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Introduction

1. Introduction

1.1. Kinase inhibitors

1.1.1. Protein kinases

Protein kinases entitle a class of enzymes that catalyze the transfer of a
phosphate group onto a hydroxyl moiety of certain protein residues using ATP as their
source of phosphate [1]. This biochemical modification, representing a mechanism of
cell regulation, triggers a cascade of signal transductions that are responsible for
several cellular processes, such as cell differentiation, cell growth, proliferation, and
even apoptosis [1-4].

To date, the human kinome, which accounts for 2% of the human genome [3],
comprises more than 500 different protein kinases [2, 3, 5, 6]. These are classified
according to the amino acid residues that are phosphorylated. Since serine, threonine,
and tyrosine are involved, with a relative abundance of 86.4%, 11.8%, and 1.8%
respectively, they are also referred to by the same name as serine, threonine, and
tyrosine kinases [2, 7]. The first two are often collectively referred to as serine/threonine
kinases due to their ability to phosphorylate both amino acids [2]. In addition, tyrosine
kinase-like enzymes are protein kinases that resemble tyrosine and serine/threonine
kinases [2, 3]. Phosphorylation at other protein constituents, e.g., on the residues of
histidine or aspartate, rarely occurs and plays only a minor role in eukaryotes [1, 2]. In
contrast, within the so-called atypical protein kinase family other structures than

proteins are phosphorylated, such as phospholipids [8, 9].

Protein kinase-mediated phosphorylation leads to an altered activity of the
target protein. The covalent binding of the ATP-transmitted y-phosphate group
changes the protein conformation to its activated state [2]. This post-translational
modification is reversible through the activity of phosphatases, enzymes that act as
counterparts to kinases transferring a phosphate group back to ADP [2, 10]. Thus, cell
homeostasis is achieved through an interplay between phosphorylation and
dephosphorylation [2, 11]. An imbalance however, either caused by overexpression,
hyperactivity or malfunction causes a variety of diseases [2, 4, 10, 12]. Not only in
metabolic disorders [13], autoimmunity [14], neurodegenerative [15], or infectious
diseases [16] the phospho-signaling pathways are decisively involved. Especially in

the development and progression of cancer, it plays an important role [4, 10]. AImost
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all types of neoplastic malignancies have been linked to increased phosphotransferase
activity of kinase signaling networks [2]. Hence, protein kinases are important targets
for the selective treatment of many different diseases, both malignant and non-
malignant [17].

1.1.2. Evolution of kinase inhibitors

Kinase inhibitors (KI) are small molecule drugs capable of blocking the kinase-
mediated phosphorylation process [4, 17, 18]. In 2001, imatinib was approved by the
United States Food and Drug Administration (FDA) as the first synthetic drug of this
class [17, 19, 20]. The development of the drug was preceded by the discovery of a
specific aberration in the chromosomes of leukemia patients by Peter Nowell and
David Hungerford at their research institutes in Pennsylvania [21]. The genetic material
of both chromosomes is exchanged by reciprocal translocation of chromosomes 9 and
22 which results in a shortened chromosome 22, known as the Philadelphia
chromosome (Ph), with a chimeric BCR-ABL gene that carries the genetic information
of the ABL gene from chromosome 9 in addition to the existing BCR gene [19, 22].
Following DNA transcription and ribosomal translation, this genetic defect leads to the
synthesis of the BCR-ABL fusion protein, a tyrosine kinase whose constitutive activity
drives resilient cellular proliferation leading to the development of chronic myeloid
leukemia (CML) [22]. Imatinib occupies the ATP-binding site of the target enzyme in
its inactive state, thereby competitively inhibiting the hyperactive phosphorylation
reaction [23-25]. The catalytic center, the DFG (Asp-Phe-Gly) motif of the ATP-binding
site, is highly conserved in protein kinases [25-27]. Imatinib is therefore not selective
for the chimeric oncoprotein and inhibits other kinases as well, like the tyrosine kinase
receptors c-Kit and the platelet-derived growth factor receptor (PDGFR) [19]. Thus, the
approval also covers among others the treatment of c-kit-positive malignant
gastrointestinal stromal tumors (GIST) and myelodysplastic/myeloproliferative disease
(MDS/MPD) associated with PDGFR gene re-arrangements [28].

Although imatinib was the first synthetic approved Kl by the FDA, sirolimus was
found previously to inhibit an atypical serine/threonine kinase called mammalian target
of rapamycin (MTOR) [29, 30]. Isolated from the bacterial species streptomyces
hygroscopicus, the macrolide immunosuppressant, which is also called rapamycin,
was approved by the FDA in 1999, two years earlier than imatinib [29-32]. It should

also be mentioned that, prior to imatinib and sirolimus, in 1995, fasudil, an inhibitor of
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Rho-kinase (ROCK), was licensed in Japan for the treatment of cerebral vasospasm
but was not approved by the FDA [17, 32].

Over the past years, many molecular mechanisms have been identified that are
responsible for the onset and progression of diseases based on the malfunction of
kinases and the findings have driven the approval of a variety of new drugs, which are
now complementing the armamentarium of treatment options (Figure 1) [18, 20, 32-
34].
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Figure 1: Annual number of small molecule KI approved by the FDA since 1999 [34, 35].

As of today, 86 different Kl have been approved by the FDA (see
Section 7.2. List of kinase inhibitors, according to [34, 35]). The rapid evolution of Ki
approval encompasses not only research and development of new drugs, but also
indication extensions of already approved ones. As an example, in 2011, ruxolitinib, a
selective inhibitor of the Janus kinases JAK1 and JAK2, was approved for the
treatment of myelofibrosis [36, 37]. This was shortly followed by approval for the
treatment of polycythemia vera in 2014, steroid refractory acute graft versus host
disease (GvHD) in 2019, and chronic GvHD in 2021 [36]. In 2021, it was also approved
for the local treatment of atopic dermatitis, which was extended to the treatment of
nonsegmental vitiligo in 2022 [38-40]. In addition, several clinical trials on ruxolitinib

are ongoing [41-43].




Introduction

1.1.3. Classification of kinase inhibitors

Kl can be classified according to their pharmacological target. For example, the
BCR-ABL kinase is the primary pharmacological target of imatinib. The further
research of this substance class led to the development of dasatinib, nilotinib, and
bosutinib, which are considered as second-generation inhibitors, and ponatinib, a third-
generation BCR-ABL inhibitor [4, 32, 44]. With asciminib, a further BCR-ABL inhibitor
has been developed [45].

The pharmacological target is an important, but not the only characteristic for
classifying KI. A further distinction can be made between selective antagonists and
multikinase inhibitors. While the latter are targeting a broad spectrum of enzymes
simultaneously, selective Kl have functional moieties specifically adapted to potently
antagonize only a few kinases, decreasing the risk of off-target adverse events [18].
Because of the highly conserved ATP-binding pocket among kinases, selective
orthostatic inhibitors may be difficult to find [26]. From this concern and because of the
mutation-induced resistance mechanism at the orthostatic binding site, attempts have

been made to develop non-competitive inhibitors [46].

Accordingly, Kl can also be classified by their mechanism or site of action. With
approximately 80%, most of the currently approved Kl are competing with ATP as an
orthostatic antagonist, which is also true for the above mentioned BCR-ABL inhibitors
except for asciminib [47, 48]. Depending on the binding affinity to the active or inactive
conformation, this can be categorized as type | (bosutinib, dasatinib) or type Il (imatinib,
nilotinib, ponatinib), respectively [48-53]. In contrast, allosteric mechanisms altering
the protein conformation may lead to suppression of the signaling cascade as well.
Non-competitive allosteric inhibition near the catalytic site is the characteristic of
type Il ligands and, for example, the mechanism of action of trametinib, an inhibitor of
the MEK1/2 kinases [48, 53]. Sirolimus prevents the catalytic conversion of the enzyme
by allosteric protein-protein interaction between an FK-binding protein 12 (FKBP12)
bound by sirolimus and the mTOR protein kinase [54]. Asciminib allosterically inhibits
the fusion protein of the bcr-abl gene by binding to the myristoyl pocket of the enzyme
[45, 55]. As these inhibitions take place outside the catalytic site, sirolimus and
asciminib are considered as type IV inhibitors [48, 56]. Further types are distinguished
according to bivalent binding, binding at a pseudokinase domain, or extracellular
binding, but the literature is contradictory in this respect [48, 51, 53, 56, 57]. Covalent

binding is also mentioned as a type of inhibition, a mechanism that has been reported
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for drugs such as afatinib and osimertinib, second- and third-generation epidermal
growth factor receptor (EGFR) inhibitors, respectively [51, 53, 56, 58].

Finally, not only small molecules are able to inhibit protein kinases. Large
molecules are also used. Those can be antibodies, capable of either binding the kinase
ligand such as bevacizumab, an antibody against the vascular endothelial growth
factor (VEGF), or blocking the receptor itself, e.g., trastuzumab, an antagonist against
the human epidermal growth factor receptor 2 (HER?2) [4, 51, 59, 60]. Those antibodies
may also be covalently linked to certain conjugates (antibody-drug conjugate (ADC))
for example with the combination of trastuzumab and the topoisomerase inhibitor |
deruxtecan [4, 60]. Other macromolecules to inhibit protein kinases are nucleic acids
(aptamers) [4, 60].

1.2. Precision medicine

1.2.1. The principle of precision medicine

The use of modern diagnostic methods, such as DNA sequencing, biomarker
monitoring, or nuclear medical imaging procedures, has uncovered significant
differences among individuals regarding disease development and progression [61-
63]. Based on regulatory approval, it is common practice in disease management to
rely on rigid therapy regimens that have proven to be effective for certain populations
(i.e., based on phase Il clinical trials). However, these rigid regimens can only capture
the heterogeneity among patients to a limited extent. Medication in elderly is potentially
inappropriate, as side effects occur more frequently than in other patient groups [64].
Children and pregnant women are usually not included in clinical trials, and therefore
rarely treated with drugs. If treatment is nevertheless considered for these patient
groups, safety must be ensured, despite their underrepresentation in clinical trials. The
heterogeneity among patients extends beyond factors such as age, sex, and specific
life circumstances (pregnancy, breastfeeding). It also encompasses variations in
genetics, physical conditions, and the presence of comorbidities. Patients for example
with organ dysfunction like chronic kidney failure requiring hemodialysis may have an
altered xenobiotic elimination, which may result in an altered drug exposure [65]. Body
weight (e.g., obesity) as well as the quality of nutrition (e.g., malnourishment) can both
impact safety and efficacy and increase the uncertainty of treatment success [66-70].
Even habits, such as cigarette smoking during medication may lead to different

therapeutic outcomes [71, 72].




Introduction

This limitation has prompted inquiries into the extent to which individual
differences should be considered in making treatment decisions [61]. Therefore,
precision medicine addresses an opposed strategy to classic rigid regimens and
describes the individual selection of preventive or therapeutic measures as a tailored
and targeted approach for certain patients or patient collectives on the basis of
individual genetic, molecular and clinical information, as well as their environment and
lifestyle [61-63, 73]. Advanced monitoring methods, especially the so-called “omics”
analyses, which comprise genomics, proteomics, and metabolomics, among others,
have generated substantial data with the potential to precisely predict the course of
diseases [73, 74]. Consequently, this individualized approach can maximize the quality
of healthcare by enhancing disease prevention, as well as the safety and efficacy of
drugs. Besides the patient’s individual information, decision-making is also based on
general patterns that have been identified by means of modern diagnostics [61, 73].
As these data-based patterns may also be applied population-wide without
personalizing the therapy of each patient anew, the term personalized medicine, which
is often used synonymously for precision medicine, could be misinterpreted [61].

Preventive measures can be improved by enhanced risk prediction models,
which include additional (individual) information like the presence of specific gene
variants that are associated with an increased risk for the occurrence of certain
diseases [61]. With this approach, for example, the need of a colonoscopy for early
detection of colorectal cancer can be significantly better predicted compared to models

relying solely on traditional factors like age and family history [61, 75].

Furthermore, genetic polymorphisms may impact drug safety and efficacy if
these allelic variants affect pharmacokinetics (PK) or pharmacodynamics (PD)
(Figure 2). An example illustrating the significance is the use of warfarin, a drug
prescribed for the prophylaxis and treatment of thromboembolic diseases. The
pharmacological target of warfarin is the protein complex VKORC1, while CYP2C9 is
the major metabolic enzyme [62, 76, 77]. Polymorphisms exist for both genes,
VKORC1 and CYP2C9 [62, 76, 77]. With altered enzyme activity among individuals,
neither PK nor PD can be estimated without individual monitoring [61]. As a result, the
dose that is required to achieve a target effect varies significantly among patients,
differing by up to 20-fold [76, 78]. Given the narrow therapeutic index of warfarin, i.e.,
a low ratio of the median lethal dose (LDso) to the median effective dose (EDso) [79],

genotyping is recommended before starting the therapy in order to reduce the risk of
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adverse drug reactions such as major bleeding [61, 62, 80]. In addition, the therapy

should be continuously monitored on the basis of the thromboplastin time [76].
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Figure 2 Schematic description of PK and PD. PK describe the body’s response to a drug after
administration (and liberation if necessary). The PK processes can be elucidated using the
ADME model. This model represents key phases of the drug within the body, starting with
absorption (A), such as after oral administration, followed by distribution (D) throughout the
body, metabolism (M) involving the enzymatic transformation of the drug, and ultimately
elimination (E) via the kidneys or liver. On the other hand, PD describes the affinity-related
molecular interaction (activation, inhibition, or modulation) of the drug with the pharmacological
target(s), e.g., a receptor, transporter, or enzyme.

Precision medicine also plays an important role in cancer therapy, as only a
modest, but non-inferior overall efficacy was observed for the first-generation EGFR
inhibitors in chemotherapy-pretreated patients with non-small-cell lung cancer
(NSCLC) [18, 81, 82]. However, objective response and overall survival was superior
in a certain patient collective with activating EGFR mutations, which subsequently
represented a predictive biomarker for treatment response of EGFR inhibitors [18, 83,
84]. This targeted approach has also been taken with other Kl, such as dabrafenib,
whose use is dependent on the presence of a BRAFV600 mutation [85]. Consequently,
individual factors determine the choice of the best therapy, shifting the focus towards

treatment personalization.

1.2.2. Therapeutic drug monitoring

Since the first recommendations of blood concentration-based dosing, the use
of an average dose was often critically discussed [86-90]. The one-size-fits-all
approach may not be appropriate for all drugs, especially for those with narrow
therapeutic index and high interindividual PK variability [91, 92]. Even if the dosage

7
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remains the same, drug concentrations can vary significantly from one person to
another [93]. This has led to the implementation of therapeutic drug monitoring (TDM),
which is applied to improve patient care through individualized dose adjustment.
Thereby, the therapy is continuously assessed during medication by measuring the
blood concentration of the drug itself, representative metabolites, or biomarkers [94,
95]. Depending on whether the measured analyte concentration is below or above the
therapeutic range, an exposure correction is indicated for optimized efficacy or reduced
toxicity (Figure 3) and can be achieved in clinical routine by either adjusting the dosing

interval or by modifying the maintenance dose [96].

Plasma drug concentration

Time
Figure 3 Schematic visualization of drug exposure over time. The highlighted area (A) shows the
therapeutic range in which the therapy is considered safe and effective. The range above the
highlighted area represents supratherapeutic level (B), the range below is defined as
subtherapeutic (C). The dot-dashed line between the two areas A and B marks the maximum
safe concentration, whereas the line between areas A and C represents the minimum effective
concentration. Three scenarios are shown with only the blue line within the target window (in
steady state). Drug exposure exceeding the maximum safe concentration may cause toxic side

effects (orange line), while exposure below the minimum effective concentration increases the
risk of treatment failure (grey line).

As an interdisciplinary clinical specialty, TDM requires close collaboration
between physicians, clinical pharmacists, and pharmacologists to coordinate several
steps that are pivotal for TDM, including the medical evaluation of therapy, biological
sample collection and analysis, interpretation of results, and medical re-evaluation of
the therapy [90, 91, 97]. The requirements that must be met in order to use the
measured drug concentration to individually adjust the therapy and thus improve
patient care are listed in Table 1. In some cases, long-term use of the drug is also

indicated in the literature as a necessity for TDM to justify dose adjustment efforts [97,
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98]. However, drug concentration is also monitored during antibiosis of severe bacterial
infectious diseases, for example to control exposure of aminoglycosides or
vancomycin [91]. Considering that antibiotics are mostly used for a short period of time,

this contradicts the previous statement.

Table 1 Summary of the requirements that must be met for the use of TDM [91, 97, 98]

Requirements for therapeutic drug monitoring

¢ Narrow therapeutic index of the drug

e High interindividual PK variability

e Absence of an easily measurable surrogate parameter for drug effect

e Existence of a correlation between the pharmacological effect and the analyte* concentration
o Availability of validated sensitive bioanalytical methods to monitor the analyte* exposure

e Validated target concentration or concentration range of the measured analyte*

¢ Clinical evidence that the application of TDM results in patients benefiting from it

* Depending on the area of application, the analyte may be the drug itself, a representative metabolite, or a
biomarker

In general, the classes of pharmaceutical substances in which routine TDM is
performed are diverse. Besides previously named antibiotics, these compounds
include anticonvulsants such as phenytoin or valproic acid, immunosuppressants, e.g.,
tacrolimus and sirolimus, some antiretroviral drugs, antidepressants, the cardiac
glycoside digoxin, and methylxanthines for the treatment of respiratory diseases [91].
Classic cytotoxic agents are less frequently monitored because dose individualization
is rather performed on the basis of body surface area or body weight than on drug
exposure [99, 100]. Methotrexate and busulfan are two examples of common
candidates for TDM of this drug class [91, 100].

Considering high PK variability for Kl, individual dose optimization might be
beneficial in improving the therapy as exposure-response and -safety relationships
have been reported for many Kl [97, 98, 101-116]. Until now, this could only be
demonstrated for some Kil, e.g., imatinib or sunitinib, where prospective clinical trials
have shown that PK-guided dosing is feasible to improve clinical outcome [98, 103,
107, 117-123].
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1.2.3. Model-informed precision dosing

Model-informed precision dosing (MIPD) improves the personalized dosing of
drugs by integrating mathematical models into the dosing process [124, 125]. In most
cases, population data on PK provide the basis for the mathematical description [96,
125, 126]. Therefore, population pharmacokinetic (popPK) studies are conducted
focusing on the investigation and modeling of PK processes within a population with
the aim of understanding and quantifying inter- and intraindividual variability in drug
response [126-131]. Nonlinear mixed effects (NLME) modeling provides one strategy
for building a popPK model. It can be described by the combination of a structural
model that includes the PK key phases of the drug within the body, a covariate model,
and a statistical model [131-133]. The covariate model, which is used to explain the
PK variability within the population (fixed effects), allows the determination of
influencing variables (covariates) on certain PK parameters, whereas the statistical
model characterizes the unexplained variability (random effects) [128, 131, 132].
Common examples for covariates are age, sex, body weight, organ function, and

genetic variations.

The popPK model can be used in the framework of MIPD to simulate the course
of the plasma concentration over time for each patient individually based on their
covariates and to estimate the individual PK variability [134, 135]. With this approach,
the most likely best initial dose can be selected a priori [96, 103]. With the approach of
MIPD, the therapy can also be evaluated continuously based on bioanalytical data.
Once a patient sample has been collected, the information from the analyzed sample,
i.e., the plasma drug concentration, can be integrated into the mathematical model to
further individualize and refine the prediction. Plasma samples are usually taken, but
drug concentrations from other matrices are also conceivable to be integrated, such
as capillary blood [136]. Using Bayesian statistics, individual PK parameters that are
necessary to describe the concentration-time profile can be derived, such as apparent
clearance and apparent distribution volume [96, 103]. Thereby, the maximum
a posteriori (MAP) approach allows to make estimates for these PK parameters by
combining initial (prior) knowledge based on the popPK model with the observed data,
i.e., measured plasma concentrations [134, 137]. The aim of the MAP estimation is to
find the parameter values (mode of the PK parameter distribution) that maximize the
a posteriori probability (probability distribution of the unknown parameters) [137], which

in this case ultimately provides the most probable individual PK parameters. By means
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of those posterior values, more precise PK simulations can be performed, including
dose-dependent simulations that provide prospective information on the extent to
which a certain dosage or treatment regimen leads to the target concentration range
being reached. Considering the complex probability distribution and the fact that the
MAP estimation is only a one-point summary [137], it may be helpful to quantify the
associated uncertainty. This can be done by stochastic simulations, in which
representative (approximate) random samples are generated, for example using
Markov-Chain-Monte-Carlo algorithms [137]. The more samples are collected, and the
more concentration results are available from one patient, the more precise the

estimate of the individual PK parameters becomes [96, 103, 138].

The advantage of MIPD is that it is not time dependent. PK simulations can be
performed at any time and regardless of when a sample is taken (e.g., during
absorption phase, Cmax, Or at trough levels), while in TDM trough levels are usually
determined for therapy assessment [95, 96, 103, 134]. In addition, there is no need to
wait until the steady state is reached [96, 103, 134]. This, however, is required in
conventional TDM, as the target ranges correspond to these equilibrium
concentrations [96]. Complete PK profiles can be generated, providing information on
total drug exposure expressed as area under the concentration-time curve (AUC),
which would otherwise require time-consuming sampling with many sampling time

points, which is difficult to realize in routine clinical practice [103].

However, MIPD also comes with some limitations. The underlying PK models
are rarely intended for the purpose of MIPD [96, 139, 140]. It must be verified first
whether the selected model is suitable for the intended use [96, 125, 134, 140]. Another
downside is that, due to the dynamic behavior of the human body, PK parameters may
change over the course of treatment, e.g., in critically ill patients [65], which may result
in an increased interoccasional variability, limiting the predictive performance [96, 139-
142].

1.2.4. Therapeutic considerations for kinase inhibitors

Kl are designed for selective prevention of specific intracellular signaling
pathways. This approach of targeted therapy plays a pivotal role in the treatment of
malignant diseases as most Kl (> 80%) are used in oncology [32]. Most of the
approvals were based on improved overall survival in advanced stage tumors that

failed to respond to first-line therapy but in fact, many Kl also proved superior to
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conventional chemotherapy [18]. CML patients are now approaching normal life
expectancy as prognosis has improved significantly over the last two decades with
appropriate treatment with Kl [143, 144]. The small molecule antagonists are also
approved for therapies other than cancer, such as rheumatoid arthritis (RA) or
glaucoma depending on their mode of action. JAK inhibitors for example (e.g.,
tofacitinib) proved to be effective as an oral immunosuppressant for the treatment of
RA similar to commonly used disease-modifying anti-rheumatic drugs or biologicals
[145, 146].

Although KI are considered targeted agents, their use is associated with severe
side effects. Inhibition of proinflammatory cytokines, as it is the case with JAK
inhibitors, results in more frequent infections, transaminitis, or cytopenia [146]. The use
of antineoplastic Kl targeting cancer cells is not inevitably associated with fewer and
less severe side effects than it is with classic cytostatics [59, 106]. For BCR-ABL
inhibitors it was reported that toxicity-induced, clinically relevant complications may
occur for all those Kl [147, 148]. The probability for the occurrence of mild to severe
side effects is 50% [143]. Severe side effects can include hematotoxicity,
hepatotoxicity, or cardiovascular events and some of them may even be irreversible
[148-150]. Other KI may cause secondary tumors, e.g., vemurafenib [151]. On top of
that, resistance mechanisms jeopardize the therapeutic outcome. The ability of cancer
cells to evade certain signaling pathways is a crucial step in (acquired) tumor
resistance [152, 153].

Oral Kl are licensed and prescribed in standardized doses, but the dose is not
inevitable suitable as a predictor for the therapeutic or toxic effect. There are many
factors that affect the systemic drug exposure resulting in high interindividual
pharmacokinetic variability (Figure 4).

The solubility of the drug and thus its liberation is influenced by the pH of the
stomach, which can lead to altered or even incomplete absorption at low acidity [151,
154-157]. Between pH 1 and pH 7, the solubility of gefitinib for example is decreased
by a factor greater than 104 [156]. In case of constantly reduced gastric oxonium ion
concentration (pH >5), e.g.,, due to H2 receptor antagonists, the exposure is
decreased by 47% [158]. For bosutinib, the AUC may even be reduced by 74% [159].
Drug absorption may also be influenced by food effects, either positively or negatively.
Although pazopanib is likely to be insoluble above pH 4, the systemic exposure (AUC
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and Cmax) is nearly doubled when taken together with a high- or low-fat meal (positive
food effect) [156, 160]. Another example for positive food effects is the KI cabozantinib
[157]. An increased release of bile acid is assumed to be the reason for the higher
exposure, which leads to an increased formation of absorption-promoting micelles
[161]. Negative food effects, on the other hand, i.e., an exposure reduction if taken at
the same time as food, occur for example with afatinib and dabrafenib with an
approximately 50% decrease in Cmax for both KI and an exposure reduction (AUC) of
39% (afatinib) and 31% (dabrafenib) [157, 162, 163].
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Figure 4 Overview of the major factors that affect the pharmacokinetics of Kl after oral drug
administration. Reprinted with permission from [151].

The distribution of oral anticancer drugs is mainly characterized by high (> 90%)
plasma protein binding to albumin or a1 acid glycoprotein [106, 111, 151]. Competition
with other drugs for plasma protein binding sites, e.g., warfarin or phenytoin, may
increase the unbound fraction of those drugs causing toxic side effects, as has been

observed in patients with concomitant administration of erlotinib [164, 165].

Almost all approved Kl are substrates (victim drugs) to metabolizing cytochrome
P450 isoenzymes (CYP), with CYP3A4 being the most important [166, 167].
Substances that interfere with the metabolic pathway (perpetrators) offer a significant
potential for interactions. A large number of drugs, including KI themselves, as well as

specific dietary components like furanocoumarins found in grapefruit and other citrus
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fruits, or the polycyclic aromatic hydrocarbons present in smoke, are able to modulate
the activity of CYP enzymes [166, 167]. Combining KI with CYP-inducing agents, drug-
drug interactions (DDI) occur with a significant effect on drug exposure. The AUC of
ruxolitinib was 70% lower when given rifampicin prior to the JAK inhibitor [168]. The
same was observed for cabozantinib and axitinib with a decreased single dose plasma
exposure (AUC) of 77% and 79%, respectively [166]. On the other hand, the
combination of the CYP3A4 inhibitor ketoconazole with the KI nilotinib or bosutinib, for
example, leads to a 3.0-fold or even 8.6-fold increase in drug exposure (AUC),
respectively [166, 169, 170]. Consequently, severe side effects may occur by inhibition

of the metabolizing enzymes [166, 171].

Less dominant but not negligible, several Kl are subject to active
transmembrane transporting peptides like organic anion transporters (OAT) or efflux
transporters like P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP),
and some of them are also inhibited by KI [151]. In addition, there is an increased
variability due to genetic polymorphism or organ dysfunction such as hepatic or renal
impairment [102, 111, 166, 172-175].

1.3. Minimally invasive microsampling

1.3.1. Dried matrix methods

Biological samples collection is necessary to monitor the patients' therapy.
Usually, plasma or serum samples are collected by venipuncture to determine the drug
concentration [91, 176-179]. However, there are certain situations where conventional
blood drawing is difficult, such as in newborns [177, 179]. In any case, the invasive
collection of a few milliliters of venous blood can be stressful for the patients. The
plasma samples are collected in a medical laboratory or clinic. Consequently, the
patient must visit the doctor’s office for each sample collection. The further the
distance, the greater the obstacle for the patient, especially in rural areas where public
transportation is less available. In addition, since the drug concentration cannot be
reported immediately and must be analyzed first with highly sensitive analytical
devices, there is no direct feedback for the patients [176]. Regarding TDM, the therapy
can only be adjusted at the next visit or at least after a certain lag time. From the
perspective of healthcare professionals, the conventional blood draw can also be
disadvantageous, as the plasma samples can only be stored in frozen condition (e.g.,

in a deep freezer with target temperature of -20°C or -80°C), resulting in higher storage
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costs [177, 179, 180]. The same applies to shipping, as the samples are only sent on
(dry) ice [179, 180].

These limitations have led to the development of minimally invasive alternatives.
One such approach is the utilization of dried matrix methods (DMM), where biological
specimens are dried on a matrix before being processed for sample analysis [180-
185]. Thereby, drug exposure is primarily assessed in capillary blood rather than
plasma or serum [176]. To achieve this, a lancet is used to prick the skin in a minimally
invasive procedure, causing a few drops of blood to reach the surface [176, 177, 179].

Only a few microliters of blood are collected for microsampling [178, 186].

DMM were developed in the early twentieth century for blood glucose monitoring
[180] and have been used since the 1960s to screen newborns for metabolic disorders
using dried blood spots (DBS) [176, 180, 187], where capillary blood drops were
applied onto a filter paper (non-volumetric) and dried, thereby avoiding the collection
of larger volumes of blood [176, 180, 182]. The filter paper can be shipped via mail to
specific laboratories, where the analytes of interest can be subsequently extracted and
analyzed in the same manner as for conventional plasma sampling [176, 177, 188].
Since this approach is characterized by the small volume required for analysis, it is not
only favored in newborns and infants [177, 179], but is also used in preclinical studies,
to comply with the principles of 3R (replace, reduce, refine) [180, 188, 189]. DBS cards
are the best-known microsampling device but there are also other techniques available
(see Section 7.3. List of dried matrix microsampling devices, according to [184, 185]).
In addition to the small volume, DMM offer the advantage of an increased patient
adherence, ease of use, and the ability for the patients to collect samples themselves
from remote locations [177, 180]. Because of the less invasive procedure and the
higher convenience, multiple samples can be collected in a short period of time, which
may be beneficial for investigating PK profiles [177]. Finally, the samples can be

shipped and stored at room temperature minimizing the logistic efforts [177, 179].

DMM are mostly used for diagnostic screening purposes, monitoring enzymes,
hormones, vitamins, and trace elements [176, 188]. Also for “omics” analyses, the
biological matrix can be collected via microsampling devices [186]. For the purpose of
TDM, on the other hand, minimally invasive microsampling is less common [176].
Nevertheless, many different DMM have been developed in the past years to be used
for TDM. Those methods cover a variety of different drugs, especially
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immunosuppressants [190-192], antiepileptics [193], and anticancer drugs [194-197],
but also some antibiotics [198-200], antiretroviral drugs [201], antihypertensive drugs
[202], antidiabetics [203], and many others [176, 177, 179-181, 188, 204-206].

In most methods, samples are taken using non-volumetric DBS cards, where a
defined sample size can be punched out of the filter paper. However, this has the
disadvantage that the diameter is defined, but not the volume. Variations in hematocrit
(Hct), i.e., the proportion of cellular components of the blood, may impact the overall
accuracy and precision. As the Hct affects the viscosity of the blood, different Hct
values lead to different blood spreading on the filter paper (Hct effect) [188, 207]. DBS
samples with the same punch diameter but with a higher proportion of cellular
components result in a larger volume, whereas a lower Hct leads to larger blood
spreading and thus reduces the punched-out blood volume [207]. In addition, the spot
size (volume effect) and homogeneity (volcano effect) may vary which must be

considered when analyzing DBS samples [208].

This might explain the growing popularity of volumetric sampling techniques,
such as volumetric absorptive microsampling (VAMS), which enables the precise
collection of a predetermined sample volume. VAMS is a device which uses a
hydrophilic, polymeric material with a high absorption capacity for liquids that is able
to absorb a defined volume of 10 pL, 20 pL, or 30 pL blood, depending on the tip size
[184, 189, 209]. The collection procedure of VAMS is schematically illustrated below
(Figure 5).
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Figure 5 The VAMS collection procedure can roughly be described in four steps. A) Preparation of the
materials which comprise VAMS device and clamshell, lancets, gauze, adhesive bandage, as
well as documentation form and shipping envelope. B) The fingertip is cleaned and pricked with
a lancet. C) The capillary blood is collected using the VAMS device. The device must be filled
completely until the maximum sampling volume is reached. D) The puncture site is treated with
gauze and bandage and VAMS is placed in the clamshell for drying. Collection date and time is
documented and the packed envelop can be shipped per mail for sample analysis.

VAMS is characterized by a high volumetric precision, given as relative standard
deviation of less than 5% [210] and fulfills the requirements under the In Vitro

Diagnostic Medical Devices Regulation (IVDR), which has led to the attainment of
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certified registration (CE-IVD) [211]. However, this also applies to other DMM devices.
Besides sampling techniques to collect dried matrices, there are also devices available
for the minimally invasive collection of liquid specimens. Examples are the TAB Il
device (Yourbio Health; Medford, MA, USA) or the MSW?2 Type Udck device
(Shimadzu; Kyoto, Japan) [184, 185].

1.3.2. Clinical application

Due to their nature, DMM are suitable for use in the home environment. The
qguestion that arises is whether the samples can actually be taken by patients
independently without the assistance of healthcare professionals. This must be
demonstrated as part of feasibility studies [208]. In those studies, the sampling quality,
i.e., whether the sampling was performed correctly and whether the samples can be
used for analysis, should be investigated [208]. The quality of the samples can be
assessed visually in the laboratory. Some DMM devices have an indicator control spot
which gives direct feedback as to whether the procedure was successful, such as the
Telimmune device [184, 185]. Regarding VAMS, sampling is performed correctly if the
VAMS tip is completely red in color with no white residual areas. There is also little
data on patient acceptance of the sampling method [212]. The extent to which the
documented sampling time corresponds to the actual or scheduled sampling time
should also be evaluated. Questionnaires and documentation forms can be used to

assess patient acceptance and compliance [212].

In the context of TDM, capillary blood concentrations can only rarely be used in
clinical routine [178, 181, 213]. As a result of conventional sampling, target
concentrations are mostly determined in plasma or serum. The drug concentration in
capillary blood is not necessarily equivalent to the concentrations determined in those
matrices. Consequently, the pharmacokinetic distribution must be considered before
interpreting the results.

1.3.3. Partitioning between blood cells and plasma

Only for a few drugs, such as gefitinib or busulfan, where the drug is evenly
distributed between blood cells and plasma, the capillary blood concentration
corresponds to the plasma concentration [213]. In those rare cases of direct
correlation, no additional conversion of the capillary blood concentrations to plasma
values is necessary [213]. In all other scenarios (if plasma or serum concentrations are

to be assessed), the obtained concentrations must be converted into plasma or serum
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concentrations first and the conversion procedure must be validated in order to
generate reliable results [178, 181, 208, 213].

Various methods are available for the conversion of capillary blood
concentrations into plasma or serum concentrations [178, 181, 208, 213]. One
approach involves comparing the results of one method (DMM analysis) with those of
a reference method (plasma or serum sample analysis), essentially constituting a form
of cross validation [208]. The correlation between the measured dried capillary blood
concentrations and plasma or serum concentrations can be statistically expressed
using linear regression models [208, 213]. Passing-Bablok or weighted Deming
regression should be used over standard linear regression [208, 213]. Based on the
regression model, the analyzed capillary concentrations can be converted into
calculated plasma/serum concentrations. However, the application of this conversion
method requires the simultaneous collection of DMM and reference plasma/serum
samples. It is recommended to collect at least 40 pairs of samples from at least 20
different patients [181, 208, 213].

With the availability of multiple paired samples, it is also possible to calculate a
correction factor (CF) based on the measured plasma/serum (Criaser) and capillary
blood concentrations (Comwm) (Eq. 1) [213].

CPla/Ser

CF = (1)

CDMM

The CF can then be used for subsequent data sets to obtain the predicted
plasma/serum concentrations (Cpred) from Cpwmm without the need for regression

analysis (Eq. 2).
Cpred = Cpum " CF (2)

If no paired samples are available for either performing regression analysis or
calculating a CF, the plasma concentration can also be predicted based on the
partitioning of the drug between blood cells and plasma itself (Figure 6). The
partitioning can be described by means of blood cells to plasma partitioning coefficient

Kgc/pia @s quotient between the total drug concentration in blood cells Cgc and the total

drug concentration in plasma Cp;, (EQ. 3) [213].

Cpc
Kpc/pla = E 3)
a
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Figure 6 Schematic depiction of the partitioning of the drug between blood cell and plasma considering
bound and unbound fractions.

As can be seen in Figure 6, the drug can be either bound or unbound in both
compartments. Therefore, plasma protein binding must also be taken into account. The
total plasma concentration can be calculated based on the unbound (“free”) plasma
concentration Cp;, and the fraction unbound f, (Eg. 4) [213-215].

Chia
Cpia = T (4)

Both equations, Eq. 3 and Eq. 4, can be combined to Eq. 5. It must be noted
that the quotient between the drug concentration in blood cells and the free plasma
concentration represents p (rho), the drug affinity to blood cells (Eq. 6) [213]. Therefore,

Eq. 5 can also be expressed as Eq. 7. Thus, the partitioning coefficient is dependent

on the affinity to blood cells and the plasma protein binding.

Cpe
KBC/Pla = W *fu %)
Pla
Cgc
=p (6)
Cgla
Kpc/pia = P *fu (7)

The equations Eq. 3-7 enable the description of the partitioning of the drug
between blood cells and plasma. The information can be used to be translated for

calculation of whole blood concentrations (Cws), combining blood cell and plasma
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concentration, according to Eq. 8 [213-215]. However, one additional variable is

necessary in this regard for calculation, the Hct.

1— Hct
fu

In order to calculate the plasma concentration based on whole blood

Cws = [ + Het X p] X Cpiq (8)
concentration, Eq. 8 must be converted according to lacuzzi et al. (Eq. 9) [213].

_ Cwp
CPla -
(1—Hct)+ Het X p X fy,

9)

Since no whole blood is collected by DMM, measured capillary blood
concentrations are used for Cws. However, capillary blood samples consist of both
venous and arterial blood, as well as interstitial fluids, whereas whole blood samples
are only obtained from venous blood [208]. Consequently, both matrices differ from
each other, which must be taken into account. Further tests should be performed to
assess the agreement between the predicted plasma concentrations and the
measured plasma concentrations for all conversion methods (e.g., via Bland-Altman
plots) [208].

1.4. Bioanalysis

1.4.1. Liquid chromatography — tandem mass spectrometry

Liquid chromatography in combination with mass-selective detectors (LC-MS)
are primarily used for the quantitative determination of small molecules from biological
matrices [179, 216-222]. The principle of HPLC (high performance liquid
chromatography) is based on the interaction of the analytes between a mobile, liquid
phase and a stationary phase. Due to different physicochemical properties of the
molecules and thus different affinities between the two phases, the analytes are
separated from one another [220]. The separation procedure comprises different
techniqgues. Reversed phase (RP) chromatography, which uses (alkyl) modified (e.g.,
C18, C8) silica particles as stationary phase, is most preferred in clinical laboratory
routine [218]. Other modifications may be selected for example to increase aromatic
retention (17-11 interaction) or to achieve chiral separation [220]. In addition, there are
further separation modes by means of normal phase (NP), ion exchange (IE),
hydrophilic interaction chromatography (HILIC), or dual retention mechanisms (mixed-

mode chromatography) [220]. The mobile phase consists of a water-organic mixture
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(e.g., methanol, acetonitrile), usually as a gradient elution [220]. Additives may be used
to achieve constant pH or if necessary for ion pairing. However, care should be taken

that the reagents are detector compatible.

For analyte detection, tandem mass spectrometry (MS/MS) is used. It is based
on the construction of three separate quadrupoles that are combined for selective and
sensitive analyte quantification [223]. This setup of tandem-in-space mass
spectrometry consists of two single quadrupole mass analyzers connected in series
and separated by a collision cell [223, 224]. Since the collision cell can also be built of
four parallel arranged rod electrodes, the characteristic of a quadrupole, it is also
known as triple-quad mass spectrometer (QgqQ). However, the collision cell is not
necessarily designed as a quadrupole but can also be a hexa- or octupole [224]. The
first quadrupole (Q1) serves as an ion filter based on the analyte mass and charge.
With the combination of DC (direct current) and RF (radiofrequency) potential applied
to the rod electrodes, ions can be stabilized in an alternating electrodynamic field on
oscillating paths through the quadrupole [222, 224]. Thereby, specific mass-to-charge
ratios (m/z) can be isolated. In a second step, the ion beam is directed into the collision
cell, where a collision of the analyte ion with inert gas atoms (He, Ar) or molecules (N2)
is induced, leading to dissociation [224]. The collision-induced dissociation (CID)
results in the fragmentation of the molecule [224]. The resulting fragments are then
directed into another quadrupole (Qs), where ions are isolated again according to their
mass-to-charge ratios. Finally, the charged fragments are detected, e.g., through an
electron multiplier. Other mass analyzers than the quadrupole may be used and
combined depending on their area of use. Examples for these are time-of-flight (TOF),
magnetic sector, (linear) quadrupole ion trap, Fourier transform ion cyclotron, or
orbitrap [224].

A high vacuum of less than 10 Torr is necessary for the mass spectrometric
application [224]. After chromatographic separation, however, the analytes are eluted
under atmospheric pressure and must first be ionized and evaporated. Only then can
the gas phase ions be transferred for MS/MS detection. Therefore, atmospheric
pressure ionization (API) is required for online LC-MS application [220, 225].
Electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI) are

the preferred ionization methods for quantitative drug analysis [217, 220].
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1.4.2. Sample preparation

Biological matrices contain numerous small and large molecules, e.g.,
phospholipids, carbohydrates, endogenous ligands, and proteins, and may also
contain high salt concentrations or intact cells, such as erythrocytes [226, 227]. Due to
the complexity of the matrix, co-eluting endogenous compounds could cause
interferences with the analyte(s) of interest, which may negatively affect
chromatographic separation or drug ionization [226, 228]. Direct injection of the
biological sample may damage the instruments by contamination [227, 229]. Plasma
for example contains approx. 8% of proteins, which would, after direct injection,
precipitate through the organic solvent in the mobile phase and clog the analytical
system [226, 227]. On the other hand, analyte concentration may be very low and might

not exceed the limit of quantification without additional analyte concentrating steps.

Different techniques are used for sample preparation. The simplest method is
protein precipitation (PP), in which the contained proteins are precipitated by the
addition of miscible organic solvents (acetonitrile, acetone, ethanol, methanol) and
separated afterwards by centrifugation or filtration [227, 230]. The protein-free
supernatant or filtrate is then analyzed. Instead of miscible organic solvents, acids,
such as trichloroacetic acid, or salts can also be used as protein precipitants [227].
Through denaturation of the proteins, this sample preparation results in the
determination of the total drug concentration. A high recovery is achieved by PP
because small molecules remain present in the sample, but this also leads to high
concentrations of phospholipids, which are a major cause of ion suppression or
enhancement [227, 228, 231, 232].

To reduce the matrix effects, liquid-liquid extraction (LLE) is more suitable. For
LLE, the sample, which must be in (aqueous) liquid form, is also extracted by an
organic solvent, but other than PP, immiscible solvents are used. The extraction is
based on the partitioning of the analyte between the two liquid phases [227].
Commonly used solvents are for example diethyl ether, dichloromethane, ethyl
acetate, hexane, or methyl-tert-buthyl ether all of which have different physicochemical
properties [226, 227]. Other extraction methods based on LLE are supported liquid
extraction (SLE) and salting-out assisted liquid-liquid extraction (SALLE) [227, 230].

Besides PP and LLE, solid phase extraction (SPE) is also commonly used as

an extraction method for biological samples. The dissolved analyte is absorbed on the
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surface of a solid packed material [227]. Hence, the drug is retained on the stationary
phase, while other compounds are washed out and thus separated from the drug.
Afterwards, the retained analyte can be eluted with a suitable solvent and the extract
can be further processed if necessary. This extraction method offers the advantage of
less matrix effects compared to PP and higher recovery than LLE but comes with
higher costs [226, 227]. It can also be coupled with the analytical instrument for online
analysis (online SPE) [227, 233]. In addition, there are a variety of miniaturized SPE
and LLE methods, as well as highly selective (immunological) extraction methods [226,
227, 230].

1.4.3. Bioanalytical method validation

The quality of a bioanalytical investigation depends largely on the quality of the
underlying bioanalytical data [234]. Therefore, standardized guidelines are essential to
ensure their reliability. Although the first efforts to find a common consensus on the
requirements for bioanalytical methods were made as early as 1990, it took another
decade for the FDA to publish their first guidance [234]. The final document in 2001
provided for the first time the framework conditions for bioanalytical method validation
[235], which was followed by many authorities, such as the European Medicine Agency
(EMA), to publish their own guideline [236]. To overcome the difficulties of combining
all the requirements of different authorities, the International Council for Harmonisation
of Technical Requirements for Pharmaceuticals for Human Use (ICH) has recently
published a harmonized guideline (M10) to replace the existing, national guidelines
[237]. The scope of the guideline refers to studies relevant to regulatory submissions
and provides the international standards for bioanalytical methods. In addition, there
are further guidelines whose scopes differ from the previous ones and which also
specify validation parameters and acceptance criteria for method validation, such as
the guideline of the Society of Toxicological and Forensic Chemistry (GTFCh) for
guality assurance in forensic-toxicological analyses (appendix B) [238], the
International Association for Therapeutic Drug Monitoring and Clinical Toxicology
(IATDMCT) guideline for development and validation of dried blood spot-based
methods for TDM [208], or the ICH guidelines Q2(R2) (validation of analytical
procedures) [239] and Q14 (analytical procedure development) [240].

The following information refers solely to the current version of the ICH M10
guideline. A distinction is made between chromatographic methods, the requirements

of which are presented in more detail below, and ligand binding assays. Depending on
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the extent of validation it is also differentiated between partial validation, e.g., when
method parameters are changed, cross validation to demonstrate the comparability of
different laboratories, and full validation. The latter should be performed when a newly
developed bioanalytical method is intended for its use in (regulatory) clinical and
nonclinical studies. Before validation is started, it must be ensured that the method is
suitable for this purpose. The design, procedures, operating conditions, as well as the
limits and suitability should be previously defined during method development. The
reference standard should be of high quality, well characterized, and identical to the
analyte. For method validation as well as study sample analysis, preparation of
calibrators (CR) and quality control (QC) samples is required by spiking blank matrix
with (separate) reference standard stock or working solutions. The use of an isotope-
labeled internal standard (IS) of the analyte is recommended for LC-MS/MS to
compensate for example unequal ionization (matrix effect) and should be added during
sample preparation to CR, QC, and study samples. Full validation does require the
investigation of several elements, including selectivity, specificity, matrix effects,
calibration curve and range, accuracy and precision (A&P), carry-over, dilution

integrity, stability, and reinjection reproducibility (Table 2).

Table 2 Validation elements necessary for full validation according to ICH M10 [237].

Validation parameter Rationale for validation
e  Selectivity Can an analyte be determined without interference?
e Specificity Can an analyte be determined in the presence of other
components?
e Matrix effect Is there an alteration in response caused by the matrix?

e Calibration Curve and Range Is there a relationship between the nominal analyte
concentration and its instrument response within the

interval of lower and upper limit of quantification?

e Accuracy and Precision (A&P) How closely does the determined analyte concentration
agree with the nominal value and how large is the scatter

among multiple analyses?

e Carry-over Does analyte from a preceding sample remain in the
analytical instrument and to what extent can the analyte be

determined in subsequent samples?
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¢ Dilution Integrity Does sample dilution procedure, e.g., for concentrations
above the upper limit of quantification, impact the

measured concentration of an analyte?

e  Stability To what extent do specific storage and use conditions

affect the degradation of the analyte in a specific matrix?

¢ Reinjection Reproducibility Can reproducible results be obtained when reinjecting
samples?

Depending on the nature of the bioanalytical method, additional considerations
may be required for validation. A surrogate matrix approach or the use of a standard
addition approach may be necessary (among others) to overcome the challenges that
arise when the analyte of interest is also an endogenous compound. For methods that
employ sample extraction, the extraction efficiency (recovery) should be evaluated for
the analyte and IS during method validation in addition to the above listed elements.
In the case of new or alternative technologies, including sampling strategies like DMM,
measures must be taken to ensure that these methods also provide reliable results.
Measures for DMM-specific validation may include but are not limited to the
examination of hematocrit effect, sample homogeneity, especially for punched
samples from filter cards, extraction of the sample from the dried matrix, and sample
collection for incurred sample reanalysis (ISR). These criteria for the evaluation of
DMM-specific methods are also recommended by the IATDMCT [208].
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2. Aims of the thesis

The determination of the underlying drug concentration is a key component of
TDM and thus a central element of precision medicine. It is the focus of this work to
develop new mass spectrometric methods to determine the drug concentration of oral
small molecule KI in biological samples. The present thesis covers three different
aspects, each offering a different perspective on drug monitoring. First, an example for
the importance of Kl drug monitoring. Second, the development and validation of a
new bioanalytical method to potentially overcome existing limitations. And finally, the
clinical validation of this newly developed method to demonstrate its feasibility for

clinical use. The respective topics are described below in more detail.

Drug monitoring of cabozantinib in advanced adrenocortical carcinoma

Within the framework of this project, a mass spectrometric method should be
developed at the Core Unit Clinical Mass Spectrometry of the University Hospital of
Wirzburg and validated in compliance with applicable quality regulations. The
developed method is intended for monitoring the cabozantinib drug exposure in
patients with adrenocortical carcinoma (ACC). In view of the off-label use of
cabozantinib in those patients, drug monitoring may help to ensure therapy safety and

potentially also efficacy.

Minimally invasive microsampling for kinase inhibitor drug monitoring

The aim is to develop a mass spectrometric method for the simultaneous
determination of different KI from dried capillary blood samples. Thereby, the
implementation of TDM should be less dependent on the patient's visit to the clinic in
terms of time and location. For this purpose, the minimally invasive technique of VAMS
is to be used. In addition to the regulatory guidelines from FDA and EMA, the

bioanalytical method should be validated to meet DMM-specific requirements.

Clinical feasibility of volumetric absorptive microsampling

Target thresholds for TDM rarely refer to blood concentrations, but rather to
plasma or serum levels. VAMS results in a specimen collection whose concentrations
need to be converted into plasma or serum levels first in order to evaluate the therapy.

The conversion of capillary blood concentrations into serum concentrations should be
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investigated in a non-interventional study. To a greater degree, this conversion method
should be clinically validated. Since VAMS is also used in the patient's home
environment, the aim is to investigate the feasibility of at-hnome VAMS under real world

conditions.
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Abstract

Background: Adrenocortical carcinoma (ACC) is an orphan but aggressive
malignancy with limited treatment options. The tyrosine kinase inhibitor (TKI)
cabozantinib (CAB) emerged as new potential treatment. However, no data were

available, if and how CAB can be administered in patients on hemodialysis.

Methods: An LC-MS/MS method was developed and validated according to the
EMA and FDA guidelines on bioanalytical method validation. Sample preparation was
performed by protein precipitation and online solid phase extraction (SPE). The
method was applied to clinical samples of an ACC patient on CAB treatment receiving
80 mg daily. During the ten-day observation interval, the patient received periodic
hemodialysis on seven days. Pharmacokinetic (PK) simulations were performed by

Bayesian forecasting according to an existing population PK model for CAB.

Results: Based on PK simulation, a mean plasma trough concentration in
steady state of 1375 ng/mL (90% prediction interval (PI) 601-2602 ng/mL) at a daily
dose of 80 mg was expected for CAB. However, an individual simulation including
measured plasma levels of the patient resulted in a mean trough concentration of
348 ng/mL (90% PI1 278-430 ng/mL). The model based on individual PK parameters
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estimated accessible plasma levels of 521 ng/mL, 625 ng/mL and 834 ng/mL by dose

adjustment to 100 mg, 120 mg and 160 mg respectively.

Conclusion: After establishment of an LC-MS/MS method for TDM of CAB, our
analyses in a single patient undergoing hemodialysis indicated that higher doses of
CAB were required than expected to achieve reasonable plasma concentrations. Our
study demonstrates the value of TDM for the management of 'new' drugs in patients

with renal impairment.

INTRODUCTION

Adrenocortical carcinoma (ACC) is an orphan, malignant disease of the adrenal
cortex with a reported incidence of up to two cases per million per year. Sixty percent
of these malignant neoplasms secrete cortical steroids® 2, whereas forty percent are
non-functional, poorly differentiated tumors. This hypersecretion of steroid hormones
is often characterized by cortisol and sex-hormone excess resulting in Cushing's
syndrome and virilization. In most cases, the surgical removal of the localized tumor is
the only curative therapy. Nevertheless, the majority of patients already have
metastases at the time of primary diagnosis or develop them during the course of their
disease. Mitotane, an adrenostatic agent, is the only approved drug and is used in an
adjuvant setting® and in advanced disease’ 24 °, Standard therapy in advanced stages
is the combination of mitotane with etoposid, doxorubicin and cisplatin®. Still, the
objective response (23%) and 5-year-survival rate (10-15%) are poor, demanding for
new, more effective treatment options. Therefore, several novel targeted anticancer
drugs such as tyrosine kinase inhibitors (TKI) came into the focus and have been
investigated in case series and clinical trials”-*3. Cabozantinib (CAB) is a multi-kinase
receptor antagonist of vascular endothelial growth factor receptor (VEGFR),
hepatocyte growth factor receptor kinase MET and other tyrosine kinases, like AXL
and RET#16, CAB is currently approved for the therapy of medullary thyroid carcinoma
(MTC), advanced renal cell carcinoma (RCC) and hepatocellular carcinoma (HCC). As
VEGFR and MET are often highly overexpressed in the tumor tissue, CAB might be

effective as a treatment of ACC and clinical trials are ongoing!/-20,

Only very limited data on TKI plasma levels and pharmacokinetics (PK) are
available. Unfortunately, even less information is available for patients with specific

clinical conditions. Thus, there are virtually no data for patients under hemodialysis,
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making TKI therapy nearly inaccessible. Recently, in the context of a study evaluating
response of CAB for the treatment of advanced ACC, for a subset of five patients,
plasma steady state levels were collected. Extensive interindividual variability in
plasma concentrations was observed, possibly related to CYP3A4 metabolism altered
by previous or concomitant medication'3. The complexity of TKI pharmacology further
increases as receptor activities of the main CAB metabolites (monohydroxy-CAB,
CAB-N-oxide, 6-amide cleavage product) are greatly reduced, but still show inhibition
of other enzymes and transporters, e.g. CYP2C8 and organic anion transporter
(OAT)?L. As a consequence of concomitant medication, the risk for drug-drug
interaction (DDI) that may result in clinically relevant adverse effects (AE) or sub
therapeutic exposure and development of receptor resistance, is highly increased??.
Moreover, disorders such as renal or hepatic impairment further increase the PK
variability of TKI. These mechanisms considerably endanger the therapeutic success
and safety?3. Therapeutic drug monitoring (TDM) offers an opportunity to minimize the
risk for AE and treatment failure by individually optimizing drug exposure?* as
demonstrated for several TKI. Based on the metabolic pathway, PK variability or the
relationship between PK and pharmacodynamics, TDM has been proposed to be
potentially useful for most kinase inhibitors, although this needs further corroboration
for CAB?5 26,

In this study, we developed and validated an LC-MS/MS method to quantify
CAB in human plasma and used this method to monitor the drug exposure in a patient
with advanced ACC, end-stage renal disease, daily hemodialysis and extensive
concomitant medication. These results were brought into context with simulated data
obtained from a population pharmacokinetics (popPK) modeling approach.

MATERIALS AND METHODS

Chemicals

CAB-(S)-malate was purchased from Biozol (Eching, Germany). Isotope labeled
internal standard (IS) CAB-d4 was purchased from Alsachim (lllkirch Graffenstaden,
France). HPLC grade acetonitrile (ACN), LC-MS grade water and Methanol (MeOH)
were obtained from VWR International (Darmstadt, Germany) and dimethyl sulfoxide

(DMSO) and formic acid, purity > 98%, were purchased from Merck (Darmstadt,
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Germany). Analyte-free plasma was obtained from the University Hospital of Wiirzburg

(Warzburg, Germany).

Instrumentation and chromatographic condition

The LC-MS/MS system consisted of a Sciex QTRAP 4500 MD (Framingham,
MA, USA) linked to an Agilent 1290 UHPLC system (Waldbronn, Germany). Mobile
phase for HPLC analysis was composed of A: water, containing 2% ACN and
0.1% formic acid (v/v/v), and B: ACN, containing 2% water and 0.1% formic (v/v/v).
Chromatography was performed with an XBridge® BEH C18 column (3.5 um,
2.1 x 50 mm; Waters, Milford, MA, USA) as stationary phase in combination with an
Oasis® HLB column (25 um, 2.1 x 20 mm; Waters, Milford, MA, USA) for online solid
phase extraction (SPE). Gradient flow was set at 400 uL/min and increased from
10% mobile phase B at the beginning of the acquisition to 75% B. The acquisition
ended after 7.50 minutes at starting conditions (details are shown in supplementary
data (SD) S1). CAB and CAB-d4 were detected in electrospray ionization positive

mode using multiple reaction monitoring 502.2 — 391.4m/z for CAB and
506.0 — 391.4 m/z for CAB-d4. Collision energy was set at 40 eV for both transitions.

Analyst software (version 1.6.3 MD) was used for peak area related quantification.

Sample preparation

Ten calibrators (CR) within the calibration range of 6-1000 ng/mL and five
quality control (QC) level were prepared in human plasma by serial dilution. Details on
the preparation of stock solution, CR and QC are listed in SDC. Sample preparation
was performed by protein precipitation using MeOH/ACN (1:1, v/v). 50 pyL plasma and
100 pL precipitation agent, including CAB-d4 (0.2 pg/mL) were mixed in a 1.5 mL
polypropylene tube. After five seconds of vortexing and subsequent centrifugation for
five minutes at 14,000 g at 4°C, 50 pL of the supernatant and 150 pL water were mixed
and transferred into glass vial with insert (polypropylene). Autosampler temperature

was set at 4°C and injection volume was 20 pL.

Method validation
The method validation was performed according to the FDA and EMA guidelines
on bioanalytical method validation?”- 28 including linearity, accuracy and precision,

sensitivity, selectivity, dilution integrity, the extent of carry over and matrix effects as
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well as recovery and stability. The analytical method was cross validated at the

Radboud University, Nijmegen, Netherlands?°.

Patient characteristics and plasma sampling

Plasma samples were from a 34-year-old female patient (80 kg bodyweight)
treated with 80 mg COMETRIQ® capsules daily. The patient was diagnosed with
hormonally active ENSAT stage Il ACC (T2NOMO). After adjuvant mitotane treatment,
she subsequently developed advanced disease and received additional cytostatic
treatment. During chemotherapy, the patient developed chronic kidney failure and
required chronic hemodialysis. Prior to CAB treatment, mitotane was discontinued,
mitotane plasma concentration was undetectable before initiation of CAB (for
concomitant medication, see SD S2). The TKI exposure was monitored for ten days.
Four plasma samples (different sampling times) were collected on days one to four
during routine blood draw, two samples were taken on days five and six and one
plasma sample each was taken from the seventh day on. Periodic hemodialysis was

received on each day except days two, six and nine.

PK simulation

The software R and package mrgsolve were used to simulate CAB plasma
levels according to a published popPK model for CAB in various cancer types®°. The
popPK model did not contain data on ACC, therefore, the disease covariate “other”
was used for simulation. Individual PK parameters and random effects on apparent
clearance (n1), apparent volume of distribution (n2), relative oral bioavailability (n3)
and absorption rate (n4) were determined using maximum a posteriori (MAP) and
Markov chain Monte Carlo (MCMC) estimation implemented in R. After determination
of the patient’s PK parameters, the most likely steady state plasma levels for possible
dose adjustments were calculated prospectively.

RESULTS

Method validation

The method was successfully validated according to the regulatory guidelines.
Validation results are presented in the SD (S3-S5).
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PK simulation

The CAB steady state trough concentration was simulated for a reference
population of 1000 cases corresponding to the patient’s background (covariates: sex,
race, weight, drug formulation, malignancy, age, dose and liver function). For a daily
dose of 80 mg CAB capsules, the resulting expected mean plasma concentration was
1375 ng/mL. The 90% prediction interval (PI) ranged from 601 to 2602 ng/mL.
Measured CAB values of days one to five were included in the initial model to simulate
the most likely individual plasma course. The CAB exposure for this patient was lower
than the predicted concentration (Figure 1, A).

A .'. B . C
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Figure 1: A: CAB popPK simulation of the typical patient (dashed line) and individual simulation using
MAP Bayesian estimation (solid line), including measured plasma values (circle); time of dialysis
are represented by vertical red bars. B: Simulation of the most likely individual concentration
curve compared to the predicted value (dashed line) on the tenth day of CAB therapy. Individual
simulation was performed by using MCMC estimation (mode = red line) with P (95%, 90%, 85%,
75% and 50%). Circles indicate plasma concentrations on days eight, nine and ten. C: Box plot
of the simulated steady state trough level based on plasma concentrations measured on days
one to five. Data are visualized as median with interquartile range (two hinges). The whiskers
extend from the hinges to the largest (upper whisker) or lowest (lower whisker) value with a
maximum extension of 1.5 times the interquartile range. Outlying data are visualized separately
(black dots).

Individual PK parameters were compared to the simulated population
parameters according to the disease covariate “other”. Apparent patient clearance
(7.71 L/h) was higher than expected (typical value: 2.41 L/h), the apparent individual
distribution volume was 316.06 L, twice as high as in the reference collective
(161.20 L) (SD S6). Individual random effect distribution calculation revealed that

random effects on apparent clearance (n1) and apparent volume of distribution (n2)
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clearly deviated from the reference collective, whereas random effects on relative oral
availability (n3) and absorption rate (n4) could not be estimated with a higher precision
in the in-silico simulation. However, the measured concentrations provided information
for reestimating individual clearance and volume of distribution. According to the initial
simulation which included individual sample concentrations prior to the steady state,
estimated mean trough plasma concentration for the individual steady state was
348 ng/mL (90% P1 278-430 ng/mL) (Figure 1, C). The measured plasma trough
concentrations on days eight, nine and ten (383 ng/mL, 406 ng/mL and 405 ng/mL,
respectively) were within the predicted range (Figure 1, B) and indeed at steady state.
According to the individual PK parameters of this patient, simulated mean trough
concentration for increased dosage of 100 mg daily, 120 mg daily and 160 mg daily
would have been 521 ng/mL, 625 ng/mL and 834 ng/mL, respectively (Figure 2).
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Figure 2: Prediction of the individual plasma concentration profile after virtual dose adjustment from 80 mg
CAB daily (solid line) to A: 100 mg (dashed line), B: 120 mg (dot-dashed line) and C: 160 mg
(dotted line).

A dosage adaptation was not performed. At the beginning and after four months
of CAB therapy, tissue imaging via positron emission tomography (PET) scans were
recorded to assess the tumor status and the therapeutic response, reduction in size

and amount of tumor tissue was observed over the evaluated period.

55



Results — 3.1. Cabozantinib plasma concentrations in advanced ACC

DISCUSSION

TKI play an increasingly important role in the targeted therapy of a variety of
malignant diseases. Data on PK are still limited especially in the context of DDI and
renal impairment. In the absence of data on hemodialysis, responsible therapy with
TKI requires individualized consideration of drug exposure. Prospective monitoring
might contribute to optimizing therapy particularly for this patient subpopulation and

enables safe access to novel treatment options.

The trough levels in this study determined as 383 ng/mL, 406 ng/mL and
405 ng/mL were significantly lower than the expected values (1054 ng/mL after ten
days, 90% PI 509-1757 ng/mL) based on popPK simulation and published data. Renal
failure, hemodialysis and the large number of co-administered drugs that hold the
potential for DDI with regard to CYP3A4 (inhibition or induction) are plausible reasons
for deviating plasma concentrations. In previous studies, none of the investigated TKI
resulted in clinically meaningful response or significant improvement in therapy” 912 31,
With the exception of linsitinib, all TKI that have been evaluated in ACC treatment are

metabolized by CYP3A4, but plasma levels were not monitored during the therapy.

Therefore, rapid metabolism resulting in insufficient drug exposure may
contribute to the limited effectiveness observed for these drugs. It has been shown that
intake of rifampicin, a strong CYP3A4 inducer leads to a more than 4-fold increased
CAB clearance and decreases the area under the curve (AUC) by 77%%32. The intake
of mitotane induces the expression of CYP3A4 as well??, but was discontinued before
initiation of therapy with CAB. Instead, therapy was given with metyrapone as an
alternative treatment for Cushing’s syndrome. Metyrapone acts as an inhibitor of
CYP3A433 while inducing the expression of this metabolizing enzyme via pregnane X
receptor activation®*. Consequently, TKI clearance cannot be estimated without drug

monitoring.

There is no information on the influence of hemodialysis on PK of CAB so far.
Filtration by hemodialysis may have increased clearance, but due to the plasma protein
binding of 99.7% enhanced elimination seems not to be the main reason for low plasma
levels. For a patient undergoing hemodialysis and receiving dabrafenib, a TKI with a
comparable plasma protein binding, Park et al. showed that elimination via dialysis
only played a minor role®. In accordance with this observation, sunitinib and its active

metabolite, according to the European public assessment report36, is not eliminated by
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hemodialysis, which is explained by the in-vitro binding to human plasma protein of
95% for sunitinib itself and of 90% for the primary metabolite. Consequently, dose
adjustments of sunitinib are not recommended in patients with hemodialysis. In
contrast, for ruxolitinib specific dose adaption is recommended for patients undergoing
dialysis despite excessive protein binding (97%), even though hemodialysis is not
expected to enhance the elimination of the drug3’. Other physiological alterations might
explain the recommendation for dose adjustment. Altered protein binding is frequently
observed in patients with renal dysfunction arising from lower serum albumin
concentrations or the accumulation of endogenous and exogenous substances,
resulting in drug displacement from plasma proteins. The decreased protein binding
could lead to an increased volume of distribution. On the other hand, adsorption
processes on filter material during hemodialysis and altered body fluid composition
(e.g., edema) may also increase the apparent volume of distribution. With an individual
estimate of more than 300 L, far above the typical value of the PK parameter, these
phenomena may explain the observations in our case. The increased individual
apparent clearance suggests that potentially reduced bioavailability of the drug

additionally may have played a role.

Low TKI exposure in patients with advanced ACC is not unusual and might
explain the poor results in previous clinical trials*2. In our case, 18-fluorodeoxyglucose
positron emission tomography (FDG-PET) and computed tomography (CT) after 3
months of treatment showed decreased tracer uptake and tumor necrosis despite
lower than predicted CAB concentrations. However, the patient deceased 6 months
later from the disease. Thus, adapted plasma levels might contribute to a better clinical
outcome perspectively. Dose adaptation was not performed in our case as dose-effect
relationships are not established for CAB and are subject of current research.
Nonetheless, definition of target values for MET/VEGFR inhibitors for tumor therapy is
under discussion. For example, the correlation between CAB exposure and
progression-free survival was investigated by the FDA for the approval of CAB in
advanced RCC. After administration of 60 mg CAB daily, medium trough concentration
was found to be 1125 ng/mL. Additional simulated dose change led to a smaller
reduction in tumor size, from -11.9% for 60 mg daily to -9.1% for 40 mg and -4.5%
for 20 mg, as well as a worse objective response rate. By changing the CAB exposure
to 67% and 33% of the primary value, the hazard ratio increased to 1.1 and 1.39

respectively'®. According to these data, lower plasma levels, as observed in our case,
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would decrease changes of a successful therapy. The malignancy itself, renal
impairment or the related supportive therapy could largely affect the PK of CAB. In
MTC, apparent clearance was approximately doubled in comparison to other
malignancies®. Due to potential of DDI, as holds true for many other TKI, monitoring
of plasma levels is imperative in order to interpret results of clinical phase Il studies
correctly. Even if these results cannot be generalized, the importance of further
systematic investigations on pathophysiological conditions, specific sub-populations,
and DDI influencing PK of CAB has been identified.

CONCLUSION

ACC is an orphan but aggressive disease with limited chemotherapeutic
options. TKI might be a promising approach but many questions, also on PK aspects,
are still open. Nevertheless, new therapies should be made available to patients with
severe courses on an individual basis. Therefore, an LC-MS/MS method for TDM of
the TKI CAB with short acquisition- and preparation time fulfilling high throughput
requirements for bioanalytical monitoring was developed. The method was applied to
monitor CAB exposure in a patient undergoing hemodialysis. The measured plasma
concentrations were lower than expected and higher doses of CAB would have been
required to achieve expected plasma concentrations according to our simulations. As
a result, PK modeling and simulations were performed showing pronounced individual
variability in PK characteristics and significant deviation from population predicted
values. These results encourage further investigations for subpopulation-specific CAB
monitoring and underline the potential use of TDM in personalized management of
ACC therapy.
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Supplemental Digital Content

SUPPLEMENTARY MATERIALS AND METHODS

Preparation of Stock Solutions, Calibrators and Quality Controls

Stock solutions were prepared by dissolving CAB malate in DMSO and CAB-d4
in ACN to final concentrations equivalent to 1 mg/mL free base. Working stock solution
was prepared by dilution of stock solution in DMSO (1:5). The working stock solution
was spiked to human plasma for the highest calibrator (CR) and quality control (QC)
level. Ten CR with final concentrations 1000 ng/mL, 840 ng/mL, 600 ng/mL,
500 ng/mL, 340 ng/mL, 180 ng/mL, 90 ng/mL, 45 ng/mL, 18 ng/mL and 6 ng/mL and
five QC levels with 740 ng/mL QC high (QC H), 440 ng/mL QC medium (QC M),
54 ng/mL QC intermediate (QC 1), 18 ng/mL QC low (QC L) and 6 ng/mL QC LLOQ
were prepared by serial dilution. CR and QC samples were prepared from independent

stock solutions and stored until analysis at -80°C.

Method validation

The method validation was performed according to the FDA and EMA guidelines
on bioanalytical method validation. Linearity was evaluated for the calibration range
(6-1000 ng/mL) by the analysis of ten CR levels in three independent runs. The
calibration curves were linearly fitted with weighting of 1/conc2 for quantification of
CAB plasma levels. According to the guidelines, at least 75% of the CR should be
within £ 15% of the nominal concentration (x 20% at LLOQ). Human blank plasma from
six different individuals was analyzed for interferences. The extent of carryover was
evaluated by injecting drug-free plasma after an ULOQ sample (upper limit of
quantification, 1000 ng/mL). For both validation parameters, selectivity and carryover,
the CAB response in blank samples should not exceed 20% of LLOQ and the IS
response should not exceed 5% of the average IS signal. Sensitivity was evaluated by
analyte response at the LLOQ, which should be at least the five-fold response of the
zero CR. Intra-day and inter-day accuracy and precision (A&P) were assessed on
three consecutive days by analyzing a set of ten CR and QC samples (QC H, QC M,
QC I, QC L, QC LLOQ) with five replicates each. Acceptance criteria for measured
concentrations were + 15% of the nominal concentration for QC H, QC M, QC | and
QC L and + 20% for QC LLOQ. The coefficient of variance (CV) should be < 15% for
all QC levels (=20% at LLOQ). Analysis of variance (ANOVA) was performed to
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compare the individual validation runs. The matrix effect of hemolytic, icteric and
lipemic (H/I/L) plasma samples on accuracy and precision was evaluated for QC H and
QC L on five individual replicates each (no further specification of hemolytic, icteric or
lipemic condition). Six individual sources of human blank plasma were used to
determine recovery and matrix effects. Plasma was spiked with CAB and CAB-d4
before and after extraction (QC H, QC M and QC L). The same amount of analyte and
IS were prepared in precipitation solvent (MeOH/ACN, 1:1, v/v) and spiked to water as
neat solvent. The recovery was calculated as the ratio of IS-corrected analyte area in
the extracted plasma samples versus the IS-corrected analyte area in the blank
samples spiked after extraction. For matrix effects, the I1S-normalized Matrix Factor
(MF) was calculated for the analyte and the IS by the ratio of peak area in the plasma
samples spiked after extraction compared to the peak area in the neat solution. Dilution
integrity was evaluated to demonstrate the suitability of the method for amounts above
the ULOQ. Plasma was spiked with CAB working stock solution to achieve a final
concentration of 1500 ng/mL (QC D). Before extraction, the QC D samples were
diluted with blank matrix (1:1, v/v). As acceptance criteria, the accuracy and precision
should range within £ 15% of the nominal concentration. CAB stock solution stability
was determined after six-month storage in DMSO at -80°C. Spiked plasma samples
were prepared and stored at two levels — QC H (740 ng/mL) and QC L (18 ng/mL) and
evaluated for bench-top, autosampler (2-8°C), freeze-thaw and long-term stability. QC
samples for bench-top stability were extracted and analyzed after 24 hours storage at
room temperature and light exposure, whereas QC samples for autosampler stability
were extracted and stored for 24 hours at 4°C without light exposure before analysis.
Freeze-thaw samples were frozen at -20°C for a minimum of twelve hours followed by
thawing at room temperature. After four freeze-thaw cycles the samples were extracted
and analyzed. QC H and QC L samples were stored at -80°C for three months to
determine long-term stability. On every stability run, samples were compared to freshly
prepared QC samples. Inter laboratory accuracy was evaluated by cross validation of
three different plasma samples obtained from patients under CAB treatment as well as

four QC samples (Radboud University, Nijmegen, Netherlands).
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SUPPLEMENTARY RESULTS

Method validation

Correlation coefficients for calibration curves were > 0.995 (n=5) and back-
calculated concentrations were within + 15% of the nominal concentration for all CR.
Analyte free plasma showed no relevant interferences as the analyte area in blank
samples was found to be 4.9% of the LLOQ and IS area 0.4%, based on the average
IS response. Carryover signal did not exceed 20% of the LLOQ response. The mean
IS response in the carryover samples was 0.8% of the average IS response in
corresponding analytical runs. The mean CAB signal in the LLOQ was the 16-fold
response (n=5) compared to the zero CR and at least > 6 times the response on every
run. Accuracy and precision results for all five QC levels are shown in Table S3. The
intra-day accuracy ranged from 95.2% to 106.7% (CV < 9.1%). Inter-day CV ranged
from 4.4% to 9.7% with no significant impact throughout the inter-day accuracy,
calculated via ANOVA. Accuracy and Precision of H/I/L plasma samples ranged
within = 15%. The recovery and IS-normalized MF were consistent and reproducible
(Table S4). Dilution integrity was demonstrated for the dilution factor of 1.5-fold ULOQ
(1500 ng/mL) by mean accuracy value of the QC D samples of 105.3% (CV 6.6%). As
the plasma samples were prepared from different stock solutions, two independent
stock solutions were analyzed after six months of storage at -80°C. The mean
concentration of the stock solution compared to the nominal concentration was 88.5%
and 87.7%. Data for bench-top, autosampler, freeze-thaw and long-term stability met
the guideline requirements (Table S3). The results for inter laboratory cross validation

are shown in Table S5.
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Tables

Table S1: LC gradient elution scheme

Step Time Flow rate Mobile Phase Mobile Phase Valve position

[min] [UL/min] A [%] B [%]

0 0.00 400 90.0 10.0 to waste

1 2.00 400 90.0 10.0

2 2.10 400 60.0 40.0 to MS

3 2.20 400 60.0 40.0

4 5.75 400 25.0 75.0

5 6.50 400 25.0 75.0 to waste

6 6.75 400 90.0 10.0

7 7.50 400 90.0 10.0

Table S2: Concomitant medication during CAB therapy

Drug substance Dose Application scheme

Amlodipine 5mg 1-0-1
Calcitriol 0.25 pg 1-0-1

Carvedilol 25 mg 1-0-0-1

Clonidine 250 ug 0-0-0-1
Metyrapone 250 mg 2-2-2
Moxonidine 0.4 mg 0-0-1
Paracetamol 500 mg 1-1-1
Pregabalin 25 mg 0-0-1
Ramipril 2.5 mg 1-0-0
Sevelamer hydrochloride 800 mg 1-1-1
Torasemide 100 mg 1-1-0
Urapidil 60 mg 1-1-1
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Table S3: Validation results for accuracy and precision, stability, and effect of hemolytic, icteric or lipemic
plasma samples

Nominal concentration

Validation or Level Accuracy Precision

0, 0,
parameter Specification (%) (CV, %)

6 ng/mL QC LLOQ 95.2 6.5
A&P 18 ng/mL QCL 106.7 7.8
Intra-day (n=5) 54 ng/mL QCI 101.8 5.7
440 ng/mL QCM 103.7 9.1
740 ng/mL QCH 103.0 1.8
6 ng/mL QC LLOQ 107.5 9.7
A&P 18 ng/mL QCL 107.5 9.1
Inter-day (n=3) 54 ng/mL QCI 107.1 6.1
y (= 440 ng/mL QCM 106.6 6.8
740 ng/mL QCH 108.1 4.4
. 24 h room QCL 99.9 4.8
Bench-top stability temperature QCH 99.9 3.9
Autosampler stability 4°C, 24 h gg::' 181; :3157;
. -20°C / room CL 101.1 25
Freeze-thaw stability temperature SC H 97.3 3.7
Long-term stability -80°C, 3 months gg ||:| iggg ;g
H/I/L samples hemolytic gg ||:| 1825 gg
H/I/L samples icteric 88 ::' 18;2 ‘118
H/I/L samples lipemic gg ::' 1833 22

Table S4: Validation results for matrix effect and recovery

Validation parameter Level IS-normalized MF Precision (CV, %)
QCL 1.01 5.5
Matrix effect QCM 1.08 11.0
QCH 1.10 10.6

Recovery (% Precision (CV, %)
QCL 94.5 6.1
Recovery QCM 86.4 8.5
QCH 87.1 4.7
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Table S5: Cross validation results

A Radboud University University Hospital - 0
Cross Validation (ug/mL) Wiirzburg (ug/mL) Deviation (%)
QC XL 0.30 0.26 86.7
QCL 1.50 1.28 85.3
QCM 2.00 1.65 82.5
QCH 3.76 3.45 91.8
CAB Sample 1 2.44 2.14 87.7
CAB Sample 2 0.82 0.71 86.6
CAB Sample 3 0.34 0.30 88.2

Table S6: MAP calculation of individual PK parameters including measured plasma CAB concentrations
compared to simulated values based on population data

Individual parameters Reference collective parameters
CL [L/n] 7.71 2.41
VC [L] 316.06 161.20
F1 [%] 63.11 69.80
KA [1/h] 3.21 0.76
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Abstract

Personalized dosing of kinase inhibitors (KI) might be beneficial in oral anti-
cancer therapy to overcome individual pharmacokinetic variability. Volumetric
absorptive microsampling (VAMS) has emerged as an attractive alternative compared
to conventional invasive sampling methods enabling remote and frequent specimen
collection. Therefore, an LC-MS/MS VAMS method was developed and validated to
monitor drug exposure of ten Kl from 20 uL dried capillary blood. The assay includes
the Kl cabozantinib, dabrafenib, nilotinib, and osimertinib with a calibration range of
6-1500 ng/mL and afatinib, axitinib, bosutinib, lenvatinib, ruxolitinib and trametinib
within a range of 2-500 ng/mL. Using acetonitrile containing isotope labelled internal
standards (IS) as solid-liquid extraction solvent, analytes and IS were detected by
multiple reaction monitoring (MRM) after electro-spray ionization (ESI) in positive
ionization mode after chromatographic separation using a phenyl-hexyl column. The
method was validated according to the FDA and EMA guidelines for bioanalytical
method validation and in accordance with the guideline of the International Association
for Therapeutic Drug Monitoring and Clinical Toxicology for dried blood spot-based
methods. The calibration model was linear and reproducible for all KI (R? > 0.994).
Furthermore, the validation demonstrated that the VAMS method is accurate, precise,
and sensitive. The method fulfilled the acceptance criteria for matrix effects, recovery,
carry over, selectivity as well as for the haematocrit effect and all substances proved

to be stable in dried condition for at least six weeks at room temperature. In vitro
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experiments using spiked venous blood were conducted to establish a VAMS-to-
plasma conversion factor for each analyte for comparison of VAMS and plasma
concentrations. The method was successfully used in a real-life setting demonstrating
its applicability in clinical routine. VAMS concentrations of afatinib, cabozantinib,
dabrafenib, nilotinib, ruxolitinib and trametinib were assessed in capillary blood

samples collected from either trained healthcare professionals or patients at home.

1. Introduction

Since the introduction of imatinib 20 years ago, the arsenal of kinase inhibitors
(KI) for treatment of cancer and other conditions has grown steadily. Today, more than

30 KI have been approved.

Like conventional cytostatic chemotherapy Kl are burdened with a considerable
rate of adverse drug reactions which may severely impair patient’s quality of life and
result in non-adherence and therapy discontinuation. Moreover, a relevant proportion
of patients on Kl therapy show disease progression after an initially good treatment
response. Supra- or subtherapeutic drug exposure could be a potential cause. It has
been shown in various studies that plasma levels of Kl vary greatly between individuals
despite receiving the same dosage and that large inter-individual variability can

endanger treatment safety and efficacy [1].

Depending on the substance, reasons for varying drug exposure are manifold.
Many KI exhibit pH-dependent solubility and are substrates of CYP enzymes and/or
drug transporters leading to a substantial risk for drug-drug-interactions (DDI)
depending on comedication. Other patient characteristics such as renal or hepatic
impairment as well as the prevalence of genetic polymorphic enzymes may further
influence drug exposure. Additionally, the oral mode application comes along with an

increased risk for non-adherence.

Individualized consideration of drug exposure and dosage adaptation could be
a promising approach to reduce the risks of dose-related adverse effects or sub-
therapeutic exposure. Several investigations have demonstrated that therapeutic drug
monitoring (TDM) of KI might be beneficial in clinical routine [2-4]. The most common
approach is based on the analysis of plasma exposure requiring on-site patient visits,

venipuncture and immediate sample processing. Due to limited pre-analytical stability
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of some KI storage and shipment of plasma samples is associated with high logistical

effort and costs if plasma level determination is not locally available.

Therefore, microsampling techniques, mostly as dried blood spots (DBS), have
been investigated as an alternative sampling method for TDM over the past years and
applicability has already been described for some Kl [5]. However, the major
disadvantage of DBS is the hematocrit (Hct) bias. The varying proportion of cellular
components (mostly erythrocytes) in blood leads to heterogeneity of the drop volume
and viscosity. Several investigations tried to achieve conformity by using a fixed radius
of the filter spot, but blood viscosity led to variable, Hct-dependant spreading

characteristics on the filter paper resulting in biased measurement results [6, 7].

Volumetric absorptive microsampling (VAMS) is a technique developed to
reduce Hct-bias by sampling a defined, Hct-independent volume of capillary blood [8].
Blood is sampled after a finger prick, applied onto a polymeric tip and dried. Analytes
absorbed to VAMS devices are usually more stable compared to conventional wet
plasma samples and can be stored and shipped at room temperature. Thus, VAMS
allows for blood sampling at-home without assistance of healthcare professionals and
could be particularly beneficial for certain patient populations such as paediatric or

immobile patients.

Yet, it should be noted, that using VAMS cannot completely overcome Hct bias,
especially if a drug shows an extreme blood-to-plasma ratio indicating adsorption and
distribution on/into erythrocytes or exclusion from intracellular space and lack of
adsorption, respectively. Hence, capillary blood concentrations cannot be easily
compared with plasma thresholds [9]. To convert capillary blood into plasma
concentrations, a substance-specific blood-to-plasma coefficient must be determined.
For some KI, a blood-to-plasma ratio (B/P) is provided in their European Public
Assessment Reports (EPAR). However, B/P based VAMS-to-plasma conversion
factors (V/P) taking into account further drug characteristics like concentration- or Hct-
dependent distribution need to be developed and validated to compare VAMS
concentrations with plasma thresholds. While conversion factors or other capillary
blood-to-plasma conversion methods have been reported for some Kl using DBS [10],

no conversion factors have been established for VAMS.

In this work, we present the development and validation of a VAMS LC-MS/MS
method for the quantification of afatinib (AFA), axitinib (AXI), bosutinib (BOS),
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cabozantinib (CAB), dabrafenib (DAB), lenvatinib (LEN), nilotinib (NIL), osimertinib
(OS)), ruxolitinib (RUX) and trametinib (TRA). In vitro V/P was determined at varying
Hct levels to develop an experimental conversion factor from VAMS to plasma to be
challenged in future clinical validation studies. In addition, authentic VAMS samples
from patients treated with AFA, CAB, DAB, NIL, RUX or TRA were obtained and

measured to confirm the clinical applicability of the method.

2. Experimental

2.1. Materials

AFA, BOS, CAB-S-malate and RUX were purchased from Biozol (Eching,
Germany), AXIl and LEN from Alsachim (lllkirch Graffenstaden, France) and OSI from
TRC (Toronto, Canada). DAB mesylate, NIL and TRA were purchased from Sigma
Aldrich (Steinheim, Germany). The isotope labeled standards (IS) AFA-d6, NIL-d6 and
RUX-d9 were purchased from Biozol (Eching, Germany), the others, AXI-13C1-d3,
BOS-d9, CAB-d4, DAB-d9, LEN-d5, OSI-13C1-d3 and TRA-13C6 from Alsachim
(llkirch Graffenstaden, France). LC-MS grade water, methanol (MeOH), acetonitrile
(ACN), dimethyl sulfoxide (DMSO) and ammonium bicarbonate were obtained from
VWR International (Darmstadt, Germany). All chemicals (reagents and analytes) were
ordered in highest quality for LC-MS purposes. For microsampling, Mitra® devices
were purchased from Neoteryx (Torrance, CA, USA). For the finger prick, safety
lancets, type super with 1.5 mm penetration depth, were purchased from Sarstedt
(NUmbrecht, Germany). Analyte-free human matrix, whole blood containing EDTA as
anticoagulant and plasma, were ordered from the Bavarian Red Cross (Wiesentheid,
Germany). For comparison of anticoagulant-free matrix with human whole blood
containing either EDTA or heparin, whole blood was obtained after venipuncture of a
volunteer using different blood collection monovettes with different types of
anticoagulation (EDTA, lithium heparin, none) purchased from Sarstedt (NUmbrecht,

Germany).

2.2. Instrumentation and data analysis

The LC-MS/MS system consisted of an Agilent 6460 series triple quadrupole
linked to an Agilent 1260 HPLC system (Waldbronn, Germany). For chromatographic
separation of all analytes a Waters XBridge Phenyl column (3.5 um, 2.1 x 50 mm;

Waters, Milford, MA, USA) was used as stationary phase. Mobile phase A consisted
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of 10% MeOH (v/v) with 10 mM ammonium bicarbonate and mobile phase B of 90%
MeOH (v/v) with 10 mM ammonium bicarbonate. Prior to the analytical run, the
injection needle was flushed in the flush port for ten seconds with 90% ACN before the
sample was drawn and 15 seconds after drawing, immediately before injection.
Gradient elution was performed at a flow rate of 400 pL/min and started at 60% B. After
0.50 minutes at starting conditions, mobile phase B was increased to 80% by
minute 2.00 and remained at 80% B until minute 5.00. From minute 5.00-5.25, mobile
phase B was reduced to 60% B again. The acquisition ended after 6.00 minutes at
starting conditions. Analytes and IS were all ionized in positive mode using Agilent Jet
Stream ion source for electrospray ionization. Source parameters were set to a
capillary voltage of 3500 V, a gas temperature of 300°C and gas flow of 10 L/min.
Multiple reaction monitoring (MRM) was used for detection. All MRM transitions and
further LC-MS/MS parameter are listed in supplementary data (SD) Table S1. Data
were recorded via Agilent Masshunter Software B.08.00 (Waldbronn, Germany).
Microsoft Excel 2016 (Microsoft Corporation, Redmond, WA, USA) was used for
processing the exported .csv formats. Statistical evaluation for calculation of the inter-
day precision and t-test for the stability comparison of different anticoagulants as well
as graphical visualizations were performed using R Software 4.0.2 and RStudio
version 1.3.1073 (with additional packages “ggplot2”, “mcr”, “readxl”, “tidyverse”,
RStudio, Inc., Boston, MA, USA). Chemdraw Version 19.0.1.28 (PerkinElmer,
Waltham, MA, USA) was used to generate demonstrated chemicals structures (SD
Table S2).

2.3. Preparation of stock and working solutions

All Analytes were dissolved separately in DMSO to achieve individual stock
solutions corresponding to a concentration of 1 mg/mL free base. A working solution
was prepared including CAB, DAB, NIL and OSI for a high and AFA, AXI, BOS, LEN,
RUX and TRA for a low concentration range. Therefore, 150 yL of the stock solutions
of CAB, DAB, NIL and OSI and 50 pL of the stock solutions of AFA, AXI, BOS, LEN,
RUX and TRA were diluted to a total volume of 5.0 mL in MeOH. Except for CAB-d4,
IS were prepared in DMSO at a concentration of 1 mg/mL. CAB-d4 was prepared in
ACN at the same concentration. An IS working solution at a concentration of 10 pg/mL
each (LEN-d5, 2.5 pg/mL) was prepared in MeOH. All stock solutions and working
solutions were stored in polypropylene tubes (1.5 mL and 5.0 mL, respectively)
at -80°C.
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2.4. Calibrator and quality control blood sampling

Calibrator (CR) and quality control (QC) samples were prepared from
independent stock solutions. The working solutions were serially diluted in MeOH to
obtain nine different calibrator solvent samples (CR-WS) and four different quality
control solvent samples (QC-WS), each 20-fold more concentrated than the actual CR
and QC samples (detailed concentrations see SD Table S3). For CR and QC
preparation, 25 uL of the CR-WS or QC-WS samples were spiked to 475 pL human
blood, containing EDTA as anticoagulant in order to limit the concentration of organic
solvent. The resulting calibration ranged from 6 to 1500 ng/mL for high concentration
analytes (CAB, DAB, NIL, OSI) including four QC levels at 6 ng/mL for the lower limit
of quantification (LLOQ), 18 ng/mL for QC low (QC L), 120 ng/mL for QC medium
(QC M) and 1125 ng/mL for the highest QC (QC H). Accordingly, the calibration curve
of the low concentration analytes (AFA, AXI, BOS, LEN, RUX, TRA) was in the range
of 2-500 ng/mL with QC LLOQ at 2 ng/mL, QC L at 6 ng/mL, QC M at 40 ng/mL and
QC H at 375 ng/mL. Spiked blood samples were incubated for one hour at 37°C to
mimic physiological distribution. For blood sampling the polymer surface of the
sampling device was dipped into the freshly prepared liquid matrix of the CR or QC
samples according to the instructions attached to the device. Samples were dried at
room temperature for at least twelve hours protected from light. CR-WS and QC-WS
solutions were stored in polypropylene tubes with 2.0 mL volume at -20°C. Blank EDTA
blood and CR and QC samples were stored at 4°C. Blank blood was kept for no longer

than three weeks at 2-8°C, CR and QC samples for no longer than one day.

2.5. Sample preparation

Dried blood samples were removed from the plastic handler and placed in a
2.0 mL polypropylene tube and rehydrated with 50 pL water for five minutes. 450 pL of
extraction solution containing ACN and 0.1% IS working solution was added for protein
precipitation. Physical extraction came from a subsequent 30 min vortexing procedure
followed by centrifugation for five minutes at 4°C and 12,000 rcf. VAMS remained in
the 2.0 mL polypropylene tube during these steps. After centrifugation, 300 yL were
transferred to a 1.5 mL polypropylene tube and evaporated using an Eppendorf
concentrator. The residue was dissolved in 200 yL of mobile phase (60/40, A/B, v/v),
vortexed for five minutes, and centrifuged using the previous conditions. 180 pL were
transferred into an HPLC vial with polypropylene insert. Injection volume was 40 pL.

Both, sample preparation and analysis were performed at room temperature.
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2.6. Analytical method validation

The method was validated according to the FDA and EMA guidelines for
bioanalytical method validation [11, 12] and in accordance with the guideline of the
International Association for Therapeutic Drug Monitoring and Clinical Toxicology for
dried blood spot-based methods [13].

2.6.1. Calibration model and sensitivity

The measurement range was set to 2-500 ng/mL for AFA, AXI, BOS, LEN, RUX,
TRA and 6-1500 ng/mL for CAB, DAB, NIL, OSI. Sensitivity is defined by the LLOQ of
the method. Therefore, the analyte response should at least be fivefold the response

of the zero calibrator. The calibration model was assessed after the analysis of nine

1
conc?

CR. The analytes were quantified using a linear weighted calibration curve. 75%

of the CR should meet the acceptance criteria of + 15% of the nominal concentration
or £ 20% for the LLOQ. Calibration model and sensitivity were evaluated on five

successive days.

2.6.2. Accuracy and precision

All four QC levels with five replicates each in combination with nine CR were
analyzed on three consecutive days to evaluate accuracy and precision of the method
for all analytes. Intra-day and inter-day accuracy should range within 15% of the
nominal concentration for all QC levels above the LLOQ and within = 20% for the
LLOQ. Intra- and inter-day precision are expressed as coefficient of variance (CV) and
should not exceed 15% for QC H, QC M and QC L and 20% for the LLOQ), respectively.
Inter-day precision was evaluated according to a published method of Krouwer and
Rabinowitz [14]. In addition, accuracy and precision were examined for robustness

from different laboratory personal (n=3).

2.6.3. Carry over

The amount of system carryover was investigated by measuring the analyte
signal in extracted blank samples (n=5) directly after the injection of the highest
calibrator (upper limit of quantification). In extracted blank samples, the analyte signal
should be within a maximum of 20% of the average LLOQ response and 5% of the

average IS response.
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2.6.4. Selectivity and hematocrit effect

Selectivity was evaluated by analysis of six drug-free blank samples from
individual donors and compared to LLOQ samples. To ensure that no interference
occurred in the respective donor samples at the respective retention times, the analyte
signal should not exceed 20% of the average LLOQ response and 5% of the IS
response. For the preparation of different Hct levels, 100 mL EDTA blood was
centrifuged and separated into plasma and blood cells. The components were then
pipetted together in the appropriate volume fractions to generate Hct levels of 0.55 (Hct
high), 0.40 (Hct medium) and 0.30 (Hct low). The Hct-adjusted blood samples were
each spiked with QC-WS solution according to Section 2.4 to generate QC samples
and incubated for one hour at 37°C. CR samples were adjusted to Hct 0.45. The effect
of Hct variation on accuracy and precision was evaluated after five-fold analysis of all
four QC levels. Acceptance criteria were + 15% for accuracy (+ 20% LLOQ) and
maximal 15% for CV (20% LLOQ).

2.6.5. Matrix effects, recovery and process efficiency

EDTA blood from six healthy donors was studied to determine matrix effects as
well as the recovery and process efficiency of the method. To investigate the influences
of different matrices, the blank matrices were spiked with analyte and IS both before
(pre-extraction samples) and after extraction (post-extraction samples). Samples from
each individual were analyzed at three concentration levels (QC H, QC M and QC L).
For comparison, analytes and IS were also prepared in neat mobile phase 60/40 (A/B,
v/v) (neat solution samples) with the same concentration as the matrix samples
including dilution steps. To assess matrix effects, an IS normalized matrix factor (MF)
was calculated for each level, donor and analyte (Eqg. 1). The CV of the MF should not

be greater than 15%.

A(analyte; post—extraction) /A (analyte; neat solution)

MF =

(1)

A(IS; post—extraction) /A (IS; neat solution)

The recovery was calculated as the quotient of the IS corrected peak area of
the samples spiked before extraction and the corrected peak area quantified in

samples spiked after extraction (Eq. 2).

A(analyte; pre—extraction) /A(IS; pre—extraction)

Recovery [%] = -100 (2)

A(analyte; post—extraction) /A(IS; post—extraction)
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Similar to that, the process efficiency was calculated as the quotient of the IS
corrected peak area of the samples spiked before extraction and the corrected peak

area quantified in neat solution samples (Eq. 3).

A(analyte; pre—extraction) /A(IS; pre—extraction) 100

Process ef ficiency [%] =

3)

A(analyte; neat solution) /A(IS; neat solution)

Recovery and process efficiency do not need to be 100% but should be

consistent and reproducible. All results should be within a maximum CV of 15%.

2.6.6. Stability

The stability of dried blood samples was evaluated after storage at room
temperature protected from light for six weeks (19% relative humidity (rH)) and after
stress tests at 60°C for two days (10% rH). For liquid matrix stability, VAMS QC were
sampled with the VAMS device according to the sampling protocol (Section 2.4) after
three days storage of the spiked blood matrix at 4°C. In addition, processed samples
were stored after preparation at -20°C for six days to evaluate the post-preparation
VAMS stability. Stability samples, for QC H and QC L were processed and compared
with freshly prepared QC in quintuplicate. Liquid blood QC and processed samples
were compared in duplicate for QC H, QC M and QC L. Stability was assessed in
human whole blood samples anticoagulated with either EDTA or heparin and
compared to whole blood samples without anticoagulation. After venipuncture, blood
samples were subsequently spiked with QC-WS to obtain spiked QC H and QC L
concentrations. Samples were homogenized by shaking for 15s. The incubation
period was omitted in all matrices to avoid clotting of anticoagulant-free blood.
10 VAMS samples from each matrix and concentration were obtained of which 5 were
measured directly after drying for 24 h. The rest was kept at room temperature
(22% rH) for 3 weeks before analyzing. For stability, the difference between day 0 and

day 21 was assessed for each substance.

2.7. Invitro VAMS-to-plasma correlation

The VAMS-to-plasma correlation of all analytes was evaluated in an in vitro
experiment. Pooled blood from eight donors was separated from liquid and cellular
components and mixed vyielding adjusted Hct levels of 0.55 (Hct high), 0.4 (Hct
medium) and 0.3 (Hct low) as well as 0.45 for Hct-adjusted calibration as described in
Section 2.6.4. 475 L of the Hct-adjusted matrix was spiked with 25 uL of CR-WS and
QC-WS solutions to generate eleven samples per Hct with different KI concentrations
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(1500 ng/mL, 1125 ng/mL, 750 ng/mL, 420 ng/mL, 375 ng/mL, 180 ng/mL, 120 ng/mL,
40 ng/mL, 18 ng/mL, 12 ng/mL, 6 ng/mL for CAB, DAB, NIL, OSI and 500 ng/mL,
375 ng/mL, 250 ng/mL, 140 ng/mL, 125 ng/mL, 60 ng/mL, 40 ng/mL, 13.3 ng/mL,
6 ng/mL, 4 ng/mL, 2 ng/mL for AXI, AFA, BOS, LEN, RUX, TRA) covering the full
calibration range of all analytes. Afterwards liquid blood samples were incubated,
absorbed to VAMS devices and stored and processed as described in Sections 2.4
and 2.5. To determine plasma concentrations, corresponding liquid blood samples
were centrifugated after sampling with VAMS at 3000 rcf for 15 min at 4°C to generate
plasma. The plasma supernatant was subsequently transferred in a new cap and
stored at -80°C until analysis. Plasma samples were processed according to Aghai et
al. [15]. VAMS samples were analyzed and compared to the corresponding plasma
samples. This in vitro assay was repeated once with a second batch of blood matrix.
A linear model with interaction (Eg. 4) was fitted on the data in order to assess the
influence of normalized Hct (normalized to the calibration value of 0.45) on the
conversion from VAMS concentrations (Cvaws) to plasma concentrations (Cplasma)
resulting in the coefficients A, B, C and the Intercept.

Hct Hct
Cplasma = A Cyams + B 0.45 +e 0.45

- Cyams + Intercept 4)

In cases where the interaction term was not statistically significant (p > 0.01),
the interaction was removed to yield the simplified, Hct-independent model (Eg. 5).

Cpiasma = A Cyams + Intercept (5)

In the case of TRA, a concentration-dependent V/P ratio was observed without
significant impact of the Hct. This was modeled by a second-degree polynomial (Eq. 6).

2

C 1
vavs — ) + Intercept (6)

=A

CPlasma CVAMS

T <CVAMS
2.8. Collection of patient samples

The method was applied to evaluate the feasibility of the VAMS technology in a
real-life setting in patients treated with either AFA, CAB, DAB/TRA, NIL or RUX.
Capillary blood samples were collected from the fingertip. Four VAMS samples with
four different sampling times were collected on a single day for each investigation (one
sample per time point). The time points for collection of VAMS samples one to four

were proposed to be between 9 a.m. and 12 p.m., between 12 p.m. and 3 p.m.,

80



Results — 3.2. Volumetric absorptive microsampling for kinase inhibitor quantification

between 3 p.m. and 6 p.m., and between 6 p.m. and 9 p.m., respectively. Patients
documented the drug administration and sampling themselves. The first sample was
collected during a routine patient visit by trained personnel. After demonstration of the
sampling procedure collection and documentation of the other three samples was
performed by the patient at home with individually scheduled sampling times. 20 uL of
capillary blood were drawn onto the VAMS device after a finger prick and placed in an
airtight and opaque bag with desiccant. Afterwards samples were sent back to the
laboratory for analysis. This study was approved by the Ethics Commission of the
University of Wuerzburg (ref199/18-am) and conducted in accordance with the
declaration of Helsinki and the later amendments. Written informed consent was

obtained from all patients.

3. Results and discussion

3.1. Method validation

3.1.1. Calibration model and sensitivity

1
conc?

validated range with a coefficient of determination (R?) of 2 0.994 for all analytes. Every

The

weighted calibration curves were linear and reproducible over the

CR met the acceptance criteria with back-calculated accuracy ranging between a
minimum of 89.9% (TRA K8 on validation day 4) and maximum of 114.5% (AFA K6 on
validation day 2). The method was sensitive with all peak areas in LLOQ samples

exceeding the minimum of the five-fold-response compared to the zero calibrator.

3.1.2. Accuracy and precision

The validation demonstrated the VAMS method to be accurate and precise for
all four QC levels. Data on accuracy and precision are presented in Table 1. Inter-
analyst variability was in accordance with the guideline’s criteria. Back-calculated
concentration and CV did not variate for any QC more than 15% (assessed for QC L,
QC M and QC H in duplicate).

3.1.3. Carry over
Analyte signals in the corresponding blank samples did not exceed 20% of the
LLOQ response with maximum carry over of 8.4% for OSI. The mean IS response in

carryover samples was at most 0.1% of the average IS response for all ten KI.
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Table 1 Accuracy and precision validation results.

Analyte QC Intra-day accuracy and Inter-day precision (n=3)
level precision (n=5)
Accuracy CV (%) Within-day Between-day Total
(%) precision precision precision
CV (%) CV (%) CV (%)

AFA LLOQ 103.6 4.1 5.02 452 6.76
L 92.3 4.0 4.08 4.27 5.91

M 95.2 1.6 3.63 1.98 4.13

H 100.8 2.7 3.30 6.36 7.17

AXI LLOQ 108.2 4.4 5.94 2.06 6.29
L 97.3 7.2 5.61 0.78 5.66

M 103.4 5.2 3.92 3.89 5.52

H 105.2 3.7 3.19 2.36 3.96

BOS LLOQ 107.5 5.0 5.72 4.35 7.18
L 105.4 35 4.41 0.002 4.41

M 104.8 15 3.70 1.52 4.00

H 108.7 5.2 3.83 0.54 3.86

CAB LLOQ 106.6 8.1 5.73 2.01 6.07
L 102.4 4.4 4.79 0.002 4.79

M 99.9 3.1 3.18 2.52 4.05

H 110.4 2.3 4.06 1.56 4.35

DAB LLOQ 109.1 57 541 2.30 5.88
L 99.7 3.4 3.60 2.08 4.16

M 107.9 6.9 5.75 3.38 6.67

H 106.7 4.5 3.87 0.67 3.93

LEN LLOQ 104.6 3.1 5.68 6.35 8.52
L 107.3 4.8 8.32 0.002 8.32

M 107.1 3.2 9.23 0.002 9.23

H 112.6 2.2 4.44 0.46 4.46

NIL LLOQ 109.4 4.7 3.85 2.60 4.65
L 102.0 3.4 4.11 0.002 411

M 99.7 2.0 2.97 2.72 4.03

H 111.1 2.2 351 1.42 3.79

(0N} LLOQ 116.4 51 7.58 0.002 7.58
L 108.1 5.8 8.80 0.002 8.80

M 107.0 5.3 7.06 2.11 7.36

H 114.6 3.2 7.91 3.16 8.51

RUX LLOQ 103.0 3.9 4.42 3.66 5.74
L 112.8 4.2 3.74 2.56 4.53

M 107.5 1.1 2.34 221 3.22

H 112.4 6.0 3.83 0.00 3.83

TRA LLOQ 111.3 4.5 7.02 2.80 7.56
L 91.6 7.5 7.24 7.78 10.63

M 99.1 3.2 3.04 4.13 5.13

H 113.0 3.4 4.95 6.90 8.49

AFA, Afatinib; AXI, Axitinib; BOS, Bosutinib; CAB, Cabozantinib; DAB, Dabrafenib; LEN, Lenvatinib; NIL, Nilotinib;
OSl, Osimertinib; RUX, Ruxolitinib; TRA, Trametinib; QC, quality control; LLOQ, lower limit of quantification; L, low;
M, medium; H, high; CV, coefficient of variance.

aVariance of day averages was less than weighted variance of pooled within-day precision - between-day precision
was set to zero, according to Krouwer and Rabinowitz [14].

3.1.4. Selectivity and hematocrit effect

Individual blank blood samples showed no interference throughout all MRM
chromatograms. No signal exceeded more than 1.0% of the average LLOQ response
demonstrating the high selectivity of the method. The maximum analyte response was

0.7% for OSI. The blank IS response was less than 0.1% for all IS transitions. Analysis
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of different Hct levels showed that all results were in accordance with the guideline’s

criteria (SD Table S4), indicating strong reproducibility of the method.

3.1.5. Matrix effects, recovery, and process efficiency

Calculated MF are presented in Table 2. The MF of OSI (0.85) deviates the most
from the expected value of 1.0. This deviance was consistent in all three analyzed
concentrations. All in all, the low variability of the results (CV < 15%) of all substances

confirms the consistency of the MF for all KI.

High recovery (>80% according to Xie et al.) is mandatory to achieve
reproducible results during VAMS extraction [8, 16, 17]. The drying process of the
blood samples causes the analytes to bind not only to the biomatrix but also to the
polymeric surface of the VAMS devices. Especially for hydrophobic analytes, sufficient
lipophilicity of the extraction solvent is necessary for extraction [16]. Various
modifications were tested during method development to maximize recovery.
Extraction solvents containing ethylacetate or ethylacetate/hexane (1:1, v/v) was
inferior compared to MeOH or ACN. Especially for OSI, recovery was reproducibly
increased with ACN compared to MeOH at different concentration levels (QC L and
QC H). AXI, AFA, BOS, CAB, DAB, LEN, NIL, RUX and TRA reached the intended
80% recovery mark (Table 2). Despite achieving better results for OSI recovery after
optimizing sample preparation, the mean recovery of OSI remained below 80% (68%).
Xie et al. reported that inacceptable stability and Hct effects are related to a minor
recovery rate [17]. The insufficient stability of OSI during stress test evaluation (Section
3.1.6) might have contributed to low recovery. However, OSI met the acceptance
criteria with consistent and reproducible recovery results, which was demanded from
the FDA and the International Association for Therapeutic Drug Monitoring and Clinical

Toxicology making the VAMS method suitable for all KI.

The process efficiency (Eg. 3) corrects the recovery for matrix effects by taking
into account the matrix factor. Therefore, differences between process efficiency and
recovery are observed for analytes with matrix effects. Consequently, OSI showed
15% less analyte detection due to ion suppression. For all other substances no

significant differences were observed (Table 2).

83



Results — 3.2. Volumetric absorptive microsampling for kinase inhibitor quantification

Table 2 Validation results for matrix effects, recovery and process efficiency.

Analyte QC Matrix Cv Recovery (%) CV Process Ccv
level factor (%) (%) efficiency (%)

(%)
AFA L 0.94 3.8 79.9 4.1 75.3 4.8
M 0.95 14 81.5 5.1 77.9 5.2
H 0.96 14 79.6 4.0 76.1 3.3
AXI L 0.97 5.8 99.4 6.8 95.8 4.9
M 0.99 3.2 100.8 5.0 99.5 5.2
H 0.99 1.3 101.4 3.6 100.8 3.9
BOS L 0.98 6.3 91.8 4.1 90.3 7.2
M 0.96 34 94.2 4.5 90.6 4.9
H 0.97 23 94.2 3.7 91.2 3.7
CAB L 1.03 3.4 106.3 3.2 109.5 4.5
M 1.03 1.2 101.7 2.8 104.8 1.7
H 1.00 1.3 107.9 0.2 108.1 0.7
DAB L 1.01 2.2 112.7 35 114.0 24
M 1.02 0.7 114.1 25 115.8 2.2
H 1.00 14 110.0 2.0 110.1 2.6
LEN L 0.99 0.4 93.0 3.7 91.9 3.6
M 1.00 0.7 93.6 3.2 93.8 3.1
H 1.00 0.7 94.4 2.3 94.2 2.6
NIL L 0.99 3.0 98.2 4.6 97.6 5.2
M 0.99 11 98.2 3.9 97.6 4.1
H 1.00 0.8 98.2 2.8 97.8 3.0
oSl L 0.84 2.7 68.1 3.2 56.9 4.8
M 0.85 1.9 67.7 3.7 57.9 4.3
H 0.86 11 68.9 7.9 59.3 8.0
RUX L 0.99 1.8 99.5 35 98.3 3.1
M 1.00 0.8 98.3 2.8 98.3 3.0
H 0.99 0.6 99.1 2.8 98.1 2.8
TRA L 0.99 9.5 98.7 9.4 96.8 7.1
M 0.96 3.1 99.6 6.1 95.8 6.7
H 0.99 2.1 98.8 2.7 97.3 1.8

AFA, Afatinib; AXI, Axitinib; BOS, Bosutinib; CAB, Cabozantinib; DAB, Dabrafenib; LEN, Lenvatinib; NIL, Nilotinib;
OSil, Osimertinib; RUX, Ruxolitinib; TRA, Trametinib; QC, quality control; L, low; M, medium; H, high; CV, coefficient
of variance.

3.1.6. Stability

All KI were stable at room temperature in dried condition for at least six weeks
(19% rH). QC H and QC L samples were within £ 15% accuracy with a maximum CV
of 7.2% (QC H) and 7.7% (QC L) for OSI (Table 3). Stability beyond six weeks is
expected under the above-named conditions but has not been investigated, as a six-
week interval is sufficient for feasibility of VAMS monitoring. Stress test evaluation of
the dried VAMS samples at 60°C for two days (10% rH) showed that eight of ten
analytes were stable. Back-calculated concentrations for AFA and OSI could not be
determined in accordance with the guideline. Interestingly, both Kl are irreversible
inhibitors. Covalent bindings between the analytes and the surrounding surface,
caused by increased molecule kinetics during 60°C stress test, may have contributed

to instability.
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Additionally, the low recovery and process efficiency demonstrated for AFA and
even more for OSI could have been the reason for different stability results (Table 3).
Investigation of the post-preparation stability showed that nearly no instability occurred
within six days when stored at -20°C, or was corrected by the IS for all substances
despite OSI. The OSI concentration was calculated with an accuracy of 118.4% and
123.8% for the high and low QC, respectively. Differences in accuracy during storage
at -20°C were not expected. However, it is recommended to immediately process and
analyze OSI VAMS samples. Accuracy and precision were within the accepted limits
for the other analytes (Table 3). Except for AFA, all analytes were stable in the liquid
matrix at 4°C for three days, thus enabling quantification of all KI despite AFA in this
time frame (Table 3). Stock and working solution stability have been evaluated in a
previous study [15]. Accuracy was within £ 15% of the nominal concentration for all
analytes except AFA and OSI. This could be explained by the missing incubation step
that was necessary to avoid clotting. The concentrations could be measured with high
precision and a CV less than 15% for all ten KI. CR and QC samples on this validation
run prepared with one-hour incubation according to Section 2.4 showed accurate and
precise results. Except for OSI (EDTA QC H and QC H without anticoagulation) and
TRA (QC L without anticoagulation), the calculated concentrations do not deviate more
than 15% from the initial concentrations (t0) (SD Table S5). A decrease could only be
observed for TRA QC L whereas QC H yielded similar results. Thus, the type of
anticoagulation (EDTA, heparin, none) did not significantly influence the concentration
difference at week 3 vs t0. Therefore, no instability caused by different anticoagulation

was observed.

3.2. Invitro VAMS-to-plasma ratio

The correlation between VAMS and plasma concentration was determined by
in vitro studies. A VAMS-to-plasma conversion model using ordinary least squares
regression was obtained for all 10 Kls (Table 4). For nine of the ten KI, V/P were
constant over the entire calibration range and thus the conversion factor was
independent of the VAMS concentration. In contrast, for TRA the V/P decreased with
increasing VAMS concentration (Fig. S1) which was successfully implemented into the
model by using a second-degree polynomial (Eg. 6). This may be related to the
presence of a saturable binding site for TRA on blood cells. However, no supporting
data was available in the literature for TRA. Yet, the lack of data might be due to the

fact, that saturation occurred at high TRA concentrations (> 100 ng/mL) which usually
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cannot be found in clinical samples [18]. Determined V/P values were compared to B/P
values obtained from the literature, if available. Recently the B/P for BOS was
published [19] and is in good agreement with our observations, 1.12 vs. 1.07,
respectively. The calculated V/P for NIL (0.74) corresponds to the published values of
0.70 [19] and 0.71 [20], but in contrast, the determined value for LEN (0.82) deviates
from the literature (0.60) [21]. For all other KI no B/P values were available. Half of the
determined V/P values were <1 (AXI, CAB, DAB, LEN, NIL), indicating higher
concentrations in plasma than in intracellular compartments. RUX on the other hand,
was more concentrated in cellular blood components (mean observed V/P of 2.51).
Considering the intracellular location of JAK2, the main pharmacological target of RUX
and its effects on dendritic cells and various lymphocytes [22], intracellular
accumulation of RUX could be an explanation.

In general, it was observed that the greater the difference of V/P from 1, the
more pronounced the effect of the Hct. No highly significant effect of Hct was observed
for AFA, AXI, BOS and TRA which is in line with the theory of dilution or concentration
by cellular components in VAMS (see Fig. 1). The fact that the analytical validation
demonstrated the method to be Hct-independent for different Hct levels and
concentrations (see Section 3.1.4) is a clear advantage over DBS where Hct variations
may lead to unreproducible results. Yet, Hct might be necessary for VAMS-to-plasma
conversion. The Hct dependency for recalculation of plasma concentration was
demonstrated for CAB, DAB, LEN, NIL, OSI and RUX in our model. However, the
extent to which individual Hct values are necessary for the recalculation compared with
mean Hct values based on the study population for which the conversion is intended
needs to be investigated. Data on target concentrations of Kl is mostly limited to
plasma concentrations. Few data on concentrations of Kl in capillary blood have used
dried blood spots [10] and no data on KI concentrations using VAMS is available.
Therefore, our VAMS-to-plasma conversion model is crucial for comparing VAMS
concentrations to plasma levels. Yet, the fact that only in vitro samples have been used
is a clear limitation of our model. Future investigations with patient samples should be

conducted to validate the here established conversion factor for clinical practice.
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Fig. 1. Linear model fits and observed VAMS and Plasma concentrations resulting from the in vitro
experiment. The dashed line represents a slope of 1 (Equal concentrations in VAMS and
Plasma). A slope <1 means enrichment in VAMS (e.g., Ruxolitinib); Trametinib showed non-
linear behavior at low concentrations (see Section 3.2 and Fig. S1).

3.3. Feasibility of at-home sampling

24 VAMS samples of five patients treated with either AFA, CAB, NIL, RUX or a
combination therapy of DAB and TRA were analyzed (n=4 for each analyte). AFA
samples were collected from an 81-year-old female lung cancer patient receiving
20 mg once daily. CAB samples were collected from a 72-year-old male with renal cell
carcinoma treated with 40 mg once daily. DAB and TRA samples were drawn from a
60-year-old woman with malignant melanoma (DAB 150 mg twice daily and TRA 2 mg
once daily). NIL samples derived from a 75-year-old male patient diagnosed with
chronic myeloid leukemia and was therapied with 300 mg twice daily, and RUX
samples were taken from a 53-year-old female with chronic graft versus host disease
treated with 10 mg twice daily. All patients were from Caucasian ethnicity and under
therapy for more than twelve months without disruption, resulting in all measured
values to be steady state concentrations. All samples were collected correctly. All
VAMS devices were completely filled with capillary blood. No visible differences in

sampling amount could be observed between samples taken during patient visits and
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those taken at home. Neither undersampling (characterized by incompletely sampled
VAMS devices resulting in visible blank material) nor oversampling (characterized by
additional dried blood on top of the VAMS device) was detected which demonstrates
that VAMS can be used in real-life, home-based scenarios. The measured
concentrations were all within the validated calibration range without any
chromatographic interference. Concentration-time profiles of VAMS and converted

plasma concentrations are illustrated in Fig. 2.

Afatinib Cabozantinib Dabrafenib
40 mg qd 150 mg bid
Hct 0.45* Het 0.40
7501
400
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300+
iy
E 250-
E) K
§e] ¢ 03 2l
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Time since last dose [h]
predicted plasma © VAMS
Fig. 2. VAMS concentration profile and corresponding predicted plasma concentration of one patient

for each analyte using the obtained conversion factors. *No individual Hct available, assuming
an Hct of 0.45. qd, once daily; bid, twice daily.

Data based on population pharmacokinetic studies showed the predicted
plasma values to be in the range of reported plasma concentrations for AFA [23], NIL
[24], DAB [25, 26] and TRA [18]. In addition to the population pharmacokinetic studies,
reported AFA steady state plasma concentrations were 24.5 ng/mL (maximum drug
concentration with a geometric CV of 88%, n=15) after an oral administration of 20 mg
per day [27] and 11.5 + 4.6 ng/mL, respectively, after analysis of three samples

obtained from one patient [15] leading to the conclusion that the predicted plasma
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concentrations, which ranged from 7.7 ng/mL to 14.3 ng/mL, were comparable to
previously reported AFA plasma concentrations. After conversion from VAMS to
plasma, NIL concentrations in this study were ranged from 474 ng/mL to 1168 ng/mL,
respectively. Boons et al. published the measured NIL plasma concentrations from 20
patients with chronic myeloid leukemia mostly treated with 300 mg twice daily (17 of
20 patients) [28]. The reported NIL plasma concentrations were between
376 and 2663 ng/mL, demonstrating our conversion to be plausible. Plasma
concentrations of DAB and TRA were monitored in 27 metastatic melanoma patients.
78% of the patients received the recommended starting dose of 150 mg DAB twice
daily, 74% received 2 mg TRA daily. The analysis showed DAB and TRA steady state
trough concentrations of 58.7 +61.1 ng/mL and 11.9 +4.1 ng/mL, respectively
(mean £ SD), which were in accordance with our predicted plasma trough
concentrations of 71.3 ng/mL and 7.7 ng/mL for DAB and TRA, respectively (> 9 h after
dose intake) [29]. For patients with renal cell carcinoma, average CAB steady state
concentrations were at 750 ng/mL (typical clearance 2.23 L/h, 40 mg daily dose) [30].
Converted plasma concentrations were found to be lower (242 ng/mL, 25 h after dose
intake), which may indicate higher clearance for this patient and the need for further
investigations. With an increased clearance of 3.3 L/h average steady state
concentrations were 500 ng/mL and therefore closer to our calculated data. According
to the METEOR trial [31] on which the study of Castellano et al. was based, elevated
CAB clearance (4 L/h up to 7 L/h) was reported in 5% of patients. This may result in
even lower CAB plasma concentrations compared to the reported high-clearance
steady state concentration of 500 ng/mL [30]. Reported RUX steady state trough
concentrations for healthy volunteers were in the range 20 ng/mL after the intake of
15 mg twice daily [32] or 16 ng/mL for a patient with myelofibrosis and 5 mg daily
dose [33]. Calculated plasma concentrations based on the conversion model
demonstrated in this study were comparable to those from healthy volunteers despite
a lower dose (10 mg twice daily). However, due to the high variability of RUX drug
exposure, converted concentrations found to be realistic for this patient. In most cases,
plasma trough levels are used for drug monitoring. However, especially for drugs with
a short elimination half-life, such as DAB (approx. 10 h) or RUX (approx. 3 h),
unusually high peak concentrations might lead to dose-limiting adverse drug reactions
despite trough levels within normal range. For other substances, e.g., Vancomycin,

using area under the curve (AUC) to optimize dosing has already proven to be more
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efficient than trough concentration [34]. Using minimally invasive sampling techniques
like VAMS allows for more frequent sampling enabling determination of additional

information on exposure such as peak concentrations or AUC.

4. Conclusion

In a recent publication, the use of VAMS for the quantification of KI has been
demonstrated [35]. However, to the best of our knowledge, this is the first published
VAMS method for determination of KI concentrations in patient samples collected from
capillary blood and can be used as a tool to monitor drug concentrations in an
alternative matrix. The method was successfully validated and proved to be feasible
for samples collected by either healthcare professionals or patients at home. We were
able to establish a VAMS-plasma-conversion factor based on in vitro samples to
predict underlying plasma concentrations. Once the conversion holds true after clinical
validation, TDM could be performed based on this minimally invasive approach. Thus,
this analytical work provides the basis for further investigations of the VAMS method

in a clinical setting.
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Supplementary Material

Tables

Table S1. LC-MS/MS parameter

Name IS MS1 MS2 FRAG CE CELL ACC RET

(m/z) (m/z) ) V) V) (min)
Afatinib No 486.1 371.0 200 25 5 3.3
Afatinib-d6 Yes 492.1 371.0 200 25 5 3.3
Axitinib No 387.0 356.2 200 26 7 1.7
Axitinib-13C1-d3 Yes 391.3 356.1 200 17 7 1.7
Bosutinib No 532.0 141.3 200 22 7 3.0
Bosutinib-d9 Yes 541.0 150.1 200 22 7 3.0
Cabozantinib No 502.2 391.1 200 35 3 3.7
Cabozantinib-d4 Yes 506.4 323.0 135 40 7 3.7
Dabrafenib No 520.1 307.1 135 30 7 1.5
Dabrafenib-d9 Yes 529.0 316.1 135 30 7 15
Lenvatinib No 427.0 369.8 185 29 1 1.4
Lenvatinib-d5 Yes 432.0 369.8 185 29 1 1.4
Nilotinib No 530.0 289.1 135 30 7 3.6
Nilotinib-d6 Yes 536.1 295.0 135 30 7 3.6
Osimertinib No 500.2 72.1 200 47 7 3.9
Osimertinib-13C1-d3 Yes 504.2 72.0 200 47 7 3.9
Ruxolitinib No 307.0 186.0 135 30 7 1.1
Ruxolitinib-d9 Yes 316.1 186.0 135 30 7 1.1
Trametinib No 616.0 490.9 200 35 7 4.0
Trametinib-13C6 Yes 622.0 496.9 200 35 7 4.0
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Table S2. Chemical structure of the included kinase inhibitors, coloured Atoms indicate position of stable

isotope label in the respective internal standard

Analyte Chemical structure
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Osimertinib (OSI)

Ruxolitinib (RUX) p H NG

Trametinib (TRA)
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Table S4. Validation results for hematocrit effects

Analyte QC level Hct 0.30 (n=5) Hct 0.40 (n=5) Hct 0.55 (n=5)
Accuracy Precision Accuracy Precision Accuracy Precision
(%) CV (%) (%) CV (%) (%) CV (%)

AFA LLOQ 114.4 4.2 103.6 4.1 106.7 6.4
L 102.6 35 92.3 4.0 97.4 3.4

M 105.0 7.2 95.2 1.6 102.1 4.9

H 101.0 2.0 100.8 2.7 94.5 3.4

AXI LLOQ 95.3 7.4 97.3 6.1 90.0 5.6
L 95.0 5.8 95.9 5.2 95.7 3.8

M 97.5 2.5 93.5 4.1 96.0 1.6

H 104.0 2.5 106.4 35 110.5 55

BOS LLOQ 94.6 9.2 95.7 3.0 89.4 3.0
L 102.7 6.4 100.7 4.9 101.3 2.0

M 101.0 2.5 94.4 3.8 95.6 3.3

H 107.0 2.5 105.1 4.4 110.5 6.3

CAB LLOQ 105.5 3.6 83.2 2.2 108.4 6.0
L 101.8 15 86.7 4.3 102.4 35

M 102.8 4.4 97.7 2.2 104.0 3.2

H 97.0 4.2 102.0 2.6 97.9 3.8

DAB LLOQ 88.5 3.7 87.4 5.0 83.7 35
L 91.2 5.3 914 3.2 91.7 3.8

M 97.2 3.3 93.9 3.8 94.1 25

H 102.5 3.3 104.4 4.2 108.4 6.2

LEN LLOQ 96.5 2.3 90.2 3.9 85.3 4.9
L 110.6 4.8 109.0 2.6 102.3 3.8

M 106.2 2.3 101.7 3.9 96.6 2.9

H 112.2 2.4 113.2 4.4 109.1 6.0

NIL LLOQ 88.1 3.7 89.3 3.5 83.7 5.0
L 102.8 3.9 102.8 4.2 102.8 2.6

M 99.3 2.6 95.4 3.9 97.1 3.2

H 105.2 2.8 106.7 4.2 111.2 5.8

oSl LLOQ 111.2 4.6 112.0 0.7 114.8 4.3
L 103.8 3.7 98.6 6.7 106.1 3.3

M 105.5 5.2 105.9 2.2 111.3 4.5

H 97.4 2.0 114.4 2.9 105.8 4.0

RUX LLOQ 104.6 2.5 100.9 1.3 106.4 5.3
L 104.3 2.4 96.0 3.6 103.4 18

M 105.6 5.7 98.9 2.2 108.5 2.8

H 100.1 4.2 108.8 3.0 101.7 2.9

TRA LLOQ 107.3 9.7 111.3 4.5 110.1 7.4
L 106.8 6.9 91.6 7.5 100.9 3.1

M 106.8 6.0 99.1 3.2 108.1 4.4

H 104.4 3.6 113.0 3.4 106.1 2.3

AFA, Afatinib; AXI, Axitinib; BOS, Bosutinib; CAB, Cabozantinib; DAB, Dabrafenib; LEN, Lenvatinib; NIL, Nilotinib;
OSl, Osimertinib; RUX, Ruxolitinib; TRA, Trametinib; Hct, hematocrit; QC, quality control; LLOQ, lower limit of
quantification; L, low; M, medium; H, high; CV, coefficient of variance
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Figure S1. Non-linear relationship between VAMS-to-plasma ratio and VAMS concentration for
observed for Trametinib
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Abstract

Volumetric absorptive microsampling (VAMS) has emerged as a minimally
invasive alternative to conventional sampling. However, the applicability of VAMS must
be investigated clinically. Therefore, the feasibility of at-home sampling was
investigated for the kinase inhibitors nilotinib, cabozantinib, dabrafenib, trametinib and
ruxolitinib and evaluated regarding the acceptance of at-home microsampling, sample
quality of at-home VAMS and incurred sample stability. In addition, clinical validation
including three different approaches for serum level predictions was performed. For
this purpose, VAMS and reference serum samples were collected simultaneously.
Conversion of VAMS to serum concentration was based either on a linear regression
model, a hematocrit-dependent formula, or using a correction factor. During the study
period 591 VAMS were collected from a total of 59 patients. The percentage of patients
who agreed to perform VAMS at home ranged from 50.0% to 84.6% depending on the
compound. 93.1% of at-home VAMS were collected correctly. Regarding the drug
stability in dried capillary blood, no stability issues were detected between on-site and
at-home VAMS. Linear regression showed a strong correlation between VAMS and
reference serum concentrations for nilotinib, cabozantinib, dabrafenib and ruxolitinib
(r 0.9427-0.9674) and a moderate correlation for trametinib (r 0.5811). For clinical
validation, the acceptance criteria were met for all three approaches for three of the

five kinase inhibitors. Predictive performance was not improved by using individual
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hematocrit instead of population hematocrit and was largely independent of conversion
model. In conclusion, VAMS at-home has been shown to be feasible for use in routine
clinical care and serum values could be predicted based on the measured VAMS

concentration for nilotinib, cabozantinib, and dabrafenib.
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1. Introduction

Kinase inhibitors (KI) have become an important part in the treatment of patients
with different malignant and non-malignant diseases. However, all Kl have high
interindividual pharmacokinetic variability [1], e.g., due to cytochrome (CYP) P450-
mediated metabolism, and oral uptake with food effects on the bioavailability [2, 3].
Inadequate drug exposure has been observed in 50% of the patients treated with
different Kl for various cancers [4]. Even though several studies have provided
evidence for the benefits of therapeutic drug monitoring (TDM) of KI, TDM and
precision dosing is not part of routine clinical care [4-10]. Whereas an exposure-
response relationship has been established for some Ki, e.g., nilotinib (NIL) [11-15],
data on the effects of exposure on outcome and toxicity are exploratory and partially
inconclusive for other compounds [10]. To provide the basis for recommendations on
TDM, exploratory monitoring in large cohorts should be performed to further investigate

the associations of Kl exposure with efficacy and toxicity and to establish target
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concentrations. For Kl with existing evidence for precision dosing, e.g., imatinib [5, 10],
routine TDM should be made accessible easily to lower burdens for implementation in
routine clinical care. For determination of drug exposure of Kl, usually serum or plasma
samples are collected by venipuncture in the outpatient setting. However, conventional
sampling comes along with several disadvantages. It is often not possible to obtain
trough levels due to conflicts between the patient's dosing schedule and the
appointment. Collecting samples at different time intervals to receive more accurate
pharmacokinetic (PK) parameters is difficult [16]. Additionally, venipuncture is an
invasive procedure which may be uncomfortable for certain populations (e.g., children,
patients with difficult veins) and requires trained staff [17]. To lower these burdens,
microsampling techniques using dried matrix methods (DMM) which allow self-
sampling of small amounts of capillary blood at home are an alternative [16, 17]. To
this end, volumetric absorptive microsampling (VAMS) can be used. It is a certified
in vitro diagnostic device that allows hematocrit-independent capillary blood sampling
[18]. It is less straining for the patients, allows for more frequent sampling and is
already used for monitoring exposure of other drugs such as anticonvulsants [19].
Samples can be sent to the laboratory for analysis by mail without need for special
conditions regarding storage or shipment [16, 18]. However, to ensure adequate
sampling quality, patients need proper instructions and support. Furthermore, existing
data on the exposure of Kl and proposed targets are expressed as serum or plasma
concentrations. As whole blood concentrations are analyzed when using VAMS, the
distribution of the compound between plasma and blood cells needs to be considered
and capillary blood concentrations must be converted into serum concentrations prior
to interpretation [20, 21]. Therefore, methods to convert VAMS to serum or plasma
concentrations need to be validated by simultaneous collection of VAMS and serum
samples to provide reliable results for precision dosing. However, no standard
procedure for conversion of DMM concentrations has been established so far [20].
Although some VAMS methods have been developed in recent years for the
quantification of KI concentrations, clinical application has been sparse and none of
the investigations included the clinical validation of the conversion method [22-24].
Therefore, this study investigated the clinical applicability of VAMS and performed
clinical validation of the VAMS method for the quantification of NIL, cabozantinib
(CAB), dabrafenib (DAB), trametinib (TRA), and ruxolitinib (RUX). Different VAMS-to-

serum conversion methods were tested regarding their predictive performance.
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2. Material and methods

2.1. Study population

This non-interventional prospective study was conducted at the University
Hospital of Wirzburg between March 2020 and March 2022. The study was approved
by the Ethics Commission of the University of Wirzburg (ref199-18-am). Patients
treated with NIL for Philadelphia chromosome positive (ph+) CML, with CAB for renal
cell carcinoma, with DAB or a combination therapy of DAB and TRA for unresectable
or BRAFV600-mutated metastatic melanoma, or with RUX for steroid-refractory acute
or chronic graft-versus-host disease (GvHD) after allogeneic stem cell transplantation
qualified for inclusion. The minimum age was 18 years and the minimum life
expectancy two months. Patients with severe (= Ill) skin GvHD were not included.
Patients participated either in only on-site sampling or additionally in at-home
sampling. Patients were eligible for at-home sampling if they were considered
cognitively and motorically capable to perform self-sampling. Written informed consent

was obtained from all patients.

2.2. Sample collection

At each routine patient visit, venous whole blood was collected by venipuncture
to determine the reference serum concentration (Sref) of the respective Kl (serum
container manufactured by Sarstedt (NUmbrecht, Germany)). 20 uL of capillary blood
was collected immediately after venipuncture by trained staff using Mitra® VAMS
devices from Neoteryx (Torrance, CA, USA). The VAMS was collected after a finger
prick using safety lancets, type “super” with 1.5 mm penetration depth (Sarstedt,
Numbrecht, Germany). The VAMS procedure was standardized according to a
previously defined sampling protocol and did not differ between clinic and at-home
collection. The sampling protocol included the cleaning and warming of the hands, as
well as the disinfection of the puncture area. After the finger prick, the first drop was
discarded, and the VAMS was collected. Finally, treated band-aid was applied. The
on-site VAMS were collected by trained staff and remained in the clinic (Vrer). Patients
who participated in at-home sampling received training including in self-sampling the
collection of a VAMS under observation (Vr1), Additionally, a detailed manual was
handed out. Patients were asked to collect three additional samples at-home at
prespecified time slots: 12-3 p.m. (Vr2), 3-6 p.m. (Ve3), and 6-9 p.m. (Vr4). Sample Vp1
along with three unused VAMS (Vpr2-4) was taken home by the patient. The sample

112



Results — 3.3. Clinical validation and assessment of feasibility of VAMS

collection was not linked to their drug intake. Thus, a trough value was not necessarily
determined. Time of sampling and last administration of the respective compound was
documented on a specific form. The VAMS device and the form were sent to the
laboratory by mail.

2.3. Bioanalysis

VAMS quality was assessed by visual inspection. Incorrectly sampled devices
were excluded from the analysis. Two criteria for incorrect sampling were previously
defined. First, insufficient sampling of the VAMS characterized by visible unsampled
(white) surface reaching at least the outer verge of the VAMS. Second, oversampling,
determined by the presence of additional dried matrix on top of the already completely
sampled VAMS surface (Supplementary data (SD) Fig. S1). VAMS were analyzed by
tandem mass spectrometry (LC-MS/MS) at the Institute for Pharmacy and Food
Chemistry in Wirzburg using a validated bioanalytical method [23]. The sample
preparation was performed with acetonitrile for protein precipitation with an additional
shaking procedure for physical extraction. The supernatant was evaporated afterwards
and reconstituted with mobile phase. Serum concentrations were determined at the
Core Unit Clinical Mass Spectrometry at the University Hospital Wirzburg using a
validated LC-MS/MS method [25]. Protein precipitation was also used for serum
sample preparation. Positive electrospray ionization in combination with multiple
reaction monitoring mode was used at both laboratories for the detection of the
analytes and isotope labeled standards. The calibration range was identical between
the VAMS and serum method with a lower limit of quantification (LLOQ) of 6 ng/mL for
NIL, CAB and DAB and 2 ng/mL for RUX and TRA. Both methods were validated in
terms of linearity, sensitivity, accuracy and precision, selectivity, carry over, matrix
effect, recovery, and stability. Method robustness and dilution integrity was also
investigated for the serum method whereas the VAMS method was additionally
validated regarding the hematocrit effect. Both methods fulfilled the criteria of FDA and
EMA guidelines on bioanalytical method validation. Hematocrit (Hct) was assessed as
part of the clinical routine at the University Hospital Central Laboratory.

2.4. Outpatient applicability
Applicability of the method for at-home sampling was investigated separately for
each compound. VAMS acceptance rate, sample quality of at-home VAMS and

incurred sample stability were assessed. Acceptance rate for at-home sampling was
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calculated as the ratio [%] of the number of patients who agreed to perform at-home
sampling at least once after a VAMS was collected on-site to the total number of
patients who agreed to perform VAMS (on-site and at-home). Sample quality was
calculated as the ratio [%] between correctly sampled at-home VAMS and the total
number of collected at-home VAMS. Incurred sample stability was determined by
comparing the measured concentrations between the on-site (Vi) and the

corresponding take-home sample (Vp1).

2.5. Prediction of reference concentration

The back calculation of serum concentration (Cpred) Was performed using three
different approaches, which have already been described for DMM of anticancer
drugs [20]. First, the prediction was performed on the basis of a linear regression model
using the slope and intercept of the Passing-Bablok regression (conversion method 1).
In addition, a Hct-dependent formula was used for conversion of VAMS to serum
concentrations according to Eq. 1. Additionally, p (rho) (affinity of the respective drug
to blood cells) and fu (unbound fraction of the analyte in human plasma) were taken
into account (conversion method 2). p can be calculated from the blood-to-plasma
concentration ratio (Fp, EQ. 2) [20]. In vitro VAMS data were used for this investigation,
and the previous equation was converted to Eq. 3. Therefore, a VAMS-specific blood-
to-plasma concentration ratio (V/P) was used for p calculation [23]. Additionally,
nonlinear least square regression based on the obtained VAMS and serum samples
was used for TRA and RUX for the prediction of p. Prediction was performed with the

individual Hct values and the median Hct of the corresponding population.

Cvams
C = 1
pred ™ (1 — Het) + Het - p - f,, (1)
Cwp

FP:C =1+Hct (fy-p—1) (2)

plasma
_Het+V/P—-1 3
P= Hct - f, 3)

These calculations were compared with the third conversion method which
included a correction factor (CF) for VAMS to serum concentration conversion (Eq. 4
and Eq. 5).
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C
CF = median [ Serum] 4)
Cvams
Cpred = Cyams - CF (5)

2.6. Data analysis and statistical evaluation

Clinical validation was performed by correlating the drug concentrations in
capillary blood and serum. Patient Vrer Samples with missing corresponding serum
sample (Sref) were excluded from the analysis. Particularly at peak concentrations,
even small differences between the time of venipuncture and VAMS collection might
increase the variability and thus affect the correlation model. Therefore, peak
concentrations of DAB (0-4 h post-dose) and RUX (0-2 h post-dose) were excluded
from the clinical validation analysis due to their short half-life [26, 27]. The correlation
between VAMS and serum concentration was assessed by Passing-Bablok regression
with a 95% confidence interval and Pearson’s r was calculated for evaluation. Passing-
Bablok regression was also applied to correlate VAMS and serum concentrations in
TRA subgroups as an exploratory approach to identify covariates contributing to
variability (female, male, and male with body-mass index (BMI) < 35 kg/m?). The
correlation was interpreted as follows: 0.0-0.3 weak, 0.3-0.7 moderate, 0.7-1.0 strong.
For conversion methods 1 and 3, a k-fold cross validation was performed. Therefore,
the data set was randomly divided into a training and validation set with a 90/10 split.
The conversion factors from both methods were applied to the independent validation
set to statistically validate the conversion method. The k-fold cross validation
procedure was repeated ten times (k=10). The predictive performance was assessed
by calculation of the median percentage predictive error (MPPE, Eqg. 6) and the median
absolute percentage predictive error (MAPE, Eq. 7).

Cpred - Cserum

MPPE = median [ %] (6)

serum

[' Cpred - Cserum |

serum

MAPE = median %

(7)

A deviation of less than 15% was defined as an acceptance criterion for MPPE
and MAPE. According to the EMA guideline for cross validation studies, at least 66.7%
of the predicted values should range within 20% of the actual value [28]. This threshold
was applied as a secondary acceptance criterion to account for bioanalytical

imprecision. The conversion method was considered valid only if MPPE, MAPE and
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20% imprecision criteria were within the acceptance limits. Bland-Altman plots were
generated for visualization of the association of predicted with actual serum
concentration with + 1.96 standard deviations as upper and lower limits. Microsoft
Excel 2016 (Microsoft Corporation, Redmond, WA, USA) was used for data
processing. For statistical analysis and graphical illustration, R Software 4.0.2 and
R Studio version 1.3.1073 (RStudio, Inc., Boston, MA, USA) were used with additional
packages: ggplot2, readxl, mcr, BlandAltmanLeh, tidyverse and plotrix.

3. Results

3.1. Volumetric absorptive microsampling of kinase inhibitors

In total, 591 VAMS were collected during the study period. Hereof, 231 samples
were collected on-site for clinical validation and 360 VAMS were collected by the
patients at home. Samples were derived from 59 patients. Ten patients received NIL,
18 patients CAB, 13 RUX, 17 patients received a combination therapy of DAB and
TRA, and one patient received only DAB. Baseline characteristics of the study
population are shown in SD Table S1. The acceptance rate for at-home sampling
ranged from 50.0% to 84.6% depending on the compound. In sum, 37 of 59 (62.7%)
patients agreed and performed VAMS at-home. Of the 360 VAMS sent by mail, 335
were sampled correctly (93.1%). The remaining 25 (6.9%) samples were classified as
under- or oversampled. Additionally, one one-site VAMS was insufficiently sampled.
Analyte-specific VAMS acceptance rate, sample quality of at-home VAMS, and mean
VAMS concentrations for all compounds are presented in Table 1. No information was
available on devices lost in the mail. No data were excluded due to sample preparation
errors or analytical batch rejection. Eleven VAMS were excluded after analysis as their
concentrations were below the lower limit of quantification (LLOQ) or above the upper
limit of quantification (ULOQ) (five DAB samples, five RUX samples and one NIL
sample). Incurred sample stability was investigated for 90 samples (SD Fig. S2). Mean
relative deviation in KI concentration between Vet and Ve1 did not exceed more than
7.5% (CAB) (Table 2).
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3.2. Predictive performance

189 paired samples (Sref and Vrer) were collected and used for clinical validation
comprising at least 40 pairs for each compound (Table 3). 26 Vrr samples were
excluded due to missing corresponding serum values (three samples for NIL, one for
CAB, 15 for DAB, 14 for TRA, and seven for RUX). In addition, 28 DAB and 10 RUX
samples were excluded as concentrations were considered peak concentrations or
below LLOQ. Passing-Bablok regression showed a strong correlation between VAMS
and reference serum concentrations for NIL, CAB, DAB, and RUX and a moderate
correlation for TRA (Fig. 1). The correlation increased after analysis of the TRA male
subgroup (correlation coefficient of 0.6429, n=44). Consequently, the female
population showed higher variability between VAMS and serum concentrations
(correlation coefficient 0.5022, n=19). A male subgroup without strong obesity was able
to be correlated with a correlation coefficient of 0.7581 (n=39) (SD Fig. S3). Predictive
performances for all analytes and conversion methods are presented in Table 4.
Individual Hct did not improve predictive performance compared to population Hct. For
NIL, CAB and DAB the acceptance criteria MPPE and MAPE were met with all three
approaches and the predictions were in line with the EMA criteria (Fig. 2). TRA and
RUX serum values could not be predicted according to the previously defined

acceptance criteria (SD Fig. S4 and Sb5).
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Fig. 1.
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4. Discussion

At-home sampling was accepted by the majority of patients (62.7%). However,
remarkable differences were observed between the different compounds. Whereas
only 50.0% of the DAB patients participated in at-home sampling, 84.6% of RUX
patients participated. The fact that patients with GvHD are under very close medical
observation might have increased their motivation to participate in at-home sampling.
The findings are in line with previous investigations assessing the feasibility of a dried
blood spot (DBS) method for NIL [29]. Here, the ratio of preference for at-home DBS
sampling to venipuncture was 60.7%. Additionally, it must be considered that
monitoring results did not influence treatment decisions. Preference for microsampling
over standard venipuncture may increase if patients benefit directly. The fact that
93.1% of at-home VAMS were sampled correctly, supports the applicability of at-home
sampling. The observed sampling quality is comparable to the results of another VAMS
study investigating at-home applicability [30] and even better than the previous DBS
results for NIL [29]. Only 25 of 360 at-home VAMS from 17 patients were over- or
undersampled. Interestingly, there was only one patient who failed to properly collect
VAMS more than twice and sent four VAMS of poor quality. However, it should be
noted that three of these four samples were taken during the first at-home sampling
occasion. Sample quality of at-home VAMS of this patient improved after additional
training. This indicates that sufficient instructions are crucial for implementation of at-
home sampling and that feedback and additional training might increase sample
quality. Our data showed that at-home storage and shipment of VAMS is no limitation
to the implementation in clinical routine. Storage conditions of outpatient VAMS may
differ substantially from conditions of on-site samples which are stored under
predefined conditions in terms of temperature, humidity, or light exposure. Even though
the samples were stored and shipped during all seasons the agreement between
VAMS collected and stored on-site and VAMS stored at-home and shipped back was
nearly 100% for NIL, DAB, TRA and RUX. A lower result was only detected for CAB,
but still within the margins of acceptance (SD Fig. S2). Similar results were reported in

a previous publication assessing in vitro stability of VAMS [23].

In our study, the slope obtained by Passing-Bablok regression significantly
differed from 1 for all compounds indicating either exclusion from blood cells or

accumulation in blood cells. None of the drugs was evenly distributed among cellular
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and non-cellular blood constituents. Therefore, a suitable conversion method of VAMS
to serum concentration is necessary if VAMS should be used to predict serum trough
concentrations. We were able to demonstrate that individual Hct values are not
required for the conversion, because using population Hct values resulted in
comparable concentrations for all compounds. For patient populations with
homogenous Hct, the inclusion of individual Hct values may increase variability, as the
individual Hct may be subject of analytical variabilities. This may explain why the
predictive performance of CAB and DAB slightly decreased when using individual
instead of population Hct. These results are consistent with previous findings, which
also suggest that Hct is not solely responsible for the variability between different
sampling strategies [20, 31]. This is an advantage when it comes to self-sampling at-
home without simultaneous Hct measurement. However, especially in patients with
advanced malignant diseases or GVHD Hct is likely to be less stable than in the general
population, e.g. because patients receive blood transfusions or intravenous fluids. In
these cases, individual Hct measurements may be necessary. However, the method
must be validated before it can be applied in clinical routine. With the information from
the in vitro experiments and the population Hct value, the serum concentration can be
calculated without the need for further data or patient samples. Interestingly, with the
prediction of p according to Eq. 3, this only worked for NIL, CAB and DAB whereas
predictive performance was poor for TRA and RUX. This may be due to the high
variability of the VAMS-to-plasma ratio, which was used for the calculation of p. The
determined value for p was suitable for NIL, CAB and DAB, but not for RUX and TRA.
As a result, in vitro studies provide initial insights (what to expect from in vivo
evaluation) but must be confirmed by clinical investigations for each compound. The
estimation via nonlinear least square regression on the other hand requires a data set
for paired VAMS and serum concentrations, which is usually not available. In our case,
it might also be biased as it is calculated from and applied to the same data set.
However, for TRA and RUX this approach was more appropriate because the
predictions of serum levels were consistent with the results of the other conversion
methods. Regardless of the method that was used for back calculation, there were only
little differences in the predictive performance for each analyte. Therefore, we conclude
that the quality of the data is more important than the conversion method.
Nevertheless, a certain dispersion between measured and predicted serum

concentrations can be observed for NIL, CAB, and DAB (Fig. 2). The extent to the
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bioanalytical imprecision may be explained by patient-specific factors, such as
comedication or time differences between VAMS and serum sample collection. In
addition, different laboratory equipment and mass spectrometers as well as different
analysts also contribute to an increased variability.

To increase data quality, VAMS and serum samples must ideally be collected
at the same time. From a practical point of view, this is difficult to implement, especially
in a real-life setting. Even small variations in time between VAMS and serum sample
collection may lead to high variability exceeding the limits of acceptability of predictive
performance. This is particularly distinct for analytes with a low half-life, e.g., DAB or
RUX [26, 27]. The low half-life of eight and three hours, respectively, led to a high
variability between VAMS and serum concentrations, which was most evident at peak
levels. Therefore, only a subset of DAB and RUX sample pairs that did not contain
peak concentrations was used for the clinical validation. It is likely that DAB peak levels
could have been predicted if the samples could have been taken at the same time as
the variability would have been lower. However, this could not be investigated due to
the exploratory nature of the study. Additionally, patients receiving RUX for GvHD after
allogeneic stem cell transplantation often show anemia as a side effect of RUX therapy
or as part of their underlying disease (empirical probabilities 0.69) [27]. Thus, it is not
surprising that the Hct in this patient collective had the lowest value and the greatest
dispersion. Although the cellular fraction was only one third of the blood volume, the
measured VAMS concentration was 1.4-fold higher compared to the serum level. In
7 uL blood cells, which were measured on average per VAMS for this investigation,
the amount of RUX was thus higher than in the remaining 13 pL of plasma. Small
differences in blood cell count thus have a greater impact on predictive performance
than in patient collectives with higher Hct or drugs with lower blood cell affinity.
However, despite the high correlation between VAMS and serum concentrations and
the exclusion of systematically biased peak levels, predicted serum concentrations did
not meet the acceptance requirements. The largest data set of 63 sample pairs was
available to validate the conversion methods for TRA. In addition, the Hct of the
melanoma patients was subject to only minor variation and the half-life of 5.3 days is
rather long compared to RUX [32]. Nevertheless, the predictions were imprecise for
TRA and did not meet the acceptance criteria. Interestingly, for one patient no
prediction was acceptable even though 10 samples were measured (5 VAMS and

5 serum, VAMS concentration ranges from 28.2 to 39.9 ng/mL). Unexpectedly, serum
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concentrations were always overpredicted with MAPE and MPPE of
approximately 100. However, this observation could not be confirmed for DAB. This
patient was male and overweight with a BMI of 38.6 kg/m?. Due to chronic
inflammation, obesity is linked to atherosclerosis, metabolic syndrome, and alternated
blood count, e.g., elevated Hct [33, 34]. In our case, Hct did not explain the significant
deviation of the prediction from measured concentrations suggesting that other factors
are decisive. In other obese patients with a BMI < 35 kg/m?, back calculation of serum
levels was acceptable in some cases, or MAPE but not MPPE exceeded 15%,
indicating over- and underprediction in the same way. It is important to note that obesity
significantly improves progression-free survival in patients with metastatic melanoma
treated with DAB and TRA [35]. The authors of the investigation hypothesized that
increased concentrations of a hormonal mediator such as oestradiol might explain the
association. This would explain why no association between overall survival and BMI
was observed in female patients. Information on hormone concentrations in our patient
population was not available. A relationship between variability between VAMS and
serum concentrations and estrogen levels seems conceivable, as evaluation with
Passing-Bablok regression was better in describing the data in the male subgroup than
in the female subgroup or the whole collective (SD Fig. S3). Since McQuade et al.
demonstrated that overall survival was nearly doubled in obese male, it can be
assumed that our patient actually had above-average concentrations. Future studies
should investigate the role of estrogens on the distribution of TRA between blood and
plasma and analyze effects on drug exposure. Additionally, exposure-response
analyses should investigate if VAMS concentrations of TRA are better for prediction of

outcome than plasma concentrations.

5. Conclusion

The real-life applicability of the VAMS method was demonstrated in this non-
interventional prospective study for NIL, CAB, DAB, TRA, and RUX. By applying a fully
validated VAMS method to clinical samples in the outpatient setting, the patients’
acceptance of at-home microsampling, sample quality of at-home VAMS and incurred
sample stability was evaluated. Thereby, VAMS at-home has been shown to be
feasible for use in routine clinical care. In case of NIL, CAB, and DAB, serum
concentrations could be predicted based on the measured VAMS concentration,

making the VAMS method suitable as a minimally invasive alternative to conventional
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sampling, particularly in the context of TDM. As collection of VAMS allows sampling at
different time intervals, other pharmacokinetic parameters despite trough
concentrations can be considered for decision making, e.g. AUC or Cmax. With a
suitable pharmacokinetic model, which also includes capillary blood concentrations,
even more precise predictions could be made regarding underlying plasma or serum
concentrations. Thereby, patients at risk for under- or overdosing can be identified
earlier, and therapy can individually be adjusted to increase therapy response, safety,

and quality of life.
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Supplementary Material

Tables

Table S1 Baseline characteristics of the study population

Baseline characteristics

n=59

CML
Patients
Age (years)
Sex (humber (%))
Male
Female
Hematocrit (L/L)
Nilotinib daily dose (mg)

Malignant melanoma
Patients
Age (years)
Sex (number (%))
Male
Female
Hematocrit (L/L)
Dabrafenib daily dose (mg)
Trametinib daily dose (mg)

RCC
Patients
Age (years)
Sex (number (%))

10 (16.9%)
64 (35-85)

4 (40%)
6 (60%)
0.42 (0.34-0.49)
600 (450-600)

18 (30.5%)
63 (50-78)

13 (72.2%)

5 (27.8%)
0.39 (0.30-0.48)
300 (200-300)
2 (1-2)

18 (30.5%)
68 (53-80)

Male 10 (55.6%)
Female 8 (44.4%)
Hematocrit (L/L) 0.40 (0.30-0.47)

Cabozantinib daily dose (mg) 40 (20-60)
GvHD

Patients 13 (22.0%)

Age (years) 49 (23-72)

Sex (number (%))

Male 7 (53.8%)
Female 6 (46.2%)
Hematocrit (L/L) 0.34 (0.19-0.48)

Ruxolitinib daily dose (mg) 20 (10-20)

Value for age, Hct and daily dose are median values. Paraphrases represent the range for age, Hct and daily dose.
CML, chronic myeloid leukemia; RCC, renal cell carcinoma; GvHD, graft versus host disease
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Fig
a

ures

Examples of VAMS devices incorrectly sampled. a: green and blue marked VAMS were
undersampled, white polymeric surface not completely covered with capillary blood (yellow
VAMS collected correctly), color indicates different time points for collection; b: Device was
oversampled, view in profile (top) and central (bottom), dried matrix on top of the already
completely sampled VAMS surface
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Fig. S4
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Bland-Altman plot for RUX. Prediction of serum level concentration was performed through
statistical analysis (conversion method 1). Solid black line, zero; dotted blue line, mean; dashed
blue line, 95% CI of the mean; dotted red lines, upper and lower limit of agreement; dashed red
lines, 95% CI of the upper and lower lines of agreement. Gray area, + 20% accuracy limits
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4. Final Discussion

4.1. Challenges for clinical implementation

The translation from bench to bedside is characterized by many barriers.
Science must lead to evidence first, evidence-based approaches must be represented
in guidelines, and guidelines must be considered in patient therapy. In sum, it may take
an average of 17 years for implementation of healthcare approaches into clinical
practice [1, 2]. The main reason why TDM is not performed in oncology for most of the
drugs is the lack of exposure-response data and missing prospective studies showing
clinical benefit [1]. Since exposure-response relationship studies are usually not
required for regular approval, most of the information is only collected post-approval in
the academic environment [1]. This is a strong limitation for the clinical implementation
of TDM and was also the case for the use of CAB in ACC. Although safety and efficacy
were investigated [3], there is no information on exposure-response for this off label
use and, as a result, there are no target thresholds for CAB in ACC which could be
considered for dose adjustment. However, information was available from a different
malignancy. The exposure-response data for CAB in RCC were used for interpretation.
Consequently, no regular TDM was applied for the critically ill patient, but the clinical

outcome was assessed in relation to the drug exposure as an additional indicator.

As resources are limited, the laboratory capacity plays an important role in
routine TDM. Patient samples must be analyzed in a timely manner [4]. Complex
sample processing is difficult to manage within short turnaround times especially
considering that 60-80% of the overall time required for bioanalysis is spent on sample
preparation [5, 6]. To meet the demands for TDM, efficient bioanalytical methods must
be available [4]. To reduce the sample preparation time and to overcome this barrier,
an online SPE was used for purification of the biological samples. Therefore, protein
precipitation and sample dilution were the only manual steps required, which makes

the bioanalytical method capable for high throughput analysis.

Particularly in special populations such as critically ill, there is an increasing
interest in TDM [1, 7]. Based on physiological alterations, e.g., through renal
impairment, hemodialysis, altered protein binding or concomitant medication with high
DDI potential, those patients must be given special consideration when administrated

KI. Drug monitoring of CAB was feasible to demonstrate that the observed ACC patient
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has lower drug exposure than expected. This study may raise awareness that drug
monitoring of KI might be beneficial in special populations. In addition, it might provide
measures to overcome existing barriers to accelerate implementation in clinical
practice. So far, however, there is no approval for CAB for the investigated indication,

making clinical trials for this indication mandatory first.
4.2. Harmonization of regulatory guidelines

The bioanalytical method for quantification of CAB in plasma samples as well
as the VAMS method for simultaneous quantification of ten Kl have been validated
according to the regulatory guidelines of EMA [8] and FDA [9]. Since both authorities
have slightly different perspectives on the requirements for bioanalysis, there are
differences in their guidelines. Increasing the complexity, depending on the area of
application, the LC-MS/MS method must also meet the requirements of other national
authorities, such as ANVISA in Brazil, NMPA in China, or MHLW/PMDA in Japan.
Therefore, a harmonized consensus was reached. On January 21, 2023, the ICH M10
guideline became effective in Europe [10], superseding the previous EMA guideline
and is currently under implementation or has already been implemented in other

countries.

With the adaptation towards a harmonized approach, the extent of a validation
changes. In contrast to the previous guidelines, the batch size must now be
considered, which will later be analyzed during routine analysis. Regarding the
evaluation of any trends over time, accurate and precise analysis of QC samples
should be demonstrated over the entire run. To enable reinjection of extracted
samples, which is permitted in justified cases such as instrumental errors, reinjection
reproducibility should be demonstrated. Both, batch size validity and reinjection
reproducibility, were not investigated during method validation, neither for plasma nor
for VAMS. Less strict, however, are the acceptance criteria for A&P runs. If the within-
run acceptance criteria are not met in any A&P run, an overall estimate should be
calculated in all A&P runs for each QC level. Other differences concern the matrix
effect, which should now be investigated in terms of accuracy and precision or sample
stability, which can be extrapolated to lower temperatures without further validation.
According to the FDA guideline, evaluation of whole blood stability during method
development can be useful (to avoid analyte loss due to instability during blood draw)

and should be revalidated, if necessary. However, this was not mandatory and was
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also only a case-by-case recommendation according to the EMA. With the new
implementation, whole blood stability should now be included either during method
development or validation. This was not investigated during CAB plasma method
validation. The VAMS method, including CAB as analyte, has been fully validated in
EDTA blood and there was no evidence of any stability issues. Therefore, it is not

expected that there was any analyte decrease after blood sample collection.

According to ICH M10, QC samples for stability investigation should be
prepared in bulk for each concentration tested and divided into a minimum of three
aliquots for each investigation. Even if this process was not described in the applied
guidelines, no other approach would have been feasible for VAMS as each sample
needs to be prepared from freshly spiked blood and can only be analyzed once. The
plasma samples were prepared from spiked blank matrix and also aliquoted and stored
until analysis. However, it cannot be guaranteed that the samples were analyzed from

three different aliquots per QC level and condition.

The CAB plasma method was cross validated with another laboratory in the
Netherlands, evaluating the percentage deviation between the measurements.
Compared to the previous EMA approach, the harmonized approach does not include
specific acceptance criteria for cross validation. Agreement between two methods can
now be assessed differently, for example using Bland-Altman plots or Deming
regression. Regarding VAMS, also two distinct methods have been compared to each
other, investigating the recalculation of VAMS to serum concentration. This approach
differs from the CAB plasma cross validation, as different methods were used in
different laboratories for the analysis of different sample types (serum vs. VAMS).
However, according to the novel guideline this falls under the definition of a cross
validation and the bias was assessed as recommended.

The LC-MS/MS methods for quantification of plasma CAB and VAMS KI
concentrations were successfully validated. With the international consensus, future
bioanalytical methods will no longer be validated according to FDA and EMA. As the
scope of these guidelines refers to approval studies, it must be critically questioned
whether full validation according to FDA, EMA, or ICH M10 is appropriate for the
purpose of TDM. In order to fulfill the purpose of the method, the IATDMCT guideline
[11] was taken into account for VAMS. A consideration of the GTFCh [12], ICH Q2(R2)
[13] or Q14 [14] guidelines would also have been advisable. However, the extent of a

139



Final Discussion

validation does not determine the quality of a method. Even if some of the experiments
are not performed, the methods are not any worse. Conversely, a comprehensive
validation does not improve an analytical method either. It is more important to control
the performance of the bioanalytical method during sample analysis than to increase
the criteria for method validation [15]. Even extended acceptance criteria might not
interfere with the scientific conclusions that are drawn from the data [15]. Therefore,
parameters and criteria used for validation should always reflect the aim of the

Subsequent measurement.
4.3. Towards home-based microsampling

In the outpatient setting, it is difficult to determine plasma levels at any time.
Only in a few scenarios, for example in critically ill patients with inpatient treatment,
multiple samples can be taken at all possible times. To enable the same flexibility in
outpatient settings, analyzing drug concentrations at any timepoint without having to
wait for the next appointment, minimally invasive methods were investigated.
Therefore, VAMS was used in this thesis. With the collection of capillary blood, VAMS
addresses a different matrix than conventional sampling techniques. Although the
development and validation of the respective bioanalytical method involves greater
effort because of extraction difficulties or hematocrit effects, it is rather factors such as
the quality of patient training, the correct autonomous sampling, patient commitment,
or correct documentation that influence VAMS outcome and make implementation
difficult. Possibly the greatest obstacle is the interpretation of the VAMS
concentrations. The plasma concentration can theoretically be calculated, e.g., using
Eq. 9 from Section 1.3.3. For certain scenarios, the equation can even be simplified.
For example, for drugs with very high protein binding (f,,~0), most of the molecules are
bound to plasma proteins. Since the amount of substance in whole blood is “diluted”
by blood cells, the plasma concentration can be calculated based on the whole blood
concentration and Hct [16, 17]. Therefore, Eq. 9 (Section 1.3.3) can be used without
the second term from the denominator as it nearly equals 0. This is also the case for
large hydrophilic molecules with no partitioning into blood cells [18]. However, the
formula that is used (e.g., Eq. 9, Section 1.3.3) may be less relevant since it could be
shown in the specific case of Section 3.3 that the results are not dependent on how

the underlying concentration was calculated. Different approaches may be used for
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recalculation, offering additional flexibility for implementation of home-based

microsampling.

On the other hand, there are certain scenarios where the determination of
capillary blood concentrations may be superior to plasma or serum concentrations.
The calcineurin inhibitor tacrolimus, which is used as an immunosuppressant in solid
organ transplantation, is extensively bound to erythrocytes [18-20]. High inter- and
intraindividual pharmacokinetic variability and a narrow therapeutic index justify the
demand for TDM, but plasma concentrations are less than 1% of the whole blood
concentration [20]. Therefore, unlike usual, TDM of tacrolimus is based on whole blood
concentrations. Cyclosporine and everolimus are also highly bound to erythrocytes
and, at least for the latter, TDM should be performed on whole blood concentrations
as accumulation in erythrocytes interferes with the determination of plasma levels [16,
18, 19, 21]. VAMS concentrations may also be beneficial for other compounds, such
as TRA, which showed a strong overestimation after recalculation of serum levels in a
severely obese male, the same collective for which significant improvement in therapy
was observed, but prior to further interpretation, this needs to be investigated.

One of the main advantages of VAMS is the collection of multiple samples
enabling AUC determination. Steady state trough concentrations are not always
appropriate as target thresholds for TDM. Compared to trough level dosing, for
example, AUC-based dosing reduces the toxicity and treatment duration of the
glycopeptide antibiotic vancomycin [22]. A previous study came to the same result, but
only two samples were used to determine the AUC, one at peak and one at trough
concentration [23]. Despite the fact that usually approximately 10-15 samples are
necessary to predict 80% of the total AUC [24], it was also reported for other drugs that
only a few blood samples (limited sampling strategy) are sufficient for accurate and
precise prediction of individual PK parameter values [24-30]. The collection of a few
samples at home (e.g., VAMS) can be managed with high patient acceptance and

good quality [31] and was demonstrated as part of this work (Section 3.3).
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4.4. Overall conclusion

Nearly every process of cell life is regulated through kinase-mediated
phosphorylation [32]. Although previous studies with KI showed negative results for
the treatment of ACC, further research is ongoing as kinases are also overexpressed
in ACC tissues. Pharmacodynamics, whether a drug (e.g., Kl) inhibits specific
pathways, is essential for its consideration as potential treatment, but
pharmacokinetics is decisive for safety and efficacy. It could be shown in the ACC case
report that treatment success should be evaluated also in terms of drug exposure.
Therefore, drug monitoring of Kl warrants inclusion in future studies on ACC, especially
considering the DDI potential with mitotane or methyrapone. With limited capacities in
most clinical laboratories, simple bioanalytical methods are crucial for putting this

conclusion into practice.

A valid method that meets the requirements of the EMA and FDA should in
principle also meet those of ICH M10, but it is not the scope of the guidelines to be
applied in TDM. From an ethical perspective, however, it is necessary to provide valid
results. Thus, a full validation of any bioanalytical method that should be used for drug

monitoring is reasonable and appropriate, even in academia.

The use of healthcare approaches in the home environment to monitor own
physical constitution is not uncommon, considering that in addition to blood glucose,
blood pressure, or heart rate, for example, a single-lead electrocardiogram can be
generated in any situation [33]. As this trend continues, VAMS may be an appreciated
home-based alternative for autonomous TDM. Accurate and precise bioanalysis,
reliable stability even under real-life conditions, and valid conversion of VAMS
concentrations to serum values for CAB, NIL, and DAB recommend its use for Kl drug
monitoring. Multiple sampling paves the way for AUC-based dosing. Furthermore, it
could be shown that VAMS is feasible for its clinical application and should be

investigated prospectively in the context of TDM.
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5. Summary

The aim of the present work was to improve drug monitoring in patients with
various diseases in the context of precision medicine. This was pursued through the
development and validation of mass spectrometric methods for determining the drug
concentrations of kinase inhibitors and their clinical application. Besides conventional
approaches to determine plasma level concentrations, the focus was also on

alternative sampling techniques using volumetric absorptive microsampling (VAMS).

A conventional LC-MS/MS method was developed for the determination of
cabozantinib in human EDTA plasma and validated according to the guidelines of the
European and United States drug authorities (EMA, FDA). The method met the
required criteria for linearity, accuracy and precision, selectivity, sensitivity, and
stability of the analyte. Validation was also performed for dilution integrity, matrix effect,
recovery, and carry-over, with results also in accordance with the requirements. The
importance of monitoring the exposure of cabozantinib was demonstrated by a clinical
case report of a 34-year-old female patient with advanced adrenocortical carcinoma
who also required hemodialysis due to chronic kidney failure. Expected cabozantinib
plasma concentrations were simulated for this off-label use based on a population
pharmacokinetic model. It was shown that the steady state trough levels were much
lower than expected but could not be explained by hemodialysis. Considering the
critical condition and potential drug-drug interaction with metyrapone, a substance the
patient had taken among several others during the observation period, individual

pharmacokinetics could consequently not be estimated without drug monitoring.

In addition, a VAMS method for simultaneous determination of ten kinase
inhibitors from capillary blood was developed. This microsampling technique was
mainly characterized by the collection of a defined volume of blood, which could be
dried and subsequently analyzed. The guidelines for bioanalytical method validation of
the EMA and FDA were also used for this evaluation. As the nature of dried blood
samples differs from liquid matrices, further parameters were investigated. These
include the investigation of the hematocrit effect, process efficiency, and various
stability conditions, for example at increased storage temperatures. The validation
showed that the developed method is suitable to analyze dried matrix samples
accurate, precise, and selective for all analytes. Apart from the stability tests, all

acceptance criteria were met. The decreased stability of two analytes was probably
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due to the reproducible but reduced recovery. In vitro studies provided results on the
VAMS-to-plasma correlation to predict the analyte distribution between both matrices,
at least in an exploratory manner. It revealed a heterogeneous picture of analytes with
different VAMS-to-plasma distributions. Furthermore, the analysis of 24 patient
samples indicated the applicability of at-home VAMS. Both should be confirmed later

as part of the clinical validation.

The clinical investigation of the VAMS method pursued two objectives. On the
one hand, the simultaneous collection of VAMS and serum samples should enable a
conversion of the determined concentrations and, on the other hand, the feasibility of
autonomous microsampling at home should be examined more closely. For the former,
it could be shown that different conversion methods are suitable for converting VAMS
concentrations into serum levels. The type of conversion was secondary for the
prediction. However, the previously defined criteria could not be fulfilled for all five
kinase inhibitors investigated. The framework conditions of the study led to increased
variability, especially for analytes with short half-life. A low and varying hematocrit,
caused by the underlying disease, also made prediction difficult for a specific patient
collective. For the second objective, investigating the feasibility of VAMS, different
aspects were considered. It could be shown that the majority of patients support home-
based microsampling. The acceptance is likely to increase even further when
microsampling is no longer part of a non-interventional study, but participation is
accompanied by targeted monitoring and subsequent adjustment of the therapy. The
fact that additional training increases understanding of the correct sampling procedure
is also a source of confidence. Demonstrated stability during storage under real-life

conditions underlines the practicality of this sampling technique.

Taken together, mass spectrometric methods for both plasma and VAMS could
be developed and validated, and their clinical application could be successfully
demonstrated. The availability of simple bioanalytical methods to determine kinase
inhibitor exposure could improve access to prospective studies and thus facilitate the

implementation of routine therapeutic drug monitoring.
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6. Zusammenfassung

Ziel der vorliegenden Arbeit war es, den Einsatz des Drug Monitorings bei
Patienten mit verschiedenen Erkrankungen im Rahmen der Prazisionsmedizin zu
erleichtern. Dies  wurde  durch die Entwicklung und  Validierung
massenspektrometrischer Methoden zur Bestimmung der Wirkstoffkonzentrationen
von Kinaseinhibitoren und deren klinische Anwendung verfolgt. Dabei standen neben
konventionellen Ansatzen zur Bestimmung der Plasmaspiegelkonzentration auch
alternative Entnahmetechniken in Form von ,Volumetric Absorptive Microsampling
(VAMS)* im Mittelpunkt.

Eine solche konventionelle LC-MS/MS-Methode wurde zur Bestimmung von
Cabozantinib in humanem EDTA-Plasma entwickelt und nach den Richtlinien der
europaischen und US-amerikanischen Arzneimittelbehdrden (EMA, FDA) validiert. Die
Methode erflllte die geforderten Kriterien bezuglich Linearitat, Richtigkeit und
Prazision, Selektivitat, Sensitivitat und Stabilitat des Analyten. Die Validierung erfolgte
auch hinsichtlich Verdunnungsintegritat, Matrixeffekt, Wiederfindung, und Analyt-
Verschleppung, deren Ergebnisse ebenso in Ubereinstimmung mit den Vorgaben
standen. Die Bedeutung der Expositionsiberwachung von Cabozantinib wurde
anhand eines klinischen Fallberichts einer 34-jahrigen Patientin mit fortgeschrittenem
Nebennierenrindenkarzinom, die aufgrund chronischen Nierenversagens zudem
dialysepflichtig war, gezeigt. Die erwartbaren Cabozantinib-Plasmakonzentrationen
wurden fur diesen Off-Label-Use basierend auf einem populations-
pharmakokinetischen Modell simuliert. Es zeigte sich, dass die Steady-State-
Talspiegel wesentlich niedriger waren als angenommen, sich aber nicht durch die
Hamodialyse erklaren lieBen. Unter Bericksichtigung des  kritischen
Gesundheitszustandes und madglicher Arzneimittelinteraktionen mit Metyrapon, einer
Substanz, die die Patientin neben einigen anderen wahrend des
Beobachtungszeitraums eingenommen hatte, konnte die individuelle Pharmakokinetik

folglich nicht ohne Arzneistoffspiegelmessung abgeschéatzt werden.

Daruiber hinaus konnte eine VAMS-Methode zur simultanen Bestimmung von
zehn Kinaseinhibitoren aus Kapillarblut entwickelt werden. Dieses Mikrosampling-
Verfahren zeichnete sich vor allem durch die Entnahme eines definierten Blutvolumens
aus, welches getrocknet und anschliel3end analysiert werden konnte. Auch hierbei

wurden die Richtlinien fur bioanalytische Methodenvalidierung der EMA und FDA zur
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Beurteilung herangezogen. Da sich die Beschaffenheit der Trockenblutproben von
flissigen Matrices unterscheidet, wurden weitere Einflussfaktoren untersucht. Dazu
gehoren die Untersuchung des Hamatokrit-Effekts, der Prozesseffizienz und
verschiedener Stabilitatsbedingungen, zum Beispiel bei erhéhten Lagertemperaturen.
Die Validierung zeigte, dass die entwickelte Methode in der Lage ist
Trockenmatrixproben fur alle Analyten richtig, prazise und selektiv zu messen. Von
den Stabilitatsuntersuchungen abgesehen wurden alle Akzeptanzkriterien erfillt. Die
verminderte Stabilitat von zwei Analyten ist vermutlich durch die zwar reproduzierbare,
aber geringere Wiederfindungsrate zu begrunden. In vitro Untersuchungen lieferten
Ergebnisse Uber die VAMS-zu-Plasma-Korrelation, um die Analytverteilung zwischen
beiden Matrizes zumindest exploratorisch vorherzusagen. Dabei zeigte sich ein
heterogenes Bild von Analyten mit unterschiedlicher VAMS-zu-Plasma-Verteilung.
Dariiber hinaus zeigten die Messungen von 24 Patientenproben die Anwendbarkeit
von VAMS im hauslichen Umfeld. Beides sollte spater im Rahmen der klinischen

Validierung bestatigt werden.

Die klinische Untersuchung der VAMS-Methode verfolgte zweierlei Ziele. Zum
einen sollte durch die zeitgleiche Entnahme von VAMS und Serumproben eine
Umrechnung der ermittelten Konzentrationen ermdglicht und zum anderen die
Durchfiihrbarkeit der eigenstandigen Mikroprobenentnahme zuhause genauer
Uberpruft werden. Fur Ersteres konnte gezeigt werden, dass verschiedene
Umrechnungsmethoden geeignet sind, VAMS-Konzentrationen in Serumspiegel
umzurechnen. Die Art der Umrechnung war fiir die Vorhersage zweitrangig. Allerdings
konnten nicht fir alle finf untersuchten Kinaseinhibitoren die zuvor festgelegten
Kriterien erflllt werden. Die Rahmenbedingungen der Studie fuhrten vor allem bei
Analyten mit geringer Halbwertszeit zu einer erhdhten Variabilitdt. Ein geringer und
schwankender Hamatokritwert, bedingt durch die zugrundeliegende Erkrankung,
erschwerte zudem die Vorhersage bei einem bestimmten Patientenkollektiv. Fir das
zweite Ziel, die Durchfuhrbarkeit von VAMS zu untersuchen, wurden verschiedene
Aspekte betrachtet. Es konnte gezeigt werden, dass die Mehrheit der Patienten die
hausliche Mikroprobenentnahme beflirwortet. Die Akzeptanz dirfte sogar noch weiter
steigen, wenn die Mikroprobenentnahme nicht mehr nur Teil einer nicht-
interventionellen Studie ist, sondern die Teilnahme mit einer gezielten Uberwachung
und anschlieRenden Anpassung der Therapie einhergeht. Zuversichtlich stimmte auch
die Tatsache, dass ein zusatzliches Training das Verstandnis fur die korrekte
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Durchfiihrung erhoht. Dass sich die Stabilitdt auch bei der Lagerung unter
Realbedingungen zeigen liel3, unterstreicht die Praxistauglichkeit dieser Sampling-

Technik.

Insgesamt konnten sowohl far Plasma als auch VAMS
massenspektrometrische Methoden entwickelt, validiert und deren klinische
Anwendung erfolgreich demonstriert werden. Die Verfugbarkeit von simplen
bioanalytischen Methoden zur Bestimmung der Kinaseinhibitor-Exposition kénnte den
Zugang zu prospektiven Studien und damit die Einfuhrung von routinemalligem

Therapeutischen Drug Monitoring erleichtern.
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7. Appendix

7.1. List of abbreviations

Abbreviation Description

A&P Accuracy and precision

ABL Abelson murine leukemia viral oncogene encoded tyrosine
kinase

ACC Adrenocortical carcinoma

ACN Acetonitrile

ADC Antibody drug conjugate

ADP Adenosine diphosphate

AE Adverse effect

AFA Afatinib

ANOVA Analysis of variance

ANVISA Brazilian Health Regulatory Agency

APCI Atmospheric pressure chemical ionization

API Atmospheric pressure ionization

ATP Adenosine triphosphate

AUC Area under the concentration-time curve

AXI Axitinib

AXL AXL gene encoded receptor tyrosine kinase

B/P Blood-to-plasma concentration ratio, see also Fp

BC Blood cells

BCR Breakpoint cluster region protein encoded by the BCR gene

BCRP Breast cancer resistance protein

bid Twice a day

BMI Body mass index

BOS Bosutinib

BRAFV600 Mutation at codon 600 (valin) of the proto-ongogene BRAF

CAB Cabozantinib

CE Collision energy

CELL ACC Cell accelerator voltage

CF Correction factor

Cl Confidence interval

CID Collision-induced dissociation

CL Clearance
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Crmax Maximum concentration

CML Chronic myeloid leukemia

CR Calibrator

Ccv Coefficient of variance

CYP Cytochrome P450 isoenzyme

DAB Dabrafenib

DBS Dried blood spot

DC Direct current

DDI Drug-drug interaction

DFG Asp-Phe-Gly

DMM Dried matrix method

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

EDso Median effective dose

EDTA Ethylenediaminetetraacetic acid

EGFR Epidermal growth factor receptor

EMA European Medicine Agency

ENSAT European Network for the Study of Adrenal Tumors
EPAR European Public Assessment Reports

ESI Electrospray ionization

F1 Fraction in first absorption depot

FDA United States Food and Drug Administration
FDG 18-fluorodeoxyglucose

FKBP12 FK-binding protein 12

Fp Blood-to-plasma concentration ratio, see also B/P
FRAG Fragmentor voltage

fu Fraction unbound

GIST Gastrointestinal stromal tumors

GTFCh Society of Toxicological and Forensic Chemistry
GvHD Graft versus host disease

Hct Hematocrit

HER Human epidermal growth factor receptor
H/I/L Hemolytic, icteric, lipemic

HILIC Hydrophilic interaction chromatography
HPLC High performance liquid chromatography

International Association for Therapeutic Drug Monitoring and

IATDMCT . .
c Clinical Toxicology
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ICH

ISR
JAK

K

KA

Kl

LC
LC-MS/MS
LDso
LEN
LLE
LLOQ
m/z
MAP
MAPE
MCMC
MDS
MEK
MeOH
MET
MF
MHLW/PMDA
MIPD
MPD
MPPE
MRM
MS
MS/MS
MTC
mTOR
NIL
NLME
NMPA
NP
NSCLC

International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use

Isotope-labeled internal standard

Incurred sample reanalysis

Janus kinase

Calibrator, see also CR

Absorption rate constant

Kinase inhibitor

Liquid chromatography

Liquid chromatography with tandem mass spectrometry
Median lethal dose

Lenvatinib

Liquid-liquid extraction

Lower limit of quantification

Mass to charge ratio

Maximum a posteriori

Median absolute percentage predictive error
Markov chain Monte Carlo

Myelodysplastic syndrome

MAPK/ERK kinase

Methanol

Hepatocyte growth factor receptor kinase
Matrix factor

Japanese Pharmaceuticals and Medical Devices Agency
Model-informed precision dosing
Myeloproliferative disease

Median percentage predictive error

Multiple reaction monitoring

Mass spectrometry

Tandem mass spectrometry

Medullary thyroid carcinoma

Mammalian target of rapamycin

Nilotinib

Nonlinear mixed effects

Chinese National Medical Products Administration
Normal phase

Non-small-cell lung cancer
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OAT Organic anion transporter

osl Osimertinib

P-gp P-glycoprotein

PD Pharmacodynamics

PDGFR Platelet-derived growth factor receptor

PET Positron emission tomography

Ph Philadelphia chromosome

Pl Prediction interval

PK Pharmacokinetics

popPK Population pharmacokinetics

PP Protein precipitation

QC Quiality control

qd Once a day

QQQ Triple quadrupole mass spectrometer

r Correlation coefficient

R? Coefficient of determination

RA Rheumatoid arthritis

RCC Renal cell carcinoma

RET Retention time, may also be used for RET proto-oncogene
encoded receptor tyrosine kinase

RF Radiofrequency

rH Relative humidity

ROCK Rho-kinase

RP Reversed phase

RUX Ruxolitinib

SALLE Salting-out assisted liquid-liquid extraction

SD Standard deviation, may also be used for supplementary data

SDC Supplemental Digital Content

SLE Supported liquid extraction

SPE Solid phase extraction

TDM Therapeutic drug monitoring

TKI Tyrosine kinase inhibitor

TNM Tumor, node, metastasis

TOF Time-of-flight mass spectrometer

TRA Trametinib

ULOQ Upper limit of quantification

VIP VAMS-to-plasma concentration ratio
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VAMS
VC
VEGF
VEGFR
VKORC
WB

WS

Volumetric absorptive microsampling
Volume of central compartment

Vascular endothelial growth factor
Vascular endothelial growth factor receptor
Vitamin K epoxide reductase complex
Whole blood

Working solution

Random effects

Drug affinity to blood cells
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7.2. List of kinase inhibitors

Year* Drug Primary target Therapeutic indication
1999 Sirolimus FKBP12/ mTOR Kidney transplants,
Lymphangioleiomyomatosis
2001 Imatinib BCR-AbI Ph+ CML or ALL, ASM, CEL, GIST,
dermatofibrosarcoma protuberans, MDS/
MPD, hypereosinophilic syndrome
2003 Gefitinib EGFR NSCLC with exon 19 deletions or exon 21
substitutions
2004 Erlotinib EGFR NSCLC, pancreatic cancer
2005 Sorafenib VEGFR1/2/ 3 HCC, RCC, DTC
2006 Sunitinib VEGFR2 GIST, PNET, RCC
Dasatinib BCR-ADI Ph+ CML or ALL
2007 Nilotinib BCR-ADI Ph+ CML
Lapatinib EGFR, ErbB2/ HER2-positive breast cancer
HER2
Temsirolimus FKBP12/ mTOR RCC
2009 Everolimus FKBP12/ mTOR HER2-negative breast cancer, PNET,
RCC, angiomyolipomas, Sub-ependymal
giant cell astrocytomas
Pazopanib VEGFR1/2/ 3 RCC, soft tissue sarcomas
2011 Crizotinib ALK, ROS1 ALK or ROS1-postive NSCLC, ALCL,
inflammatory myofibroblastic tumors
Ruxolitinib JAK1/2/3, Tyk Myelofibrosis, polycythemia vera, atopic
dermatitis, GvHD
Vandetanib VEGFR2 MTC
Vemurafenib B-Raf BRAFV600E melanomas, Erdheim-
Chester disease
2012 Axitinib VEGFR 1/2/3 RCC
Bosutinib BCR-ADI Ph+ CML
Cabozantinib RET, VEGFR2 MTC, RCC, HCC
Ponatinib BCR-ADI Ph+ CML or ALL
Regorafenib VEGFR1/2/ 3 Colorectal cancer, GIST, HCC
Tofacitinib JAK3 Rheumatoid arthritis, psoriatic arthritis,
ulcerative colitis
2013 Afatinib ErbB1/2/4 NSCLC, squamous NSCLC
Dabrafenib B-Raf BRAFV600 mutation melanomas,
NSCLC, and ATC
Ibrutinib BTK CLL, MCL, MZL, GvHD
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Trametinib MEK1/2 BRAFV600E/K melanoma, BRAFV600E
NSCLC
2014 Ceritinib ALK ALK-positive NSCLC resistant to crizotinib
Idelalisib PI3Kd CLL in combination with rituximab, FL,
SLL
Nintedanib FGFR1/2/3 Idiopathic pulmonary fibrosis
2015 Alectinib ALK, RET ALK-positive NSCLC
Cobimetinib MEK1/2 BRAFV600E/K melanomas in
combination with vemurafenib
Lenvatinib VEGFR, RET DTC
Osimertinib EGFR T970M NSCLC with exon 19 deletions or exon 21
substitutions
Palbociclib CDK4/6 Estrogen receptor- and HER2-positive
breast cancers
2017 Brigatinib ALK ALK-positive NSCLC
Copanlisib PI3K® FL
Midostaurin Flt3 AML, mastocytosis, mast cell leukemia
Neratinib ErbB2/ HER2 HER2-positive breast cancer
Netarsudil ROCK1/2 Glaucoma
Ribociclib CDK4/6 Combination therapy for breast cancer
Abemaciclib CDK4/6 Combination therapy or monotherapy for
breast cancer
Acalabrutinib BTK MCL, CLL, SLL
2018 Baricitinib JAK1/2 RA
Binimetinib MEK1/2 Combination therapy with encorafenib for
BRAFV600E/K melanomas
Dacomitinib EGFR EGFR-mutant NSCLC
Duvelisib PI3Kd CLL, SLL, FL
Encorafenib B-Raf Combination therapy with binimetinib for
BRAFV600E/K melanomas
Fostamatinib Syk Chronic immune thrombocytopenia
Gilteritinib Flt3 AML with FLT3 mutations
Larotrectinib TRKA/B/C Solid tumors with NTRK fusion proteins
Lorlatinib ALK ALK-positive NSCLC
2019 Alpelisib PI3Ka Combination therapy with fulvestrant for
breast cancer
Entrectinib TRKA/B/C, ROS1 Solid tumors with NTRK fusion proteins,
ROS1-positive NSCLC
Erdafitinib FGFR1/2/ 3/4 Urothelial bladder cancer
Fedratinib JAK2 Myelofibrosis
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Pexidartinib CSF1R Tenosynovial giant cell tumors
Upadacitinib JAK1 Rheumatoid arthritis, psoriatic arthritis,
atopic dermatitis
Zanubrutinib BTK MCL
2020 Avapritinib PDGFRa GIST with PDGFRa exon 18 mutations
Capmatinib MET NSCLC with MET exon 14 skipping
Pemigatinib FGFR2 Cholangiocarcinoma with FGFR2 fusions
or other rearrangements
Pralsetinib RET RET-fusion NSCLC, MTC, DTC
Ripretinib Kit, PDGFRa Fourth-line treatment for GIST
Selpercatinib RET RET fusion NSCLC, thyroid cancers, RET
mutant MTC
Selumetinib MEK1/2 Neurofibromatosis type |
Tucatinib ErbB2/ HER2 Combination second-line treatment for
HER2-positive breast cancer
2021 Asciminib BCR-ADI Ph+ CML
Belumosudil ROCK2 GvHD
Infigratinib FGFR2 Cholangiocarcinomas with FGFR2 fusions
or other rearrangements
Mobocertinib EGFR NSCLC with EGFR-positive exon 20
insertions
Tepotinib MET NSCLC with MET mutations
Tivozanib VEGFR2 Third-line treatment of RCC
Trilaciclib CDK4/6 Chemotherapy-induced
myelosuppression
Umbralisib** PI3Kd, CK1¢e MZL, FL
2022 Abrocitinib JAK1 Atopic dermatitis
Futibatinib FGFR2 cholangiocarcinomas with FGFR2 fusions
or other rearrangements
Pacritinib JAK2 Myelofibrosis
Deucravacitinib TYK2 Moderate-to-severe plague psoriasis
2023 Capivasertib HER2 Hormone receptor positive, HER2-
negative breast cancer
Fruquintinib VEGFR2 Metastatic colorectal cancer
Leniolisib PI3Kd Activated phosphoinositide 3-kinase delta
syndrome
Momelotinib JAK2 Myelofibrosis
Pirtobrutinib BTK MCL, CLL, SLL
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Quizatinib FIt3 AML in combination with cytarabine and
daunorubicin

Repotrectinib ROS1 ROS1-positive NSCLC

Ritlecitinib JAK3 Alopecia areata

ALCL, anaplastic large cell lymphoma; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; ASM,
aggressive systemic mastocytosis; ATC, anaplastic thyroid cancers; CEL, chronic eosinophilic leukemia; CLL,
chronic lymphocytic leukemia; CML, chronic myeloid leukemia; DTC, differentiated thyroid cancer; FL, follicular
lymphoma; GIST, gastrointestinal stromal tumors; GvHD, graft versus host disease; HCC, hepatocellular
carcinoma; MCL, mantle cell ymphoma; MDS, myelodysplastic syndrome; MPD, myeloproliferative disease; MTC,
medullary thyroid cancer; MZL, marginal zone lymphoma; NSCLC, non-small-cell lung cancer; PNET, pancreatic

neuroendocrine tumors; RCC, renal cell carcinoma; SLL, small lymphocytic lymphoma
* FDA approval

** Approval withdrawn
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7.3. List of dried matrix microsampling devices

Microsampling Collected Technique I .

. . Description and application

device matrix (volume)

DBS cards Dried Non-volumetric DBS cards consist of different untreated or
capillary pretreated filter paper.

~ 70-80 pL
blood ( HL)

Manufacturer:

Application of one or more blood drops
several _

onto the filter paper card. Blood samples
Manufacturers

can be punched out afterwards for

extraction.

HemaSpot HD Dried Non-volumetric The device consists of a cartridge and a
capillary large filter membrane inside.

~ 160 pL
blood (~160 L)
Manufacturer:
Spot On Sciences: Five drops of capillary blood are placeq at
) the center of the membrane for high

San Francisco, CA, | DBS collect

USA volume collection.

HemaSpot HF Dried Non-volumetric The device consists of a cartridge and a
capillary (~9.2 L) fan-shaped filter membrane inside.
blood

Manufacturer:

Spot On Sciences: Two-three drops of .caplllary blood are

. dropped onto the middle of the pre-cut
San Francisco, CA, ] j
USA membrane with eight blades of absorbent
paper. The capillary blood is equally
distributed among the blades. Samples
can be extracted separately.

VAMS Mitra Dried Volumetric A polymeric tip is attached on a plastic
capillary (10, 20, or holdc_er for sampling and placed in a
blood 30 L) cartridge.

Manufacturer: H

Neoteryx by Trajan; . . .

yx By 1ral A defined volume of capillary blood is

Torrance, CA, USA . .

absorbed at the polymeric tip. The
polymeric tip can be detached from its
plastic holder for sample extraction.
Different sizes and cartridges are
available.

hemaPEN Dried Volumetric The device can be described as a pen with
capillary four integrated capillaries.

2.74 L
blood (2.74 W)
Manufacturer:

Neoteryx by Trajan;
Torrance, CA, USA

The different capillaries are filled
simultaneously with a defined volume of
capillary blood. The blood is transferred
from the capillaries onto four integrated
pre-punched filter paper discs. Afterwards,
each sample can be extracted separately.
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HemaXis DB 10 Dried Volumetric The device consists of a microfluidic chip,
capillary a standard filter card and a protective case.
blood (10HL)

Manufacturer:

DBS System SA: Fgur micrg—channels are sepgrately filled

Gland, Switzerland with a def!ned volume of capillary blood.

The blood is transferred subsequently onto
the filter paper. Afterwards, the samples
can be punched out and extracted.

Capitainer B Dried Volumetric The device incorporates an excess

(formerly Capitainer capillary (10 pL) memb-rane via a volumetric channel with a

qDBS) blood sampling membrane at thg outlet pf the

channel. Two samples are included in one
device.

Manufacturer:

Capitainer AB; Capillary blood is applied onto the channel

Solna, Sweden that meters a defined volume. The

collected specimen is then transferred
from the channel onto a filter disc which
can be extracted afterwards. Additional
Capitainer products are available with
enzyme inhibitor for phosphatidylethanol
testing (B Vanadate) or larger collection
volumes (B 50).

TASSO-M20 Dried Volumetric The device consists of a lancet covered by
capillary (17.5 L) a plastic housing with a big button and a
blood sample pod below.

Manufacturer:

J\;’:\:SE,SI:C., Seattle, The device is sticked to the shoulder. After

’ pressing the button, capillary blood will flow
into the sample pod in which four capillary
blood samples are generated.

HemaSpot SE Dried blood Non-volumetric The device consists of a cartridge and a
cells and/ or blood separation membrane inside.
serum

Manufacturer:

Spot On Sciences: Multiple drops of capillary blood are plaged

San Francisco, CA. at the center of the membrane._The device

USA prevents blood cells from flowing through

the spiral-shaped membrane, while small
molecules and proteins can migrate
further, resulting in different matrix
compositions in the membrane. Extraction
samples can be punched from different
positions.

HemaSep plasma  Dried Non-volumetric A filter paper card is used as device.

separation cards plasma/
serum

Manufacturer:

Application of a blood drop onto a filter
membrane that allows for separation of
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Ahlstrom-Munksjo;
Helsinki, Finland

cellular components (inner circle) and
plasma/ serum surrounding the distinct
cellular area. Samples can be cut
afterwards for extraction. Different variants
are available.

Telimmune
Plasma
Separation Card

(formerly Noviplex)

Manufacturer:

Telimmune; North
Webster, IN, USA

Dried plasma  Volumetric

(~3uL)

A multilayer sampling card is used as
device.

Capillary blood drops are placed onto a
sample port. The combination of three
different layers, a spreading layer, a
separation membrane, and a collection
disc, allows for plasma sampling. The
upper layers are removed after sampling
and the collection disc can be extracted
afterwards. Two versions are available, in
which either one or two samples are
generated.

Autonomous Dried plasma  Volumetric The  device is currently  under
Mlcr_ofIU|d|c DPS (11.6 L) development.
Device
Dried plasma is collected by the
Manufacturer: combination of a filtration membrane, a
Capitainer AB: capillary m_etenng chgnnel :_;md a filter
paper. Capillary blood is applied onto the
Solna, Sweden . o
filtration membrane retaining the blood
cells. The capillary behind is filled with a
defined volume of plasma, which is
transferred subsequently onto the filter
paper.
HemaXis DX Plasma or Volumetric The device is currently  under
serum development.
(2 L) P
Manufacturer:

DBS System SA;
Gland, Switzerland

Capillary blood is applied onto the
microfluidic device which allows passive
separation of plasma or serum from whole
blood by sedimentation. The samples can
be collected either in dried or liquid form.
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