small volumes, and therefore it was not feasible to obtain enough volume
from six individuals for the performance of matrix effect investigations. Yet, matrix effects from
microdialysate are mainly expected to be caused by ions able to diffuse across the microdialysis
membrane [207]. Consequently, the approach with RS was reasonable and no effects for plasma

were observed, which represented a more complex matrix.

The last investigated aspect of method validation was the stability of VRC and NO in plasma and
microdialysate. In this regard, conditions relevant for the routine handling of samples were
investigated: freeze-thaw stability, autosampler stability, short-term and long-term stability. VRC
was demonstrated to be stable in both matrices under all conditions. This was in accordance with
previously reported results [137,181,184,187,193,194]. For NO no instabilities were observed in
the present investigation as the low recoveries observed after the third freeze-thaw cycle of <85%
were probably a coincidence due to the low original concentration of the respective QC samples
(87.5% of the nominal concentration). However, for NO instabilities have been described in
literature [181,182,193], but the applied conditions were not identical to the present assay.

Yamada et al. detected for instance decreased recoveries of NO after storage at 20°C for 4-24 h,
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a condition not applied in the current study, but no reduction after 12 h at 4°C, which is
comparable to the current investigation [193]. Similarly, ter Avest et al. observed reduced
recoveries after storage at room temperature, yet they reported a decrease to 20% of the
concentration after approximately 96 h and not after 12 h as Yamada et al [181,193]. Moreover,
the instabilities ter Avest et al. observed at 10°C occurred after >72 h, an observation not
contradictory to the present results as such time periods were not covered [181]. In contrast was
however the observation of Moorthy et al., who determined recoveries of NO of only 74.6%-
80.0% after one month storage at -80°C [182]. Nevertheless, Moorthy et al. investigated stability
on loaded VAMS™ devices, which contain whole blood instead of plasma. Overall, a rapid and
targeted handling of all VRC and NO samples is recommended to forestall degradation processes.
Wherever possible samples should be kept chilled, e.g. in the autosampler or the centrifuge, and

on ice during preparation.

Application for ultrafiltrate and in vitro matrices. Subsequently to the full method validation
for VRC and NO in plasma, approaches were explored to expand the application of the
bioanalytical assays to further matrices. In a first step, a suitable surrogate for the standard
preparation of CAL and QC samples in ultrafiltrate was searched for. In a reported HPLC-UV
assay microdialysate, i.e. RS, was used to spike CAL and QC samples [137]. Yet, in LC-MS/MS
analytics matrix effects are of higher importance. Therefore, plasma was deemed a better
surrogate, as ultrafiltrate can be viewed as macromolecule-free, most importantly protein-free,
plasma. Hence, the conformity of matrix effects was demonstrated by spiking ultrafiltrate with
VRC and NO and determining their concentration by a calibration function prepared in plasma.
This approach was demonstrated to be feasible and as a result no additional CAL and QC samples
were needed for the quantification of unbound VRC as previously reported in literature [189],

saving considerable time and material during bioanalysis.

A comparable approach for the quantification of NO in in vitro metabolism investigations was
chosen. Overall, it was assumed that the majority of the results were transferable from plasma
and microdialysate to the in vitro matrices of HLM, HIM and rhCYP. However, essential criteria
from the EMA guideline, e.g. requirements for CAL and QC samples, were applied to
continuously control the performance of the adapted assay. A reasonable surrogate matrix was
necessary for the in vitro matrices to avoid the routine preparation of CAL and QC samples in the
rare and expensive enzymatic matrix for the respective experiment. As the matrix effect was
identified as the most influential factor, a surrogate incubation matrix was created comparable to
the original HLM matrix. Thus, the respective protein content was replaced by BSA, essential co-
factors were omitted and the overall ion strength was kept by the use of the authentic
homogenisation and incubation buffers. Identical matrix effects, i.e. conforming detector signals,

were shown for NO in this surrogate incubation matrix and original HLM and rhCYP incubation
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matrix, respectively. Additionally, the bioanalytical method was adapted to allow for the
guantification of lower NO concentrations. Therefore, the dilution after protein precipitation was
minimised and the injection volume increased. In total, this led to comparable detector signals as
for plasma or microdialysate, but now a concentration range from 0.1 to 500 ng/mL in the original
incubations was covered. Similar in vitro analyses have been performed with LLOQ of
0.183 ng/mL [69] and 0.365 ng/mL [70]. A simultaneous quantification of VRC as a verification
of the added nominal concentration to incubations was not feasible. Later applied VRC substrate
concentrations ranged between 183 ng/mL and 36.5 pg/mL and were consequently in a different
order of magnitude compared to NO concentrations. This prevented the simultaneous coverage
of the linear calibration range for NO and VRC with the identical dilution step in sample pre-
treatment. Nevertheless, VRC was semi-quantitatively monitored in all analyses, i.e. the signal
strength detected without the inclusion of CAL and QC samples, to potentially detect major
mistakes during preparation of the incubations or sample processing. Lastly, the advantage of an
LC-MS/MS QQQ in this type of analysis should be highlighted: despite the complex matrix,
including a variety of co-factors, ions and in particular high substrate concentrations, the selective
guantification of low NO concentrations was feasible in particular due to the strong background

noise reducing properties of the MRM method [138].

In summary, the developed and validated bioanalytical LC-MS/MS assay enabled the rapid
guantification of VRC, NO and OH-VRC in small sample volumes of various matrices.
Consequently, it allowed for further detailed PK investigations of VRC by enabling the generation
of high-resolution concentration-time profiles at the target-site and an increased number of
samples in animals [208] and vulnerable populations, such as infants. Furthermore, the assay
enabled the optimisation of in vitro metabolism experiments, i.e. the usage low enzyme and

substrate concentrations as well as short reaction times.

4.2 In vitro metabolism studies for voriconazole and its metabolites

In this work, a coherent, quantitative in vitro characterisation of VRC metabolism was presented
to contribute to the elucidation of its complex PK to pave the way towards individualised VRC
dosing regimen. Besides the precise description of Michaelis-Menten Kkinetics of VRC
N-oxidation in HLM, rhCYP and HIM, CYP isoenzyme contributions were assessed by different
approaches highlighting the relevance of the chosen experimental settings. Moreover, metabolic
stability of NO and OH-VRC were demonstrated and IVIVE performed. Finally, this work for
the first time assessed the inhibition kinetics not only of VRC but also its metabolites to explore

their involvement in the observed nonlinear PK of VRC [179].

Experimental conditions for in vitro metabolism studies. In vitro metabolism investigations

are an essential component in the preclinical development of drugs to obtain a mechanistic
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understanding and collect important information for the design of future clinical trials. Moreover,
also for established drugs, in vitro investigations can contribute to the knowledge about the PK
by identification and quantification of the major routes of elimination, determination of individual
enzyme contributions to these routes and assessment of interaction with enzymes and transporters
to evaluate its drug-drug interaction potential [149,209]. However, for reliable inferences from in
vitro observations, a thoroughly planning, execution and consideration of experiments is crucial

as a variety of influential factors exist [110,141].

First, the chosen enzymatic system, its characteristics and challenges should be considered.
Microsomes are derived from human tissues by homogenisation and differential centrifugation
and represent the endoplasmic reticulum subcellular fraction containing CYP enzymes as well as
UGT [110,210]. However, the quality of the tissue can vary widely, as tissues derive from
discarded transplants, split liver transplants or waste material from partial hepatectomy and the
treatment and storage of the tissue before the processing in the respective laboratory can have an
impact on enzyme activity [110,115,211-213]. Furthermore, also the preparation procedure in the
laboratory varies, which entails different abundances of CYP enzymes, variability in cytochrome
bs content and NADPH-cytochrome ¢ reductase activity that contribute to the observed different
enzyme activities between vendors [141]. In addition, tissues obtained from individual donors
express a different abundance of CYP isoenzymes [165,214] and differences between ethnicities
have been described [114]. A meta-analysis of Achour et al. revealed for instance variabilities of
up to 185% CV for CYP3AS5 and 125% CV for CYP2B6 [165]. The variability observed between
individual tissues is even expected to increase when activity is taken into account instead of the
mere CYP isoenzyme abundance [215]. Overall, the impact by the described factors on kinetic
determinations in microsomes cannot be circumvented. Yet, the awareness of those limitations
can foster a better experimental planning and the correct interpretation of the results. For example,
microsomes from the same manufacturer with identical lots can be used for the comparability of
experimental results or the certificate of analysis provided by the manufacturer for each batch
checked for CYP abundances, activities and more. Manufacturers of commercially available
microsomes, e.g. Corning®, aim at addressing those impacts by pooling tissues from numerous
donors (up to 150) with equal gender distribution and providing abundant information of the

donors, e.g. age, ethnicity, social and medical history [216,217].

On the other hand, in rhCYP many of the described considerations for microsomes are negligible.
Nevertheless, the artificial nature of the recombinant system involves limitations of its own [110].
This includes the use of different expression systems such as mammalian cells, insect cells, yeast
and bacteria with a large variety of yielded expression levels [119,120]. Furthermore, depending
on the expression system, often also the co-expression or addition of coenzymes such as P450

oxidoreductase and cytochrome bs are necessary whose individual concentration as well as ratio
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were described to impact CYP activity [110,120,218]. Consequently, rhCYP lag the physiological
conditions of microsomes regarding coenzymes but also the membrane composition, i.e. the lipid

micro-environment surrounding the membrane-bound CYP enzymes [110].

Second, experimental conditions during incubation were described to impact CYP isoenzyme
activity [110,219]. The experimental settings are standardised to some degree, this includes the
incubation temperature of 37°C to mimic human body temperature as well as recommendation of
a 50 to 100 mM PPB (pH 7.4) or TRIS (pH 7.5) buffer [110,141,143]. However, already within
these narrow boundaries variations in kinetic investigations have been observed [220]. Moreover,
the necessary co-factor NADPH is either added directly [70,110,221,222] or as NADPH re-
generating system including glucose-6-phosphate, glucose-6-phosphate dehydrogenase and
NADP* [110,162,223], for which concentrations vary. A depletion of NADPH would naturally
alter enzyme kinetics and is to be avoided. Lastly, besides the necessary magnesium ions (mostly
added as MgCl,), sometimes further additives are used, e.g. ethylenediaminetetraacetic acid
(EDTA) [110,162] or manganese chloride [71], whose specific impacts are less studied. Albeit
their contribution to the ion strength of the incubation, which has been demonstrated to be
relevant, should not be neglected [219].

Third and last, the content of organic solvents such as dimethyl sulfoxide (DMSQO), MeOH,
ethanol or acetonitrile, is to be minimised in enzymatic incubations as CYP inhibition can occur.
Interestingly, the different solvents have varying effects on different CYP isoenzymes at different
concentrations [110,224-226]. DMSO has for instance relevant effects on CYP3A4 at
concentrations of 0.2% [V/V], but none on CYP2D6 at concentrations of <1% [V/V]. MeOH in
contrast affects CYP2C19 at concentrations of <0.2% [V/V] but not CYP3A4 at concentrations
<1% [V/V] [110,224]. Consequently, there is no ideal solvent for the preparation of substrate and
inhibitor solutions used for enzymatic incubations, but MeOH or acetonitrile are preferred over

DMSO and in general should be kept as low as possible [110].

In all investigations described in this thesis attention was paid to the mentioned aspects.
Therefore, the same batch of the enzymatic source was used wherever individual experiments
were to be compared with each other and freeze-thaw cycles avoided by prescient aliquoting of
the enzyme stock solution. None of the enzymatic stock solutions was exposed to more than six
freeze-that cycles, which was shown not to have an impact on CYP enzyme activity [211].
Furthermore, the experimental conditions, i.e. buffer (type, molarity, pH) and composition of co-
factors, were kept constant throughout the work. For all kinetic investigations the MeOH content
was <1%. However, due to the high lipophilicity of all used substrates and inhibitors, this limit
was not maintainable in all inhibition investigations. In particular when high substrate

concentrations were combined with high inhibitor concentrations the MeOH content reached a
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maximum of 2.25% [V/V]. Thus, to assess and evaluate the inhibitory effect of the inhibitor alone,

the same amount of MeOH was given to the control.

Also the experimental procedure was kept constant across the investigations. This included
among others the storage of all solutions on ice to preserve enzyme activity and prevent
instabilities of the substrate and inhibitor solutions. A maximum of 16 incubations were handled
simultaneously, thus, if multiple iterations were performed, replicates were distributed
accordingly to evenly account for potential variabilities. Besides, in case of inhibitory
investigations, the uninhibited control was always performed simultaneously on the same day and
wherever possible also in the same iteration. In this way, the same batch of buffers and co-factors
was used and the above-described variabilities circumvented and comparability assured.
Furthermore, from all incubations a minimum of two samples were taken. This was feasible as
incubations represent a solution and no components are sedimenting. The homogenous
distribution was additionally ensured by a gently shaking in the Eppendorf ThermoMixer®. As a
consequence, besides replicate incubations further experimental replicates were obtained, which
allowed the exploration of the reproducibility of determinations within one incubation and
contributed to the number of observations for better statistical assessment. Lastly, it was aimed at
starting the reaction by the addition of the respective enzyme source to evade a pre-incubation of
enzyme with VRC, NO or OH-VRC to forestall precedent inhibitory effects. However, for
investigations of 1Cs shift a pre-incubation in the absence and presence of NADPH re-generating
system was required and hence, the reaction started with the addition of NADPH re-generating

system (solution A) after the 30 min pre-incubation period or with the substrate itself.

In different parts of this work, marker reactions for the activity of CYP2C19, CYP2C9 and
CYP2C19 were needed. This included the assessment of VRC, NO and OH-VRC as CYP
inhibitors, but also for the specificity testing of the CYP inhibitors loratadine (CYP2C19),
sulfaphenazole (CYP2C9) and midazolam (CYP3A4) as well as the determination of ISEF.
Marker reactions are characterised by CYP isoenzyme specificity and thus regularly used when
effects on an individual enzyme are to be investigated. For this work, the marker reactions of the
4-hydroxylation of S-mephenytoin for CYP3C19, the 4-hydroxylation of diclofenac for CYP2C9
and the 1-hydroxylation of midazolam by CYP3A4 were chosen as recommended by FDA and
EMA guidelines [149,150,209]. Although the reaction kinetics of those marker reactions have
been frequently described in literature, due to the influences of experimental conditions as
described above, a laboratory-individual determination was performed to ensure reliable results.
In this work, for CYP2C19 in HLM a Ky and Vmax of 53.0 uM and 44.7 pmol/(min-mg) were
determined. Previously reported Kmv and Vmax values for the 4-hydroxylation of S-mephenytoin
were 51 uM and 85 pmol/(min‘mg) [227], 77.9 pM and 640 pmol/(min-mg) [85] and 56.8 pM
and 78 pmol/(min‘mg) (Vmax normalised to HLM concentration of 0.5 mg/mL) [157]. For
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CYP2C9 and the 4-hydroxylation of diclofenac in HLM Km and Vimax values of 8.28 uM and
155 pmol/(min-mg) [155], 17.7 uM and 1609 pmol/(min-mg) [228] as well as 22.4 uM and
80 pmol/(min'mg) (Vmax Normalised to HLM concentration of 0.5 mg/mL) [157] have been
reported, while current investigations showed a Ky of 415uM and a Vmx Of
1693 pmol/(min-mg), respectively. For CYP3A4 and the 1-hydroxylation of midazolam, in this
work a Ky and Vmax of 4.45 uM and 559 pmol/(min-mg) were presented, while in literature values
of 2.1 uM and 1369 pmol/(min-mg) [85], 2.31 uM and 814 pmol/(min-mg) [155], 2.94 uM and
973 pmol/(min-mg) [228] as well as 4.8 uM and 7756 pmol/(min'mg) [157] were described.

In rhCYP, the following kinetic parameters have been reported: for rhCYP2C19 and the
4-hydroxylation of S-mephenytoin Ky and Vmax values of 19.8 uM and 17.7 pmol/(min-pmol)
(Vmax normalised to rhCYP concentration of 50 pmol/mL) [157] were described, which were well
in line with the Ky of 22.1 uM and Vmax of 7.10 pmol/(min-pmol) of this work. For rhCYP2C9
and the 4-hydroxylation of diclofenac in the current investigation a Ky and Vmax of 2.29 pM and
13.5 pmol/(min-pmol) were presented, while literature values were 9.7 uM and
29 pmol/(min-pmol) [228], 1.97 uM and 3.33 pmol/(min-pmol) [155] as well as 7.9 uM and
0.68 pmol/(min-pmol) (Vmax normalised to rhCYP concentration of 50 pmol/mL) [157],
respectively. Lastly, for the 1-hydroxylation of midazolam Ky and Vmax of 2.89 uM and
21 pmol/(min-pmol) [228], 0.92 uM and 5.51 pmol/(min-pmol) [155] as well as 3.3 uM and
59.6 pmol/(min-pmol) (Vmax Normalised to rhCYP concentration of 50 pmol/mL) [157] were
reported while the here presented investigations yielded a Ky of 1.96 uM and a Vmax Of

1.67 pmol/(min-pmol).

In conclusion, the kinetic parameters of the marker reactions determined in this work were within
similar ranges of previously reported results. However, the large variability of reported kinetic
parameters for the marker reactions highlight the importance of the decision to derive laboratory-
individual results for in vitro investigations. Indeed, even in between repetitions of experiments
in the same laboratory, some variation was observed, e.g. individual Ky and Vmax determination
of the marker reactions (chapter 3.2.1.2, Table 7.4) in comparison to Ky and Vmax determination
based on the uninhibited controls of inhibition experiments (chapter 3.2.3.3, Table 3.12).
Potential reasons for the slight differences might lie in the experimental setup, i.e. the number and
distribution of the investigated substrate concentrations, or (in this specific case) the use of
different batches of HLM with varying CYP isoenzyme activities. Further sources of the observed
variability will be discussed for the N-oxidation of VRC (see below) and are equally valid for the

marker reactions.

Voriconazole and metabolites as substrates of CYP isoenzymes. As an essential prerequisite,
linearity investigations for the formation of VRC metabolites with regard to reaction time and

enzyme concentration were performed. In all kinetic investigations the reaction velocity depicts

153



Discussion

the rate of metabolite formation per minute per milligram protein (in HLM and HIM) or picomole
enzyme (in rhCYP) and thus would be distorted outside the linear range. Although the
manufacturer often provides information on the assessed linearity over time in the certificates of
analysis, there are two main reasons why it should be re-assessed: first, the transferability from
one substrate to another is not always given and second, due to the influence of experimental
conditions it should be evaluated under laboratory-specific circumstances. Besides, optimal
reaction parameters, i.e. reaction time and enzyme concentration, compatible with the available
bioanalytical assay regarding the metabolite concentration range can be determined, and the
absence of substrate depletion precluded. In HLM linearity investigations were successful with
quantifiable NO concentrations in all incubations (chapter 3.2.2.1). Thus, for future kinetic
investigations an unrestricted choice (within the investigated settings) regarding protein
concentration and reaction time was possible. Despite, some further considerations were made:
firstly, a shorter reaction time was deemed beneficial in future experiments as potentially more
replicates could be performed and the bench-top storage time of assay components could be
decreased. Secondly, a low protein concentration was considered to be of advantage as
consequently more experiments could be performed with the same HLM batch and nonspecific
protein binding of substrate or inhibitor to proteins of the incubation could be minimised. Indeed,
it has been described, that nonspecific binding of substrate or inhibitor can considerably distort
the determined enzyme Kinetics as the amount of free drug is decreased, which leads to higher
Kwm, 1Cso and K;[110,212,229-232]. Thirdly, in inhibitory investigations, when NO formation is
impeded, concentrations still had to be in the quantifiable range of the bicanalytical assay. As a
consequence, overall a protein concentration of 0.2 mg/mL in combination with reaction times of

10-30 min were chosen for future investigations.

Linearity assessment in rhCYP was more challenging. While for rhCYP2C19 the extent of
formation of NO was as anticipated, for rhCYP3A4 and rhCYP2C9 turnover of VRC was
unexpectedly low. As a result, enzyme concentrations of 5 pmol/mL rhCYP3A4 and
<40 pmol/mL rhCYP2C9 could not be evaluated due to unquantifiable NO concentrations. Thus,
for rhCYP2C9 linearity across enzyme concentration was not assessable. Additionally, for a full
kinetic profile of VRC N-oxidation in rhCYP2C9 lower VRC concentrations as applied during
linearity investigations (10 uM) were needed. Hence, for the assessment of Michaelis-Menten
kinetics the highest possible rhCYP2C9 concentration of 100 pmol/mL was used and aliquots of
the enzyme stock solution directly added to the incubation. Overall, this already hinted at the
minor role of CYP2C9 in VRC metabolism. For rhCYP2C19 and rhCYP3A4 two enzyme
concentrations each (5 and 15 pmol/mL rhCYP2C19, 20 and 40 pmol/mL rhCYP3A4) were
brought forward to kinetic investigations to further investigate and confirm the independence of

enzyme concentration on kinetic determinations.
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Also for HIM, the VRC turnover was low, preventing an assessment of linearity across enzyme
concentration. In particular, the enzyme concentrations should cover a sufficiently large range to

enable the detection of potentially existing deviations from linearity.

Overall, in all linearity investigations also the formation of OH-VRC was monitored but could
not be detected in any of the incubations. On the one hand, a rapid formation of the secondary
metabolite dihydroxyvoriconazole was considered and consequently investigated by incubating
OH-VRC directly with HLM monitoring for depletion. On the other hand, potentially a detection
was hindered by the nonconformity of the analytical reference standard with the hydroxylated
metabolite. In literature the position of the hydroxy group on the fluoropyrimidine moiety is not
described [37,60] but was predefined in this analysis by the available reference standard
(Figure 4.1). Lastly, OH-VRC might be formed CYP- and FMO-independently resulting in its
absence in HLM and rhCYP in vitro incubations. However, Scholz et al., found decreased
metabolic clearances in CYP2C19 PM, indicating a CYP2C19 involvement, which is in contrast
to the here presented observations [48]. Overall, however, a predominant role of CYP2C19 in
OH-VRC formation can be excluded.

s gﬁz

Figure 4.1: Positions of the hydroxylation (red) of the fluoropyrimidine moiety of voriconazole as

described in literature [37,60]. The left molecule depicts the available analytical reference standard.

As a consequence, in further investigation focus was placed on the N-oxidation of VRC. In all
enzymatic systems investigated, HLM, HIM, rhCYP2C19, rhCYP2C9 and rhCYP3A4, kinetics
were described by the nonlinear Michaelis-Menten model. Derived kinetic parameters were
compared to those previously reported in literature. In HLM, previously reported Km and Vmax
reached values of 8.1+2.9 uM and 9.3+11.1 pmol/(min‘mg), based on HLM derived from three
individuals [71], as well as 9.3+3.6 pM and 40+13.9 pmol/(min-mg), based on HLM from six
adults [233], respectively. Consequently, the deviations to the results of this thesis, i.e. Ku
298 uM (95% CI: 2.63 — 3.33 uM) and Vmax 26.1 pmol/(min'mg) (95% CI: 254 — 26.8
pmol/(min‘mg)), are distinct. In recombinant enzymes for CYP2C19, Kuv and Vmax values of
14+6 pM and 0.22+0.02 nmol/(min-nmol) [69], 3.5 uM and 0.39 pmol/(min-pmol) [71] as well
as 4.31+0.31 uM and 4.85+0.08 pmol/(min-pmol) [234] have been described, representing an 11-,
3- and 3.3-fold higher Kn and a 7- and 4-fold lower as well as 3-fold higher Vimax compared to
here presented determinations. For rhCYP2C9, one study reported a Ky of 20 UM and a Vmax Of
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0.056 pmol/(min-pmol) [71], which was 5- and 8-fold higher, respectively, than present
determinations, while another one did not find metabolism mediated by CYP2C9 [69]. For
rhCYP3A4, Ky and Vi of 16£10 uM and 0.05+£0.01 nmol/(min-nmol) [69] and 235 uM and
0.14 pmol/(min-pmol) [71] were observed. In comparison, current results of a Ky of 1.20 uM and
a Vmax 0f 0.00893 pmol/(min-pmol) were 13- and 196-fold lower with regard to Ky and 6- and
16-fold lower with regard t0 Vmax.

In particular the different magnitudes of reported parameters demonstrate the necessity of
carefully planned and executed in vitro experiments to generate reliable results. However,
previously reported studies carried some limitations, potentially resulting in discrepancies
between in vitro predicted and in vivo observed PK properties. First, kinetic investigations were
performed using HLM prepared from only a few individuals. Yet, individual predisposition for
CYP enzymes is very heterogenic as discussed previously [114,165,214,215]. Therefore, kinetic
parameters that are to be applied and interpreted in a wider context should be based on a larger
pool of liver microsomes. Thus, the research presented in this thesis, relying on pooled
microsomes from 150 donors with equal gender distribution, offers a better representation of the
diversity of the human population and hence more reliable data. Second, according to regulatory
agencies, in vitro Kinetic investigations should be conducted at clinically relevant drug
concentrations [149,209]. Although there is no generally recognized PK target for VRC, a recent
position paper recommends VRC Cnin of at least 1-2 mg/L for an efficient and at maximum of
4.5-6 mg/L for a safe therapy [174]. This translates approximately to a Cnin target range of 2.86
to 17.2 uM VRC, a concentration range that was adequately covered in here presented
investigations (0.5 - 100 uM). Surpassing the upper limit to a certain extent is certainly advisable
as also individuals occasionally show unexpectedly high VRC plasma concentrations, e.g.
>15 mg/L (43 uM) [181]. Yet, early in vitro studies of VRC applied concentrations as high as
2500 or 5000 uM [69,71]. This bridges to the third concern: the organic solvent concentrations
in incubations. All Kinetic determinations for the N-oxidation of VRC in this thesis had a
maximum of 0.5% MeOH. As VRC is a lipophilic drug, it is difficult to reproduce how solubility
as well as the organic solvent limit was maintained at VRC concentrations of 2500 or 5000 pM
[69,71]. Fourth, the usage of high HLM (>0.5 mg/mL) or rhCYP concentrations potentially
increases nonspecific binding of the substrate to the protein or other components of the enzymatic
system, thereby reducing the apparent substrate concentration [232]. Therefore, for unbiased
kinetic determinations the unbound substrate concentration should be used for determinations of
Michaelis-Menten kinetics [110]. However, if no data on the f, in the respective enzymatic system
is available, as it is the case for VRC, low HLM concentrations should be chosen, having a smaller
influence on the free substrate concentration, and thus a smaller influence on the determined

kinetics. Nevertheless, future research should evaluate the influence of the nonspecific binding

156



Discussion

and the results be implemented in the kinetic determinations. Fifth and last, the observation of
metabolite formation is generally favourable compared to substrate depletion [70]. Reaction
Kinetics change with decreasing substrate concentrations, however this is rarely accounted for and

a depletion of 10% or 20% is defined as negligible.

Reaction kinetics of VRC metabolic processes in HIM have previously not been assessed. CLin
was approximately 6-fold lower than in HLM, which is probably due to the lower CYP enzyme
abundance per gram microsomal protein in the small intestine compared to the liver. For
CYP2C19, CYP2C9 and CYP3A4 in the small intestine abundances of 2.1, 11 and 58 pmol/mg
have been described, which is 5.2-, 5.5- and 1.6-fold lower than in liver, respectively (Table 7.2)
[165,235]. Nevertheless, the presented results suggest that metabolic transformation by the
intestine should not be ignored. In addition to the first-pass effect in the liver, this is in line with
clinical trials where p.o. and i.v. doses of 400 mg VRC resulted in similar maximum plasma
concentrations and areas under the concentration-time curve but not doses of 50 mg. Moreover,
bioavailability has been observed to increase in CYP2C19 PM (94% compared to 75% in NM)
supporting the hypothesis of saturable CYP-dependent metabolic processes in the intestine [48].
Consequently, the variability in bioavailability might advise for a re-evaluation of the currently
eligible switch from i.v. to p.o. dosing without adaptation in dose, which is permitted according
to the summary of product characteristics [38]. For this purpose, PBPK modelling can be a
beneficial tool. Additionally, in contrast to i.v. administration, no weight-adapted dosing is

designated for p.o. administration of VRC, which is based on an ambiguous rational.

With regard to the contributions of the respective enzymes to the overall formation of NO,
different approaches for the determination have been explored, yielding results with a mean
contribution of 63.1% for CYP2C19, 13.2% for CYP2C9 and 29.5% for CYP3A4. Although this
averaging approach is rather unusual, it might be able to compensate for the individual approaches
under- or overpredictions. The determination by application of specific CYP inhibitors in HLM
was interfered by cross-inhibition of the inhibitors loratadine and sulfaphenazole on the enzymes
of the same subfamily, CYP2C19 and CYP2C9. This problem is not unknown and even the FDA
and EMA state, that for CYP2C19 no specific inhibitor is yet available [149,150,209].
Additionally, the specificity is highly dependent on the concentration of the inhibitor with higher
concentrations leading to increased cross-reactions [158]. In contrast, if inhibitor concentrations
are too low, incomplete inhibition is the consequence. In the present study, based on data in
literature, the best compromise was aimed for. Yet, ketoconazole concentrations might have been
too low for a complete inhibition of CYP3A, potentially explaining the 11% remaining VRC
metabolism when a combination of the CYP2C19, 2C9 and 3A4 inhibitors was used. Moreover,
the magnitude of inhibition has been shown to be dependent on the probe substrate for CYP2C9
and CYP2C19 [159,161] indicating different binding modalities of different substrates. Further,
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the question of an appropriate implementation of this inhibitor specificity testing arose. On the
one hand, the optimal in vitro incubation conditions (protein concentration and reaction time) of
the marker reactions can be applied. However, if incubation conditions deviate from those of the
investigated compound, e.g. by lower protein concentrations and lower reaction time, it is
challenging to predict whether the same concentration of inhibitor has the same influence under
these different conditions. Potentially the respective inhibitor is metabolised itself and reveals
depletion, which leads to an incomplete inhibition. On the other hand, if the same protein
concentration and reaction times are applied for the marker reactions as for the compound of
interest and inhibition is incomplete, a depletion of marker substrate might occur, which decreases
the reaction velocity and causes a reduced metabolism independent of the inhibitor. The latter
approach was chosen in the here presented results and indeed when the effect of ketoconazole on
the 4-hydroxylation of diclofenac was investigated only 84.9% of metabolism remained and a
slight depletion of diclofenac was observed. As substrate concentrations were only
semiquantitatively assessed (as described for VRC and NO, see chapter 4.1) the full extent was
not determinable but approximated 20%. In conclusion, also controls on well-established marker

reactions for specificity testing of the inhibitor have to be considered with some limitations.

Due to the described limitations a second approach for the determination of enzyme contributions
was used: the extrapolation from rhCYP. As seen by the results (chapter 3.2.2.3) the
transformation from CLin in rhCYP to CLix in HLM, accounting for CYP abundance alone
(without ISEF), did not yield satisfactory results. In particular for CYP2C19 implausible
contributions of 157% were determined. Here, the artificial nature of rhCYP, i.e. the distinct
overexpression of the respective enzyme, might play a role. Especially rhCYP derived from insect
cells, which were used for all investigations of this thesis, reveal a high expression of the CYP
isoenzyme being ideal for the identification of enzyme involvement but might be misleading for
kinetic determinations [119,120]. In contrast, also the approach of relating the individual CLix; of
each rhCYP to the sum of individual CLix in the different rhCYP has a major limitation: it
assumes that all involved CYP enzymes have been tested and no contribution neglected.
Consequently, the ISEF approach is more promising, as laboratory-individual experimental
conditions as well as the overexpression in rhCYP are accounted for using marker reactions
[164,228]. However, also ISEF determination relied on marker reactions based on the assumption
that substrates of the same CYP isoenzyme behave identically. That this is not always the case
has been shown previously based on ISEF calculations with one marker substrate and the transfer
to another, e.g. for CYP2C9 from the 4-hydroxylation of diclofenac to the hydroxylation of
warfarin [155,236,237]. In particular for CYP3A4 this limitation is widely known and
acknowledged in current guidelines for the identification of drug-drug interactions by the FDA

and EMA [149,150,209]: besides the use of midazolam, it is recommended to also include
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testosterone as an CYP3A4 substrate. A comparison of the determined ISEF with previously
reported values is not meaningful, as ISEF are required to account for laboratory-individual
factors, e.g. experimental conditions or the used enzymatic system (rhCYP expression system or
source of HLM), and therefore inevitably exhibit a high variability. Lastly, it should be
acknowledged, that also for the marker reactions the unbound substrate concentrations should be
considered. In this work, total concentrations were studied for kinetic determinations and the
influence by nonspecific binding deemed subordinate due to the low protein and enzyme
concentrations used for incubations. However, differences in nonspecific binding in HLM and
rhCYP based on varying protein concentrations are plausible and potentially lead to a distortion
of the ISEF. Overall, by averaging different approaches for the determination, a compensation for
the described limitations is conceivable. Yet, for a further validation of the observations an
extension to other marker reactions could be performed.

Nevertheless, the results can be interpreted in context and summarised to the following major
conclusions: (i) CYP2C19 plays the largest role in VRC N-oxidation, (ii) CYP2C9 contribution
is negligible and (iii) besides CYP3A4, no further enzymes are relevantly contributing to NO
formation. While (ii) is in accordance with the reported safety of VRC in a CYP2C9 PM in a
clinical trial [238], (iii) contrasts with investigations of Yanni et al. who found a 25% contribution
of FMO [70]. Furthermore, a clinical trial by Mikus et al. investigating potential reasons for
differences in VRC clearance of CYP2C19 NM and PM in the absence and presence of the strong
CYP3A4 inhibitor ritonavir came to the conclusion that CYP2C19 is responsible for 66% of
metabolism and CYP3A4 for 34%. In case of CYP2C19 PM with ritonavir treatment, metabolism
was decreased by 86% [239]. Overall, the in vitro results of this thesis regarding enzyme
contributions, very well corresponded to those clinical observations, potentially even explaining
the remaining 14% as CYP2C9 metabolism.

The performed IVIVE additionally confirmed the validity of the generated data. In clinical studies
VRC clearance values of 244 mL/min (first dose, all genotypes) [67], 420 mL/min (first dose,
NM), 194 mL/min (first dose, heterozygous NM), 149 mL/min (first dose, PM) [48] or
272 mL/min (multiple dose, all genotypes) [132] have been reported. Thus, the estimated CLnepatic
of 127 —266 mL/min as derived from the here presented IVIVE represent a good approximation,
if considering that only one metabolic pathway, VRC N-oxidation, was taken into account. The
role of other pathways, e.g. (di-)hydroxylation of VRC at the fluoropyrimidine moiety, has been
controversially discussed in literature. Although NO is the major circulating metabolite, the
formation of (di-)hydroxy-VRC has been claimed to be the major pathway and low plasma
concentrations explained by a higher renal clearance [37,48]. However, in the current
investigations OH-VRC was not formed in incubations of HLM, HIM or rhCYP.
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As described above, this might be due to a different pathway of formation, the hydroxylation on
the second position of the fluoropyrimidine moiety or the rapid transformation to the secondary
metabolite dihydroxyvoriconazole. The latter was consequently investigated by direct incubation
of OH-VRC with HLM. However, as no depletion over time was observed this hypothesis seems
unlikely. Also NO was demonstrated to be stable in HLM incubations, which confirmed the
reliability of all kinetic determinations. However, this observation was in contrast to previously
described continued metabolism of NO to an additionally hydroxylated metabolite and the loss
of the fluoropyrimidine moiety [37,60].

Voriconazole and metabolites as inhibitors of CYP isoenzymes. In adults VRC exhibits
nonlinear PK, an observation assumed to originate from saturation or auto-inhibition of its own
metabolism [68,78]. The inhibitory potential of VRC has been described thoroughly in literature
as observed drug-drug interactions in vivo [37,38,79,90,91,105,240,241] as well as based on in
vitro experiments [79,83-88,242]. However, not many insights are available on the inhibitory
potential of VRC metabolites. Aiming at the quantification of the inhibitory potential of VRC,
NO and OH-VRC, investigations on ICso and K; were performed. 1Cso was assessed by nonlinear
regression using the four-parameter inhibition model (chapter 2.3.5.1, Eq. 2.17), fixing the
parameters of maximum and minimum activity to 100% and 0%, respectively. This was found
feasible as from a mechanistic point of view baseline activity, i.e. reaction velocity in the absence
of inhibitor, should always be equal to 100% and deviations from this are most likely due to
experimental variability. Further, if an inhibitory effect is observed at a fictive, infinitely high
inhibitor concentration minimum activity is expected to decrease to 0%. Additionally, the
sensitivity analysis showed, that the estimated ICso did not change relevantly when either Amax or
Ao or all model parameters were estimated simultaneously, as Cl were overlapping. However, Ag
and Anmax, and the respective Cl, occasionally resulted in physiologically implausible values, i.e.
Ao<0% and Amax>100%. Moreover, in some cases a precise estimation of parameters and CI were
not achievable as the variability and quantity of observations were beyond the scope of the model
and led to model overparametrisation. In conclusion, fixing the maximum and minimum activity

was a justified assumption for 1Cs estimations.

Previously in vitro determined 1Cso values for VRC on CYP2C19 were 5.25 uM (S-mephenytoin
4-hydroxylation) [85], 5.29 UM (omeprazole 5-hydroxylation) [243], 8.7 UM (S-mephenytoin
4-hydroxylation) [83] and 17.1 uM (S-mephenytoin 4-hydroxylation) and thus 1.4-, 1.4-, 2.3- and
4.6-fold higher than the values determined in this work, respectively. For CYP2C9 ICs values of
8.4 UM (tolbutamide 4-hydroxylation) [83] and 3.63 UM (tolbutamide 4-hydroxylation) [85] have
been reported, which is 2.0- and 0.87-fold the value of the current investigation, respectively.
Lastly, for CYP3A4 ICs, values of 0.5 uM (nifedipine oxidation) [83], 2.90 uM (midazolam
1-hydroxylation) [85], 2.10 uM (midazolam 1-hydroxylation) [242] and 6.04 uM (midazolam
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1-hydroxylation) have been described, which amounts to 0.28-, 1.6-, 1.2- and 3.4-fold the 1Cs
values of the here described investigation, respectively. Despite the use of partially different
marker reactions and varying substrate concentrations when the same marker reaction was

applied, I1Cso values are overall well corresponding.

However, as 1Cso values are highly dependent on the substrate concentration used, a comparison
of Ki is more reliable [112]. Here, Jeong et al. reported a K; value of 2.79 uM and a competitive
inhibition by VRC on CYP2C9, which is in good agreement with the findings of this thesis
(2.57 uM, competitive inhibition) [85]. On CYP2C19, the authors also described a competitive
inhibition, however their determined K; of 5.07 uM was 2.7-fold higher than the here determined
result [85]. Li et al. reported K; of 1.08 and 1.26 uM when S-mephenytoin and omeprazole were
used as marker substrates, respectively [243], which resembled the K; of 1.90 uM of the current
investigation. Lastly, on CYP3A4 Jeong et al. found a mixed competitive and non-competitive
inhibition by VRC with K; of 0.66 and 2.97 uM, respectively [85], while the present study
demonstrated a non-competitive inhibition only (K; 2.75 uM). A lower K; was described by Li et
al. with a value of 0.470 uM [243]. Deviations might arise from the different evaluation methods,
Jeong et al. used a graphical tool, Dixon plots, which are based on a linear transformation of the
data while in this thesis results were based on the best nonlinear model fit. A disadvantage of
Dixon plots is the large influence of the lowest value as the reciprocal of the reaction velocity is
plotted on the y-axis. The nonlinear modelling approach is thus less error prone. Furthermore,

also here the choice of marker reactions might influence the determined parameters [159,161].

For the inhibitory potential of NO, only three investigations of I1Cso have been published, resulting
in different conclusions. In this work, a relevant inhibitory effect of NO on CYP3A4 was
demonstrated (ICso 4.48 uM) and, although to a lesser extent, on CYP2C9 (ICso 13.4 uM), but
only a minor one on CYP2C19 (I1Cs, 288 uM), which is in line with Giri et al. (1Cso of 11.2 and
8.7 uM on CYP2C9 and CYP3A4, marker substrates diclofenac and midazolam) [89]. Hohmann
et al. found a higher inhibitory potential by NO on CYP2C19 (I1Cs 40.2 UM, luminescence assay)
than on CYP3A4 (ICso 146 UM, luminescence assay) [68]. Furthermore, Li et al. reported ICso
values for NO of 3.52 uM on CYP3A4 as well as 119 and 40.4 uM on CYP2C19 when S-
mephenytoin and omeprazole were used as marker substrate [243]. Previously determined K;
values of NO amounted to 0.894 UM on CYP3A4 (midazolam 1-hydroxylation) as well as 9.0
and 7.43 pM on CYP2C19 when S-mephenytoin and omeprazole were used, respectively, which
is 5.9-, 6.- and 7.9-fold lower than K; determined in this work [243]. OH-VRC has not been
investigated previously, but in the present studies partly showed higher inhibitory potential than
VRC (1.1-fold higher K; for CYP3A4). The clinical relevance of the investigated inhibition is
challenging to predict. Although plasma concentrations of OH-VRC are up to 30-fold lower than

those of NO [37,48,67], local liver concentrations are of higher interest. In this context, especially
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the transport in and out of the hepatocytes after the formation of the metabolite is crucial and

needs further investigations, e.g. by applying PBPK modelling.

As an additional verification, ICso and K; were compared by the scientific basis that K; values of
competitive inhibitors represent half of the determined 1Cso, and K values of non-competitive
inhibitors are equal to 1Csp [110,112]. For the competitive inhibition of VRC on CYP2C19 this
assumption was met with an 1Cs of 3.72 uM and a K; of 1.90 uM. However, for NO and OH-VRC
on CYP2C19 this evaluation was less informative, as overall inhibition was low and the estimated
ICso values exceeded the applied experimental inhibitor concentrations. Consequently, I1Cso of the
non-competitive inhibitor NO, 288 uM (65.0 — 31623 uM), was only equal to Kj, 58.6 uM (46.8 —
75.2 uM), if the CI were considered. For CYP2C9 the approach fitted well as VRC, NO and OH-
VRC were determined as competitive inhibitors and revealed 1Cs of 4.17, 13.4 and 3.67 uM and
K; of 2,57, 5.47 and 2.80 uM, respectively. Lastly, for CYP3A4 and the non-competitive
inhibitors VRC, NO and OH-VRC the ICs, values of 1.76, 4.48 and 1.02 uM were overall
comparable to the K; values of 2.75, 5.24 and 2.53 pM, respectively.

Time-dependent inhibition can be observed when (i) reactive intermediates are formed from the
substrate that covalently bind to the enzyme, which leads to its inactivation (typically named as
“suicide inhibition” or “mechanism-based inhibition™), (ii) tight-binding complex are formed
between the enzyme and the metabolite (typically named as “quasi-irreversible inhibition™) or
(iii) a more potent inhibitory metabolite is formed [111,112,244]. Consequently, time-dependent
inhibitors in particular as described under (i) are likely to cause severe and long-lasting drug-drug
interactions in vivo as CYP enzyme activity can only be restored by re-synthesis of the enzyme
[112]. The investigations described in this thesis revealed no time-dependent inhibition on
CYP2C19, CYP2C9 and CYP3A4. This is in line with two previously reported findings [83,85],
but in contrast to another one, that described a time-dependent inhibition of VRC on CYP3A4
[243]. However, on a closer look, the determined ICso and K; values from the latter comprised
large CI, which casts doubt in the significance of the findings. Additionally, the authors applied
the ICso shift dilution method, which has been critically evaluated to highly depend on the
approach of data processing [245]. A particular strength of the investigations presented in this
thesis is the direct assessment of the inhibitory potential of NO and OH-VRC. This is usually not
possible during early drug development as authentic reference standards of metabolites are not
yet available. Thus, the detection of inhibitory metabolites relies on the in situ formation.
However, if the turnover of the substrate is low, a 30 min pre-incubation might not be sufficient
to cause quantifiable effects. Hence, direct incubation of the metabolites yields more reliable
results and if time-dependent inhibition is observed, allows the precise quantification and
distinction of the inhibitory effect of substrate and metabolite. Lastly, it should be acknowledged,

that it is usually recommended to keep the reaction time relatively short in comparison to the pre-
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incubation period [110]. This was for the marker reactions of CYP2C9 and CYP3A4 rather abided
by with 5 and 10 min as well as 7 and 12 min reaction time, but not for CYP2C19 with 15 and
25 min reaction time. Consequently, the inactivation could have continued during the substrate
transformation. However, as no inhibitory effect was observed and consequently also no kinetic

constants for time-dependent inhibition were derived, this limitation was ranked as negligible.

Overall, in vitro metabolism experiments have many pitfalls if not designed and performed with
diligence. This work focussed, as discussed, on many of them, however for future approaches
further aspects might be considered. First, as mentioned previously, the assumption of negligible
nonspecific binding in incubations with low protein concentrations should be confirmed [230—
232,246]. Second, not only local liver concentrations should be evaluated for the prediction of
clinically relevant drug-drug interactions, but also intracellular concentrations [247]. Third, phase
Il metabolism should be investigated and quantified as the glucuronidation of VRC has been
described previously [37,48,60,72]. Fourth, the interaction of VRC, NO and OH-VRC with
transporters might play a role in the distribution and elimination of VRC. Previous investigations
showed no interaction of VRC with P-glycoprotein [81], however the elimination of the OH-VRC
has been described to exceed glomerular filtration [48]. Fifth, the transferability of kinetic
determinations to the system of human hepatocytes might be considered [115,213]. Sixth and last,
molecular modelling might contribute to a better justified choice of marker reactions as well as
prediction of relevant drug-drug interactions by evaluation of binding modalities and interaction

between enzyme, substrate and the respective inhibitor [248,249].

Indeed, for prospective predictions of VRC exposure in humans, developing a PBPK model is
suggested to provide a mechanistic framework to integrate VRC physicochemical properties, the
presented in vitro hepatic metabolism data, and other physiological processes and parameters
[250,251]. The increasing availability of in silico and in vitro systems that act as easy-accessible
surrogates for in vivo determinations of absorption, distribution, metabolism, and excretion
(ADME) processes and advancements in the IVIVE techniques are crucial reasons why PBPK
modelling is becoming more appealing [252]. An IVIVE-PBPK linked model is considered a
valuable tool for hypothesis testing for investigating the impact of individual, drug-related PK
assumptions, which can be confirmed by existing in vivo observations. Thus, ultimately

knowledge gaps in VRC PK can be unveiled through a learn-predict-confirm-paradigm [253].

Furthermore, IVIVE-PBPK linked models enable extrapolation of VRC PK to vulnerable patient
populations, e.g. paediatrics [254,255], to support dosing decisions. However, as a prerequisite
the metabolic and elimination pathways and the contribution of different enzymes to each
pathway have to be well-characterized using validated and reliable in vitro experiments [256].
For VRC several PBPK models have been published recently, which mostly included data from

in vitro metabolism investigations performed in the early phases of VRC marketing [39,92,243].
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However, those experiments were not designed for future applications in PBPK modelling and
the knowledge on VRC PK as well as the execution of in vitro metabolism experiments has since

increased.

Ultimately, the combination of a VRC PBPK model with a PD model, could be used to estimate
the time course of drug response for various dosing regimens in different populations or disease
states [250,257]. Simulations based such a model could then be used to i) inform and qualify the
model using clinically observed data, and ii) recommend optimal dosing regimens for individual
patients who have developed invasive fungal infections.

4.3 In vitro microdialysis feasibility studies for voriconazole and its N-oxide metabolite

The comprehensive in vitro analysis presented in this thesis demonstrated the feasibility of the
simultaneous microdialysis of VRC and its major circulating metabolite NO, as would be the case
in a patient during voriconazole treatment. Furthermore, potential sources of the variability
regularly observed in microdialysis data were identified and a convenient approach for the
simultaneous catheter calibration for VRC and NO presented.

Microdialysis is a valuable, minimally-invasive sampling technique for the assessment of
unbound drug concentrations continuously over time in ISF, i.e. the residence of many pathogens
and thus the target site of most antiinfectives. This contrasts with biopsy samples, which represent
tissue homogenates and thus preclude a differentiation between blood, intra- or extracellular,
bound and unbound drug concentrations. Additionally, the collection of biopsies is invasive and
prevents the acquisition of multiple samples over time, which is necessary for PK investigations
[127,128]. As a result, also regulatory agencies such as the EMA recommend PK investigations
based on non-homogenate tissues, e.g. using microdialysis [125]. However, for the design and
execution of high quality clinical microdialysis trials knowledge of the behaviour of the drug in
microdialysis sampling is crucial. Consequently, reliable results and derivation of plausible

conclusions in clinical trials rely on a thorough in vitro characterisation [129].

As an essential prerequisite, before the first in vitro investigations were performed, the stability
of NO under in vitro microdialysis conditions were explored. Although during bioanalytical
method development and validation the stability of VRC and NO was investigated and
demonstrated (chapter 3.1.2.6), this did not cover temperatures of 37°C as applied in the sSIVMS.
However, the performed pre-investigations showed the stability of NO for 4 h at 37°C at a low
(0.01 pg/mL) and a high (4.0 pg/mL) concentration. Based on this bracketing approach, as
recommended by the EMA guideline on bioanalytical method validation [139], also
concentrations in between were considered as stable under the applied conditions. Also the
investigation of stability for longer than 4 h was not deemed necessary as due to the newly

developed bioanalytical assay, requiring only 5 pL of microdialysate for analysis, sampling
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periods could be considerably shortened. For VRC at a concentration of 10 pg/mL stability at
37°C for 10 h had been previously demonstrated and investigations thus not repeated for the
current work [134,137]. In all investigations a VRC analytical reference substance was used and
not the approved drug formulation (Vfend®). The major difference of the drug product is the
presence of the solubilising agent sulfobutyl ether B-cyclodextrin sodium [38]. Yet no difference
between RR of VRC drug substance and drug product has been seen previously, potentially due

to the large dilution [137]. Thus, also for NO no impact was expected.

Aiming at reproducible and informative in vitro investigations a previously developed and
validated sIVMS was used for all investigations [137]. The sIVMS ensured a secure setup of all
components of the investigation, i.e. the even positioning of the microdialysis pumps, the
stable mounting of the medium containers in the heating block as well as the centred position of
the catheter membrane in the catheter-surrounding medium. To mimic physiological-like
conditions, the catheter-surrounding medium consisted of RS, was heated to 37°C and constantly
stirred to avoid local concentration gradients. Furthermore, for catheter perfusion a clinically
relevant fluid (RS) and flow rate of 2 pL/min was chosen [132,146].

The presented in vitro investigations revealed high RR of 87.6% of VRC and confirmed the
previously reported RR of VRC of 91.5% and 87.0% as well as its independence of concentration
[134,135]. Additionally, these observations could be extended to 100-fold lower VRC
concentrations, covering a more clinically relevant range [132]. This consistency of RR
demonstrated an unhindered diffusion of drug molecules across the catheter membrane and thus
was the foundation of reliable results. However, in in vivo applications by nature various
compounds are simultaneously present in the ISF, potentially interacting, e.g. by competition for
the diffusion across the microdialysis membrane, which might have an impact on RR. In the
context of drug therapy this might be the case for other concomitantly administered drugs [258]
but also the drug’s metabolites. Therefore, feasibility of simultaneous microdialysis sampling of

VRC and its major metabolite, NO, was to be assessed.

The slightly more hydrophilic metabolite does not differ largely from VRC in terms of molecular
mass (349 versus 365 g/mol) and physical-chemical properties, i.e. water solubility, logP and
pKa, providing good reason for the very similar behaviour in microdialysis [60,259,260]. RR of
NO was also high with 91.1% and independent of concentration when sampled individually. The
combination of VRC and NO in in vitro microdialysis did not lead to changes in their RR, again
demonstrating their unsaturated and unhindered diffusion. The often observed nonspecific
binding of lipophilic compounds to components of the microdialysis catheter did not play a role
for NO [129,135]. No specific investigations were conducted for that matter, as VRC itself has
been successfully applied in microdialysis sampling before, thereby it was unlikely that the more

hydrophilic metabolite would show a different behaviour. Additionally, no unexpected
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fluctuations in RR were observed during repeated sampling suggesting the absence of adsorption
processes. One limitation of the presented investigations is that no combination of a high NO and
a low VRC concentration were evaluated as might be observed in vivo. This was due to the
impurity of the analytical reference standard. Although a purity of >98% was documented in the
certificate of analysis, this was not enough as at a concentration of 3 pug/mL this resulted in a
content of approximately 0.06 pg/mL VRC. Consequently, only the combination of 0.02 pug/mL
VRC and 0.05 pg/mL NO was investigated. In vivo no interference of NO on VRC is expected
independent of the concentrations as this observation most likely derived from the route of
synthesis of the analytical reference standard.

Joint statistical evaluations of potentially impacting experimental factors and scenarios were
performed applying an LME modelling approach as graphical evaluations indicated that RR
values derived consecutively on the same study day with the same catheter were clustered around
one central value. Thus, by mere statistical testing between data subsets, using e.g. t-tests, results
could be biased by experimental parameters, potentially resulting in non-existing significant
differences. The analyses demonstrated that RR of VRC and its N-oxide metabolite in the absence
of the respective other was not significantly different to RR determined in the presence of the
respective other. Furthermore, no significant differences between VRC and NO RR were
detected. Instead, experimental factors were revealed as sources of variability. On the one hand,
although microdialysis catheters are assembled by hand, no major variability originated from
there, which was in agreement with a clinical trial investigating RR of several antiinfectives [261].
On the other hand, the study day played a large role. As a strict protocol was followed, this was
unexpected and might originate from further unidentified factors, e.g. instruments such as the
microdialysis pumps causing fluctuations in the flow rate. Also analysis of clinical data revealed
interindividual variability as a large source of variability [261]. In the present study, almost 50%
of variance in the data remained unexplained (being equal to a SD of 4.23% points) but are likely
to include intracatheter variability as well as bioanalytical imprecision, which is allowed to
amount to 15% CV [139,209]. A further extension or adaptation of the LME model by inclusion
of the concomitant concentration of the combination partner was not possible due to
overparametrisation. Consequently, more experiments would be needed. However, based on the

exploratory analyses an influence is unlikely.

For catheter calibration, a variety of different methods has been applied, e.g. the method of flow
rate variation, (dynamic) no-net-flux method and retrodialysis [127,129,262]. As it is less time
intense and hence most applicable, retrodialysis is frequently used in clinical practice [127,261].
Retrodialysis is commonly performed compound-specific for individual catheter calibration in
vivo [263]. Yet, metabolites are to be considered as chemical substances that are not licensed for

the use in humans and hence are not allowed as supplement in retroperfusate solutions.
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Consequently, a different approach for the determination of RR was required. The result, that the
RR values of VRC and NO were not significantly different in vitro allowed for the hypothesis of
using VRC retrodialysis for both the parent compound and its metabolite. The feasibility of this
hypothesis was confirmed in vitro resulting in marginal deviations between VRC and NO.
However, overall retrodialysis rather overestimated RR for both compounds resulting in a
deviation of +1.6% to -14.9% of the determined concentration of catheter-surrounding medium
compared to direct measurement, which indicated a slight imprecision in the method itself. For
VRC, this observation has been described previously, with a mean RR of 87.0% at concentrations
ranging from 0.5 to 4 pg/mL but a mean rD of 95.3% and 96.0% at concentrations of 20 and
200 pg/mL, respectively [135]. However, this contrasts with another report that did not find a
difference in RR and rD for VRC with both values exceeding 95% at a flow rate of 1.5 pL/min
across a concentration range from 1.0 to 50.0 pg/mL [134,137]. In context of the large total
variability often observed in clinical microdialysis trials the occasionally observed deviation
between RR and rD might be negligible and the use of retrodialysis still more convenient and the
obtained results more accurate and precise compared to other catheter calibration procedures
[127]. Nevertheless, further refinement of existing catheter calibration methods to derive tissue
fluid concentrations is desirable. An interesting approach applied an IS in perfusate observing
simultaneously the loss of the standard and recovery of the drug of interest saving the time and
effort of retrodialysis altogether [127,261,264,265]. Either way, individual in vivo RR
determinations are essential and a transfer of in vitro RR data insufficient as the presence of cells
and extracellular matrix leads to a different movement of molecules, i.e. tortuosity [127,129]. As
a consequence of tortuosity, RR determined in vivo are mostly lower than in vitro RR. For VRC
this observation was confirmed, although not very distinct, with in vivo RR of 84.9% and 85.2%
[132,146] compared to 87.6% in vitro. Nevertheless, the findings of identical behaviour and
comparable RR of VRC and NO in vitro are assumed to be applicable also to the in vivo situation,
justifying the utilisation of VRC retrodialysis for determination of tissue fluid concentrations of
NO.

Although NO is not contributing to the antifungal activity of VRC, it has been suspected to
contribute to adverse events, in particular to the emergence of phototoxicity and
photocarcinogenicity occurring in patients with long-term VRC treatment [65,66,266,267]. A
plausible mechanism of the sensitisation of keratinocytes to UV A light by NO and its
photoproduct, has been presented based on in vitro investigations [66]. Thus, TDM and
individualised dosing strategies might not only need to target certain VRC concentrations, but
also limit NO concentrations [174]. Here, target-site exposures of VRC and NO, instead of total
plasma concentrations, might yield more informative relationships between VRC PK and its

pharmacodynamics (PD) to guide the optimisation of VRC dosing regimen [268].
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The sIVMS, as it was used in this work, is a useful tool for first investigations of new compounds
in microdialysis sampling. However, to further characterise the behaviour of VRC and NO in
microdialysis sampling, additional efforts should be made towards a better mimicry of
physiological-like conditions. This comprises two major aspects: first, RS is an isotonic and thus
osmotically neutral solution, however the true ISF is more complex. Thus, future research should
focus on identification of ISF composition and its mimicry for in vitro investigation as well as
ideally incorporating the in vivo observed effect of tortuosity [127-129]. Second, in the sSIVMS
the concentration of the compounds is constant over time, which is not representative for the in
vivo situation. Consequently, in vitro microdialysis investigations of VRC and NO in a dynamic
setting would be of interest. Such dynamic in vitro microdialysis systems have been developed
and validated [135] and could be applied also for mimicking VRC and NO concentration-time
profiles. Thus, microdialysis sampling including also retrodialysis investigations could be

performed closer to a real-life scenario.

Overall, it was demonstrated that comprehensive in vitro investigations are not only important
components but necessary prerequisites on the path to meaningful clinical microdialysis trials.
The demonstrated feasibility of simultaneous microdialysis of VRC and its major metabolite in
clinically relevant concentrations as well as the applicability of VRC retrodialysis for both,

depicts the essential framework for reliable in vivo investigations.

4.4 Clinical microdialysis trial for the determination of voriconazole and its N-oxide

metabolite concentrations in plasma, ultrafiltrate and interstitial space fluid

In this work, the in vivo feasibility and clinical applicability of the simultaneous microdialysis of
VRC and its N-oxide metabolite in humans was demonstrated. Moreover, the exploratory PK
analysis enabled the leveraging of knowledge from target-site distribution and concentration-
dependent metabolism processes and highlighted the large intra- and interindividual variabilities
observed in VRC treatment. Additionally, the results revealed the substantial differences between
plasma and ISF PK investigations of VRC and NO. Finally, the CYP2C19 genotype-predicted
phenotype plausibly related to the observed VRC and NO concentrations in plasma, ultrafiltrate
and ISF.

The comprehensive in vitro investigations demonstrated the feasibility of the simultaneous
sampling of VRC and NO via microdialysis. Moreover, the analysis showed that RR of VRC and
NO were not significantly different, and hence VRC retrodialysis could be applied for the
determination of ISF concentrations of both compounds. For all in vitro investigations, identical
microdialysis conditions as in the clinical trial were used. This included the same microdialysis

catheter type (CMA 60) as well as the perfusion of the catheters with RS at a flow rate of
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2 uL/min. Hence, it was concluded that the in vitro observations formed the necessary

prerequisite to continue with the evaluation of the in vivo feasibility.

As a consequence, plasma, ultrafiltrate and microdialysate samples of a clinical trial were
evaluated for their VRC and NO concentrations. The clinical trial was performed between 2009
and 2013 at the Medical University Vienna, aiming at the assessment of target-site PK of VRC in
healthy volunteers. Therefore, ten healthy individuals were enrolled in the study, of which nine
completed it, and received a VRC standard dosing regimen of 6 mg/kg bodyweight i.v.asa 2 h
infusion on day one, 4 mg/kg i.v. as a 1.3 h infusion on day two and 200 mg tablets on day three
and four [38]. Microdialysis catheters were placed in subcutaneous adipose tissue and ISF
sampled according to a fixed schedule (chapter 2.5.1). Besides, plasma samples were taken and
processed via ultrafiltration to obtain the unbound VRC fraction. The preceding first evaluation
of the clinical study investigated VRC concentrations only in ultrafiltrate and microdialysate
[132,137,146,173]. However, due to the newly gained knowledge from in vitro microdialysis
investigations as well as information about the potential toxicity of NO [66], the analysis of the
remaining sample volumes was considered as a viable approach for the initial assessment of the
feasibility and clinical applicability of the simultaneous in vivo microdialysis sampling of VRC
and NO.

Thus, plasma, ultrafiltrate and microdialysate samples from four individuals, that were fully
genotyped for their CYP2C19 metaboliser status, were quantified using the newly developed and
validated bioanalytical LC-MS/MS assay (chapters 2.2 and 3.1). As for the new assay only low
sample volumes, i.e. 5 uL microdialysate and 20 pL plasma or ultrafiltrate, were required; all
samples except three ultrafiltrate samples could be analysed. A renewed ultrafiltration of plasma
samples was abstained from as potential alterations in the plasma proteins due to the long storage

period could not be excluded, and thus the comparability might have been impeded.

Ultrafiltration is a commonly used method for the determination of unbound plasma
concentrations of drugs [269-274]. Ultrafiltrate samples of this study were acquired by
Centrifree® (ultracel regenerated cellulose membrane with 30 kDa molecular mass cut-off)
ultrafiltration devices and centrifugation at 2000 x g for 20 min at room temperature [173].
However, for a variety of antiinfective drugs it has been described that the determined f, is
relevantly impacted by the experimental design of the ultrafiltration investigation. First, the
choice of the ultrafiltration device with regard to the material of the ultrafiltration membrane, the
material of the tube itself and the molecular-mass cut-off is essential. As an example, for
fluconazole, linezolid and vancomycin, variability between different ultrafiltration devices has
been shown [272,275]. In this context, to obtain reliable results also the nonspecific binding to
the ultrafiltration membrane or the material of the tube needs to be investigated, e.g. by

ultrafiltration of a protein-free test solution of the drug [272,275-277]. Second, experimental

169



Discussion

conditions such as the temperature during ultrafiltration, the time and centrifugal force applied,
were suspected and partially demonstrated to alter the determined f, [272,275-277]. Third, the
pH of plasma is influenced by storage and processing, potentially due to a loss of carbon dioxide,
and hence is increasing over time [278,279]. Consequently, also plasma protein binding was
observed to change with pH [272,273,277]. For VRC and NO no comprehensive investigations
have been published, which systematically considered the impact of the described experimental
conditions applied in ultrafiltration on the determination of VRC and NO unbound plasma
concentrations. Hence, the influence of the chosen or uncontrolled experimental conditions and
potential variations in these between individual analytical runs, e.g. pH and room temperature, on
the determined f, in the here evaluated study is difficult to assess. Overall, the gold standard for
the determination of plasma protein binding is considered to be equilibrium dialysis [269-271].
The approach is based on the separation of the protein-containing sample and a puffer solution
without proteins by a selective-permeable membrane. Similar to ultrafiltration, the unbound drug
can cross the membrane while plasma proteins and the protein-bound drug cannot. Thus, after a
period of 2 to 6 h, an equilibrium is reached and by quantification of the respective fraction of the
drug in the two cavities the plasma protein binding can be determined [269,270]. However, it
must be acknowledged that equilibrium dialysis is often time-consuming and challenging to
implement in clinical practice. Thus, ultrafiltration is a beneficial method but a prior comparison
of the two methods, i.e. equilibrium dialysis and ultrafiltration, or a systematic exploration of the
impact of the described experimental conditions could have increased the validity of the study’s

evaluation of unbound plasma VRC and NO concentrations.

Nevertheless, in this study for VRC the nonspecific binding to the ultrafiltration device was
investigated before the clinical trial and the absence of interferences demonstrated [137], which
contrasts with another study [58]. Overall, for VRC a variety of different f, have been reported in
literature [57-60,276]. The manufacturer Pfizer reported in the summary of product
characteristics a f, of 42% [38], which is based on a triplicate determination of one VRC
concentration by equilibrium dialysis [60]. Comparable results were obtained by Vanstraelen et
al. who reported a f, of 52.4% in vitro and of 50.4% in vivo in samples of patients of the intensive
care unit [57] as well as Resztak et al., who found a f, of 47.0% and 41.7% using two different
ultrafiltration devices [58]. In contrast, Florent et al. reported a f, of 32.3% and 22.95%
determined in vitro and in plasma of patients, respectively [59]. However, the latter determination
was critically commented as several experimental conditions might have led to the
underestimation of f, of VRC [276]. In comparison, the f, of VRC determined in this work was
62.8% and thus higher than literature data. Potentially also here experimental conditions, e.g. the
centrifugation at room temperature in contrast to 37°C, played a role. Nevertheless, to the best of

knowledge, for the first time also a f, of NO was reported. Overall, a slightly lower protein binding
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of the more hydrophilic metabolite and hence a higher f, was expected. This hypothesis was only
confirmed for two individuals, the CYP2C19 RM and NM, with a median f, of 71.3%. However,
the remaining two individuals revealed considerably lower fy. As in the respective chromatograms
of the samples also an emerging second peak was observed, an instability of NO was assumed. In
this case, potentially more freeze-thaw cycles of the ultrafiltrate samples of those two individuals
might have played a role. All in all, ultrafiltrate data, in particular of the CYP2C19 IM and
RM/PM, should be handled with some care when interpreting the presented results.

The first relevant observation during bioanalysis of microdialysate samples was the presence of
NO in these samples. To the best knowledge, there are neither previous reports of the distribution
of NO into ISF nor the extent. Based on the in vitro demonstrated feasibility of VRC retrodialysis
for VRC and NO, tissue fluid concentrations were determined for subsequent PK evaluations.

In a first step, the concentration-time profiles in the respective matrices were explored. Therefore,
for ISF, VRC and NO concentrations were allocated to a specific time point, the midtime point
of the microdialysis sampling interval, despite originating from a collection period. Although this
approach is commonly used for the evaluation of microdialysis data [132,280,281], the accuracy
decreases the longer the collection intervals are and the more pronounced the concentration
changes during this time. Moreover, it was shown that it had some limitations when the
interindividual variability of PK parameters was investigated [282]. However, the proposed
evaluation with an integral nonlinear mixed-effects compartmental analysis approach is
associated with higher complexity and effort. Consequently, given the very intensive sampling as
well as omitting the determination of the terminal elimination rate constant (A;) and dependent
PK parameters, e.qg. ti, for a first exploratory PK analysis also the midtime point approach was
justifiable. Nevertheless, for more extensive clinical studies, e.g. dose-finding studies, the more
sophisticated integral nonlinear mixed-effects compartmental analysis approach might yield more

reliable results and conclusions.

Overall, concentration-time profiles of VRC and NO in all matrices were highly plausible. In
plasma and ultrafiltrate, one sample in the seventh dosing interval at 1.75 h might have been
confused between the CYP2C19 RM/PM and NM as the concentration-time profiles for VRC
suddenly fluctuate intensely and also for NO the respective concentrations would be replaceable.
As the same fluctuation is observed in plasma and ultrafiltrate and the handling of the samples
for bioanalysis (samples of the two individuals were processed in different analytical runs)
eliminates the probability that samples were mixed up during analysis, it is likely that they were
wrongly labelled already in the clinic. Despite this observation, concentration-time profiles of NO
showed in general, a more pronounced fluctuation than those of VRC. Moreover, fluctuation of
concentration-time profiles was more distinct in ultrafiltrate than in plasma and least in ISF. In

all investigated matrices, in the first dosing interval Cnax 0f NO occurred at later time points than
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Cmax of VRC, which was highly plausible as the formation of NO by metabolic processes in the
liver is time delayed. Potentially also the saturation or autoinhibition of metabolising enzymes,
displayed by VRC and its metabolites, contributed to the extent of the naturally expected time
delay (chapter 4.2). Interestingly, VRC tnax Was observed at earlier time points in the fifth and
seventh dosing interval compared to the first, although i.v. dosing was switched to p.o. dosing
and thus was expected to delay tmax due to dissolution and subsequent absorption processes in the
digestive system. Lastly, Cmax of VRC and NO occurred in plasma/ultrafiltrate and ISF at
comparable time points, indicating a rapid distribution into ISF. For NO, concentration-time
profiles in all matrices were plateau-like in the fifth and seventh dosing interval and thus
precluded a meaningful definition of tmax.

For VRC as a PK target total plasma Cmin 0f 1-2 pg/mL (equal to 2.86 — 5.73 umol/L) have been
described for efficacy and Cpin 0f 4.5-6 pg/mL (equal to 12.9 — 17.2 umol/L) as a threshold of
toxicity [174,180]. The four individuals of this study did not exceed the lower threshold after the
first VRC dose and only the CYP2C19 IM and RM/PM from the second dosing onwards. In the
context of antifungal treatment, the probability of therapy failure would be high in the CYP2C19
RM and NM. Therefore, TDM is recommended to assess Cmin [174]. This recommendation is
based on a clinical trial that showed a larger treatment response in the TDM group compared to
the non-TDM group (81% versus 57%) as well as a lower proportion of discontinuation of VRC
due to adverse events in the TDM group [283]. For the implementation of TDM for VRC in
clinical routine, a recent position paper advises for the evaluation of one TDM sample, taken
maximum 30 min before the next dosing two to five days after initiation of VRC therapy [174].
However, often the successful performance of TDM is challenging due to the clinical
infrastructure. This includes for instance, the correct timing of sample collection to enable correct
decisions on dose adaptations or the bioanalytical process and the subsequent report of the results
back to the clinicians. Often only a few samples for TDM of one drug are available and assays
therefore run only once or twice a week, which delays the time until dose adaptation immensely
[284,285].

Further evaluations focussed on the total exposure to VRC and NO. Therefore, AUC was assessed
based on all available concentrations without extrapolation. An extended noncompartmental
analysis was not found feasible for VRC as in the terminal elimination phase a linear decline, on
a logarithmically scaled y-axis, was not consistently recognisable for all four individuals.
Additionally, the plateau-like concentration-time profiles in particular of NO precluded a
determination of a meaningful terminal elimination rate constant, which would lead to a large
extrapolation of AUC and thus very imprecise PK parameter estimations. Not all concentration-
time profiles of all individuals were complete, there were two unavailable ultrafiltrate

concentrations of the CYP2C19 RM/PM in the seventh dosing interval and three missing
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microdialysate samples of the same individual in the fifth dosing interval. As a result, AUC
determinations were probably in those cases less precise in comparison to the other
determinations. However, as in none of the trajectories of the other individuals at those time
periods distinctly in- or decreasing concentrations were observed, the resulting error in AUC

calculation was expected to be negligible.

Overall, VRC showed a relatively good distribution to ISF with observed exposure in ISF ranging
from 35.5% to 68.2% compared to plasma exposure (Table 3.19). As the VRC AUC ratio of ISF
to ultrafiltrate approached 1, an unimpeded diffusion of VRC into extravascular spaces was
suggested because only the protein unbound fraction is unhindered in its diffusion. For NO, the
AUC ratios of ISF to plasma were lower than for VRC, indicating a less distinct distribution of
NO to ISF. In this context, a potentially higher renal excretion of the more hydrophilic metabolite
might play a role [259,260]. This hypothesis is supported by the renal clearances (CLg)
determined by Geist et al. who reported a slightly lower CLr of 1.39+1.04 mL/min for VRC
compared to 1.60+£1.08 mL/min for NO [67]. Interestingly, in particular the CYP2C19 IM
revealed a very low NO exposure in ISF and consequently low AUC ratios of ISF to plasma and
ultrafiltrate in comparison to the other individuals. The reasons for this remain to be elucidated.
Furthermore, VRC and NO PK should be investigated in a statistically relevant number of

CYP2C19 IM, as well as PM, as the described observation might be an individual variation.

Based on the total exposure of the metabolite in comparison to the parent drug, current guidelines
by regulatory agencies, such as the FDA, recommend additional in vitro investigations to evaluate
the toxicity as well as the interaction potential of the metabolite with CYP enzymes and
transporters during drug development [209,286,287]. Firstly, toxicity studies, i.e. the assessment
of genotoxicity, embryo-fetal development toxicity and carcinogenicity can become relevant
when the metabolite exposure in humans is greater than 10% of the total drug-related exposure at
steady-state [287]. However, these investigations are only essential if a metabolite is present in
high levels in humans but not in any of the tested animal species during drug development. For
VRC and its N-oxide metabolite, this was not the case, as tested species such as rat and dog
revealed relevant NO concentrations as well [60]. Therefore, possibly adverse events, such as
phototoxicity and photocarcinogenicity observed in patients with long-term VRC treatment, could
be related to the N-oxide metabolite only after market authorisation and continued research
[65,66,266,267]. Should the assumptions of the toxicity of NO be confirmed, distribution of NO
into the skin might play an important role. In this context, the presented results of the distribution
of NO into subcutaneous adipose tissue could provide first insights. Secondly, according to the
current FDA guideline on in vitro drug interaction studies [209], additional in vitro investigations
should be performed during drug development based on the in vivo total exposure and the polarity

of the respective metabolite. The key elements to be explored are the metabolites inhibitory
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potential on transporters and metabolising enzymes. In the case of less polar metabolites
(compared to the parent drug) investigations should be performed if the AUC of the metabolite is
>25% of the AUC of the parent. If the metabolite is more polar than the parent, in vitro analyses
are required if the AUC of the metabolite is equal to or greater than the AUC of the parent [209].
For VRC the attainment of the latter described limit would be, based on the results of the four
individuals of this study, dependent on the CYP2C19 genotype, an aspect not covered by the FDA
guideline. However, regardless of the potential regulatory requirement for such studies nowadays,
in this thesis the described investigations on the inhibitory potential of the VRC metabolites NO
and OH-VRC were performed and presented in chapter 3.2.3. The in vivo relevance of the
observed inhibitory potential of a drug or metabolite is evaluated considering local organ
concentrations [149]. Consequently, PBPK modelling and simulation can be helpful to assess
local concentrations of VRC and its metabolites to elucidate their influence in the characteristic
PK of VRC (see also chapter 4.2) [149]. Prospectively, this knowledge might help to develop

more precise individual VRC dose recommendations.

Furthermore, the extent of metabolism was evaluated by the assessment of metabolic ratios, i.e.
the ratio of NO to VRC as concentrations in individual samples of the different matrices or AUC.
When the individual metabolic ratios were observed in dependence of the VRC concentration a
nonlinear decrease with increasing VRC concentrations was revealed in all matrices and all
individuals (Figure 3.33). This was in line with a saturation process of VRC N-oxidation or with
an onset of inhibition by VRC or a metabolite on its own biotransformation [65,68,288], which
could also explain the observed nonlinear PK of VRC [60,104,132,288,289]. Additionally,
metabolic ratios summarised the information on both compounds and thus a simultaneous
evaluation of the observed effects was feasible. In particular the intra- and interindividual

variability was easily assessable.

Based on the individual metabolic ratios, the observed intraindividual variability was largest
during the first doing interval. This was not unanticipated as VRC metabolism in the liver delayed
the occurrence of NO in blood and consequently also in ISF. Thus, in particular at the beginning
of the first dosing interval NO:VRC ratios were small and did not decrease at any other time point
of the study again to these initial values. The largest intraindividual variability was observed in
all matrices for the CYP2C19 RM potentially due to the largest fluctuations in the concentration-

time profiles caused by the rapid VRC metabolism.

As all healthy individuals had similar demographic characteristics, i.e. male, aged between 22
and 28 years, BMI of 20.5 — 23.4 kg/mz, their CYP2C19 genotype-predicted phenotype was
presumably the most influential parameter for the observed interindividual differences [239,290].
CYP2C19 is a highly polymorphic enzyme with 35 defined variants (so-called star alleles, e.g.

*2 and *17). The most common loss of function allele is the *2 allele as well as the *3 allele in
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the Asian population. The *17 gain of function allele is most common in African populations
[63,291]. Depending on the combination of the two CYP2C19 alleles (CYP2C19 genotype), five
different CYP2C19 phenotypes are defined according to the CPIC® [63]: UM (*17/*17), RM
(*1/%17), NM (*1/*1), IM (*1/*2, *1/*3, *2/*17) and PM (*2/*2, *3/*3, *2/*3). As routinely
only the presence of the *2, *3 and *17 alleles are searched for and the *1 allele assumed in their
absence, differences between the CYP2C19 genotype and phenotype are possible on the rare
occasion of the presence of a less frequent allelic variant. In the context of this study, it was
plausible that the CYP2C19 RM showed the lowest VRC but highest NO concentrations while it
was reversed for the IM. Interestingly, profiles of the PM/RM (CYP2C19 *2/*17) were closer to
the IM than the RM, suggesting a high influence of the *2 and a minor impact of the *17 allele
on NO formation, which justified the classification of the CPIC® as an IM [63].

The observed interindividual differences in this study increased when besides plasma VRC
concentrations also NO concentrations were considered. This was indicated by a maximum
4.8-fold observed difference in plasma AUC between the CYP2C19 RM and IM when only VRC
was assessed, compared to a maximum 6.2-fold difference when the AUC ratios of VRC to NO
of the RM and IM were considered. Moreover, the interindividual difference was elevated further
when ultrafiltrate and ISF concentrations were examined. As variability in ultrafiltrate might
originate from the observed NO instability, no further conclusions should be drawn here.
However, in ISF, a maximum 4.3-fold difference between the RM and IM was observed when
VRC AUC was investigated, which increased to a 24-fold difference between the two individuals
when VRC to NO AUC ratios were considered. In short, VRC and NO plasma concentrations did
not represent a reasonable surrogate parameter for target-site PK and disregarded important
subsequent PK processes that might be essential to draw conclusions on an appropriate VRC
dosing regimen. Yet, when comparing interindividual differences in plasma and ISF, the large
method-related variability of microdialysis has to be taken into account. Recent studies
thoroughly explored this methodology-related variability and inferred clinical trial
recommendations, e.g. determination of individual RR for each patient as well as multiple
determinations per patient [261]. As the present study complied to these essential settings the
made comparison of the interindividual differences in the two matrices seem appropriate. In total,
in a larger and more diverse patient population, in contrast to the four healthy adults in this study,
variability is expected to increase even further, outlining the challenges in safe and effective VRC

dosing.

Currently, only VRC and NO total plasma concentrations were assessed for the deduction of
efficacy and/or toxicity, a relationship that some studies could confirm [292-296] and others not
[65,295]. In particular, the occurrence of neurotoxicity and hepatotoxicity were recently

associated with increased VRC concentrations in a meta-analysis [296]. Yet, most studies
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observed high intra- and interindividual variability in VRC concentrations impeding relations
between less frequent adverse reactions. Overall, the assessment to target-site exposure of VRC

and NO might lead to a better understanding of its PK relationship to observed PD effects.

Regarding the observed intra- and interindividual variabilities, also the switch in VRC dose
administration from i.v. to p.o. and the simultaneously discarded weight-adaptation are a plausible
source for observed variability. In the here analysed clinical trial a switch from i.v. to p.o. dosing
was performed on day three. Consequently, distinct differences in the investigated PK parameters,
e.g. AUC and Cmax, Were observed between the first (first weight-adapted i.v. loading dose of
6 mg/kg), fifth (first p.o. 200 mg dose) and seventh (last p.o. 200 mg dose) dosing interval. This
was in general expected as the switch to p.o. dosing was accompanied by a decrease in VRC dose
for all individuals and hence a new steady-state condition was progressing.

Finally, the analysis of the study samples demonstrated the suitability of the established
concentration range of the bioanalytical assay. For microdialysate only one sample was below the
LLOQ for VRC and NO while for plasma and ultrafiltrate concentrations did not fall below the
LLOQ. However, individual samples were above the ULOQ of VRC. As none exceeded the limit
of more than +15%, which reflects the accuracy criterium defined by the EMA guideline on

bioanalytical method validation [139] of QC and CAL samples, evaluation was deemed feasible.

Lastly, it should be acknowledged that for this exploratory PK analysis study samples were
evaluated that were stored for approximately 8 years at -80°C. Despite the very plausible results
and the thorough investigations during bioanalytical method validation and responsible handling,
stability should be considered with caution. Moreover, only four healthy individuals were
investigated. For confirmation of the established hypotheses a larger study is required linking
VRC and NO ISF concentrations to efficacy and toxicity while ensuring a reasonable distribution

of CYP2C19 genotype-predicted phenotypes.

The use of microdialysis provides an excellent approach for the determination of unbound
concentrations in ISF, i.e. the target site of antifungals such as VRC. In the presented proof-of-
concept investigation the feasibility of simultaneous microdialysis of VRC and its N-oxide
metabolite was demonstrated in vivo. Additionally, in an exploratory PK analysis, the clinical
applicability of the concomitant observation of VRC and NO in different matrices was shown.
The assessment of ISF as well as metabolite concentrations increased the knowledge of the PK
of VRC by demonstrating the full extent of interindividual differences as well as its potential

source.
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5 Conclusions and perspectives

The present thesis successfully generated quantitative and mechanistic insights into VRC
distribution and metabolism processes in humans by leveraging in vitro and in vivo approaches
to advance the elucidation of the complex PK of VRC. For this purpose, research in three major
areas was performed and presented. First, a bioanalytical LC-MS/MS assay was developed,
validated and implemented to allow the quantification of VRC and its two metabolites, NO and
OH-VRC, in a large variety of matrices enabling detailed PK investigations in humans. Second,
in vitro metabolism studies were performed, characterising VRC and its metabolites
comprehensively as substrates and inhibitors of the CYP isoenzymes 2C19, 2C9 and 3A4. Third,
microdialysis, as a powerful technique for the assessment of target-site concentrations, was
thoroughly characterised in vitro for the simultaneous sampling of VRC and NO. Finally, the
obtained knowledge was applied to investigate the in vivo feasibility and clinical applicability of
the simultaneous microdialysis of VRC and NO by quantification of clinical trial samples and a
subsequent exploratory PK analysis (Figure 5.1).

The developed and validated bioanalytical LC-MS/MS assay enabled the rapid quantification
of VRC, NO and OH-VRC in small sample volumes of various matrices. Thus, it laid the
foundation for consecutive research in two main areas: (i) VRC PK investigations in human in
vivo studies and (ii) mechanistic and quantitative understanding of VRC metabolism through in
vitro analyses. The simultaneous quantification of VRC and its major circulating metabolite VRC
N-oxide in plasma, ultrafiltrate and microdialysate (i) allowed the determination of the unbound,
and thus pharmacologically active, fraction in plasma and in ISF, the target site of antiinfectives,
respectively. The small sample volumes and the low LLOQ expand the performance of PK
investigations by enabling high resolution concentration-time profiles and allowing for an
increased number of samples in vulnerable populations, such as infants. At the same time, the
simple and rapid sample pre-treatment is ideally suited for measurements in the clinical setting.
The assessment of additional metabolite concentrations thereby supports the understanding of
intra- and interindividual variability in VRC PK and the contribution in causing therapy failures
or adverse events. Finally, the explanatory power of in vitro metabolism investigations (ii) is
improved as the low LLOQ and small sample volumes enable the optimisation of experimental

parameters, such as low enzyme and substrate concentrations as well as short reaction times.

In vitro investigations in different enzymatic systems such as HLM, HIM and rhCYP are an
effective tool for the assessment and evaluation of human drug metabolism not only during drug
development but also for well-established drugs. In this work, the Michaelis-Menten kinetics of
the N-oxidation of VRC were quantified, revealing the polymorphic CYP2C19 as main
contributor to the observed CLin;, CYP3A4 with a secondary and CYP2C9 with a negligible role.
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Time-independent inhibition by VRC, NO and OH-VRC was observed on all three enzymes with
NO being the weakest and VRC and OH-VRC comparably strong inhibitors of CYP2C9 and
CYP3A4. CYP2C19 was significantly inhibited by VRC only. Thus, the presented coherent
framework of VRC metabolism assessing and quantifying relevant aspects of its properties as a
substrate and inhibitor allows for a better understanding of clinical observations in VRC PK, e.g.
its nonlinear Kinetics, drug-drug interactions and interindividual variability. Future perspectives
in VRC dose optimisation as well as individualisation lie within in silico approaches such as
PBPK modelling. PBPK modelling enables the simultaneous integration of a wide range of
human (patho)physiological parameters and physicochemical properties of a drug to overall
predict the systemic or tissue exposure of the drug over time. As a consequence, observations
from one population, e.g. adults, can be extrapolated to another, e.g. children, to guide safe and
effective VRC treatment. In this work, high quality quantitative data of VRC metabolism were
presented, which are ideally suited as input parameters for PBPK modelling and an essential
prerequisite for reliable predictions. Overall, this approach could translate the presented research

results from in vitro over in silico to clinical practice, supporting future therapeutic decisions.

Microdialysis is a powerful method for the determination of unbound drug concentrations in ISF,
i.e. the target site of antifungals such as VRC. However, implementation of microdialysis
sampling is associated with certain challenges as a variety of influential parameters can affect
experimental results and thus the thereon based conclusions. Consequently, in vitro feasibility
investigations were performed to ensure an unbiased in vivo application. For this purpose, RR of
VRC and its major circulating metabolite, NO, were assessed in the absence and presence of the
respective other and the insignificance of the deviations demonstrated by LME modelling
concurrently quantifying the impact of the microdialysis catheter and the study day on RR.
Moreover, VRC retrodialysis was demonstrated to be feasible for determination of ISF
concentrations from microdialysate of both compounds. Hence, it relevantly facilitated in vivo
applications as NO as a metabolite is not approved for human use preventing the usual compound-
specific catheter calibration. Overall, it was demonstrated that comprehensive in vitro
investigations are not only important components but necessary prerequisites on the path to

meaningful clinical microdialysis trials.

Based on the knowledge gained in vitro, clinical plasma, ultrafiltrate and microdialysate samples
from four healthy male individuals were evaluated for their VRC and NO concentrations in a
proof-of-concept investigation. As a result, the distribution of NO into ISF was for the first time
observed and quantified and hence also the feasibility of simultaneous microdialysis of VRC and
its N-oxide metabolite in vivo was demonstrated. The exploratory PK analysis highlighted the
knowledge on interindividual differences that can be gained by amalgamating information of

target-site distribution and simultaneous drug and metabolite assessment and that total plasma
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concentrations are not in all cases suitable surrogates. Further research is required to link VRC
and NO ISF concentrations to efficacy and toxicity in relation to the CYP2C19 phenotype, e.g.

by generating a joint drug and metabolite PK model linked to PD parameters.

Overall, this thesis fostered the quantitative understanding of VRC distribution and metabolism
processes in humans by combining different research areas. Further, it unveiled and described
sources of intra- and interindividual variability in the context of the PK of VRC. Ultimately, the
elucidation of VRC PK, in particular the understanding of its complex metabolism and
distribution to the target site will guide the development of individualised, metabolism-based
dosing regimens for VRC.

In vitro metabolism
platform Target-site
assessment by
microdialysis

Bioanalytical assay

Towards the
elucidation of

voriconazole
pharmaco-
kinetics
o000 e 3502281
40000
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Figure 5.1: Overview of the applied methodologies, the objective, the main results and the perspectives of
this thesis. NO, voriconazole N-oxide, OH-VRC, hydroxyvoriconazole; PBPK, physiologically-based
pharmacokinetic; VRC, voriconazole
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7 Appendix

7.1 Figures
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Figure 7.1: Representative calibration functions of voriconazole (VRC, top) and its N-oxide metabolite

(NO, bottom) in plasma and microdialysate depicted on linear scale (left) and on log-log-transformed scale
(right).
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Figure 7.2: Lineweaver-Burk plots of the Michaelis-Menten kinetics of the N-oxidation of voriconazole in
human liver microsomes (A, n=8-9), human intestine microsomes (B, n=9) and recombinant human
cytochrome P450 isoenzymes 2C19 (C, n=18), 2C9 (D, n=10) and 3A4 (E, n=18). Coefficient of
determination (R2) based on linear regression of the mean reciprocal reaction velocity at the respective
reciprocal substrate concentration.

Data points: mean reaction velocity; error bars: standard deviation of reaction velocity; solid line: linear

regression; shaded area: standard error of the linear regression.
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Figure 7.3: Lineweaver-Burk linearisation of the reciprocal reaction velocities of 4-hydroxymephenytoin

formation by CYP2C19 in dependence of the reciprocal substrate concentration under the influence of

increasing concentrations of the inhibitors voriconazole (VRC, top), voriconazole N-oxide (NO, middle)

and hydroxyvoriconazole (OH-VRC, bottom) in human liver microsomes (n=4).

Data points: reciprocal reaction velocities; solid lines: linear regression; dashed lines: zero intercepts of the

coordinate system.
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Figure 7.4: Lineweaver-Burk linearisation of the reciprocal reaction velocities of 4-hydroxydiclofenac

formation by CYP2C9 in dependence of the reciprocal substrate concentration under the influence of

increasing concentrations of the inhibitors voriconazole (VRC, top), voriconazole N-oxide (NO, middle)

and hydroxyvoriconazole (OH-VRC, bottom) in human liver microsomes (n=2-4).

Data points: reciprocal reaction velocities; solid lines: linear regression; dashed lines: zero intercepts of the

coordinate system
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volunteers determined by ultrafiltration. The black dashed line represents the median fraction unbound of

all volunteers and all samples.
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Figure 7.8: Representative chromatogram of voriconazole N-oxide as observed in ultrafiltrate samples of
the CYP2C19 rapid/poor metaboliser and intermediate metaboliser during bioanalysis of clinical trial

samples. The arrow indicates the evolving second peak.
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Appendix

Table 7.2: Physiological parameters taken from literature to perform in vitro in vivo extrapolation.

Parameter Value Reference
CYP enzyme abundance per milligram liver

CYP2C19 11 pmol/mg

CYP2C9 61 pmol/mg [165]

CYP3A4 93 pmol/mg
Microsomal protein per gram liver (MPPGL) 39.46 mg/g [215]
Liver mass 15619 [297]
Hepatic blood flow (Qw) 1450 mL/min [298]
Fraction unbound in plasma (fup) 0.5 [57]
Blood to plasma ratio (BP) 1 [299]
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Appendix

Table 7.4: Michaelis-Menten kinetic parameters for the marker reactions of CYP2C19, CYP2C9 and
CYP3A4 in human liver microsomes (HLM) and recombinant human CYP2C19, CYP2C9 and CYP3A4
(rhCYP).

Enzyme Reaction Enzy- Kwm V max,HLM CLint, HLM
matic (95% ClI) (95% CI) [UL/min/mg]
system [UM] [pmol/min/mg] or
or CLint, rhcyp
V max,rhcyp [uL/mln/pmoI]
(95% CI)
[pmol/min/pmol]
CYP2C19 S- HLM 53.0 44.7 0.845
mephenytoin (45.6-60.4)  (42.3-47.2)
4-hydroxy-
lation rhCYP 22.1 7.10 0.321
2C19 (17.2-27.3)  (6.59-7.62)
CYP2C9 Diclofenac HLM 4.15 1693 408
4-hydroxy- (3.61-4.70) (1639 —1746)
lation
rhCYP 2.29 135 5.89
2C9  (1.40-3.17)  (12.4-14.)
CYP3A4 Midazolam HLM 4.45 559 126
1-hydroxy- (356 -5.35) (523 595)
lation
rhCYP 1.96 1.67 0.850

3A4  (149-2.44)  (1.56—1.78)

Cl, confidence interval; CLin; intrinsic clearance; CYP, cytochrome P450; Km, Michaelis-Menten constant; Vmax,

maximum reaction velocity.
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Table 7.5: Specificity of the CYP2C19, CYP2C9 and CYP3A4 inhibitors loratadine, sulfaphenazole and
ketoconazole on the marker reactions of the respective enzymes (CYP2C19: 4-hydroxylation of
S-mephenytoin, CYP2C9: 4-hydroxylation of diclofenac, CYP3A4: 1-hydroxylation of midazolam)
determined as remaining reaction velocity compared to a control incubation without inhibitor in human
liver microsomes (n=3-4). The colours illustrate the interpretation of the specificity: green, high degree of

specificity; red: relevant cross-inhibition; orange: ambiguous results; see main text for further explanation.

Enzyme Marker Remaining reaction velocity in the presence of the
reaction inhibitor
Loratadine, Sulfaphenazole, Ketoconazole,
% % %
Cypacig S mephenytoin <5.0% 77.2 92.2
4-hydroxylation
Diclofenac
CYP2C9 . 41.7 6.34 84.9
4-hydroxylation
Midazolam
CYP3A4 106 96.9 37.3

1-hydroxylation

* 4-hydroxymephenytoin concentration below lower limit of quantification
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