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1. List of abbreviations

AAFE Average absolute fold error

AIC Akaike information criterion
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Zusammenfassung

Orale Inhalation ist seit tausenden von Jahren Bestandteil der Behandlung von Krankheiten.!:2
Bis zum heutigen Tag ist Inhalation immer noch die relevanteste Administrationsroute fur
Lungenerkrankungen wie Asthma und die chronisch obstruktive Lungenerkrankung (COPD).
Dennoch gibt es noch immer viel Gber die spezifischen Prozesse pulmonaler Administration
und den Einfluss der Physiologie verschiedener Lungenbereiche auf die Pharmakokinetik (PK)

von Arzneistoffen zu Lernen.

Obwohl die Lunge als einzelnes Organ gilt, gibt es groBe Unterschiede in der Physiologie
zwischen den leitenden Atemwegen und dem Alveolarbereich in dem der Gasaustausch
stattfindet. Pharmakometrie, und genauer Physiologie-basierte PK (PBPK) Modellierung, stellt
einen wichtigen Ansatz zur quantitativen Beschreibung auch lokaler Gewebe-PK dar und
ermoglicht die Abtrennung der relevanten Inhalations-assoziierten Prozesse auf
physiologischer Basis. Das Ziel dieser Arbeit war es, ein verbessertes Verstandnis der PK
oraler Inhalativa zu ermdglichen. Der Fokus lag hier auf der Verteilung in Lungengewebe und

der Beziehung zwischen lokaler pulmonaler PK und systemischen (Plasma-)Konzentrationen.

In Publikation 1 wurde ein semi-mechanistisches PK-Modell fur vier Arzneistoffe nach
intravenoser (i.v.) Gabe in Ratten entwickelt. Die zugrunde liegenden Daten wurden mit einer
neuen Methode generiert, die die simultane Messung von Arzneistoffkonzentrationen in der
Trachea, den oberen Bronchien, und dem Alveolarbereich im selben Tier zuldsst. Das Modell
war in der Lage, die lokalen Konzentrations-Zeit Profile in der Lunge basierend auf
gemeinsamen Schatzwerten fir Lungenblutfluss und Gewebegewichten fiir alle Substanzen zu
beschreiben. Die einzigen Arzneistoff-spezifischen Parameter waren Gewebe-Plasma
Partitionskoeffizienten (Kp) und die systemischen PK-Parameter. Diese Gewebe-spezifischen
Kp Werte waren bis zu sechsfach héher im Alveolarbereich, verglichen mit der Trachea. Dies
zeigt, dass sich das Verteilungsverhalten, abhdngig von den physikochemischen Eigenschaften

des Arzneistoffs, substanziell zwischen verschiedenen Lungenstrukturen unterscheiden kann.

Publikation Il betraf die Eignung oraler Inhalation fur etablierte Antibiotika. Hierfr wurde das
existierende Modell um eine Unterscheidung zwischen Intra- und Extrazellularem Raum, ein
separates Kompartiment fur die Epithelial-Flussigkeit (ELF), und ein bakterielles
Wachstumsmaodell fur pharmakodynamische (PD) Untersuchungen erweitert. Die Methode fur
die Erhebung von in vivo Daten wurde so verfeinert, dass sie zusatzlich die Messung von

Konzentrationen in der ELF der Trachea und des Alveolarbereichs zulieR.
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Eine Sensitivitdtsanalyse wurde mit einer humanisierten Version des PBPK-Modells
durchgefuhrt, um Arzneistoff-Charakteristika zu identifizieren, die auf VVorteile eines Wechsels
von i.v. Administration zu oraler Inhalation hindeuten, und Anhaltspunkte fir
Optimierungsparameter bei der Entwicklung neuer inhalativer Antibiotika aufzeigen konnten.
Die Analyse zeigte, dass niedrige Permeabilitat, hoher Efflux und ein langer post-antibiotischer

Effekt treibende Parameter fir lokale Effektivitat darstellen.

In Publikation 111 wurde eine post-hoc Analyse zur Untersuchung der Beziehung zwischen
gemessenen Plasma-Konzentrationen und pulmonaler PK anhand publizierter klinischer PK-
Modelle fir orale Inhalation durchgefuhrt. Verschiedene Strukturen von Absorptionsmodellen
wurden identifiziert und in Hinblick auf ihre Eignung untersucht, um mit oder ohne Variabilitét
auf Konzentrationen in der Lunge zurtickzuschlieRBen. In den meisten Fallen war die errechnete
Lungenexposition und -Retentionszeit innerhalb des zweifachen Fehlerbereichs, solange das
richtige Absorptionsmodell inklusive aller relevanten pulmonalen PK-Prozesse fur die

jeweilige Substanz ausgewéhlt wurde.
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Abstract

Oral inhalation for the treatment of diseases has been around for thousands of years.>? To this
day, it is still the most relevant route of administration for pulmonary diseases such as asthma
and chronic obstructive pulmonary disease (COPD). However, there is still much to learn about
the processes specific to pulmonary administration or even how the physiology of different

lung regions affects the pharmacokinetics (PK) of drugs.

While the lungs are generally considered to be a single organ, there is quite a difference in
physiology between the conducting airways and the respiratory (alveolar) region, where the
gas-exchange takes place. Pharmacometrics, and specifically physiologically-based PK
(PBPK) modeling, is an important approach to quantitatively describe even local tissue PK and
can help separate the relevant processes associated with oral inhalation on a physiologically
reasonable level. The aim of this thesis was to enhance the understanding of PK of orally
inhaled drugs, with emphasis on the distribution into pulmonary tissues and the relationship

between local pulmonary PK and systemic (plasma) concentrations.

In publication I, a semi-mechanistic PK model was developed for four model drugs after
intravenous (i.v.) administration in rats. The underlying data was generated using a new
methodology allowing for the measurement of tissue concentrations in the trachea, upper
bronchial tree, and the alveolar region within the same animals. The model was able to describe
the local pulmonary concentration-time profiles based on shared values of blood flows and
tissue weights across drugs, with the only drug-specific parameters being tissue-to-plasma
partition coefficients (Kp) and systemic PK parameters. Depending on the physicochemical
characteristics of the drug, tissue-specific K, values varied up to six-fold between the trachea
and the alveolar parenchyma, showing that distribution behavior can differ substantially

between pulmonary tissues.

Publication 11 focused on the suitability of inhaled administration for established antibiotics.
To this end, the existing model was expanded to include a distinction between intra- and
extracellular space, a separate compartment for the epithelial lining fluid (ELF), and a bacterial
growth model for pharmacodynamic (PD) evaluation. The methodology for the generation of
in vivo PK data was further refined to allow ELF concentration measurements in the trachea
and alveolar region. A sensitivity analysis was carried out using a humanized version of the
PBPK model to identify promising drug characteristics suggesting advantages of an i.v.-to-

inhaled switch, as well as a point of reference for optimization parameters during the
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development of inhaled antibiotics. Low permeability, a high epithelial efflux ratio, and long

post-antibiotic effect were found to be driving parameters for local efficacy.

In publication 111, a post-hoc analysis of published clinical PK models of oral inhalation was
performed investigating the relationship between observed plasma concentrations and
pulmonary PK. Different structures of absorption models were identified and tested regarding
their suitability of inferring pulmonary exposure and retention time with and without added
variability. In most cases, the inferred pulmonary exposure and retention metrics were within
two-fold error range, given that an adequate absorption model including all relevant PK

processes for a given drug was selected.



1 Introduction

1 Introduction

1.1 Oral inhalation — local delivery of drugs for pulmonary diseases

Oral inhalation constitutes an attractive route of administration for the treatment of pulmonary
diseases where the drug is directly administered into the lungs. The delivery of drugs directly
to the target-site promises high initial concentrations to achieve a fast onset of action and
provides the opportunity to increase pulmonary selectivity, leading to reduced side effects
caused by systemic drug exposure.® Even though there are also suggested benefits for non-
pulmonary diseases, like needle-free administration of otherwise not bioavailable drugs such

as insulin, this application of oral inhalation has not been reliably pursued in practice yet.*

However, even for pulmonary targets there is a difference to be made regarding the localization
of the target within the lung. The exposure and distribution behavior of drugs may vary between
different lung regions. Still, lung homogenate or bronchioalveolar lavage fluid (BALF)

measurements are mainly used for the evaluation of target exposure.®>

1.2 Pulmonary anatomy and physiology

While the lung is considered to be a single organ, it is highly heterogenous in nature. On the
one hand, there are the conducting airways, sometimes called central lung. Starting with the
trachea, which splits into left and right bronchus, the airways continually branch in a
dichotomous fashion in human lungs. After about 16 bifurcations (generations), the bronchial
tree leads into the terminal bronchioles that, together with the alveoli, form the respiratory or

alveolar region.*

The physiology of the alveolar region is quite different compared with the conducting airways.
As the alveolar vascular system is part of the pulmonary circulation, blood flow through this
tissue is much higher than through the conducting airways, which are part of the systemic
circulation.®>** The epithelial and endothelial surface areas are higher in the alveolar region,
and finally also the constitution is different compared to the conducting airways.'>*3 The vast
surface area and short distance between epithelium and endothelium of the respiratory area
results in an optimal air-blood interface for gas exchange. While this also shows some promise
for rapid drug absorption into lung tissues, the high perfusion may also lead to fast absorptive
clearance into the blood stream. In contrast, cartilage rings and smooth muscle are only present

in the thicker conducting airways. Another discerning factor is the epithelial lining fluid (ELF).

1



1 Introduction

While the epithelium in the alveolar region is coated by a very thin, surfactant-containing layer
of ELF, the ELF layer in the conducting airways is thicker, mucus-like and is moved
continually toward the mouth-throat area by ciliated epithelial cells.* This process is called
mucociliary clearance (MCC). A schematic representation of the lung and differences in

epithelia can be found in Figure 1.
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Figure 1. Schematic of the human lung and tracheobronchial and alveolar epithelial structure.

Depiction of epithelial cells was inspired by an image created by Enlo-Scott et al.24

1.3 Lung-specific PK processes

The before-mentioned differences in physiology may have a negligible impact on the systemic
PK of intravenously or orally administered drugs. However, they can be expected to affect local
pulmonary PK profiles. This is especially true for pulmonary drug administration, as there are
several pulmonary PK processes, which are specific for oral inhalation. Figure 2 shows an

overview of the relevant processes.

First, any droplet or particle that is released by the inhalation device and does not get caught in
the mouth-throat area travels through the conducting airways until it impacts and deposits in
the ELF, where solid particles will start to dissolve. Deposition patterns vary depending on
airway anatomy, particle size and inhalation flow rate.!> When the deposition site is in the
conducting airways, solid and dissolved drug alike is transported upwards by ciliated cells until
it reaches the mouth-throat area to be subsequently swallowed. Particles in the alveolar region
may be cleared by alveolar macrophages.*®*® Dissolved, unbound drug molecules are free to
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permeate and distribute into the lung tissue, where (mostly basic) drugs can be trapped within
lysosomes due to pH differences.*® From the tissue, they can be absorbed into the blood stream
or metabolized within the lung.?°2? Due to the difference in perfusion rates, drug distribution
to and absorption from the alveolar region is thought to be faster compared to other parts of the
lung for specific drugs.?® All these processes can occur in parallel. However, their relative
impact on systemic and local PK and PD after oral inhalation depends on the properties of the

investigated drug.
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Figure 2. Overview of pulmonary PK processes including those specific for oral inhalation.

1.4 Applications of oral inhalation

The field where oral inhalation is typically applied are strictly pulmonary diseases such as
asthma and COPD, both common and chronic lung conditions. One of the main symptoms —
restricted breathing — is shared by both conditions, which can be alleviated by targeted
treatment via oral inhalation. To reduce the frequency and severity of exacerbations, the
obstruction of the airways can be treated with anti-inflammatory drugs (inhaled
corticosteroids), bronchodilators (betaz-agonistic drugs for both diseases and muscarinic

antagonists for COPD), or a combination of both types.?®

The same arguments could also be made for the treatment of localized pulmonary infections,
with the added benefit of potentially preventing and overcoming drug resistance due to the high
initial concentrations.?® While advantages and rationale for inhaled corticosteroids and

3
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bronchodilators have been sufficiently shown,?*?® standardized and randomized studies are
lacking for most antibiotics, and only few anti-infective drugs are approved for inhaled
administration.?” Exceptions are e.g., colistin, aztreonam, and tobramycin for the treatment of
pulmonary infections associated with cystic fibrosis.?” Nevertheless, off-label use of
established i.v. antibiotics via nebulization is practiced frequently, especially in intensive care
units.?” However, contrary to asthma and COPD medications, these drugs have not been
designed with oral inhalation in mind. Therefore, the impact of the change in administration
route on the pulmonary pharmacokinetics and respective pharmacokinetic/ pharmacodynamic
relationship of these re-purposed antibiotics has not been well studied, raising the question of

adequate doses and dosing frequency.?®

1.5 Research and development process of orally inhaled drugs

Optimal physicochemical properties of inhaled drugs can vary depending on the target location
(e.g., intra-, or extracellular) and depending on the desired efficacy (e.qg., short- vs. long acting).
Generally, inhaled drugs are structurally different compared to orally or intravenously
administered drugs with a trend towards higher polar surface area and a higher molecular

weight of inhaled drugs.?®*°

Designing new drugs for oral inhalation comes with unique challenges: As the administration
site and the target site are identical, the target is upstream from plasma (i.e., the typical
measurement site for drug exposure), requiring back-translation to infer on local effective
concentrations. In addition, systemic exposure is desired to be as low as possible, sometimes
even below quantification limits at efficacious doses, limiting quantitative investigations of
PK/PD relations.3!*? High pulmonary exposure combined with low concentrations in plasma
can be achieved by different means. In general, long lung retention (e.g., via binding to tissue
components), slow dissolution, fast systemic clearance, and low oral bioavailability are
beneficial for pulmonary selectivity. This is in stark contrast to the desired properties of orally
administered drugs, which are often highly bioavailable and slowly cleared from the systemic

circulation.

The differences in the research and development process already start as early as the lead-
optimization stage, as some of the above-mentioned strategies can best be addressed by
carefully designing the physicochemical properties of potential drug candidates. For instance,

implementing basic centers within the drug molecules was shown to increase residence times
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in the lung, which was attributed mostly to lysosomal trapping.t®3 Therefore, the influence of
drug characteristics on local PK should be known to streamline lead optimization. Further
down the line, non-clinical development plays an important role for orally inhaled drugs. Since
the inhalation device and formulation properties hugely impact deposition patterns and
dissolution behavior, these characteristics need to be investigated early on to enable well-
founded translation from the preclinical to the clinical stage. The translation of inhaled PK and
PK/PD characteristics to humans is challenging, even with extensive knowledge of the drug
molecule. Animal models typically do not adequately depict the human lungs in either
morphology or breathing behavior. While possible in rodents, local concentration
measurements in clinical studies are rare, work intensive and present a considerable burden on
the study participant. Unfortunately, inhaled administration in rats additionally shows
challenging translatability to the human situation, due to physiological and anatomical

differences (see Figure 3).3
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Figure 3. Lobar structure and branching type of human (left) and rat (right) lungs.

In addition to the overall size and airway branching structure being different, rats are obligatory
nose-breathers. The result would be a major deposition in the nasal cavity and, depending on
the experimental set-up (e.g., nebulization into the whole chamber), also in the fur of the
animals which can then be taken up orally via grooming behavior. This would again lead most
of the drug being distributed to the lungs via the systemic perfusion after oral and/or nasal

absorption rather than via the direct deposition within the airways. Some of these difficulties
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can be avoided by intratracheal (i.t.) administration. However, the deposition patterns for this
administration route are also not well defined. In addition, the particle size distribution of the
chosen formulation, which heavily impacts the deposition pattern, will behave and dissolve

differently in the much smaller rat lung with narrower airways and lower fluid volumes.®*

To get closer to human physiology and breathing characteristics, it would be necessary to
perform experiments in non-rodents, such as dogs, which can be trained to inhale via the
mouth® This however might be challenging also for ethical reasons, as an adequate evaluation
of the local PK after i.t. administration would require not only plasma sampling but potentially
also additional tissue sampling, i.e., sacrificing of the non-rodents. In any case, an adequate
translation is considered possible, if the impact of the individual PK processes associated with

oral inhalation and the differences between animal and human are well understood.

The same might also hold true for the interpretation of clinical data. Oral inhalation relies on
patients to follow specific instructions regarding the inhalation maneuver. Slight differences in
inhalation flow rate may change the deposition pattern and even the dose reaching the lungs,
increasing the PK variability in clinical studies further.®® Local concentration measurements,
typically from bronchioalveolar lavage or — in rare cases — biopsies can be difficult to interpret,
especially if the samples do not represent the targeted area of the lung. Additionally, time-
resolved pulmonary concentration measurements are rare. All of this makes it necessary to
infer the pulmonary exposure from plasma concentrations. This can be difficult, as the systemic

PK profile may not be representative of the local situation.®’

1.6 Applications of pharmacometric approaches for oral inhalation

Pharmacometrics, including PK modeling and simulation methods, allows to quantitatively
describe the fate of drugs within the body. Owing to the increase in PK/PD related data
generation, as well as access to computer-based mathematical modeling tools over the recent
years, modeling methods have become more and more relevant across drug discovery and
development.®-4° Today, pharmacometric approaches are widely applied to investigate PK/PD
relationships, utilizing a range of empirical to more mechanistic models. Empirical models rely
on measured data (e.g., plasma concentration-time profiles) to inform the relevant parameters
of compartmental models, while mechanistic models are usually based on prior knowledge and
mechanistic insight to mathematically describe specific PK processes. Oftentimes, however,

modeling approaches are neither fully empiric nor mechanistic but contain elements of both,
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1 Introduction

depending on the purpose of the model. This allows, for instance, to focus on the impact of

specific PK processes while keeping the overall complexity on a manageable level.

Mechanistic models to describe PK are typically referred to as physiologically-based PK
(PBPK) models. These models combine relevant physiological characteristics, such as blood
flows and organ weights, with drug and product attributes to be mechanistically linked to
specific PK processes. Although they are frequently applied for oral, i.v., or subcutaneous
drugs, for which unbound blood or plasma exposure is considered an adequate surrogate for
the relevant unbound tissue concentrations to determine efficacy,**3 fewer PBPK modeling

approaches have been reported for local drug administration.

Reported application of pharmacometric approaches for orally inhaled drugs differ in the level
of complexity and mechanistic implementation of processes depending on intended use. While
there are in silico methodologies available to describe each of the various pulmonary PK
processes, a lot of focus is laid on formulation properties, especially regarding bioequivalence
testing. Mathematical models for the prediction of deposition patterns and dissolution profiles
are quite distinguished and easily found, as extensive information about human airway
geometry is publicly available. Artificial models of the mouth-throat area and the conducting
airways are available to test the influence of particle or droplet size on fluid dynamics and
deposition outside of clinical studies.***> However, few studies are dedicated to investigating
absorption and distribution characteristics separately.®*® While there are PBPK models for
orally inhaled drugs ranging from a simple distinction between central and peripheral lung to
accounting for each conducting airway generation separately, these models are seldom

supported by actual exposure data with the same level of granularity.

1.6.1 Modelling approaches for pulmonary distribution

Pulmonary absorption as a process combines both the absorption from the ELF into lung tissue,
distribution in these tissues, and the absorptive clearance into the systemic circulation. It is
challenging to investigate these processes separately from deposition, MCC, and dissolution
after oral inhalation, especially for poorly soluble drugs. However, they can be treated as the
reverse of drug distribution into the lung from plasma, which can — given adequate
experimental design — be studied after i.v. administration. Regarding distribution, there are
different aspects to be considered: On the one hand, there is the classical distribution between
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plasma and tissue. On the other hand, there is spatial distribution, with differences between
different lung structures, such as trachea, bronchi, and alveolar region, or within these

structures between different cell types or components.

Regarding pharmacometric approaches, there are several ways to implement pulmonary

distribution into PK models for oral inhalation.

1.6.1.1 Empirical PK models

The simplest one is the implementation of empirical absorption processes, as seen in
publication Il (section 3.3). This approach requires the least amount of data, i.e., the model
can be built relying on just plasma concentration data. However, these empirical processes
typically represent a combination of all processes up to the absorption into the systemic
circulation. For poorly soluble drugs, the absorption rates are more likely to describe the
dissolution as the slowest process rather than pulmonary distribution, possibly resulting in flip-
flop kinetics. Without the distinction between dissolved an undissolved drug, and missing the
backflow from plasma to lung tissues, it therefore provides limited information about effective

pulmonary concentrations.

1.6.1.2 PBPK models

In addition to physiological parameters like perfusion rates and organ volumes, tissue retention
in PBPK models is typically governed by tissue-to-plasma partition coefficients (K;) and the
fraction unbound in plasma (fu) (as applied in publications I and Il, chapters 3.1 and O,
respectively). Plasma protein binding, which can be quantified through in vitro assays,*’ is
considered as only unbound drug is assumed to be able to cross endothelial membranes and
distribute into the tissues. Kp values on the other hand represent the concentration ratio between
tissue and plasma at equilibrium, i.e., a metric for the magnitude of tissue retention which also
influences the backflow of drug from tissue to plasma. Depending on the available data, these
parameters can be based on different assumptions. A pulmonary Kp value can be predicted in
silico based on published relationships between physicochemical drug properties and published
tissue constituents like phospholipids and intracellular and extracellular water content.*®-5!
This method is typically applied by (commercial) whole-body PBPK models.>?® Furthermore,
in vitro and ex vivo assays may be used to investigate distribution into pulmonary tissues. This
includes determining tissue binding (fu tissue) based on homogenized lung tissue, or an unbound
volume of distribution based on lung slice experiments.>* However, these methods only provide

whole lung K, values, disregarding potential differences between lung structures. In vivo
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distribution studies require destructive sampling, where tissue and plasma concentrations are
sampled and measured directly. In this case, Kp values are determined by either the
concentration ratio between the concentrations in tissue and plasma when equilibrium is
established, or the ratio of observed area under the concentration-time curves (AUC).> Another
method of quantifying the K, based on in vivo information is PK modeling, with the added
advantage that it works with less samples than the AUC determination, while not depending

on equilibrium being reached within the time frame of the experiment.

For more granular models including cellular compartments or models for low permeability
drugs, effective permeability can be implemented as a parameter to describe permeation across
cell membranes in addition to fu and K. Permeability, which can be derived from in vitro
permeability assays measuring cell-permeability (Caco-2 or Calu-3 cell lines)*®® or — less
often used — parallel artificial membrane permeability (PAMPA), is then scaled by the
physiological surface area of the respective barrier (e.g., endothelial, or epithelial surface areas)
to calculate permeation rates. This parameter may also be estimated from observed data, given
a sufficient data basis.
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A good understanding of PK and PK/PD relationships is crucial across all stages of drug
discovery and development. From the selection of the drug candidate with the best PK/PD
properties during the discovery phase over formulation development to the determination of
the right human dose and posology, careful planning of studies and knowledge of the relevant
PK processes are critical for the success of any project. This is especially true for locally-acting
drugs, as the measured concentrations in plasma may not be an adequate surrogate for the

efficacious concentrations at the administration site.

Although deposition and dissolution behavior may be difficult to translate from rat to human
(as discussed in section 1.5), tissue composition is assumed to be comparable across species.>
Taking advantage of this, distribution into pulmonary tissues can be investigated in rodents. To
bypass formulation dependent differences in exposure due to varying deposition patterns and
dissolution rates, pulmonary tissue distribution can better be investigated via i.v.
administration. As distribution from the systemic side and absorption from the lungs after oral
inhalation are governed by the same principles, model-based analysis of i.v. administration

experiments also allows for conclusions on absorption behavior and pulmonary retention.

The overall scope of the presented work was to elucidate local pulmonary PK based on in vivo
exposure and PK/PD modeling, as well as to identify favorable drug characteristics for oral
inhalation across the research and development process (see Figure 4). Special focus was
placed on the influence of drug characteristics on absorption and distribution processes, while

formulation-related aspects were intentionally not covered in the present work.

Discovery & Non-clinical Clinical
Research Development Development

Publication | Publication Il Publication IlI
Towards a Quantitative Mechanistic |  Understanding the suitability of Inferring pulmonary exposure based
Understanding of Localized established antibiotics for oral on clinical PK data: Accuracy and
Pulmonary Tissue Retention—A inhalation from a pharmacokinetic bias of model-based deconvolution
Combined in Vivo/in Silico Approach | | perspective - An integrated model- methods — Proof of concept based a
Based on Four Model Drugs based investigation based on simulation-estimation study.

rifampicin, ciprofloxacin, and
tigecycline in vivo data

Figure 4. Stages of the drug discovery and development process and context of the original articles

included in the cumulative dissertation.
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2 Objectives

The scope of the here included publications I, I, and 111 was as follows:

Publication I: Developing a localized pulmonary tissue retention PBPK model

- Development of a (rat) pulmonary PBPK model to quantitatively capture the local PK based
on physiological differences between trachea, bronchi, and alveolar parenchyma

- Characterization of distribution processes between pulmonary tissues and the systemic
circulation based on detailed in vivo tissue distribution data

- Relating changes in local exposure to physicochemical drug characteristics

Publication I1: Identifying favorable drug characteristics for potential oral inhalation

drugs

- Refinement of the initial pulmonary PBPK model in rats to include a differentiation
between interstitium, intracellular space, and ELF

- Translation of the physiological model parameters from rat to human

- Identification of impactful drug characteristics for orally inhaled anti-infectives by
performing a sensitivity analysis, assuming interchangeable deposition and dissolution

behavior

Publication I11: Evaluation of model-based approaches to infer on pulmonary exposure

- Meta-analysis of published empirical pulmonary absorption models
- Characterization of different empirical absorption processes based on clinical PK data after
i.v. administration and oral inhalation

- Evaluation of empirical approaches to infer pulmonary PK from plasma concentrations

11
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3 Cumulative part

Three publications are introduced and presented in the cumulative part of this work and
represent the key results of this dissertation project. The focus lays on improving the
understanding of local pulmonary PK by application of pharmacometric approaches across the
research and development timeline of orally inhaled drugs.

The following articles were published in Pharmaceutics, Journal of Antimicrobial
Chemotherapy, and Journal of Pharmacokinetics and Pharmacodynamics.>®°

12
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Towards a quantitative mechanistic understanding of localized pulmonary
tissue retention — A combined in vivo/in silico approach based on four

model drugs

Anneke Himstedt, Clemens Braun, Sebastian G. Wicha,
Jens M. Borghardt

Pharmaceutics, 12 (2020), 408
Impact factor: 6.321 (2020)
Synopsis:

One of the optimization strategies for orally inhaled drugs that needs to be implemented in the
lead optimization phase during research consists of increasing tissue affinity to achieve
pulmonary retention. Together with perfusion rates, tissue affinity represents a key parameter
governing the distribution into pulmonary structures. However, knowledge about the exact
target location within the lung is important, since (as outlined in Section 1.2) the lung is a
heterogenous organ, which may impact local drug disposition. While optimization strategies
for the lung a s a whole have been established before, the impact of regional physiology on

tissue affinity has not been investigated in as much detail.

A semi-mechanistic rat PBPK model was developed to quantitatively study regional
distribution of four structurally diverse model drugs into the trachea, bronchi, and the alveolar
region. The aim of the model was the characterization of regional blood flows and tissue K, as
a marker for tissue affinity. Detailed and time-resolved in vivo exposure data from each region
after i.v. infusion was used for the parameterization of the model. The blood flow estimates for
the lung perfusion were determined via a combined fit across data from all compounds.
Localized disposition of the basic and neutral drugs (salmeterol, fluticasone propionate, and
linezolid) could be successfully described, while the one acidic drug (indomethacin) showed
diverting behavior. The results suggested a noticeable, up to six-fold, difference in regional K
values between the trachea and alveolar parenchyma for individual drugs. A comparison to
frequently used Kp prediction methods developed by Rodgers and Rowland showed closer
agreement between the predicted values and the estimated values for the alveolar region than

with the corresponding estimates for the conducting airways.
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These individually determined distribution parameters for trachea, bronchi, and alveolar
region, apart from alveolar blood flow highlight the importance of understanding not only

overall pulmonary kinetics, but also regional drug disposition.

14
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Abstract: Increasing affinity to lung tissue is an important strategy to achieve pulmonary retention
and to prolong the duration of effect in the lung. As the lung is a very heterogeneous organ,
differences in structure and blood flow may influence local pulmonary disposition. Here, a novel
lung preparation technique was employed to investigate regional lung distribution of four drugs
(salmeterol, fluticasone propionate, linezolid, and indomethacin) after intravenous administration
in rats. A semi-mechanistic model was used to describe the observed drug concentrations in the
trachea, bronchi, and the alveolar parenchyma based on tissue specific affinities (Kp) and blood flows.
The model-based analysis was able to explain the pulmonary pharmacokinetics (PK) of the two
neutral and one basic model drugs, suggesting up to six-fold differences in K, between trachea and
alveolar parenchyma for salmeterol. Applying the same principles, it was not possible to predict
the pulmonary PK of indomethacin, indicating that acidic drugs might show different pulmonary
PK characteristics. The separate estimates for local K, tracheal and bronchial blood flow were
reported for the first time. This work highlights the importance of lung physiology- and drug-specific
parameters for regional pulmonary tissue retention. Its understanding is key to optimize inhaled
drugs for lung diseases.

Keywords: lung retention; pharmacokinetics; pulmonary blood flow; tissue affinity; semi-mechanistic
PK modelling; trachea; bronchi; alveolar; lung concentration

1. Introduction

Pulmonary drug delivery is the preferred administration route for treatment of respiratory
disorders like asthma or chronic obstructive pulmonary disease. The reason is that oral drug inhalation
can provide pulmonary selectivity for locally acting drugs and long-lasting pulmonary efficacy,
as can be seen for long-acting p;-receptor agonists (LABAs) and long-acting muscarinic receptor
agonists (LAMAs). To achieve long-lasting pulmonary efficacy, there are mainly two strategies
applied to maintain pulmonary exposure over a long period of time, namely slow dissolution
(e.g., inhaled fluticasone propionate [1]) or retention by high tissue affinity (postulated e.g., for the
LABA salmeterol [2]). However, a recent publication suggested that retention due to high lung tissue

Pharmaceutics 2020, 12, 408; doi:10.3390/pharmaceutics12050408 www.mdpi.com/fjournal/pharmaceutics
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affinity is preferable over slow dissolution in terms of target exposure [3]. One reason is that slow
dissolution may lead to noticeable drug loss in the conducting airways via the mucociliary clearance.

The lung is a very heterogeneous organ with various structural differences between the conducting
airways and the alveolar region [4]. In addition, the alveolar region is stronger perfused compared
to the conducting airways, as the alveolar region is perfused by the pulmonary circulation, whereas
the conducting airways are perfused by the systemic circulation. All these physiological differences
potentially influence drug pharmacokinetics (PK), raising the question if total lung concentrations
are a valid surrogate for target-site concentrations. For example, fr-receptors are expressed in all
lung regions [5], yet the relaxation of smooth muscle cells by inhaled sympathomimetics is driven
by receptor activation in the conducting airways. This means that only the drug concentrations in
the conducting airways elicit the desired effect. Therefore, it is key to understand the PK in the local
tissues and not only for the complete lung,

The local pulmonary tissue PK and therefore the local tissue retention is determined by two aspects,
first the tissue affinity and second the local perfusion. Due to experimental difficulties, investigations
of pulmonary tissue retention have been mostly qualitative in nature [6,7] or were based on empirical
estimation of tissue distribution or absorption rate constants [8,9]. A more mechanistic quantitative
determination of pulmonary disposition kinetics remains challenging for various reasons: First, after
inhalation the variability in the PK is typically much higher compared to other routes of administration,
so that a larger data set is required to infer on the pulmonary tissue retention. Second, after inhalation
or intratracheal administration, there are many interacting PK processes, such as pulmonary deposition
or the mucociliary clearance, All these processes confound the identification of the characteristics of
single processes—here the pulmonary lissue retention [4]. Furthermore, low solubilily drugs provide
the additional challenge that there is no convenient way of differentiating between undissolved and
dissolved drug in the lung. All of this makes it challenging to quantitatively determine the extent of
the pulmonary tissue retention. By switching to intravenous (i.v.) administration to study distribution
into different lung tissues one avoids most of these challenges, i.e., reduces the variability in the PK
and removes confounding pulmonary PK processes.

The objective of this work was to better understand pulmonary retention in different lung regions
by combining well-designed in vivo tissue distribution studies with a PK model-based analysis of
plasma and tissue concentration measurements. Finally, the aim was to provide accurate estimates for
tissue affinity and perfusion for different regions of the lung,

To achieve this, four drugs with varying physicochemical properties, namely salmeterol (SAL),
fluticasone propionate (FP), linezolid (LIN), and indomethacin (IND)), were intravenously administered
to rats and the concentrations in pla:-*.mn, trachea, bronchi and alveolar pnmnchymn were measured.
These model drugs were chosen based on tolerability and relevance while covering a range of
physicochemical properties (one basic, two neutral, and one acidic drug). Both SAL and FI* are used
to treat lung diseases, and LIN is often used for the treatment of pulmonary infections. As there are
only few acidic drugs on the market, which are targeting pulmonary structures, IND was chosen
based on tolerability and ease of acquisition. The data from these in vivo PK studies was further
invesligated regarding their disposition in the different lung lissues using a semi-mechanistic model
accounting for both physiological and drug-specific properties. Since to date, no separate quantification
of blood flows in trachea and bronchi has been reported in the literature, pulmonary blood flows were
estimated based on the available data of all four drugs. Finally, based on the resulting understanding
of the local concentration-time profiles, current plasma concentration-based practices for determining
pharmacodynamic (PD) parameters were evaluated.
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2. Materials and Methods

2.1. Chemicals

FP, SAL, LIN, and IND were sourced from the in-house compound dispensary at Boehringer
Ingelheim Pharma GmbH & Co. KG, (Biberach, Germany). Deuterated internal standards
were purchased for IND (indomethacin-d4, Biomol GmbH, Hamburg, Germany), FP (fluticasone
propionate-d5, Santa Cruz Biotechnology Inc., Dallas, TX, USA), and LIN {linezolid-d3, Biomol GmbH).
Structures and key properties of the drugs are given in the supplementary material (Supplementary
material 1, Figure 51, Table 51).

2.2 Study Design

The in vivo PK studies were designed based on concentration—time profiles from exploratory i.v.
cocktail PK studies (data not shown). Model-based analyses were performed to ensure that (a) the dose
is sufficient to achieve concentrations above the lower limit of quantification in plasma and tissues over
the whole study period, and (b) the timing of tissue sampling allows for accurate estimation of partition
coefficients and localized pulmonary blood flows and therefore adequately capturing the shape of
tissue concentration-time profiles. For the latter analysis, a stochastic simulation and estimation
approach (S5E) was used to evaluate identifiability, bias and imprecision of the model parameters
prior to performing the in vivo studies (Supplementary Material 1, Section 2, Tables 52 and 53,
Figures 52 and 53). In the final studies, the drugs were administered via intravenous infusion to reach
near-steady state conditions in the study period and minimize residual variability due to potential
imprecision of the sampling time.

2.3. Animal Studies

Male Han Wistar rats, weighing 250 to 332 g, purchased from Janvier Labs (Le Genest-5aint-Isle,
France) were used for the in vivo studies. All animal care and experimental procedures at Boehringer
Ingelheim were conducted in compliance with the German and European Animal Welfare Act
(EU Directive 2010/63/EU) and were approved by the Regierungsprisidium Tiibingen as the responsible
local German authority (reference number 14-009-G).

The infusion studies were performed in anesthetized animals. Briefly, the rats were anesthetized via
whole body exposure lo anesthelic gas (2-5% Isoflurane, 2.5 L/min Oxygen). Following anaesthetization,
rats were intubated, placed in supine position on a heated device (39 °C), and the sponlaneously
breathing rals were connecled to an anesthetic gas supply (1.5-2.5% Isoflurane, 2-2.5 L/min O2).
Thereafter, rats received a subcutaneous bolus of metamizol (100 mg/kg). Body temperature was
controlled. Placement of catheters for drug infusion and blood sampling was not started before a body
temperature of at least 36.5 °C was reached. Unilaterally, the carotid artery and the jugular vein were
prepared and catheters were placed. The carotid catheter was used for blood pressure monitoring
to adjust anesthesia by changing isoflurane concentration as well as for collection of blood samples.
The jugular catheter was used for constant infusion over one hour (infusion rate 10 mL/h/kg) using a
standard infusion pump. Blood samples (volume 100 uL) were collected in EDTA-tubes at the assigned
time points. Plasma samples were prepared and subsequently stored at —20 “C. At the end of the
in-life part, rats were exsanguinated.

2.4. Tissue Preparation

Immediately after exsanguination, the lungs including trachea and larynx were removed en
bloe, rinsed in saline, blotted dry, and weighed. The preparation of the lung was performed after
placing the lung on weighed cellulose swabs to collect leaking fluid during preparation (Figure 1).
The trachea including the larynx was cut just above the first airway bifurcation and transferred to
a weighed vial. A small piece (30-60 mg) of parenchyma was cut with a scalpel from the lateral
part of the left lung, For preparation of the bronchial sample, the remaining lung was held in place



3 Cumulative part

Pharmaceutics 2020, 12, 408 40f20

with forceps at the bifurcation while the parenchyma was squished by gently knocking with the
back part of curved forceps. Afterwards, the destroyed parenchyma was carefully stripped from the
bronchi up to the third airway generation. Finally, the remaining tissue and the cellulose swabs were
collected for further analysis. Having finished the preparation, all collected samples were weighed,
transferred to 7 mL Precellys® tubes (Bertin Instruments, Montigny-le-Bretonneux, France), and 4 parts
of acetonitrile/methanol (1:1) solution were added. Samples were homogenized using a Precellys®
homogenizer. After centrifugation, supernatants were stored at —20 °C.

(b)

Figure 1. [Preparation of tissue samples. (a) Sampling of the trachea from the intact lungs;
(b) cutting a slice from the lateral part of the left lung; (¢) bronchial sample after removal of the
surrounding parenchyma.

2.5. Bioanalysis

Drug concentrations in plasma and tissue homogenates were determined by HPLC-MS/MS
(reverse-phase HPLC coupled with a Thermo Scientific™ TSQ Altis™ triple quadrupole mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) or a SCIEX QTRAP 6500 (AB Sciex,
Darmstadt, Germany)). Prior to bioanalysis, plasma and tissue samples were spiked with internal
standard solution and diluted with acetonitrile for protein precipitation. A more detailed description
of analytical methods can be found in the supporting information (Supplementary Material 1, Section 5,
Figures S4-58).

2.6. Modelling and Simulation

The model-based PK analysis was carried out in Phoenix WinNonlin™ 7.0 (Certara, L.P,
Princeton, NJ, USA). PK parameters of the semi-mechanistic model (Figure 2) were estimated in a
two-stage approach. As a first step, the systemic PK parameters were estimated based on the plasma
concentration—-time data, resulting in empirical one- or two-compartment models depending on the
drug characteristics. In the second step, the tissue-specific parameters were estimated on top of the
fixed systemic parameters using the tissue concentration-time profiles resulting from the four time
points of tissue sampling.
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Figure 2. Structure of the pharmacokinetic (PK) model. CL: systemic clearance, Vi central volume
of distribution (Vd), Q: intercompartmental clearance, Vp: peripheral Vd; Qp, Qg, and Q represent
the blood flow to the trachea, bronchi and alveolar parenchyma, respectively. f: fraction unbound in
plasma, Vy: weight of the trachea, Vi: weight of the bronchi, V 4 weight of the alveolar parenchyma.
K1, Ky g and K, 4 denote the tissue-to-plasma partition coefficients for the respective tissues.

As the systemic disposition model already constitutes distribution into the lung, the pulmonary
compartments were implemented as “virtual” compartments, ie., these compartments did not
contribute to the mass flow of the systemic compartments. In contrast to the systemic disposition
model, the parameters involving the tissue compartments were chosen based on the underlying
physiology [10].

The volume of distribution (Vd) for each of the pulmonary compartments was fixed to the weight
of each tissue in proportion to the bodyweight. The according weight for the alveolar parenchyma
equated to 0.004 kg/kg bodyweight, assuming that the parenchyma represents approximately 80%
of total lung tissue [11] (0.5% of bodyweight, [12]). The remaining 20% (0.001 kg/kg bodyweight)
were assumed to represent the conducling airways including bronchi and trachea. For the trachea,
the implemented weight corresponded to the individual sample weights (Supplementary Material,
Table 54) in relation to the bodyweight (mean value, (L0002 kg/kg bodyweight), and the bronchi
corresponded to the remaining 0.0008 kg/kg bodyweight.

The blood flows to the lung tissues were estimated. As the blood flow should be independent
of the infused drug, these parameters were estimated simultaneously with the combined data from
all drugs. Plausible initial values for the estimation were calculated based on literature data on
cardiac output (alveolar parenchyma) and bronchial circulation (bronchi and trachea, calculated
proportional to tissue weight) [12]. The blood flows were scaled with the fraction unbound in plasma,
i.e., it was assumed that only unbound drug is permeating into tissue. Tissue affinity was described by
tissue-to-plasma partition coefficients (Kp), which were estimated separately for each of the three lung
tissues. The model code is provided in the supporting information (Supplementary Material 2).

For comparison with common approaches that consider the lung as a single compartment [13-17],
the same analysis was also carried out without separation of trachea, bronchi and alveolar parenchyma.
To this end, full lung concentrations were calculated from the concentrations of all three lung lissues
plus concentrations measured in the remaining lung tissue, weighted based on relative tissue size
(Supplementary Material 1, Section 7), and subsequently used for estimation of lung-specific parameters.
Model predictions of both variants were compared to the observed data using goodness-of-fit plots
and the coefficients of determination.

Pulmonary absorption half-lives (t%.pul} for each lung region were calculated from the resulting
model parameters:

by I = lm:z}l-'fka,p‘ulr (1)

> P



3 Cumulative part

Pharmacentics 2020, 12, & oof 20

with k, o, being the absorption rate constant representing the unidirectional drug transfer from the
lung tissue to the systemic circulation:

ka,pul = {qul'fu,plabnm}J"I{Vpul'Kp,pul}f (2)

Qpul being the respective estimated pulmonary blood flow scaled with the fraction unbound
in plasma (£, plasma). ¥ pu denotes the Vd of the respective lung region, and K, is the respective
estimated tissue-to-plasma partition coefficient. The ratio of fu,pla-ama-"'Kp,pul represents the free fraction
in the respective pulmonary tissue.

Since rodent studies are typically performed to better predict the human situation and all four
model drugs are designed for treatment of humans, allometric scaling to human was performed.
This was done by the fixed exponent method, assuming an exponent of (1.75 for the blood flow:

qul,human = qu],rat'SF'{BwhumanfB""'i‘rmt}[l?ﬁ: [3}

and 1 for the pulmonary volume of distribution:

Vpul,human = ""rpul,ral'SF"[BWhuman.-'rBw'mt]l; (4)

with BW5; (0.28 kg, mean bodyweight of animals used in the studies, Supplementary material, Table 54)
and BWynan (70 kg) as bodyweights for rats and humans, respectively. SF denotes a scaling factor
(BWrat/BWhyman) to account for the bodyweight normalization. Kp pu was assumed to be conserved
between species [18]. The respective extrapolated paramelers were again used as input to Equation (2)
lo calculate the human absorption rate constant, which was used to calculate the human pulmonary
absorption half-life according to Equation (1).

PK studies are often performed to infer on the expected efficacy by correlating the measured
drug concentrations to the observed effect. As target-site concentrations in tissues are difficult to
measure, plasma concentrations are typically used as a surrogate to quantify the concentration—response
relationship. However, this approach does not consider potentially delayed concentration changes
at the target site compared with plasma. To investigate the influence of this distributional delay,
the developed PK model for SAL was further expanded by an Enax model, linking the predicted
unbound concentration in the bronchi (C,, proneni) to the effect, assuming the bronchi to be the target
tissue for SAL [19]:

E[%] = mmmt'cu.hrnnchi}J'II{FCHJJW + l(-_:'u,l'lriuunv:l'li:"'- ()

Here, E denotes the effect associated with a given Cypronchi, Fmax represents the maximum
attainable effect (here 100%), and the ECsg g represents the unbound concentration needed to achieve
half-maximal effect. To exemplify the impact for the example of SAL, the ECs; for SAL was taken from
Hendrickx et al. [8], who measured the inhibition of methacholine-induced bronchoconstriction and
found an ECs; of 36 nM (total lung concentration). This value was scaled to unbound concentrations
using the fraction unbound in plasma (fy plasma) and the estimated K, in bronchi (K s):

I:u..brun.vdli = fmplu:unw'{Kp.Bf [ﬁ‘}l

assuming that unbound concentrations at equilibrium are the same in plasma and tissue.
Simulations were carried out to mimic the determination of unbound plasma ECsp (ECsg free) 0f
SAL by dose escalation at four different time points (.25 h, .75 h, 2 h, and 4 h). This was done by
simulating unbound plasma and tissue concentration—time profiles, as well as the effect over time for a
wide dose range. The simulated effect for each dose at the selected time point was then correlated to
the corresponding unbound plasma concentration. The resulting concentration—response relationship
was then used to determine the plasma ECs fy... For better illustration, the resulting parameter
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estimates were normalized to the true EC5 fe. The determination of PD parameters was performed
in R (version 3.3.2) [20].

3. Results

3.1. In Vive PK Studies

Based on the results from the SSE analysis (Supplementary Material, Section 2), four time points
were chosen for sampling of the lung tissues (three samples per time point and tissue), resulting in
12 samples per lissue and drug. The first samples were taken during the infusion (0.25 h and 0.75 h) to
capture potential initial delayed increases in tissue concentrations. The two additional samples were
taken at 2 h and 4 h after start of infusion, corresponding to 1 h and 3 h after the end of the infusion.
Plasma was sampled until the end of the respective experiment, resulting in an average (range) of 67
(58-70) plasma samples per drug (see Supplementary Material, Table 54), which were mainly sampled
within the first hour.

Ilasma concentrations of SAL, FI, and LIN showed a bi-exponential decline after stopping the
infusion, while IND showed mono-exponential decay (Figure 3). While pulmonary tissue concentrations
of LIN were only slightly lower than plasma concentrations, for the acidic IND up to ten-fold lower
tissue concentrations were measured. In contrast, tissue concentrations of both the neutral FP and the
basic SAL were generally higher than the corresponding plasma concentration measurements.

IND concentrations were comparable in all pulmonary tissues. In contrast, the raw data of SAL,
FF, and LIN indicated differences in magnitude and time-course of concentrations between trachea,
upper bronchial tree, and alveolar parenchyma. This was most noticeable for SAL, which showed
up to 20-fold higher concentrations in the alveolar parenchyma compared to the trachea. All drugs
showed a distributional delay in the trachea.

3.2, Model-Based PK Analysis

The bi-exponential decline of plasma concentrations of SAL, FP and LIN was best described by
an empirical two-compartment model. Since the plasma sampling of SAL shortly after stopping the
infusion was not sufficient to support the estimation of all PK parameters of the systemic disposition
model, additional data from another PK study was included in the analysis (Supplementary Material 1,
Section 4). For IND, a one-compartment model was sufficient to capture the systemic PK.

In the second step, the tissue-specific parameters (K, and tissue blood flows) were estimated on
top of the fixed systemic disposition model. Estimates for K varied depending on both the investigated
drug and tissue. In accordance with the raw data, K values tor IND were comparable between all three
lung tissues and estimated to range between (.249-0.384, indicating lower tissue affinity compared
to the affinity to plasma proteins. FI also showed similar affinity for all three pulmonary tissues
(Kp between 5.21 and 6.64). While the Kp estimates for all tissues were higher for SAL compared to LIN,
both drugs showed higher concentrations in the alveolar parenchyma compared to the conducting
airways, with the lowest concentrations found in the trachea. SAL showed the strongest divergence in
K, values between tissues, with a six-fold higher affinity for the alveolar parenchyma than the trachea
(39.3 vs. 6.52, respectively). Pulmonary blood flows could successfully be estimated (<22% CV) when
data of all drugs was combined for simultaneous fitting. The tracheal blood flow was estimated to be
0.054 Lil/kg (14.3% CV), the bronchial blood flow amounted to 0.777 Lih/kg (21.5% CV). The parameter
estimates for systemic and tissue PK can be found in Table 1.
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Table 1. Model parameters (% CV).

Parameter Unit Salmeterol  Fluticasone Propionate Linezolid Indomethacin
CL Lhlkeg! 386 (6.07) 337 (3.42) 0.279 (2.22) 0.0691 {11.0)
Ve Lkg ! 0,123 (16.2) 0.223 (56.0) 0.320 {19.7) 0.154 {(5.27)
Q Lhlkg! 3240217 472(12.8) 2.79 (34.9) -

Vp Lkg! 3.77 (14.6) 2.41(8.18) 0.628 (9.96) -

Kot - 6.52 (7.04) 521 (16.9) 0.404 (11.2) 0.356 (20.2)
K.p - 186 (12.2) 6.64(13.2) 0.534 (6.52) 0.249 {16.0)
KA - 39.3 (8.10) 5.84 (10.6) 0.785 5.11) 0.384 (35.5)
Q! LhLkg! 0.054 (14.3)
Q! Lhtkg™! 0.777 (21.5)
Q! Lh kgt 10,6 (107)

Abbreviations are provided in Figure 2. ! Blood flows were estimated simu ltaneously for all drugs.

The model-based analysis adequately explained the tissue-specific pulmonary disposition of
the neutral and basic model drugs (SAL, FL, and LIN). However, applying the same principles, it
was not possible to fully capture the pulmonary PK of the acidic drug IND. The model predictions
suggested a much faster increase in pulmonary concentrations than observed in vivo, resulting in
overestimation of tissue concentrations over the first two hours. Figure 3 shows the observed and
predicted concentration—time profiles for all four drugs.
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Figure 3. Concentration—time profiles of (a) salmeterol; (b) fluticasone propionate; (¢ linezolid,
and (d) indomethacin. Dots represent the observed concentrations; solid lines show the model-based
prediction. Plasma concentrations are shown in black; concentrations in the trachea, bronchi, and

alveolar parenchyma are shown in red, green and blue, respectively.
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3.3. Comparison with Total Lung Concentrations

The K, values estimated based on total lung concentrations were similar to those found for the
alveolar parenchyma (37.7 + 2.7 for SAL, 6.21 = 0.727 for FP, 0.781 + 0.035 for LIN, and 0.347 + 0.086
for IND), which was also the case for the blood flow estimate (11.6 + 1.39 I/h/kg). The “whole lung”
model was therefore able to describe concentrations in the alveolar region quite well. However,
the concentration—time profiles in bronchi and trachea were not captured adequately (Figure 4;
Supplementary Material 1, Figure S9).
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Figure 4. Goodness-of-fit plots of observed vs. predicted concentrations in the trachea (red), bronchi
(green), and alveolar parenchyma (blue). Observed localized pulmonary concentrations plotted against
(left) the predictions of concentrations in the separate pulmonary tissues; and (right) against predictions
of total lung concentrations. Circles: salmeterol, squares: fluticasone propionate, diamonds: linezolid,
triangles: indomethacin. The shaded area shows the two-fold error range.
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Figure 4 shows the goodness-of-fit plots for both modelling of separate lung tissues and modelling
of total lung concentrations compared to the observed concentrations in all three tissues. The model
with separate compartments for trachea, bronchi, and alveolar parenchyma better described the data
for all drugs, as shown by a better correlation (overall R? of 0.879 for combined data of separate tissues
across all drugs vs. 0.267 for combined data of whole lung predictions), as well as more predictions
falling within the two-fold error range. The greatest improvement in terms of correlation was achieved
for SAL, resulting in a R? of 0.906 for the prediction of separate tissues, compared with an R? of —1.25
for the prediction of total lung concentrations. The “whole lung” model tended to overpredict the
concentrations in trachea and bronchi, which was especially evident for SAL and LIN.

3.4. Pulmonary Absorption Half-Lives

The pulmonary absorption half-lives (Table 2) were fastest for the alveolar parenchyma, followed
by bronchi and trachea. Absorption half-lives calculated for the whole lung were similar to those in
the alveolar region. The allometrically scaled values for humans were approximately four times larger
than the absorption half-lives calculated for rats.

Table 2. Pulmonary absorption half-lives (t1) 1 derived from model parameters.

Drug Tissue t‘l‘ (Rat) t% (Human) 2
Salmeterol Trachea 1.2h 475h
Bronchi 57 min 377 h
Alveolar 45 min 291h
Full lung 48.3 min 3.20h
Fluticasone propionate Trachea 52.4 min 348h
Bronchi 18.6 min 1.23h
Alveolar 5.99 min 23.8 min
Full lung 7.28 min 28.9 min
Linezolid Trachea 05s 20s
Bronchi 02s 08s
Alveolar 01s 04s
Full lung 01s 05s
Indomethacin Trachea 14s 55s
Bronchi 27s 11s
Alveolar 15s 60s
Full lung 16s 62s

! Unidirectional flow from the lung compartments to the central compartment. 2 Human half-lives were allometrically
scaled from rat values.

While these trends held true for all drugs, the absolute half-lives differed substantially between
drugs. Both LIN and IND showed half-lives in the range of seconds, indicating rapid redistribution
from the lung. In contrast, half-lives of FP and SAL ranged from minutes to hours, even in the rat,
translating up to approximately five hours for SAL in the human trachea. Out of all drugs, FP showed
the highest difference in half-life estimates between the different pulmonary tissues.

3.5. Time-Dependency of Tissue-to-Plasma Ratios

The estimates for K, for all drugs were further compared to the observed tissue-to-plasma ratios
that could be extracted from the in vivo concentration measurements. Figure 5 shows the observed
ratios for all drugs at the times of tissue sampling as a percentage of the tissue-to-plasma ratio at steady
state (the model estimate for K,,).
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Figure 5. Observed tissue-to-plasma concentration ratios in the trachea (red), bronchi (green), and
alveolar parenchyma (blue) as a percentage of steady state (the model estimate of Ky for (a) salmeterol,
{b) fluticasone propionate, (¢} linezolid, and {d) indomethacin. The bars represent the mean value
including the standard deviation, the filled circles represent the individual data points.

The equilibrium for LIN was achieved much faster than for SAL or FP, with only a slight delay
shown in the trachea. The tissue-to-plasma ratios for LIN in the alveolar parenchyma and the bronchi
were approximately stable after 15 min. The tissue-to-plasma ratios of SAL and FP were, however,
not constant over time. Concentrations in the trachea did not reach steady state within the four-hour
experiment, as the ratio between trachea and plasma concentrations was still rising between two and
four hours. Tissue-to-plasma ratios of the alveolar parenchyma were stable after two hours but were
higher than the expected ratio at steady state for SAL.

3.6. Effect of Distributional Delay on Plasma ECsy pree Estimates of SAL

The extended PK/PD model for SAL was used to simulate unbound plasma and bronchial
concentrations and the predicted effect for a range of doses. The simulated effect and unbound plasma
concentrations at 0.25 h, 0.75 h, 2 h, and 4 h were used for the determination of PD parameter estimates.
Each investigated time point provided different estimates for the plasma ECs ty.. When compared
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to the true value (0.0271 nM) the ECs, estimates determined at 0.25 h or 0.75 h overestimated the
true ECs g by 6.62- and 2.62-fold, respectively (Figure 6). However, PD experimentsat2hor4 h
resulted in an underestimation (0.467- and 0.418-fold) of the ECsg gy, resulting in an approximately
16-fold divergence of estimates within the investigated timeframe. The ratio between the estimates
and the true ECsg . directly corresponded to the ratio between unbound concentrations in plasma
and bronchi.

Salmeterol

=

ECsp free
estimated/true
o =Y 3 [ = o (=23
hI

Figure 6. Plasma ECsg free estimates of salmeterol normalized to the true ECsp value, determined at four
different time points. Unbound bronchial tissue concentrations were assumed to be directly correlated
to the effect.

4. Discussion

The present study provides for the first time a systematic quantitative investigation of tissue
retention in different pulmonary tissues for a set of four structurally diverse drugs. The retention for
the trachea, bronchi, and the alveolar parenchyma of two neutral and one basic drugs was extensively
investigated in vivo and was adequately described by a semi-mechanistic PK model. This model
described the distribution into lung tissues considering physiological as well as drug driven differences,
especially the fraction unbound in plasma, tissue-specific blood flows and K values. This investigation
also highlights potential pitfalls derived from distributional delays to target tissues, when PK or PD
predictions are based on single time point observations.

The available plasma PK data allowed the estimation of systemic PK parameters for FP, LIN,
and IND. The plasma PK of SAL, FP, and LIN were best described by two-compartment models, which
is in accordance with the literature [9,21,22]. While LIN PK in rats was previously only described by
non-compartmental analysis [23], compartmental analyses of human PK typically do employ two
compartments [24-26], which supports the use of a two-compartment PK model. IND concentrations
in plasma were best captured by a one-compartment model, which is expected for acidic drugs with
high plasma protein binding [27].

Preliminary PK studies for other drugs indicated that tissue sampling at three time points (after
1 h, 2 h, and 3 h) would not be sufficient to adequately quantify tracheal blood flow. Therefore,
a stochastic simulation-estimation analysis was performed to select an adequate number and timing of
tissue samples (Supplementary Material 1, Section 2). Based on these results, the studies to evaluate
regional pulmonary disposition included four optimized time points for tissue sampling: Two of
them were scheduled within the first hour (during the infusion) to capture the initial delay in tissue
concentrations before the distribution equilibrium between plasma and the respective lung tissue is
reached. As the blood flow is assumed the limiting parameter for this delay, these measurements were
judged the most informative for the estimation of tissue blood flow. The last tissue samples were taken
2 and 4 h after start of the infusion. This 4h time point was the latest possible time point due to the
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experimental setup, which was limited by the maximal tolerated time of anesthesia. The reason for the
4-h time point was to capture the tissue-to-plasma ratio at, or at least nearing distribution equilibrium
to support the estimation of K.

The here developed study design allowed an adequate estimation of the tissue-specific parameters
(CV for most parameters <20%). Exceptions were the K, values of IND and the bronchial blood
flow, which were estimated with only slightly higher imprecision (see Table 1). In the case of IND,
the suggested model was not able to accurately capture the pulmonary disposition (compare Figure 3d).
This indicates that acidic drugs may provide different pulmonary PK characteristics compared to
neutral and basic drugs and that the strictly perfusion-limited approach used in this investigation may
not be appropriate for this drug type. Howewver, it has to be noted that this has so far only been shown
for one acidic drug. Further studies are necessary to confirm or refute similar behavior for different
acids. As IND showed comparable permeability to the other tested drugs, permeability-limited kinetics
were not deemed a reasonable explanation, and since binding to plasma proteins was accounted
for, this was also deemed improbable as a cause. IND is known for being a substrate of active
transport processes [28], so this might be a possible cause of the altered concentration—time profiles in
pulmonary tissues.

The results of the in vivo PK studies revealed a time-dependency of tissue-to-plasma ratios.
The extent of this varied for each drug-tissue combination. The semi-mechanistic PK model was able to
describe this behavior based on the drug- and tissue-specific parameters. This was in accordance with
the results of previous investigations [7] of regional localization of drugs in the lung, which also showed
tissue-specific differences in tissue abundance over time. However, as Hamm et al. only qualitatively
evaluated the relative abundance in bronchiolar and peripheral lung tissue at two time points (2 min
and 30 min), a quantitative assessment of pulmonary distribution mechanisms was not possible based
on their data. In this work, four time points and combination of the tissue distribution data of four
drugs with varying physicochemical properties were necessary to achieve adequate estimates for both
the pulmonary blood flows and tissue affinity.

The K, values estimated in this study were vastly different between all four drugs. Out of all four
drugs, SAL showed the highest tissue affinity (ie., the highest estimated K; values). While SAL is
also quite lipophilic (logP of 2.5), this is likely due to the basic interactions with acidic phospholipids
in the tissue (basic pKa of 9.8). This mechanism has been postulated before to be the major driver of
tissue affinity for moderate-to-strong bases (basic pKa > 7) [18,29]. Furthermore, lysosomal trapping
is known to play a role in the pulmonary tissue affinity of SAL [30,31], which is also attributable to
SAL being a lipophilic base. The other drug showing moderate affinity to pulmonary tissues was FF,
a neutral and highly lipophilic drug, For this type of drug, affinity is thought to be mainly determined
by hydrophobic interactions with neutral lipids [32]. LIN, the other predominantly neutral drug (basic
pKa of 1.8 [33,34]), did not show any increased affinity to pulmonary tissues in comparison to plasma
and the K, estimates were in a similar range than those reported by Slatter et al. [23]. Since LIN is less
lipophilic than FF, and therefore does not have pronounced interactions with lipid structures in the
tissue, this was not unexpected. IND showed the lowest affinity to pulmonary tissues, with tissue
concentrations being more than two-fold lower than those in plasma. This may in part be due to
its high affinity to plasma proteins, keeping the equilibrium on the plasma side. In addition, even
though IND is highly lipophilic (logP of 4.08 [35]), the negative charge may prevent its partitioning
into lipid membranes.

In addition to the variation in tissue affinity between the drugs, there were also differences in
localized distribution. While FI? and IND showed no discernable differences in affinity to the three
lung tissues, both SAL and LIN showed higher affinity towards the alveolar parenchyma compared to
the conducting airways. This behavior of SAL and FP is in line with the results of Hamm et al. [7].
Since FP and IND are both highly lipophilic and do not show differences in binding across different
pulmonary tissues, the regional differences in tissue for both SAL and LIN are likely not caused by the
hydrophobic tissue interactions. Instead, as the most pronounced difference was found for SAL, it is
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likely that the electrostatic interactions with acidic phospholipids or lysosomal trapping are important
contributors to the observed difference in tissue exposure.

As a consequence of the observed regional differences in tissue affinity and blood flow,
the semi-mechanistic PK model that included the separate tissue compartments described the local
pulmonary concentrations of these drugs better than the model based on total lung concentrations
(see Figure 4). The K, estimates provided by the latter were close to those obtained for the alveolar
parenchyma, which is not surprising, as this tissue is assumed to constitute about 80% of the total
lung. Additionally, the total lung K estimates were in line with those found in the literature. The total
lung K, estimated for SAL (37.7 + 2.7), FP (6.21 + 0.73), LIN (0.781 + 0.035), and IND (0.347 + 0.086)
were close to the values predicted by the Rodgers and Rowland method (32.5, 9.05, 0.706, and 0.228,
respectively). The Rodgers and Rowland method is used to predict K;, values based on physicochemical
drug properties (pKa, logP, blood-plasma ratio, and plasma protein binding), as well as physiological
tissue composition [18,32]. In comparison with K, values determined by the lung slice method [36],
SAL showed slightly lower, (lung slice K;, between 46.5 and 64.8 [30,36]), and FP slightly higher affinity
in our experiments (lung slice K, 3.41 [36]). The overall good agreement indicates that analyses based
on total lung concentrations and using K, prediction methods like the Rodgers and Rowland method
may be sufficient for predicting alveolar drug concentration—time profiles. However, if the drug’s target
is located in the conducting airways, total lung concentrations may not be a meaningful surrogate,
especially not for basic drugs.

Differences in pulmonary blood flow also lead to variations in concentrations between the different
lung tissues. While the alveolar parenchyma is supplied by the pulmonary circulation (i.e., the total
cardiac output), both the bronchi and the trachea are supplied by the systemic circulation. The estimate
for alveolar blood flow in rats (10.6 Lih/kg) was lower than most values for cardiac output found in the
literature (mean value: 15.1 Lih/kg), but was still within the reported range (10.3-20 Lih/kg [37—41]).
The combined blood flows of bronchi and trachea amounted to 0.831 L/h/kg, which is higher compared
to literature values for tracheobronchial blood flow (2.1% of cardiac output [12], 0.216-0.420 Lih/kg).
However, the estimate for tracheal blood flow (0.054 I/h/kg) was more than two-fold lower than the
weight-proportional part of the combined blood flow of 0.116 L/h/kg. To our knowledge, this is the
first time that tracheal blood flow in rats has been estimated separately from the bronchial blood flow.
Boger et al. [42] implemented generation-specific blood flow in their physiologically-based PK model
as a function of airway diameter, based on an equation evaluated with dog data [43]. This relationship
has not yet been validated for rats. However, when this equation is applied to the cumulative blood
flow of bronchi and trachea found in this investigation, the resulting blood flow for the trachea would
amount to 0.066 I/h/kg, which is in agreement with the actual estimate of 0.054 Li/h/kg.

The alveolar parenchyma, as the best perfused tissue in the whole body [12], would typically not
be expected to show a time delay compared to plasma. However, SAL and FP both showed delayed
disposition in the alveolar region. By incorporating plasma protein binding (PPB) into the model
this can be adequately described. We assume that the high PPB (>98%) is causative for the observed
delayed disposition: Only a small portion of the drug in plasma is actually free to permeate, effectively
slowing the partitioning into the lung tissues. The different combinations of tissue affinity, blood
flow, and plasma protein binding lead to partitioning rates that are both tissue- and drug-specific.
In general, partitioning is slow with high tissue affinity and increases with higher blood flow and
fraction unbound. This held true for the trachea, which showed the slowest partitioning rates out of all
three tissues.

The fact that the partitioning rate is also drug-specific makes it difficult to estimate the local tissue
exposure of drugs based on plasma PK alone. Yet, since studying tissue distribution in humans is rarely
possible, plasma PK is often used as a surrogate to infer on the concentration—effect relationship [4].
Our results showed that this approach might lead to very different estimates of ECs; g depending on
the time point of the PD experiment. Due to the dependency of partitioning rates on drug properties,
the time-dependent variation in PD parameter estimates will differ for each drug. A comparison of
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drug potency based on plasma concentrations at a single time point would therefore not be advisable
if no information on tissue distribution is available. To overcome some of the weaknesses, a thorough
preclinical investigation of the target tissue distribution of new drugs seems meaningful. This definitely
helps understanding the PK/PD relationships in animal models. Tt will also inform translation to
humans as unspecific tissue binding seems to be essentially similar over a wide range of species,
as shown for brain binding [44].

If tissue distribution data is available from pre-clinical experiments, attempts can be made to
extrapolate the relationship to the human situation based on human physiology or allometric principles.
In this investigation, pulmonary absorption half-lives were calculated from the model parameter
estimates and subsequently extrapolated to human. Even if they cannot be viewed as full pulmonary
half-lives, since they do not take the redistribution from plasma to the lung tissues into account,
these absorption half-lives should be qualitatively comparable with absorption rate constants used for
empirical models of oral inhalation without redistribution to the lung [45-47]. LIN and IND, both
drugs that were not optimized for oral inhalation, showed very short absorption half-lives in the range
of seconds, indicating a fast equilibrium between pulmonary tissues and plasma. This seems to be
in agreement with the assumption that at least part of an orally inhaled drug shows "i.v. bolus-like”
absorption after oral inhalation [45,48]. This could be true for the part of drug that is not retained in
the lung or limited by slow dissolution. In contrast, SAL and FP show prolonged absorption half-lives
in all investigated lung tissues. For SAL, the prolonged duration of effect achieved after oral inhalation
has been associated with the pulmonary retention caused by high tissue affinity [2,8]. The pulmonary
absorption half-lives calculated for FP ranged from 32 min in the alveolar region to 3.5 h in the trachea.
However, most empirical PK models describing plasma PK of FP only identify a single absorption
constant. This is in line with the common assumption that FP absorption from the lung is limited by the
slow dissolution rather than the absorption itself. Reported absorption rate constants for FP were in the
range of dissolution half-lives (3.85 h and 3.47 h, respectively [49,50]. Nevertheless, this investigation
showed that even though the limiting factor may be the dissolution, FP still shows moderate retention
in the conducting airways due to tissue affinity. There are also empirical models for other drugs
that identified several parallel absorption processes [45-47]. For some of the drugs with rather high
tissue affinity [46,47], this might be explained by different absorption rate constants depending on the
lung region.

This study presents a method towards understanding localized pulmonary retention based on
tissue affinity and pulmonary blood flow. However, it has to be noted that this study also showed
that for drugs that are subject to permeability-limited kinetics or active transport processes, additional
investigations beyond the here applied methods would be required. While permeability-limited
kinetics may be implemented using in vitro permeability data, there is little quantitative information
onexpression and especially localization of transport proteins in the lung [51,52]. As most investigated
drugs are lipophilic and/or well permeable, the influence of active drug transport on tissue partitioning
at steady state was judged low [53]. Even though active transport processes were demonstrated in
epithelial cells (i.e., between the tissue and the lining fluids) [51], the influence of the small volume
of the epithelial lining fluid would be negligible on the measured pulmonary drug concentrations.
Moreover, the here described approach may not be suitable for drugs that show non-linear tissue
binding. For example, the sequestration into lysosomes was shown to be saturable at high unbound
concentrations (>100 nM} [36]. As the highest unbound concentrations of SAL in this study were below
15 nM, tissue binding should still be within the linear range. However, this linearity might not hold
true at very high inhaled doses, in which case the here described parameters could vary for different
exposure levels in the lung. In contrast, other binding mechanisms relevant for the model drugs
(partitioning into membranes, interactions with acidic phospholipids) are generally not saturable by
commonly achieved concentrations [54]. The PK model in this study did not account for the residual
blood content of the tissue samples. Even though the samples were obtained after exsanguination and
rinsed with saline, especially the peripheral lung sample may still contain relevant amounts of residual
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blood (up to 28% [55]). The presence of residual blood in the alveolar parenchyma may be a reason for
the comparably low estimate of alveolar blood flow. Furthermore, since lung tissue affinity is also
drug-specific, the model cannot be directly adapted to drugs other than those used for the investigation.
To achieve this, more work would have to be done to investigate which drug properties are relevant
for differences in affinity between trachea, bronchi, and alveolar parenchyma, such as lipophilicity,
charge, and affinity to plasma proteins. For a systematic analysis, more data for drugs with different
physico-chemical characteristics would be needed. Moreover, an examination of the regional tissue
composition with regard to lipid types and lysosome content [56-59] would be very helpful. This data
could be used to evaluate if the K prediction models such as Rodgers and Rowland can be used to
extrapolate the model to different drugs. Additionally, the here presented model could be further
extended to oral inhalation. By developing the model on drug PK after intravenous administration,
the distribution process between plasma and lung tissue could be investigated separately from other
relevant processes. However, to make the model applicable to oral inhalation, the PK processes
specific to oral inhalation, like deposition patterns, mucociliary clearance, pulmonary dissolution,
and absorption from the epithelial lining fluid [4] would have to be implemented. With these processes
included, this type of model could be used to assess advantages and disadvantages of pulmonary drug
delivery depending on physico-chemical drug characteristics and the target location within the lung.

5. Conclusions

In summary, this manuscript introduces a semi-mechanistic model to describe regional pulmonary
tissue retention based on physiological and drug-specific parameters. The model successfully captured
the pulmonary disposition of the investigated neutral and basic drugs. Additional investigations are
required; especially regarding acidic drugs since further PK processes in the lung seem to be relevant.
The in vivo studies showed that structural differences between the conducting airways and the alveolar
parenchyma resulted in different tissue affinity and retention times for basic drugs. Considering whole
lung concentrations was in most cases not representative of the conducting airways, representing the
target site for many locally-acting orally inhaled drugs. The estimated pulmonary blood flows for
alveolar parenchyma and cumulative blood flow for both trachea and bronchi were in accordance with
literature values. This supports the separate tissue retention estimates for trachea and bronchi, which
were, to the knowledge of the authors, reported for the first time in this study.

The high tissue affinity and extensive protein binding of SAL, in combination with low blood
flow resulted in marked distributional delay in the conducting airways. Further investigations on the
estimation of PD parameters from a single time point revealed that, under these circumstances, plasma
concentrations are no valid surrogate for pulmonary target-site concentrations. This work highlights
the importance of being aware of the physiologic differences between lung tissues and their impact on
local PK, as well as the use of time-resolved PK data combined with model-based approaches to gain
a better understanding of local lung retention and local efficacy to guide identification of drugs for
lung diseases.
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Synopsis:

Apart from chronic lung diseases like asthma and COPD, oral inhalation is often considered an
attractive route of administration for anti-infective treatment of pulmonary infections.
However, few antibiotics have been approved for inhaled use, as most cases are off-label
nebulization of parenteral formulations, and little is known about local concentrations after oral
administration. Because established antibiotics are optimized for oral or parenteral
administration, their physicochemical characteristics differ from those considered optimal for
inhalation. The presumed benefits derived from experience with inhaled asthma and COPD

medications may not hold true for all re-purposed antibiotics.

Here, the rat PBPK model developed for publication 1 (3.1) was refined to include a
differentiation between ELF, interstitial, and intracellular space. The model was then applied
to detailed tissue distribution data after i.v. infusion of rifampicin, ciprofloxacin, and
tigecycline, respectively. This allowed evaluating concentrations in plasma, trachea, bronchi,
and alveolar tissue, as well as tracheal and (bronchio-)alveolar lining fluid within the same
animals. In a second step, the model was humanized and extended to allow simulations of the
PK after oral inhalation. After linking the PK compartments to bacterial PK/PD models, an
exemplary sensitivity analysis was conducted to identify favorable drug characteristics for the
oral-inhaled switch of established antibiotics on the one hand, and the development of new
inhaled antibiotics on the other hand. Simulations of antibacterial efficacy were used to
investigate benefits of oral inhalation over i.v. administration for the selected drugs, as well as

the impact of specific PK optimization based on the established inhaled drug salmeterol.

35
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The model successfully described the systemic and pulmonary PK of all three drugs observed
in rats. The simulations of bronchial intracellular and ELF-residing bacteria suggested low
permeability, a high epithelial efflux ratio, and long post-antibiotic effect as the driving
parameters for local efficacy. Typical optimization parameters for orally inhaled drugs served

mainly to increase pulmonary selectivity and had less influence on pure efficacy.
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Background: Treating pulmenary infections by administering drugs via oral inhalation represents an attractive alter-
native to usual routes of administration. However, the local concentrations after inhalation are typically not known
and the presurmned benefits are derived from experiences with drugs specifically optimized for inhaled administration.

Objectives: A physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) model was developed to
elucidate the pulmonary PK for ciprofloxacin, rifampicin and tigecycline and link it to bacterial PK/PD models.
An exermplary sensitivity analysis was performed to potentially guide drug optimization regarding local efficacy
for inhaled antibiotics.

Metheds: Detailed pulmonary tissue, endothelial lining fluid and systemic in vivo drug concentration-time pro-
files were simultaneously measured for all drugs in rats after intravenous infusion. Using this data, a PBPK/PD
model was developed, translated to humans and adapted for inhalation. Simulations were performed compar-
ing potential benefits of oral inhalation for treating bronchial infections, covering intracellular pathogens and
bacteria residing in the bronchial epithelial lining fluid.

Results: The PBPK/PD model was able to describe pulmonary PK in rats. Often applied optimization parameters
for orally inhaled drugs (e.g. high systemic clearance and low oral bioavailability) showed little influence on ef-
ficacy and instead mainly increased pulmonary selectivity. Instead, low permeability, a high epithelial efflux ro-
tio and a pronounced post-antibiotic effect represented the most impactful parameters to suggest a benefit of
inhalation over systermic administration for locally acting antibiotics.

Conclusions: The present work might help to develop antibictics for oral inhalation providing high pulmonary
concentrations and fast onset of exposure coupled with lower systemic drug concentrations.

Introduction

Oral drug inhalation is often investigated for treatment of pul-
monary infections,™ as it is expected to achieve high and fast
target-site exposure with limited systemic concentrations by
rmeans of direct administration to the target site. This avoids
the first-pass effect in the liver, especially for drugs with low
oral bioavailability or limited lung penetration from the systemic
circulation. Typically, the bronchiallining fluid or sputumis the as-
sumed infection site, and only in severe cases the infectionis also
delocalized into the pulmonary tissues, resulting in direct target-
site exposure after oral inhalation.*~® While there are a few com-
rmercially available formulations for oral inhalation (e.g. inhaled

formulations of tobramycin and colistin for the treatrment of cys-
tic fibrosis), often inhaled administration of antibiotics is off-label
use of parenteral formulations (e.g. nebulization of aztreonam or
levofloxacin), for which a systernatic comparison to the intraven-
ous or oral route has not been peformed.™ While tobramycin
exhibits prolanged pulmonary exposure and high efficacy after
oral inhalation,” presurmably due to its polar nature and low per-
meability, the same could not be shown for ciprofloxacin.*® In
conclusion, not all attempts at reconstituting an established anti-
biotic drug for oral inhalation have been successful.

Established oral or parenterally administered antibiotics typic-
ally have distinct pharmacokinetic (PK) and pharmacodynamic
(PD) characteristics from drugs specifically optimized for inhaled

© The Author(s) 202 2. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy. All rights reserved.
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administration. For these optimized drugs, the advantages of in-
halation over systemic administration were well investigated,
e.g. p-sympathomimetic drugs, such as salmeterol, generally
show high potency, high systemic clearance, high affinity to
lung tissue, and/for low solubility to increase the duration of local
exposure and the pulmonary selectivity. Developing a molecule
designed for oral inhalation is a challenging endeavour, both
due to the respiratory system being a highly complex heterogen-
ous target and the increased wvariability odded by specific
processes assodated with oral inhalation, such as the inhalation
manoeuvre, drug deposition and mucociliary clearance.* While
switching from oral or intravenous administration to oral
inhalation during drug discovery often leads to the design of
molecules exhibiting completely different PK and PD characteris-
tics than the original drug condidates,' this extensive
redesigning is not possible for already established drugs. With re-
gards to antibiotics, there remains a lack of quantitative knowl-
edge about the local PK and its relevance on the PD outcome.
The question remains whether the same benefits shown by opti-
mized drugs for inhalation can also be assumed for the inhalation
of antibiotics, which were not specifically optimized for
inhalation.

One way to measure pulmonary drug concentrations in the
clinics is bronchioalveolar lavage fluid (BALF} sampling.
However, this is seldom done in a time-dependent manner and
has limited value for differentiation of regional concentrations,
e.q. conducting airways versus alveolar region, or extracellular
versus intracellular space. This can lead to uncertainty regarding
the optimal dose and posology for newly inhaled antibiotics,” as
well as their general suitability for oral inhalation. Therefore,
questions remain, which antibiotics are well suited for oral inhal-
ation even without further optimization and what characteristics
should be the focus when aiming towards optimizing antibiotics
for oral inhalation based on some well-known chemical struc-
tures for commonly applied antibiotics.

To provide some guidance for these questions, the objectives
of the here presented investigation were to (i) develop a serni-
mechanistic physiology based (PBJPK model to elucidate the sys-
termic and pulmonary PK of the three model drugs ciprofloxacin,
rifarmpicin and tigecydine after intravenous administrationin rats
and scale this towards oral inhalation in human, and (i} to inves-
tigate the influence of drug-specific PK/PD parameters on local
and systemic efficacy after oral inhalation in human to provide
insights on desirable properties for aswitch from oral or intraven-
ous administration to inhalation.

Materials and methods
Chemicals

Rifarnpicin was sourced from the in-house compound dispensary at
Boehringer Ingelheim Pharma GmbH & Co. KG, (Biberach, Germany).
Ciprofloxacin, mercpenem and tigecycline were purchased from Sigma-
Aldrich (5t Louis, MO, USA) and TCI Deutschland GmbH (Eschborn,
Germany), respectively. Deuteroted internal standards were purchased
for rifampicin [2H8-rifarmpicin, (ALSACHIM, Duisburg, Germany)], merope-
nem (meropenem-d6, Sigra-Aldrich) and ciprofloxacin (ciprofloxacin-dg,
Sigma-Aldrich). Tetracycline (Sigma-Aldrich) was used as an internal
standard for tigecycline,

Animal experiments

Twelve male Han Wistar rots, weighing 276-321 g (mean 298 g), pur-
chased from Janvier Labs (Le Genest-Saint-Isle, France) were used for
the in vivo studies. All animal care and experimental procedures were
conducted in compliance with the Gerrman and European Animal
Welfare Act (EU Directive 2010/63/EU) ond were approved by the
Regierungsprisidium TUbingen as the responsible local German authority
(license reference number 19-013-G).

A cassette of ciprofloxacin, rifampicin, meropenem and tigecycline
was infused over 1 h (5 mg/kg, infusion rate 5 mL/h/kg) to the anaesthe-
tized animals using a standard infusion pump. At 0.25,0.75, 1.5 and & h
after start of the infusion (N=3 ratsitimepoint), the rats were exsangui-
nated in deep anaesthesia. The lung was dissected into trachea, the
left and right lung and peripheral alveolaor tissue. By flushing with buffer,
epithelial lining fluid (ELF) was collected from the trachea and the left
lung. Bronchial tissue was prepared from the left and right lung lobes.
Tissue samples were prepared as described previously.™ Blood was
sampled until the end of the respective experiment and plasma samples
were prepared. All samples were stored at -20°C. More details about the
experimental procedure and the sample preparation can be found in the
Supplementary data (Supplementary Sections 1 and 2 and Table 51,
available as Supplementary data at JAC Onling).

Bioanalysis

Drug concentrations in plasma, ELF and tissue homogenates were deter-
mined by HPLC-MS/MS (Supplementary Section 3 and Tables 52 and 53).
Prior to biconalysis, plosma and tissue samples were spiked with internal
standard solution and diluted with acetenitrile for protein precipitation.
ELF concentrations were corrected by the ratio of urea concentrations
in plasma and ELF samples to correct for the dilution during the sampling
process.

PBPK model

The PBPK modelling analysis was carried out in Phoenix WinNonlin™ 8.0
(Certara, L.P,, Princeton, NJ, USA). The semi-mechanistic model consisted
of an empirical systemic PK model and physiclogically based representa-
tions of the different lung regions (see Figure 1a). The tissue compart-
ments for trachea, bronchi and alveolar region were further divided into
interstitiol space, intracellular space and ELF with permeability-based dis-
tribution kinetics. The apparent permeability in the model (P} refers to
the crossing of two lipid bilayers. Since crossing from interstitial spoce into
cells only involves one membrane, this permeation process was assumed
tobe twice as fast. The systemic PK parameters were estimated based on
the rat plosma concentration-time data. This resulted inempirical one- or
two-compartment models depending on the drug characteristics.
Pulmonary tissue-specific physiological parameters such as volumes
and surface areas were defined based on available physiclogical values
from literature, **-** and blood flows characterizing the perfusion of the
different parts of the lung were based on previous work™” (Table 1). The
remaining drug-specific parameters ( partition coefficients Koy sm, efflux
ratios Effr;, ond opparent permeabilities Py,,) were estimated from the
rot PK data. Drug binding was assumed to be the same in plasma and tis-
sue interstitium, while binding to cellular components was described by
Kpu values. To fit the model to the observed tissue concentration-time
profiles, total tissue concentrations were calculated from the separate
tissue compartments (eqg. the tracheal tissue concentration was calcu-
lated as a weighted average of all related tracheal compartments). As
there were no measurements of bronchial ELF to inform the efflux ratio,
the same value which was estimated for the tracheawas used, assuming
higher similarity of the epitheliol constitution and transporter expression
between the bronchi and the trachea than between bronchi and the al-
veolar region.'* The decision to estimate Py, instead of using measured
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Figure 1. Structure of (o) the PK and (b) the PD model. The coloured boxes with dashed cutlines (tracheq, bronchi and alveclar) depict the combination
of compartments correspending to the measured total tissue concentrations. Parameters of the PK model: CL, systemic clearance; Q, intercompart-
mental clearance; Qres, perfusion rates of the trachea, bronchi and alveclar region, respectively. V, volume of distribution; f,,, fraction unbound; Pagy,
apparent permeability; 5, Surface areas; Eff, efflux ratio; Ky, partition coefficients. Subscripts: C, central compartrment (CMT); P, peripheral CMT; A, al-
veolar; B, bronchi; T, tracheaq; int, interstitial; cell, cellular; ELF, epithelial lining fluid. Parameters of the PD model: ke, first-crder equilibration rate con-
stant; Kgowtn growth rate of the bacteria; kmge, moximum kill rate; Cerr, concentration in the effect CMT; ECsp, concentration achieving the
half-maxirmal effect; Bepa, maximal bacterial concentration. This figure appears in colour in the online version of JAC and in black and white in the

print version of JAC.

permeability values was made to compensote for uncertainties in re-
ported physiolegical ELF volumes and pulmonary surface areas. For fige-
cycline, both a constant and concentration-dependent fraction unbound
in plasma (f,) were investigoted (see Supplementary Section &). To com-
pare the overoll goodness-of fit of the developed model across drugs, the
absolute average fold error (AAFE) of model predictions was calculated as
described in Equation 1:

E M;o{i’—-_‘f—ﬂl

AAFE = 10 ] (1)

with Obs denoting observed concentrations (plasma, tissue and ELF sam-
ples), and Pred being the corresponding concentrations predicted by the
model. N denctes the total number of data points.

Translational approach

The final PBPK model first developed for rots was encoded in R (Version
4.02),"" using the deSolve package (Version 1.28"7). ggplot2 (Version
3.3.3,"®) was used for visualization. The model was translated to humans
as described in the following and combined with an oral absorption compart -
ment (to account for swollowed drug after orol drug inhalation). The full or-
dinary differential equation systemn can be found in the Supplementary data
(Supplementary Section 4). The systemic PK for humans, absorption rates
and oral bioawailability were taken from literature,'*2* and a non-linear

clearance was implemented for rifampicin®? The bedy weight-normalized
physiclogical volumes and surface areas, partition coefficients and efflux ra-
tios were kept the same as the rat model.” The resulting parameter values
can be found in Table 1. Blood flows to the lung regions were allometrically
scaled from rat with an expenert of 0.75.°

For the simulation of plasma and pulmenary concentration-time pro-
files after oralinhalation, drug dissolution and mucociliary clearance pro-
cesses were added to the model as first-order rates (see Figure 51). As all
medel drugs display high solubility, the disselution rate was considered
high and set, i.e. to 50 h™*. The mucociliary clearance was set to
0.938 h"'* As the focus of this investigation was not on formulation
characteristics, a generic plausible deposition pattern waos implemented
for oral inhalation.*®** All drugs were assumed to deposit 50% of the
emitted dose in the mouth-throat area with subsequent absorption via
the gastro-intestinal tract of the swaollowed fraction, and 1%, 9% and
40% in the tracheaq, bronchi and alveclar region, respectively.

PD model

The PBPK model was combined with a bacterial growth models (Figure 1b)
linked to the unbound concentrations in the central compartment
{plasma), bronchial interstitium, intracellular space and ELF. The PD model
assumed saturable bacterial growth (saturation at 10 cfu/mL) starting ot
10° cfu/mL® The maximum kill rate (kye,) was set to three times the
growth rate of the bacteria (kggwm, bosed on Staphylococcus aureus)™
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Table 1. PK/PD parameters [coefficient of variation (% CV), if estimated] of the semi-mechanistic model

Drug-specific parameters

Ciprofloxacin Rifampicin Tigecycline ) )
Tigecycline
Salmeterol PK
Parameter (Unit9) Rat Hurmnan Rat Hurnan Rat Hurnan Human
CL (L'h) 2.95 (4.73%) 334 0.471 (7.09%) - 1.49 (4.50%) 186 93.0
Wonax (migfh) - - - 525 - - -
Ko (migiL) - - - 353 - - -
VelL) 0.724 (7.48%) 14.0 1.77 (14.2%) 87.2 0.581 (5.36%) 100 122
01 (L) 0.724 (11.2%) 851 - - 1.45 (14.1%) 735 174
Vel (L) 2.95 (8.20%) L0.6 - - 1.39 (15.2%) 554 352
02 (L) - 322 - - - - -
Ve (L) - 84.0 - - - - -
fu (=) 0.700 0.700 0.200 0.200 Concentration dependent 0.200 0.018
Papp (1075 crmi's) 0.845 (23.9%) 0.845(23.9%) 5.75 (87.2%) 5.75 (87.2%) 0.190 (20.4%) 0.132 (20.4%) 3.92
K,;.u;rb (- 4.22 (14.0%) 4.22 (14.0%) 14.0 (17.1%) 14.0 (17.1%) 2.40 (8.57%) 2.73 (B8.57%) 362
Kpulnb -] 3.69 (8.14%) 3.69 (8.14%) 32.5 (11.8%) 32.5 (11.8%) 8.6& (15.3%) 8.23 (21.5%) 1030
Kpu'f\b (- 5.70 (12.1%) 5.70 (12.1%) 51.9 (12.9%) 51.9 (12.9%) 15.8 (12.2%) 19.2 (24.2%) 2180
Effr (-) 1.24 (8.50%) 1.24 (8.50%) 2.56 (11.3%) 2.56 (11.3%) 6.48 (20.5%) 7.30 (20.3%) 2.30
Effa (<) 0.854 (15.4%) 0.85& (15.4%) 3.67 (17.9%) 3.67 (17.9%) £.51 (20.4%) 5.25 (20.4%) 2.30
Ferat (=) 0.680 0.690 0.948 0.948 0.001 0.001 0.120
ks (fh) 0.760 0.760 1.77 1.7 1.00 1.00 0.330
keg (/) 0.139 0.139 0.173 0.173 0.347 0.347 0.347
ECsq (migfL) 0.250 0.250 0.500 0.500 0.00250 0.00250 0.00250
Kenas (/h) 3.60 3.60 3.60 3.60 1.32 1.32 132
Physiological parameters
Trachea Bronchi Alveolar
Rat Hurman Rat Hurman Rat Hurman
Q (L/h) 0.0540 0.136 0.777 0.195 106 2.67
Wratar (Lkg) 0.000137 0.000137 0.0005&7 0.000547 0.00287 0.00287
Weey (Likg) 0.000117 0.000117 0.0004 68 0.000468 0.00151 0.00151
Vit (L7kg) 1.05%107% 1.05x107° 4.21%107° 4.21x107 0.00118 0.00118
Ver (L'kg) 0.929%107° 0.929%107° 3.71x10°° 3.71x107 0.000186 0.000186
Shegy (dm?) 3.38 3.38 135 135 372 372
She ¢ (dm?) 00184 0.0184 5.25 5.25 171 171
Bacterial growth model
B (CFU/TIL) 10'°
Kgrawin (/) 120
Systemic PK parameters were taken from'2*,
Physiological parameters for pulmonary tissues were taken from™ ",
“Clearances and volumes of rats are given per kg body weight.
Cellulor partition coefficients. For comparison with more typical whole tissue partition coefficients, see Table 54,
for the bacteriddal antibiotics ciprofloxadn and rifompicin, and to In(2)
slightly larger than Kgwin (1.32 h™") for the bocteriostatic tigecycline keo =PAE (2)

{see Table 1). ECsp values were chosen so that high-dose treatment for
5. aureus™ resulted in bacteriostasis in plasma 12 h after the first intraven-
cus administration. Hence, the utilized parometerization represents a
suboptimal scenario, but avoids that the simulated scenarios will display
(miostly) maximum kiling and assured a meaningful sensitivity analysis.
To simulate the post-antibiotic effect (PAE), an effect compartment was
introduced, with the rate ke corresponding to the reported PAES>**

Dose-response intravenous versus oral inhalation

The human version of the PBPK/PD model was used to simulate
dose-response profles in plasma and bronchial compartments after
intravenous infusion over 1 hand oral inhalation. The efficacy was eval-
uated bosed on the reduction of bacteria over one dosing interval
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Figure 2. Observed (symbols) and predicted (lines) concentration-time profiles after intravenous administration of 5 mg/fkg in rats. TLF, tracheal lining
fluid; ALF, alveclar lining fluid. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

(12 h, bi-daily dosing), both for the first dose and ot steady-state. To
investigate the influence of optimization for inhaled drugs, the same
analysis was performed for tigecycline where the PK parometers were re-
placed with those of salmeterol (see Table 1). The apparent permeability
of salmeterol was scaled from Caco-2 permeability measured in-house
with the mean estimated shift from literature values for ciprofloxocin
and rifampicin (factor 2.8). The efflux ratio was taken from the in vitro
efflux ratio observed in the Caco-2 assay.

Sensitivity analysis

To identify parameters of interest for optimization in drug discovery re-
garding bacterial kiling in bronchial ELF and intracellular space after
oral inhalation, a sensitivity analysis was performed. To this end, each
drug-specific parameter was increased and decreased 2-fold, and the re-
sulting change in effect was evaluated. The dose resulting in bacteriosta-

sis after single dose administration was chosen as a basis for the
sensitivity.
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Results

PK rat model

The experimental data from the infusion study showed a
bi-exponential decline in plasma concentrations for ciprofloxacin,
tigecycline and meropenermn, which was best described by a two-
compartment systemic model. In case of rifampicin, o one-
compartment model was sufficient. Unfortunately, meropenem
proved to be highly instable in tissue samples and was therefore
excuded from further analyses. Total tissue concentrations of
the otherthree model drugs followed a similar shape as the plas-
ma concentration-time profile, with concentrations in the tra-
chea typically lower than in the bronchi or alveolar
parenchyma. The observed and predicted concentration-time
profiles can be found in Figure 2.

The semi-mechanistic PBPK model was able to adequately de-
scribe plasma, total tissue and ELF concentrations for all three com-
pounds simultanecudy, with an AAFE of 135 and 90.4% of
observed values within 2-fold of the prediction (see Figure 3).
However, the model overestimated tracheal and alveolar concentra-
tions of tigecydline during the first hour (see Figure 2, middle right).

The implementation of concentration-dependent protein
binding for tigecycline did improve the description of observed
data (Akaike information criterion of 1935 versus 1976, compare
also Figures 52-54). However, the estimated pararmeters (perme-
ability, partition coefficients and efflux ratios) were in a similar
range. The concentration-dependent binding of tigecycline has
only been measured in a limited concentration range (0.1-
100 mg/L),**** and the here used model may not be adequate
for the initially exceedingly high local concentrations after oralin-
halation. A constant fraction unbound was therefore assumed
for the following translational and sensitivity analyses. The esti-
mated model parameters are found in Table 1.

Comparison of intravenous versus inhaled dose-response
curves

The humanized PBPK maodel was used to simulate unbound con-
centrations in plasma and bronchial tissues (interstitial,

intracellular and ELF). The corresponding concentration-time
profiles after oral inhalation can be found in Figure 4. The simu-
lated dose-response profiles after oral inhalation and intraven-
ous administration showed a left-shift to lower effective doses
for bronchial infections by inhalation compared with intravenous
administration, more pronounced for the ELF than for intracellu-
lar pathogens (compare Figure 5). Systemic efficacy was compar-
able for ciprofloxacin and rifampicin or slightly worse for
tigecycline after inhalation.

Using the conceptional PBPK/PD model, the inhaled doses re-
sulting in bacteriostasis in bronchial ELF and intracellular space at
steady-state were 0.50 and 6.9 mg for ciprofloxacin, 1.6 and
7.0 mg for rifampicin, and 0.025 and 1.9 mg for tigecycline, re-
spectively. The corresponding intravenous doses required for
bacteriostasis at steady-state were 108 and 138 mg for cipro-
floxacin, 68.2 and 273 mg for rifampicin, and 5.0 and 38 mg for
tigecycline. Inhaled doses were foctor 216, 200 and 53 lower in
the ELF for ciprofloxacin, tigecycline and rifampicin, respectively.
In the bronchial cells, the required inhaled doses were 20 times
lower for both ciprofloxacin and tigecyeline, and 39 times lower
for rifampicin.

PK parameters optimized for pulmonary targeting via oral in-
halation resulted in the largest shift between intravenous and in-
haled administration. Changing the PK of tigecycline to that of
salmeterol indicated that inhalation required 3000-fold and
2000-fold lower doses for ELF and intracellular infections, re-
spectively, with bacteriostatic inholed doses of 0.20 and
0.90 mag for the ELF and intracellular space.

Sensitivity analysis

The sensitivity analysis indicated the potency (ECsg) as the most
influential pararmeter for ciprofloxacin, rifampicin and tigecycline
with substituted salmeterol PK for both ELF and intracellular
space (see Figure 6). While the potency was also an influential
parameter for tigecycline, the PAE, as represented by kaq, had
the most impact on bacterial killing after 12 h. Other influential
pararmeters were the estimated permeability (P,.) and the efflux
ratio (Eff;). However, these two were only relevant for targets in
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version of JAC.

the ELF. The other parameters, even typical optimization para-
rmeters for orally inhaled drugs, such as CL and the oral bioavail-
ability appeared to have negligible influence. Starting out with
optimized PK parameters (salmeterol PK) for tigecycline reduced
the influence of ko substantially.

Discussion

Repurposing already established orally or intravenously adminis-
tered antibiotics for oral inhalation is a complex endeavour,
which has seldom been systernaticaolly evaluated. This work pro-
vides insights on favourable PK/PD characteristics for an oral/
intravenous-to-inhaled switch for antibiotics targeting bronchial
infections, based on detailed pulmonary tissue, endothelial lining
fluid and systemic in vivo drug concentration-time profiles in rats
and a quantitative model-based approach.

The semi-mechanistic PBPK model adequately described
granular pulmonary distribution across three established antibio-
tics after intravenous administration in rats mainly based on
physiological information. Drug-specific parameters were either
estimated across tissues (permeability) or separately for the tra-
cheq, bronchi and alveolar region (partition coefficients and epi-
thelial efflux ratios). Observed ELF/unbound plasma
concentration ratios for ciprofloxacin were in a similar range, if
slightly lower than reported before.”® The investigated model
drugs are all established antibiotics with varying PK/PD proper-
ties. However, none of them was optimized for oral inhalation.
The aim of this work was to identify favourable drug properties
to support a switch to oral inhalation from more common routes
of administration. Perhaps unsurprisingly, as the dose selected
for the sensitivity analyses was dose to the ED g, for ciprofloxacin

and rifarmpicin, the potency was identified as the most influential
parameter for overall efficacy. This was less pronounced for tige-
cycline, as the selected dose was closer to the maximally effect-
ive dose. High potency decreases the dose needed to achieve the
desired effect, facilitating formulationininhalation devices which
are often limited regarding the dose. Other characteristics, such
as low permeability and a high efflux ratio in the bronchial epithe-
liurn, were more important for efficacy in the lining fluid. Both
parameters influence drug dearance from the site of action, i.e.
the ELF and therefore increase the local residence time and in-
crease the time over the minimal inhibitory concentration. The
PAE, implemented via the first-order rate k., seemed to have a
high impact, especially for tigecydine. Combined with the high
initial pulmanary concentrations after oral inhalation, the slow
clearance from the effect compartment (ke i.e. o long PAE) re-
sults in prolonged high efficacy. However, if ko takes on higher
values—corresponding to a shorter PAE—this advantage disap-
pears (compare the dose-response profiles for ciprofloxacin
with a 10-fold increased keg, Figure 55). This might explain the
lower efficacy after inhalation and the conflicting results with
real-life evidence from attempts to develop an inhaled cipro-
floxacin product,*”*# which failed due to limited advantages
over oral administration.

Exchanging the tigecycline PK model with that of salmeterol
nicely showed the impact of PK characteristics designed for inhal-
ation (compare Figure 4), showing high long-lasting unbound
drug concentrations in all bronchial compartments over the
whole dosing interval, combined with lower free plasma concen-
trations. While it did not substantially improve local efficacy, the
combination of high systemic clearance, high affinity to pulmon-
ary tissues and low oral bicavailability resulted in increased
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pulmonary selectivity compared with the other scenarios (see
Figure 5). This may not be necessary for the here investigated
drugs, as the systemic safety is not the limiting factor.
However, it may be an important consideration for antibiotics
with a narrow safety margin. In addition, the sensitivity analysis
showed that PK optimization drastically reduced the influence of
keg, indicating that good pulmonary PK may be more meaningful
for inhaled administration of drugs without prolonged PAE.

A few limitations of this investigation have to be acknowl-
edged. The PBPK model showed a trend towards consistent over-
prediction of tracheal concentrations at early timepoints and
underprediction at later timepoints. One could speculate that
the well-stirred hypothesis typically applied in PBPK modelling
does not hold true for the trachea, which contains cartilage rings.
It might be that the unique tissue composition of the trachea
leads to slow diffusivity, altering the distribution characteristics
of drugs. The sensitivity analysis for tigecycline was performed
without accounting for the non-linear plasma protein binding,
and a fixed unbound fraction was assumed, as the simpler model
was deemed sufficient for the sensitivity analysis (see
Supplementary Section 5 and Figure S6). Also, the permeability
of rifampicin could not be reliably estimated (% CV of 87.2%).
This was most likely because the permeability is not the limiting
step in this case, as rifampicin is classified as a well permeable
drug.”” In addition, some of the assumptions of the here pre-
sented models might not hold true for all inhaled antibiotics. If
substantial binding to ELF components would be expected, the
parameters describing the epithelial efflux may be overesti-
mated as the ELF concentrations would represent bound and un-
bound drug. This was for exarmple demonstrated for tobrarmycin
and colistin, for which binding to mucins has been reported.*®*!
I this case, supplermenting the analysis with in vitro binding as-
says would be recommended, eqg as demonstrated by
Béckstrom et al.*

Finally, this work is a hypothetical scenario with several as-
sumptions. The chosen bacterial model is simplistic and the de-
rived doses in this work should not be interpreted os absolute
values, but could only be compared relatively between oral inhal-
ation and intravenous administration. A more mechanisticimple-
mentation of bacterial dynamics and PAE may refine our findings.
The physiological volurnes and surface areas implemented in the
rmodel are subject to uncertainty, and the simulated intracellular
concentrations are not supported by direct measurements of
interstitial or intracellular concentrations. To account for this,
the apparent permeability (Py,,) was estimated insteod of fixed
to measured values. In addition, the influence of formulation-
related parameters, such as dissolution rate and deposition pat-
tern, was not investigated further. This was done intentionally, as
the aim was to identify favourable drug properties for optimiza-
tion or alternatively to guide the drug candidate selection for
an inhalation optimization programme, rather than the pharma-
ceutical development of suitable formulations and devices.
These questions could be better addressed by an investigation
of plasma and ELF PK (e.q. via exhaled breath condensate)****
after oral inhalation in hurmans or complementary by dedicated
deposition studies, e.g. with insoluble particles.*® The focus of
this investigation was put on bronchial infections, i.e. infections
of the conducting airways and the analyses will have to be
adapted for infections of the peripheral lung. For example, if

the target would be in the alveolar region, fast clearance from
the site of action can be anticipated based on the high surface
area and the rich perfusion.*® In that case, strategies like a pro-
longed PAE, or even extremely low permeability and slow dissol-
ution may be reasonable. Lastly, the sensitivity analyses did not
consider pulmonary selectivity, and only a single dose level was
investigated per scenario. To achieve maximum efficacy, it might
be required to optimize more than a single parameter to also
rnaintain the drug for a long time in the lung. These aspects
rmay be an interesting starting point for follow-up analyses.
Another interesting addition would be the analogous evaluation
of antibiotics, which are commercially available as orally inhaled
formulations, such as tobramycin, to understand what rmolecular
properties made it suitable for the respective indications. Based
on our results, the low permeability of tobramycin could be one
of the reasons, as once deposited in the conducting airways,
tobramycin would remain for a long time in the airway lining
and is only slowly absorbed to the tissues.

In conclusion, the here described pulmonary PBPK/PD model
was able to describe the time-dependent pulmonary PK for three
rmodel drugs in rats after intravenous administration. According
to the hurnanized model, oral inhalation required lower doses
than intravenous administration to achieve bacteriostasis in
both bronchial lining fluid and cells, and showed pulmonary se-
lectivity for all three model drugs, which was still valid at
steady-state. The subsequent sensitivity analysis suggested
that often applied optimization parameters for drugs for oral in-
halation (e.g. high systemic clearance and low bioavailability)
showed little influence on pure efficacy, i.e. allowing for lower
doses to be used, and instead mainly increased pulmonary se-
lectivity. In contrast, low permeability, a high epithelial efflux ra-
tio and a pronounced PAE were indicated as the most impactful
parameters for inhaled antibiotics and therefore might be an in-
dication for the suitability of a switch from oral or intravenous ad-
ministration to oral inhalation both for established antibiotics
and during drug discovery.
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Synopsis:

Even if the pre-clinical PK characteristics of orally inhaled drug candidates is well-understood,
translation of pulmonary PK/PD to humans and clinical measurements of local concentrations
remain challenging. In addition, oral inhalation comes with higher variability in the PK, both
between individuals and between occasions. Pharmacometric approaches may allow to infer
pulmonary exposure based on plasma PK data after i.v. and inhaled administration, even when
pulmonary concentration measurements are not available. In the literature, different model
structures have been applied for varying drug profiles to describe drug absorption from the
lung. A set of five published empirical absorption models with varying degrees of complexity
was investigated regarding the feasibility of inferring pulmonary exposure and retention

metrics from plasma PK using a simulation-estimation analysis.

As a first step, structural identifiability was evaluated without added variability to assess the
probability of choosing an unsuited absorption model and the potential error in inferred PK
metrics. Here, the five models were additionally tested on data generated with the semi-
mechanistic model developed for salmeterol in publication I (3.1), as this model was trained
on actual time-resolved pulmonary concentration data. Secondly, the analysis was repeated in
a population PK setting for selected models with variability as seen in the original data.
Different methodologies of parameter estimation — sequential and simultaneous estimation of
systemic and absorption PK parameters —were compared. In the majority of cases, the adequate
absorption model could be correctly identified and the error in pulmonary exposure and
retention metrics was less then two-fold, provided that the systemic PK was characterized well.
This investigation also suggested that prior knowledge about the relevancy of pulmonary PK
processes is key to the interpretation of PK data from orally inhaled drugs. Without information
on the effective lung dose and the relevance of MCC or pulmonary metabolism, the simple
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first-order absorption model was indistinguishable from one with an additional non-absorptive
loss process. Importantly, the resulting pulmonary metrics were vastly different, depending on
whether the simpler or more complex model structure was used. The method of parameter

estimation steps did not affect the results to a meaningful degree for the dataset investigated.

49



3 Cumulative part

Journal of Pharmacokinetics and Pharmacodynamics (2022) 49:135-149
https://doi.org/10.1007/510928-021-09780-x

ORIGINAL PAPER o‘)

Check for
updates

Inferring pulmonary exposure based on clinical PK data: accuracy
and precision of model-based deconvolution methods

Anneke Himstedt'? - Jens Markus Borghardt® @ - Sebastian Georg Wicha'

Received: 25 January 2021/ Accepted: 1 September 2021/ Published online: 28 September 2021
© The Author(s) 2021

Abstract

Determining and understanding the target-site exposure in clinical studies remains challenging. This is especially true for
oral drug inhalation for local treatment, where the target-site is identical to the site of drug absorption, i.e., the lungs.
Modeling and simulation based on clinical pharmacokinetic (PK) data may be a valid approach to infer the pulmonary fate
of orally inhaled drugs, even without local measurements. In this work, a simulation-estimation study was systematically
applied to investigate five published model structures for pulmonary drug absorption. First, these models were compared
for structural identifiability and how choosing an inadequate model impacts the inference on pulmonary exposure. Second,
in the context of the population approach both sequential and simultaneous parameter estimation methods after intravenous
administration and oral inhalation were evaluated with typically applied models. With an adequate model structure and a
well-characterized systemic PK after intravenous dosing, the error in inferring pulmonary exposure and retention times was
less than twofold in the majority of evaluations. Whether a sequential or simultaneous parameter estimation was applied
did not affect the inferred pulmonary PK to a relevant degree. One scenario in the population PK analysis demonstrated
biased pulmonary exposure metrics caused by inadequate estimation of systemic PK parameters. Overall, it was
demonstrated that empirical modeling of intravenous and inhalation PK datasets provided robust estimates regarding
accuracy and bias for the pulmonary exposure and pulmonary retention, even in presence of the high variability after drug
inhalation.

Keywords Pharmacokinetics -

Introduction

One key assumption of pharmacokinetic/pharmacodynamic
(PK/PD) analyses is that the local drug concentration at the
target site, i.e. the target organ, is driving the efficacy.
While determining the local tissue PK might be possible in
preclinical experiments [1], adequate determination of the
local concentration—time profile in clinical studies is
challenging. While there are methods to determine tissue
concentrations in humans (e.g. microdialysis [2] or imag-
ing techniques [3]), data based on these methods is rarely

B4 Sebastian Georg Wicha
sebastian.wicha@uni-hamburg.de

Department of Clinical Pharmacy, Institute of Pharmacy,
University of Hamburg, Bundesstrasse 45, 20146 Hamburg,
Germany

= Research DMPK, Drug Discovery Sciences, Boehringer
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Pulmonary - Target-site exposure - Modeling and simulation - Inhalation

available due to the related complexity [2, 4]. Furthermore,
more invasive methods may be difficult to justify in routine
clinical studies. Therefore, plasma concentration—time
profiles are often considered as a surrogate in PK/PD
analyses assuming to provide an adequate representation
also for the tissue concentrations [5].

For inhaled drugs, high local tissue concentrations and
consequently high pulmonary efficacy can be achieved
even before drug absorption into the systemic circulation.
This also means that directly considering the plasma con-
centration as a surrogate for pulmonary tissue concentra-
tion and pulmonary efficacy might be of limited value.
Instead, it is essential to make best use of the plasma PK
data to indirectly infer the local pulmonary PK, which can
be considered a better surrogate for pulmonary efficacy. In
theory, deconvoluting the plasma PK profiles by numerical
deconvolution methods (e.g., point-area deconvolution)
allows to infer on pulmonary PK [6, 7]. However, these
traditional deconvolution methods often assume linear
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systemic disposition kinetics and / or a single linear (pul-
monary) absorption process, which might often not hold
true [8]. Instead, model-based deconvolutions can account
for these complexities and (pulmonary) absorption models
of varying complexity were applied to infer on pulmonary
exposure and residence time after oral drug inhalation,
which are relevant for the extent and duration of efficacy,
respectively [9-11]. These two PK characteristics can
subsequently facilitate the comparison between different
drugs or inform whether an inhaled drug qualifies for twice
daily or even once daily dosing. To perform a (model-
based) deconvolution, it is essential to have both data after
drug inhalation and after intravenous (1.v.) dosing [12].
However, even having both datasets available, different
model structures as well as different approaches combining
i.v. and inhalation data in a model building process were
published [9, 10, 12-16]. So far, however, a systematic
comparison of all available models and whether sequential
or simultaneous parameter estimation is best for inhalation
PK models is missing. Potentially even more important, it
was also never guantitatively evaluated if un-biased and
precise inference of the extent of pulmonary exposure and
retention time can be achieved based on realistic clinical
datasets.

This modeling and simulation study aims at evaluating
the overall suitability of PK modeling for inferring the
extent and duration of pulmonary exposure based on
plasma PK data and, if suitable, identify the best modeling
strategy for this purpose. The focus lays on (1) to evaluate
the impact of the choice of a pulmonary absorption model
on inferring pulmonary exposure, and (2) to compare
whether sequential or simultaneous parameter estimation
based on iv. and inhalation PK is meaningful, and (3) to
quantify bias and imprecision of the different methods
when inferring on extent and duration of pulmonary
exposure. To this end, different model structures and
modelling strategies were compared based on previously
applied clinical studies for inhaled drug programs. Ulti-
mately, this analysis gives insights into what modelling
based on clinical data can provide and what the limitations
might be.

Methods
Investigated pulmonary absorption models

Models with structurally different pulmonary absorption
components were built and parameterized based on the
respective publications [9, 12, 14-16], and are shown in
Fig. 1. All parameter values used in this study can be found
in the supporting information (Supplementary Material
522, Table 52). Concomitant absorption of swallowed

@ Springer

drug via the gastro-intestinal tract was not accounted for to
reduce unnecessary complexity, as this absorption process
can be prevented by ingesting active charcoal parallel to
drug inhalation in clinical studies [17, 18].

Evaluation of the structural identifiability
of pulmonary absorption models

A simulation-estimation analysis with models 1 (a single
absorption process), II (two parallel absorption processes),
[lla (three parallel absorption processes), Transit, and Nal.
(single absorption process with parallel non-absorptive
loss) was performed m R (Version 3.2.2) utibizing the
package “deSolve” (Version 1.28) [19, 20]. All of these
structural models were used to simulate plasma and lung
concentration—time profiles over 48 h, resulting in five
datasets {one for each model in Fig. 1, except for Model
[Mb). To avoid distortion in the identifiability analysis,
these profiles were simulated without residual error, which
however was included in the second analysis to evaluate
the performance of pulmonary absorption models in a
climcal trial setting (see below). A lung volume of (.84 L
[21] was assumed to convert unabsorbed amounts to pul-
monary concentrations. The models applied in this step will
be referred to as the “Simulation Model”. A very nch
sampling scheme with concentration data simulated every
(.01 h was selected to rule out the impact of sparse sam-
pling designs and thereby to focus on the structural iden-
tifiability between the different models. Afterwards, each
of the five models was applied for parameter estimation
(“estimation model™) based on the simulated plasma con-
centration data resulting from each of the Simulation
Models. Thus, in total 25 estimation analvses were per-
formed. Since the focus of this part of the work laid on the
comparison of pulmonary absorption models, the systemic
disposition parameters of the Estimation Models were fixed
to the published values and only the pulmonary PK
parameters were estimated. If identifiability of the
absorption parameters was given based on a non-singular
Fisher information matrix and non-infinite standard errors,
full plasma and inferred lung concentration—time profiles
were generated with the newly estimated parameter values.
Both these predictions were compared to the before sim-
ulated plasma and lung concentration—time profiles. For
each Estimation Model, ten retries were performed to avoid
convergence to local minima (Supplementary Material
$2.2). Only when plasma equivalence was given (see
“evaluation criteria” below), the model-based simulations
were further compared with regard to the pulmonary
exposure. A schematic representation of this workflow can
be found in Fig. 2.
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Fig. 1 Structural models for pulmonary absorption. Structure and
parameterization were based on published models [6, 7, 9-12]. CMT
compartment, Fp,; pulmonary bioavailability or designated lung dose,

Link between empiric and mechanistic PK
modeling

All empirical models described here consider the pul-
monary drug absorption one-directionally, 1.e. no back flow
from the systemic disposition to the lung is accounted for.
To evaluate the potential bias caused by this simplification,
all models were additionally fitted to data generated using a
semi-mechanistic PK model for salmeterol [1] (Supple-
mentary Material 52.3). This semi-mechanistic model was
previously developed with both plasma and lung concen-
tration data and accounted for back-flow from the systemic
disposition to the lung. Thus, five additional simulation-
estimation analysis were performed, finally resulting in 30
different combinations of the Simulation and Estimation
Models.

Performance of pulmonary absorption models
in a clinical trial setting

Models I-1III cannot be differentiated based on prior
mechanistic understanding of the pulmonary PK. There-
tore, these models are often discnminated solely based on

Fiiowmedigner fraction of the lung dose slowly/intermediately/fast
absorbed. Kpoeimedins slow/intermediate/fast absorption rate con-
stants, Kepgys transit rate constant, k. non-absorptive loss rate constant

thewrr description of the avalable (plasma and unne) PK
data [9, 15]. To explore the performance of these models to
infer extent and duration of pulmonary exposure based on
real-life clinical datasets, population PK analyses were
camed out in NONMEM® Version 7.4.3 (ICON devel-
opment solutions, Ellicot City, USA). Here, the chosen
Simulation Models ("Models II' and ‘Illa") were repro-
duced in NONMEM® with the model structure, parameter
values for population as well as all vanability estimates,
number of subjects, and sampling schemes taken directly
from the respective publications (Supplementary Material
§2.2, Table S2) [9, 15, 22]. As these models were built on
some of the richest datasets for PK after both 1.v. admin-
istration and inhalation published to date, these examples
were taken as best-case examples to imvestigate how
meaningful and accurate model-based deconvolution
methods can be. Slight adjustments were made to the
stochastic part of the original models, i.e., only up to four
inter-individual and/or inter-occasional variabilities were
included. This was done to prevent selecting a model
structure over another model structure only due to a dif-
ferent nmumber of included varability parameters. The
residual vanability was assumed to be proportional, oral
absorption processes for ‘Model 1", and the inter-

@ Springer
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Fig. 2 Schematic of structural identifiability evaluation workflow. PK pharmacokinetics, GMFE geometric mean fold error of the plasma PK

profile simulated with the estimation models

individual variability on the first proportionality factor
(PF1) identified for ‘Model Illa’ were not included. A
summary of the dataset characteristics as provided in the
respective publications, including the modifications to the
stochastic models made in this study, can be found in
Table 1.

The Simulation Models were used to generate PK
datasets after i.v. administration and oral inhalation, this
time including residual, inter-individual, and inter-occasion
variability. Analogous to the first analysis, related models
(parallel absorption models that were proven to be

@ Springer

structurally identifiable, see Table 1) were fitted to the
simulated plasma concentration-time datasets. The Esti-
mation Models were chosen to evaluate the influence of
capturing the right number of absorption processes on the
extent and duration of exposure (AUCg.ins for both plasma
and lung and teogp jung)- These PK metrics were calculated
based on the population parameters. Furthermore, the
influence of the systemic model on the same metrics was
investigated in the analysis with ‘Model II" as the Simu-
lation model.
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Table 1 Data summary for the two simulation models used in the population PK approach

Population analysis [

Population analysis 1T

Simulation model IT (AZD5423)

Number of subjects 13(13)
Inhalation (intravenous)

Inhalation and intravenous PK in the same subjects?  Yes
Urine data No

Type of tral
inhalation)

Systemic PK model
Inter-individual variability Fru:
Inter-occasion variability

Estimation models IL 1

Single dose (cross-over intravenous and

Four compartment model
CL. V1.0Q2

MlIa (Olodaterol)
8% (48)

No
Yes
Single dose (intravenous)

Single and multiple dose
{(inhalation)

Four compartment model

CL. VL1 Q2

Fpu

MIa, 1L OIb

Three or four compartment systemic model

CL systemic clearance, VI central volume of distribution, 2 intercompartmental clearance to the second systemic compartment

As the 1.v. and inhalation study arms for ‘Model 1T’
(AZD5423) were conducted in the same individuals, the
generated PK data from this model was used to compare
different modeling approaches: These were.

(i)  sequential modeling of iv. and inhalation data,
with either fixed systemic population PK param-
eters as well as their vanance (PPP, theta and
omega values estimated in a first step based oni.v.
data),

(1) fixed individual systemic PK parameters (IPP,
fixed empiric Bayesian estimates), and

(iii)  simultaneous estimation of both systemic and
pulmonary PK parameters based on the combined
dataset of i.v. and inhalation data (ALL) [23].

Estimation of parameters based on PK datasets gener-
ated with ‘Model Illa’ was done sequentially, using the
PPP approach. Here, the individual PK parameters (i.e., the
Empirical Bayes Estimates) of the four compartmental
systemic model in the inhalation trial could vary within the
pre-estimated inter-individual variability. To evaluate the
probability of choosing the “right” model, model fits to the
same dataset were compared with regard to the Akaike
Information Criterion (AIC, [24]).

For all population analyses, the parameter estimation
was performed using first-order conditional estimation
(FOCE) with interaction. If the estimation step failed, up to
two retries with varying initials were performed. The
simulation-estimation process was repeated 500 times for
each analysis.

Non-compartmental analysis of simulated
datasets

In addition, or instead of analyzing clinical PK data with
population  approaches, non-compartmental analyses
(NCA) [25] are often applied and can be used to infer
absorption kinetics. Therefore, model-based predictions
were compared to results from the NCA. To infer the
pulmonary AUC, ;¢ the equation for AUC calculation in
plasma (Eq. 1) was adjusted to the lung, inserting Fpy as
the bioavailability (F) and the pulmonary absorption rate k,
as the elimination rate from the lung:

. Dosge - F
AUCo 1 =—— (1)
. Doseinpaled - Frui
AUCy inf jung = % (2)
a ng

Viung was set to 0.840 L based on literature values for
lung weight [21]. A more detailed description of the NCA
can be found in the supplementary material (Supplemen-
tary Material, S4). The above-mentioned metrics were
calculated separately for each individual. Mean values
were used for comparison to model-predicted population
values.

Evaluation criteria

Evaluation of the structural identifiability of pulmonary
absorption models

Pulmonary absorption models were deemed equivalent
with regard to the systemic exposure if the newly predicted
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plasma concentration—time profiles deviated from the
onginally simulated PK profiles by less than five percent,
based on the geometric mean fold error (GMFE) compar-
ing both profiles [26]. The GMFE was considered the best
metric for this comparison, as it simultaneously compares
the full plasma concentraton—-time profiles and equally
welghts under- and overpredicted concentrations:

Frady
2 *‘*m(m )

GMFE = 10 (3)

with Obs; denoting the ith plasma concentration simulated
by the original Simulation Model, and Pred; being the ith
plasma concentration predicted by the Estimation Model. N
denotes the total number of simulated data points.

Two different pulmonary exposure metrics were con-
sidered to determine the overall pulmonary exposure {area
under the lung concentration—time curve, AUCq g 1ung) and
the retention in the lungs (ime to reach the before simu-
lated pulmonary concentration after 24 h, teagpung)- The
te2an ung Was considered to evaluate the duration of expo-
sure instead of the more common terminal {pulmonary)
elimination half-life, due to the fact that the terminal pul-
monary half-life would be mainly dependent on the slowest
absorption rate, whereas tcoup une 15 2 compromise by all
{up to three) parallel pulmonary absorption processes.
Furthermore, we are not aware of any inhaled drugs, for
which the dosing interval is longer than 24 h so that we
consider tpp jung the better surrogate for this analysis than
the terminal half-life. Adequate inference of lung exposure
was considered for both metrics if the reevaluated value
was within 80-125% of the ongmally simulated values,
analogous to commonly applied bicequivalence criteria
[27]-

Performance of pulmonary absorption models in a clinical
trial setting

For the population PK analyses, the acceptance criterion
was 80-125% for AUCpinsplasme. As the pulmonary PK
metrics were mferred rather than measured, the related
predictions of the pulmonary exposure were considered
acceptable if predictions were within twofold of the true
value for both the extent and duration of pulmonary
exposure.

The accuracy of the exposure metrics was further
evaluated based on the respective distribution (median,
2.5th and 97.5th percentiles of the predicted metrics).
Furthermore, the relative bias of the mean (% Bias) was
evaluated as follows, inserting the newly predicted and
onginally simulated exposure metrics as Pred and Obs,
respectively, and the total number of predicted values as N:
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Z (Pred — Obs) . 100 (@)

UiBias = Obs

Results

Evaluation of the structural identifiability
of pulmonary absorption models

The results of the evaluation of structural identifiability can
be grouped into four different scenarios regarding the
predefined criteria (deviation of plasma profiles by less
than 5%, and pulmonary AUCy ¢ jung and teagp e Within
80-125% of the simulated values), as shown in Table 2.
Scenario (1) both plasma and lung exposure were described
adequately; Scenario (2) plasma exposure was described
adequately, but pulmonary exposure was not; Scenario (3)
plasma concentration—time profiles were not captured well;
and Scenario (4) the parameters were not identifiable
imodel not structurally identifiable). Only scenario 2 would
result in inferring wrong pulmonary exposure without the
possibility to discriminate the models based on plasma
concentration data. One example for scenario 2 is the
simulation with ‘Model Nal' and re-estimation with
‘Model I', as shown in Fig. 3. In this case, choosing the
‘wrong’ pulmonary absorption model would result in a
49.0-fold error in pulmonary AUC. Even though this might
be expected, the analyses still underlined that these models
can theoretically well describe clinical plasma PK data but
would result in completely different pulmonary PK profiles
{compare Fig. 3).

Examples for Scenarios 1 and 3 can be found in the
supplementary material (Supplementary Material 83,
Fig. 53). Plasma PK was described well in most simula-
tion-estimation evaluations, except for simulations with
‘Model IIla’. As expected, non-identifiable parameters
were generally encountered when trying to fit more com-
plex models (with more parameters) to data generated with
simpler models, e.g. estimation with ‘Model II" and ‘IIla’
on simulated data of models I", ‘Transit’, and ‘Nal'.
‘Model Nal" was unidentifiable if used for re-estimation,
due to the correlation between Fpy and kyy -

Link between empiric and mechanistic PK
modeling

Of all models, only ‘Model I1" allowed adequately inferring
on pulmonary exposure that was simulated with the semi-
mechamstic model. The omission of redistribution of drug
from plasma to the lung did not impact on inferred pul-
monary exposure, showing a deviation from the simulation
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Table 2 Description of systemic and pulmonary exposure

Estimation Model
NaL 1T

Model I
I
Transit

NaL

Transit

Mla
Semi-
mechanistic

Simudation Model

Rows: simulation model, columns: estimation model. 1: Adequate description of plasma and lung exposure; 2: adequate descripion of plasma,
inadequate description of pulmonary exposure; 3: inadequate description of plasma PK (lung PK not investigated); 4 non-identifiable param-
eters. The color coding denotes the severty of error in inferming on pulmonary PK by choosing the Estimation Model over the rue model: green:
No relevant ermor, yellow: theoretically relevant error, but distinction based on plasma PK data possible: red: relevant error, no distinction

possible based on plasma PK data (Color figure online)

Fig. 3 Simulated plasma (left)

and lung (right) concentration— Plasma
time profiles. Solid lines: - 10’
‘Model Nal" used for = 10°
simulation. Dashed lines: 2’10'0 1 30000
Predictions based on ‘Model T’ 'E' -
used for re-estimation O 7.5 N
E 10 20000
'ES*O 104&24681&12 02 & 6 8 1012
10000
g 25
0.0 | - Of P m e r—————
0o 2 4 6 8 10 12 o 2 4 6 8 10 12
Time [h]

of = 1% for both extent and duration of pulmonary expo-
sure (Supplementary Material 52.3, Fig. 52).

Performance of pulmonary absorption models
in a clinical trial setting

Simulation with ‘Model II'

Most of the Estimation Models used in the population
simulation-estimation study involving ‘Model 117, with the
exception of estimation with ‘Model I' using the PPP
method, were able to describe both plasma and pulmonary
AUC ¢ adequately, with over 90% of the runs within
80-125% of the true value. However, when comparing the
retention in the lung, as determined by teagpiug. both
Estimation Models including ‘Model I' for pulmonary
absorption deviated substantially from the true value with a

= Model MaL = Modsal |

bias of -60% to -50% (see Table 3). Applying the correct
model resulted in all but one of the evaluations (using the
PPP method) within twofold of the true AUC ,r1ype. For
the tean jung, 100% %were within twofold. In all cases, the
true model (four compartment systemic model and/or
‘Model II") performed best with regard to the AIC. When
using the PPP method, the estimates retumned by the true
model were slightly less precise in comparison to the other
model structures with a median and 2.5th and 97.5th per-
centiles of 101% (62.8%, 147%) of the true value for
AUCping1ung (see Table 3). Figure 4 shows an exemplary
distribution of these exposure metrics.

Choosing a three compartmental systemic disposition
model instead of four compartments resulted in only
slightly worse predictions in this analysis. However, the
combination of a three-compartment systemic model with
‘Model IT" for pulmonary absorption converged in only
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Table 3 Median [2.5th and 97.5th percentile], and width of the 95% interval of PK metrics infemmed for oral drug inhalation

Absorption  Systemic AUCping plasma AUCyinf1ung (extent of pulmonary teoan, ung (duration of pulmonary
maodel maodel exposure) exposure)
PPP IPP ALL PPP IPP ALL PFPP IPP ALL
Model II 4 CMT 08.5% 00, 5% Of.6% 101 % 102% 103% 24.0h 239h 23.8h
[83.1%, [85.7%, [B4.7%, [62.8%, [74.1%, [76.5%, [192 h, [19.0 h, [19.1 h,
118%], 116%]. 116%], 147%], 134%], 135%), 29.4 b, 20.0 h], 28.8 h],
34.9% 30.3% 31.3% 84.2% 50.0% 5819 10.2h 100 h G69h
Model 11 3ICMT 91.9% 97.3% 96.6%% 85.1% 82.4% T0.3% 19.6h 199 h 18.9h
[76.6%, [83.3%, [B25%, [60.3%, [55.5%, [59.35, [16.0 h, [157 h, [16.0 h,
107%]. 113%], 111%], 118%%], 117%], 1079%], 24.1 b, 25.9 h], 224 h],
30.4% 20.3% 28.5% 57.7% 61.5% 47. 7% 8.07h 102 h 641h
Model 1 4 CMT 80.7% 94, 4% 93.6% 06.5% 96.0% 9 .6%% 11.7h QEE h 946h
[68.3%, [81.0%, [B0.A4%, [74.0%, [74.1%, [68.4%, [9.20 h, [7.50 h, [7.15 h,
97.1%], 111%], 110%], 128%], 119%], 118%], 14.7 h], 12.5 h], 12.3 hl.
28.8% 30.0% 29.6% 54.0% 42 5% 4924 5.50h 500 h 5.19h
Model 1 31 CMT 79.2% 01.2% 9.1 % 04.1% 91.4% 91 0% 11.3h 052 h G962h
[67.2%, [78.4%, [712%, [75.1%, [72.0%, [74.2%, [Q.10 h, [7.50 h, [7.62 h,
94.6%], 107%], 1059%], 118%%], 115%], 1149%], 13.9 h, 12.1 h]. 12.1 hl.
27.4% 28.6% 271.8% 4294 43.05 4025 480h 460 h 448h

Values for AUCs are given as percentage of the true value, teoan wng 15 given as absolute values. Simulation Model: ‘Model [I/ACMT". CMT:
compartments. PPP: fixed systemic population parameters; IPP fixed individual parameters; ALL: simultaneous fit of all parameters

T

t024h,lung

Fig. 4 Exposure metrics
estimated on data simulated
with *Model II'4cmt using the
PFP method. 3 CMT and 4
CMT denote the number of
systemic PK compartments;
‘Model I' or “II" describes the
pulmonary absorption model,
with ome or two parallel
absorption processes,
respectively. The shaded area
represents the accepted range
(B0-125% for plasma, twofold
deviation for lung metrics).
Number of successful
estimations: 424 (14 CMT).,
361 (I3 CMT), 464 (/4 CMT),
and 471 (I3 CMT)

[~

o

o
L]

100

18)]
o

% of true (simulated) value

AUCUI—inf,Iung

AUCU—int,plasma

E3 Model Il/4 CMT (true model)E3 Model II/3 CMT BB Model 1/4 CMT

E3 Model I/3 CMT

50-70% of runs vs. convergence of > 85% in the other
scenarios. In terms of stability, the PPP method performed
best, while the ALL method was slightly more unsta-
ble than the IPP approach.

Regarding the modeling approaches, PPP, IPP, and ALL
performed comparable with regard to predicted systemic
but also inferred extent and duration of pulmonary expo-
sure (see Table 3). One notable exception was the combi-
nation of the PPP approach with ‘Model " as the
Estimation Model. In this case, AUCinpama after
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BS NCA

inhalation was less often predicted well {only 55% and
45% of successful runs within 80% to 125% of the true
value, for a three and four compartmental systemic PK
model, respectively). However, the prediction of teashiumne
was marginally better than with the other two approaches
(28.7% and 40.5% of predictions within twofold of the true
value, compared to 3-5% with the other methods). A
comparison of the precision and the parameter estimates
acquired using the three methods for the true model can be
found in the supplementary material (Supplementary
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Material 86, Table 55). Model predictions were also
compared to the results from the NCA. While the AUC,.
infplasma Was described adequately for most evaluations,
calculation of the MAT resulted in negative values for
some subjects, preventing the calculation of AUC ¢ g
Melin et al. [15] also encountered this in the original
publication.

Simulation with ‘Madel Illa’

The simulation/re-estimation analysis with ‘Model [lla" as
the Simulation Model resulted 1n a systematic overesti-
mation of lung exposure, regardless which model was used
for estimation (Fig. 5). AUCqinsplasme Was mostly esti-
mated well. In this case too, the true model (‘Model I11a")
was superior with regard to the AIC. All model predictions
tended towards overestimation (bias of 23.4%, 26.4%, and
27.8% for ‘Model Illa®, ‘IIb’, and ‘II', respectively).
‘Model 1la” gave overall more precise but slightly hiased
estimates, 105% (874%, 253%) of the original value
(median, 2.5th and 97.5th percentiles) for AUCqineptasma.
153% (89.0%, 299%) for AUC inf jung, and 38.1 h (22.4 h,
65.0 h) for tcom une 74.8%, 97.9%, and 100% of the
evaluations were within twofold, threefold, and fivefold of
the true AUCyinfung FOr the teoun e 82.4%, 99.2%,
100% were within twofold, threefold, and fivefold,
respectively. In comparison, the estimates by the other two
models were less precise. The respective median values
with 2.5th to 97.5th percentiles for all Estimation Models
can be found in Table 4.

To further investigate potential reasons for the overes-
timation and imprecision of lung exposure, the estimates of
the systemic PK parameters were further investigated. The
parameter estimates characterizing the distribution to the
deep tissue compartment (2 and V2) showed high van-
ability, with V2 ranging from 10 to 2000% of the true value

Fig. 5 Exposure metrics

used for data simulation. Further investigations revealed a
comrelation between V2 and the pulmonary absorption
rates. As a follow-up, AUCqineiung and teogn jung Were
compared between runs with accurate parameters (Q2 and
V2 within 80-125% of the true values) and those with
inaccurate parameters. The resulting distributions can be
seen in Fig. 6. The runs with Q2 and V2 estimates close to
their true values showed no overestimation of pulmonary
exposure; all predictions were within twofold and over
75% of runs within 80~125% for both pulmonary exposure
metrics. Precision of the predictions also improved greatly
imedian and 2.5th and 97.5th percentiles: 105% (81.5%,
120%) of the true value for AUC n¢une: 24.7 h (18.7 b,
29.6 h) for toaaniune. ‘Model Ila"). While the difference
between the models was marginal, ‘Model Illa’ resulted in
the best predictions (Table 4). Given the published clinical
designs for the i.v. study, the systemic disposition param-
eters could only be adequately estimated in 11.6% of the
simulation estimation studies. The majority of runs with
inaccurate systemic PK parameters presented a substantial
overestimation of both AUCpiniune and ftoaanjune with
approximately 30% showing a deviation of greater than
twofold from the original.

Discussion

It is challenging to evaluate the local pharmacokinetics
after drug administration, especially when the target organ
is identical to the site of administration. However, for many
locally admimistered drugs it 1s assumed that local drug
concentrations provide efficacy [28]. In these cases, a good
understanding of the local PK is desirable. PK modeling
based on plasma PK data might be one of the easiest
approaches to infer pulmonary exposure after drug
inhalation. In contrast to experimental determination of

@
estimated on data simulated S 1000-
with ‘Model Illa’. The shaded g
area represents the accepted —
range (80-125% for plasma, E
twofold deviation for lung = 300-
metrics). Number of successful =5
estimations: 473 (Illa), 472 =
(ITh)., and 474 (II) ‘0
= 100
Q
=3
= -
5
= 30-

AUCU—inI.pta sma

R REEER

AUCU-inf.Iung tl324h.lung

EJ Model llla (true model) B Model Illb E3 Model || B3 NCA
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Table 4 Median [2.5th and 97.5th percentile], width of the 95% interval, and relative bias of the mean (%Bias) for the population analysis based
on datasets simulated with ‘Model [1Ia’

Al‘wnrptlnn AUCIJ inf, lung t'l._.m.llmg
maodel {extent of pulmonary exposure) (duration of pulmonary exposure)
Total Imadequate  Adequate Total Inadequate Adequate
systemic systemic PK systemic PK systemic PK
PK
Median [2.5th, 97.5th percentiles]. Model Ila 153% 162% 105% 381 h 38.1h 247 h
width of the 95% mterval [89.0%, 299%]. [100%. [81.5%, [200h, [224h [18.7 b,
2106 2994%]. 1209%]. 645 h],  650h]. 29.6 h],
1994 I8.5% 445h 426 h 109 h
Model b 144% 153% 90.2% 414 h 384 h 218 h
[60.3%, 337%]. [68.1%. [T1.1%, [15.1 h, [14.9 h, [16.6 h,
68% 34061 107%]. 84.8 h]. §5.2 h|, 26.8 h],
271% 35.9% 69.6 h 0.2 h 103 h
Maodel 11 145% 155% 01.2% 418 h 3EEh 221 h
[T0.1%, 341%]. [69.2%. [T1.6%,. [15.6 h, [15.3 h, [16.8 h,
271% 35%]. 108%]. 85.5 h]. 86.3 hl. 27.1 h].
276% 36.4% 698 h 7.9 h 103 h
NCA 160% 176% 158%
[92.8%, 339%]. [110%. [B9.0%.
465 338%]. 336%].
228% 247%
ScBias (mean) Model Illa  67.0% 76.7% 288% 58.6% 67.1% 2.86%
Model Ilb  66.2% 77.9% — 11.0% 12.7% 86.6% — 7.89%
Muodel 11 67.7% 79.5% — 102% T42% 85.1% — B.09%
NCA 126% 124% 139%
-
1000-
E 7 -
] -
i . L]
=)
& 300-
i)
3
E
£,
@«
‘B H
ES
30" -

AUC.inf jung te2an lung AUCq.inf lung tc2ah lung

E3 Model llla (true model) B8 Model lllb E3 Model II| E3 NCA

Fig. 6 Exposure metrics estimated on data simulated with ‘Model predictions. The shaded area represents the accepted range (80-125%
IMla" separated by the adequacy of systemic PK parameters (deep for plasma, twofold deviation for lung metrics). Number of estima-
compartment). Left panel: adequate systemic PK; right panel: tions with adequate systemic PK: 58 (each of the models). Number of
inadequate systemic PK. Adequate systemic PK: Parameters Q2 and estimations with inadequate systemic PK: 415, 414, and 416 for [la,
V2 within 80-125% of the true values and the corresponding NCA [Ib, and II, respectively
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pulmonary exposure, modeling does not require additional
invasive exposure measurements or imaging data. There-
fore, the aim of this work was to evaluate the possibilities
and limitations of using empirical PK models for pul-
monary absorption to infer both the extent and duration of
pulmonary PK. This investigation showed that empirical
PK modeling can be a valuable tool to infer pulmonary PK.
Fmally, based on the results a strategy for PK (modeling)
analyses was developed, mcluding (1) the nght choice of
pulmonary absorption models, and (2) a guantitaiive
evaluation of bias and precision of inferring the extent and
duration of pulmonary exposure based on realistic clinical
datasets.

As a first step of performing a modeling analysis to infer
the pulmonary PK, suitable model structures should be
selected based on prior knowledge about relevant pul-
monary PK processes. The reason is that most of the here
investizated absorption models were discussed to have a
physiological interpretation, ranging from non-absorptive
loss via mucociliary clearance or pulmonary metabolism
[16] to parallel absorption processes in different lung
regions [9]. The only investigated model without an
obvious underlying physiological reasoning is the ‘Model
Transit’, as drug absorption can start everywhere in the
lung simultaneously (e.g., conducting airways and alveolar
space). Therefore, and as this empiric transit absorption
model is rarely applied to characterize pulmonary absorp-
tion, this model structure will not be further discussed.

Pre-selecion of plausible models can be done for
example based on in vitro experiments (e.g. dissolution
measurements [29] and/or metabolic stability i lung slices
[30]), or preclinical in vivo studies. Without this data, this
modeling analysis showed that no inference on pulmonary
PK is possible (ie., different models describing the plasma
PK adequately resulted in approximately 50-fold differ-
ences with regard to pulmonary exposure). If prior
knowledge suggests that pulmonary metabolism is present
or that mucociliary clearance 1s relevant due to slow dis-
solution, a model-based approach with implementation of
these processes is necessary to achieve adequate predic-
tions of pulmonary exposure (e.g., ‘Model NaL"). It has to
be noted that, even when selecting the right model for a
drug with non-absorptive loss, the parameter estimation
process resulted in unidentifiable parameters. Sakagami
et al. suggested that this mstability can be circumvented by
fixing the lung dose [31]. However, this requires detailed
information about the lung dose, which is subject to great
variability, both between subjects and between occasions
[9, 32, 33). It 15 therefore debatable, if empincal PK
analysis based on plasma data will provide valuable
insights mto pulmonary PK for this scenarno.

If the relevance of pulmonary metabolism and
mucociliary clearance is negligible, it 1s possible to explore

pulmonary PK by implementation of parallel absorption
processes (‘Model I'="III"). The structural identifiability
evaluation showed, that in one case (simulation with
‘Model II" and re-estimation with ‘Model I'), the pul-
monary absorption models could not be distinguished
based on plasma PK data, according to the predefined
crteria. vet yielded different outcomes for pulmonary
exposure. While both model candidates provided adequate
predictions of systemic PK and the extent of pulmonary
exposure, the duration of lung retention metric teagn g
was sigmficantly underestimated with the less complex
‘Model I'. This might have consequences for selecting
dosing schemes when the dosing intervals are pre-selected
based on PK rather than PD readouts.

While the first part of our study was based on full PK
profiles without any simulated variability to evaluate the
structural identifiability and inter-changeability of the
models, clinical data is typically analyzed with a popula-
tion (PK) approach to guantify different vanability com-
ponents (inter-individual, intra-individual, inter-occasion,
etc.). Both inhalation and i.v. data are required to perform
deconvolutions. Unfortunately, 1.v. data is rarely available
in the same individuals as inhalation data. Therefore, an
understanding of the implications is required, and a strat-
egy has to be developed, how to best perform such a
population approach. To this end, it 1s helpful to have an
overview about the opportunities and limitatons of the
available options. The PPP method 1s the most widely
applicable method and can always be applied if 1.v. and
inhalation data are present. Both IPP and ALL were found
to be reasonable methods if 1.v. and inhalation PK have
been measured in the same subjects. However, in light of
the marginal differences regarding parameter estimates
(Supplementary Material, Table 55) and estimated PK
metrics in this investigation, it is debatable if the added
effort of conducting i.v. and inhalation trials in the same
subjects is justified. A decision tree showing the require-
ments for each approach is shown in Fig. 7.

In general, modelling provided fairly accurate predic-
tions for extent and duration of pulmonary exposure (most
predictions within twofold of the true value), given that the
comrect model structure can be identified. Misspecification
of the absorption model could result in failure to capture
the duration of exposure, as could be seen in the analysis
based on ‘Model II'. Analogous to the structural identifi-
ability analysis, re-evaluation of pulmonary exposure
metrics based on simulated chinical datasets with only one
absorption process adequately predicted the pulmonary
AUC, but substantially underestimated the retention (only
3% to 40% within twofold of the true value, ie.
tezanune = 12 h). Based on these PK estimates alone, bi-
daily dosing might be chosen instead of the ‘true’ once-
daily administration, showing that PD readouts should
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Fig. 7 Suggested decision tree for choosing a modeling approach

always be considered, when possible for the respective
mechanism of action, to make these decisions. However,
the true model would always have been chosen based on
statistical model-selection criteria. Therefore, when care-
fully performing such a modeling analysis, a proper dis-
crimination between these models seems possible. Finally,
based on the here presented findings, a post-hoc analysis
similar to the presented approach based on the finally
selected model structure, the estimated PK parameters, and
the investigated data set should be considered to assess the
robustness of the model-based inference on pulmonary PK.
If the results prove to be reliable and do not contradict
other available information, the predictions should provide
a reasonable basis to support dosing and posology
decisions.

It should be kept in mind that even with the ‘correct’
pulmonary absorption model and an adequate modeling
strategy there are still some critical aspects to consider. For
example, the population PK analysis based on ‘Model I11a’
demonstrated a bias in both pulmonary exposure metrics
caused by inaccurate estimation of systemic PK parame-
ters. Here, a high correlation was found between the vol-
of distnbution of the systemic deep tissue
compartment V2 and the slow pulmonary absorption rate.
Probably, the slow absorption rate constant (kg,,) was
compensating for underestimation of the systemic terminal
halt-life based on i.v. data. Lower estimates for V5 led to a
shorter terminal elimination half-life, and in the inhalation
trials with longer sampling times (up to & days after the last
dose), the terminal half-life of ~ 30 h was therefore

ume

attributed to the slow absorption from the lung. Even in the
original publication, the absence of flip-flop kinetics could
only be demonstrated by the inclusion of urine data [9].
This potential bias in both extent and duration of pul-
monary exposure further underlines the importance of high
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quality i.v. PK data and could have possibly been avoided
by extending the sampling times after i.v. administration.
However, this may not always be feasible, as orally inhaled
drugs potentially produce (dose-limiting) side effects pre-
cluding the use of higher doses to be able to observe the
‘true’ terminal phase in the PK profile [34, 35]. The
identification of flip-flop kinetics for an inhaled drug with a
high volume of distribution may indicate that the terminal
phase afteri.v. adminisiration is not adequately captured by
the PK data. This is even more likely if the long pulmonary
retention is hypothesized to be the result of high tissue
affinity to the lung, as this should be relevant after both i.v.
administration and inhalation. In these cases, the slowest
absorption constant should not be smaller than the
elimination constant. Interestingly, for’Model IIla’, only
~ 10% of the simulation-estimation analyses allowed
adequately estimating the systemic disposition parameters.
This also means that in ~ 90% of the analyses there would
have been a relevant risk of overestimating the extent and
duration of pulmonary exposure. However, even in these
cases, given the correct model structure, most predictions
(= 70%) were stll within twofold and less than 3% outside
threefold of the true value.

Last but not least, the population PK modeling approa-
ches were also compared to the commonly applied NCA,
inferring on pulmonary retention based on the NCA-based
pulmonary absorption rate. These analyses, performed in
parallel to the population PK analyses, yielded ambivalent
results for both scenarios. While the NCA performed on the
dataset simulated with ‘Model [lla" resulted in plausible,
vet biased values, the simulation with ‘Model II" could not
be analyzed with an NCA, as for some individuals the
MRT after inhalation was shorter than after i.v. adminis-
tration. Even for individuals with a posiive MAT, the
mean predicted AUC; ¢ 1un, Was over tenfold higher than
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the true value (a more detailed investigation of this can be
found in the online Supplementary Material). Therefore,
based on our analysis, an NCA-based deconvolution of the
data cannot be recommended to infer pulmonary exposure.

Few limitations of the present study are acknowledged:
One limitation of all the here investigated model structures
is that re-distribution from plasma to lung tissue is not
accounted for, potentially leading to underestimation of
lung concentrations at later time pomts. However, the
comparison of the investgated models with a semi-mech-
anistic model for salmeterol that does include backflow to
the lung showed only minimal deviations in the predicted
lung tissue. This suggests that the impact on inferred lung
exposure was negligible in this investigation. It should be
considered that salmeterol displays high systemic clearance
after drug absorption from the lung. For drugs with slower
elimination from the systemic perfusion, also the relevance
of re-distnbution to the lungs would increase.

Another limitation is that investigated models cannot
discriminate between dissolution and absorption. This may
not be a problem for some of the investigated drugs (e.g.
olodaterol for ‘Model 1Ila’), which are dissolving very
quickly (or are already admimstered as a solution). How-
ever, the absorption of fluticasone propionate (‘Model 1)
has been postulated to be limited by its dissolution rate,
possibly even masking parallel absorption of dissolved
drug with differing rates limiting the applicability of the
presented approach. Furthermore, as pulmonary concen-
trations of inhaled drugs can differ regionally due to local
physiology and deposition patterns, considering the aver-
aged drug concentrations of the whole lung might not
provide entirely accurate depictions of actual target site
concentration [1, 36). In some cases, even making the best
use of the plasma PK data, plasma concentrations may not
be a good surrogate, e.g. due to accumulation in lung tissue
(active transport, lysosomal trapping). Here, additional
information about the relevant processes may help the
interpretation of results.

A limitation of sequentially fitting 1.v. and mhalation
data from different individuals (PPP approach) is the
assumption that the systemic PK of subjects is comparable
in the 1.v. and the inhalation PK studies. This might not
always hold true. For example, 1t might be important to
consider if the 1.v. study was performed in healthy volun-
teers, and inhalation trials included in the dataset were
conducted in patients with potentially altered physiology.
In general, sequentally fiting the 1.v. and inhalation data
(PPP and IPP) might result in underestimation of the
absorption
parameters [23]. The influence of sequential fitting meth-
ods on parameter uncertainty was previously investigated
in more detail by Zhang et al. [37, 38]. Notably, the PK
analyses in this work were performed with only one set of

parameter uncertainty for the pulmonary

simulation parameters per pulmonary absorption model,
directly based on the original publications to ensure that the
tested scenarios and study designs are realistic. A repetition
with different simulation parameters may result in different
conclusions. For example, the lower the difference between
the parallel absorption rate constants, the harder 1t might be
to differentiate between different pulmonary absorption
processes.

Moreover, the analyses did not account for concentra-
tions below the lower hmit of quantification, which can
have great impact on reasonable study designs and result in
distortion of parameter estimates [39] but was beyond the
scope of the present study. The impact of data below the
limit of quantification was investigated and described in the
original publications of the here chosen examples. Neither
Borghardt et al. [9] nor Melin et al. [15] reported a sig-
nificant effect of accounting for missing data in the mod-
eling process. Due to the previous investigations and
conclusions for the model drugs, we decided to not include
these characteristics in our evaluations. However, it cannot
be precluded that unaccounted-for missing data may lead to
false conclusions m other cases, especially as inhaled doses
are typically low in the pg range and this can result in high
fractions of data being below the limit of guantification.

The analysis based on clinical datasets included only
proportional residual varability, which might mfluence
parameter estimation, as this may not adequately represent
the measurement errors at lower concentrations. Investi-
gating the impact of identifying the correct residual vari-
ability model on inferring pulmonary exposure may be an
interesting follow-up study.

Even though the here evaluated models are based on
physiological reasoming, all of them represent empirical
modeling approaches. Until today, the link between these
empiric model structures and mechanistic PK models is not
systematically established. Adequate implementation of all
the relevant pulmonary PK processes after inhalation
would require more mechanistic PK models {compare
mechanmistic PK models e.g. by Boger et al. [40] or Hartung
and Borghardt [41]). However, while these more mecha-
nistic PK models would allow simulation of time-resolved
PK profiles in different areas of the lung, these mechanistic
PK models can typically not be estimated based on avail-
able clinical data. In the future, more mntegrative PK
modeling approaches relying on plasma PK data, preclin-
ical in vitro, and preclinical in vivo experiments can be
expected to allow even better inference on pulmonary
exposure and retention times, when mucociliary clearance
and slow dissolution kinetics are of relevance. In any case,
checking the plausibility of parameter estimates based on
prior knowledge is always advisable.
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Conclusion

This work illustrated the value of PK modeling to infer the
extent and duration of pulmonary exposure from systemic
concentration—time profiles. When the aim is to learm about
the pulmonary fate of orally inhaled drugs, our analysis
indicated that PK modeling 1s superior to NCA. It was
demonstrated that when selecting the night structural sys-
temic and pulmonary absorption model, which was not
always trivial even based on nich clinical datasets, the error
in the majority of predictions of extent and duration of
pulmonary exposure was less than twofold. Sequential
versus simultaneous estimation of systemic and pulmonary
PK parameters both provided good results and only showed
marginal differences in the prediction of pulmonary PK_ It
was also demonstrated that inferring the extent of pul-
monary exposure was more robust in comparison to
inferring the pulmonary retention if the wrong structural
absorption model was used. However, even with very rich
clinical datasets, still a moderate risk remains that the
pulmonary retention is not adequately inferred. Therefore,
while modelling was proven to be a useful tool to learn
about the pulmonary fate of inhaled drugs, care should be
taken when basing decisions about doses and especially
dosing posology solely on inference from plasma PK.
Given the uncertainties, a post-hoc simulation-estimation
analysis to evaluate the robustness of model predictions
would be recommended, and it possible, model-based
predictions of the pulmonary PK should always be used in
conjunction with available PD data.
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4 Discussion

4 Discussion

The results of the presented publications represent the application of pharmacometric
approaches to elucidate local pulmonary PK with a focus on pulmonary absorption and
distribution processes. The developed rat lung PBPK model was evaluated with unprecedented
granularity of lung sub-structure PK data, including trachea, bronchi, and alveolar tissue, as
well as tracheal and (bronchio-)alveolar lining fluid measured within the same animals. This
adds a new facet to be able to quantitatively compare the differences in distribution
characteristics between these structures, as well as help separate its impact from competing PK
processes. In addition to introducing a novel method to assess localized time-resolved
pulmonary PK, the results of publications I and 1l showed that the distribution characteristics
and therefore also the concentration-time profiles may change substantially between different
lung structures. The meta-analysis across published pulmonary absorption models offered
further insights into the suitability of plasma PK profiles to infer on pulmonary exposure

metrics and efficacious concentrations for locally acting drugs.

In the following overarching discussion, the impact of understanding pulmonary PK processes,
but especially pulmonary absorption and distribution, the role of pharmacometric approaches
for orally inhaled drugs — and therefore also the impact of this work — will be discussed from

early drug discovery and non-clinical development to clinical development (Sections 4.1- 4.3).

4.1 Drug discovery and research

As mentioned in the introduction, the discovery and development of orally inhaled drugs is
quite distinct from those for typical oral or parenteral dosage forms, as well as cost- and time-
intensive. While not a small part of this is due to the development of suitable formulations and
inhalation devices, care has to be taken already beforehand in the choice of drug candidates.
Depending on the target-site and type of target, different strategies for the optimization of PK
properties may be necessary for a favorable outcome. Whether the goal is to limit systemic
exposure or to reduce the dose needed to get the desired effect, many challenges of inhaled
delivery need to be addressed in the research environment. Low required concentrations overall
may be achieved by selecting drugs with excellent potency; and keeping plasma concentrations
low is supported by low oral bioavailability and high systemic clearance to increase pulmonary

selectivity.® Another optimization point is lung retention, which can be achieved by slow
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dissolution or low permeability providing basically a slow-release effect, and high tissue
affinity. This results in extending the duration of effect, as effective pulmonary concentrations
are elevated for a prolonged amount of time due to slow liberation from a solid particle
formulation, slow diffusion out of pulmonary tissues, or continuous release of bound drug from
the tissue components, respectively. Affinity to pulmonary tissues can be investigated early in
the discovery process and has the added benefit of avoiding the MCC, which impacts slowly

dissolving drugs.

Especially for lung retention, understanding the distribution between pulmonary tissues and
plasma (both from the systemic side and the pulmonary side) is crucial. A more mechanistic
understanding may help to create a basis for the translation from preclinical experiments to
human if distribution behavior can be translated better and therefore increase confidence in
drug candidates with the goal of lung retention. When aiming to quantitatively understand
distribution characteristics and tissue affinity, PK models need to lean more into the direction
of PBPK, with at least one compartment representing the lung. Due to their reliance on
physiology and physicochemical properties, these mechanistic models are uniquely fit to infer
the local pulmonary PK/PD from plasma concentrations, as well as provide a basis for
translation between species.® However, PBPK models still need to be developed based on real-
life data on physiological or physicochemical characteristics and evaluated and refined by
measured PK data in the compartments or tissues of interest.

4.1.1 Published investigations of pulmonary distribution in drug discovery

A first step towards a more mechanistic implementation based on local concentrations was
made by Hendrickx et al., who built a semi-physiological PK/PD model for long-acting beta
agonists (LABASs) consisting of five compartments.® The lung was represented by a shallow
and a deep tissue compartment. Exchange between these compartments and plasma was
described using physiological volumes and measured f, in plasma and homogenized lung
tissue. The rest of the parameters were estimated based on plasma and total lung concentration-
time profiles after i.v. and i.t. administration in rats. Scaling the model from rats to dogs based
on physiological differences in lung volume successfully predicted both plasma and lung
exposure. Translation to humans showed agreement between predicted and observed

bronchodilatory effect for several drugs. These results, as well as our results from publication
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Il (comparison of translated PK with measured tigecycline PK, section 0), show promise for

the translatability of PBPK models when it comes to pulmonary absorption and distribution.

The parameters representing tissue distribution fytissue Or Kp values can be obtained during the
compound optimization phase. As shown by Hendrickx et al. and this work, the use of i.v. PK
data as the basis for modeling allows for the characterization of distribution separately from
deposition, dissolution, and absorption processes. While this approach is arguably closest to
reality, this data may not always be readily producible. A less animal-intensive ex vivo method
to assess tissue binding in the shape of Vy,ung, Which is closely related to pulmonary Kpu was
proposed by Backstrom et al., using lung slices, providing the advantage of intact cell structures
with the possibility of lysosomal binding.>*%! Without any experimental data, the pulmonary
Kp for any given drug has to be predicted in silico based on tissue composition and

physicochemical drug properties.*®4°

Historically, these values are only based on whole lung concentration data and in some cases
BALF measurements, which is predominantly representative of terminal bronchioles and
alveolar tissue (as shown in section 3.1). This does not support conclusions about spatial
distribution, which is especially important for drugs targeting the upper bronchial tract. While
there have been attempts at elucidating the differences in exposure between central and
peripheral lung structures before, these approaches yielded more qualitative than quantitative
results. E.g., Backstrom et al. used spatial imaging techniques to compare the regionalized
localization of salmeterol after i.v. and inhaled administration in rats and calculated lung
targeting factors (i.e., the difference in PK associated pulmonary selectivity) for the airway
epithelium, sub-epithelium, and the alveolar region.**? However, if that same factor translates

to humans remains to be seen.

There have been modeling approaches assessing differences between the conducting airways
and the alveolar region regarding the implementation of drug permeation based on surface areas
and proposed differences in effective permeabilities. However, the method of scaling
permeability is inconsistent across publications. For their partial differential equation
inhalation model, Boger et al. assumed ten-fold higher permeability in the alveolar region due
to the significantly thinner epithelial layer (compare also Figure 1).% For the PBPK model
comparing i.v. and inhaled administration of salbutamol, a 30-fold higher permeability in the
conducting airways was assumed based on experiments with the paracellular marker mannitol.

In our work described in Section 0, no significant improvement of the model was found when
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estimating different permeabilities for airways and alveolar region. This may have been due to
the use of more lipophilic drugs for which transcellular permeation is expected to be the main
route. In any case, it seems that appropriate scaling methods between lung structures need to
be investigated further, and heavily depend on the drug in question. Other investigations
focused on the implementation of airway generations in PBPK models, scaling physiological

parameters by generation.>%3

These studies, while implementing regional distribution and serving their intended purpose,
did not take regional differences in unspecific tissue binding into account, and predictions were
only compared to total lung and BALF concentrations. To our knowledge, the here presented
work is the first to make use of detailed in vivo tissue distribution data to estimate Ky values
for different lung structures. Depending on the region, different magnitudes of lung retention
were achieved, showing that not only deposition patterns and dissolution drive the differences
between conducting airways and alveolar region. A more detailed description of the
implementation of also other pulmonary processes in some of these models can be found in the
book chapter published within the framework of this dissertation.®*

4.1.2 Physicochemical optimization parameters for orally inhaled drugs

As one of the main drivers of tissue retention, strategies to increase tissue affinity (K, values)
have been discussed before.!®3 Basicity is one of the factors that can lead to prolonged
retention in the lung, which is suggested to be partially induced by the trapping of ionized drug
within the more acidic lysosomes.®® This is in agreement with the results of publication |
(Section 3.1), where it was shown that the basic salmeterol showed the highest tissue affinity
and longest retention in the lung in comparison to the neutral and acidic drugs tested. However,
this effect was more pronounced in the alveolar region and less noticeable in the conducting
airways. In a similar vein, Gaohua et al. suggested that a lower pH of the ELF caused by some
diseases (in their case, tuberculosis) may lead to higher ELF:plasma ratios for basic compounds

after oral administration.®®

If increasing basicity is not an option, high lipophilicity has also been shown to improve lung
retention, as lipophilic drugs tend to distribute faster into tissues.®® Another factor here is the
potentially slower dissolution, which can prolong the duration of pulmonary exposure as well.
This effect can be seen nicely for drugs like fluticasone propionate (see e.g., publication I,

Section 3.1). While these strategies work well for targets in the conducting airways, increasing
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exposure in the alveolar region may need different tactics. Low permeability or slow
dissociation rates from the target may be beneficial here, as this prevents rapid clearance from
the lungs via the pulmonary circulation.3%” With these difficulties of achieving lasting exposure
and pulmonary selectivity in the highly perfused alveolar region, less drugs have been
developed for oral inhalation, due to the lack of advantages over other, easier to develop forms

of administration.

In the special case of anti-infective drugs, many of the required characteristics overlap with
those of classical inhaled drugs. However, the distribution of drugs into the relevant (bacterial)
compartments may be more complicated as the targets are not endogenous, e.g., penetration of
granulomas in tuberculosis.®® The sensitivity analysis in publication I1 (Section 0) nicely shows
the effect of improved potency for increased efficacy (and keeping systemic concentrations and
the probability for off-target systemic side effects low) but also showed that this effect is

reduced when optimized PK is achieved.

Awareness of the specific requirements for orally inhaled drugs is key to help identify
promising candidates early on, reducing the need for time- and labor-intensive (in vivo) PK and

PD studies, as unsuitable compounds can be filtered beforehand.

4.2 Non-clinical development

Though not the focus of this work, the here presented results may help to also inform activities
in preclinical development. Understanding pulmonary distribution may help to distinguish its
effects from formulation and device-specific processes like dissolution rates and deposition
patterns, affected by particle size distribution and device-specifics like the emitted dose. This
in turn may help to identify needs for the formulation development. Especially for drugs
exhibiting slow dissolution, being able to identify the presence of flip-flop kinetics is necessary
to accurately infer on effective lung concentrations. A good understanding of localized PK can
then inform e.g., toxicity studies regarding potential side effects not only systemically but also
at the administration site (due to potentially higher pulmonary concentrations after drug

inhalation).
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4.3 Clinical development
4.3.1 Published investigations of pulmonary PK in humans

4.3.1.1 Empirical PK models

As outlined in publication Il (Section 3.3), many different model types have been applied to
describe PK after oral inhalation based on observed plasma concentration data after both i.v.
and inhaled administration. Even though more mechanistic models are necessary for detailed
and granular information about local exposure, these empirical models are still used to infer on
pulmonary exposure and residence time. In many cases, the estimated absorption half-lives are
used as an interpretation of the PK/PD relationship. For example, the slow absorption half-
lives found in the developed models for olodaterol and glycopyrronium bromide were
discussed as an indication for prolonged lung retention and an explanation for the duration of
effect.22%° According to our results presented in publications I and 111 (Sections 3.1 and 3.3),
this backtranslation from plasma concentrations to pulmonary PK may be reasonable for highly
water-soluble drugs. However, these results also showed that for less soluble drugs such as
AZD542370 or fluticasone propionate, for which non-absorptive loss via MCC is more relevant,
this simplification might not hold true (see the comparison between Model | and NaL in
publication I1). Therefore, the model for fluticasone propionate included an unspecific non-
absorptive loss process, and a separate, more mechanistic model was developed for AZD5423

to investigate pulmonary exposure in more detail.”

4.3.1.2 PBPK models

AZD5423 was shown to have a shorter absorption half-life of 0.69-0.78 h, as estimated with
the empirical model.”* The applied PBPK model indicated a longer residence time in the
tracheobronchial region than in the alveolar region with incomplete absorption due to MCC,
which explained the discrepancy between the estimated pulmonary bioavailability and the
nominal lung dose.”® Here, the use of PBPK, combined with knowledge about the
pharmacological mechanisms involved, helped the understanding of local PK/PD relationships
which could not be done with an empirical absorption model. According to the authors, there
is reasonable doubt regarding the usefulness of plasma concentrations as a surrogate for local
exposure, i.e., for showing bioequivalence of different formulations for similar drugs.
However, this analysis was also solely based on plasma PK data and simulated lung
concentrations, and it would be interesting to see how these mechanistic model predictions

hold up against observed lung concentrations.
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One notable systems pharmacology approach including a certain amount of spatial pulmonary
resolution that was evaluated against observed local concentrations is the model developed by
Gaohua et al. for drugs administered for the treatment of tuberculosis.®® They differentiated not
only between upper and lower airways, but also between the different lung lobes. Simulated
concentrations in humans included blood/plasma, lung mass, and ELF concentrations. These
predictions were compared with available observed concentrations from biopsies, containing
alveolar macrophages or bronchial tissue, and BALF measurements. As the aim was to describe
the pulmonary PK of anti-tuberculosis drugs which are typically given orally, the model was
based on oral administration and did not include pulmonary administration. However, like done
in this work, the conclusions drawn regarding the distribution characteristics may also inform
potential new models for oral inhalation for the investigated drugs. The distribution to and from
pulmonary tissue compartments was implemented via regional blood flows and whole-lung K,

values calculated by the Rodgers and Rowland method.*84°

To allow for easier access to PBPK approaches, additional commercial PBPK software
focusing on — or at least including — oral inhalation has emerged over the years. Examples of
this are Mimetikos Preludium and GastroPlus.>>"2 In addition, there are some custom-built
model systems including drug distribution on a cellular level based on the work by Yu and
Rosania,”® which are, however, not publicly available.”*”™ These models show similar
structures overall, with some differences as to the inclusion of lymphatic system, or the
complexity of implemented processes. For a more detailed discussion of these, please refer to
the book chapter published in line with this work.®* Notably, even though all these models
include spatial granularity when it comes to different regions of the lung, there is a lack of
(published) investigations comparing the model predictions to observed local concentrations.

All these models have in common that there is the reliance on single measured or calculated
Kp values for the whole lung. Even though the difference in blood flow and tissue volumes is
accounted for, potential variations in extent of tissue binding between the pulmonary
compartments are not implemented. This may not have a relevant impact on the prediction of
systemic PK of orally or parenterally administered drugs, it can, however, be expected to affect
the predictions of local PK, especially after pulmonary administration (compare the results of
publications I and I1). Assuming conservation of tissue affinity between species, the results
presented in this thesis show a new methodology to investigate and implement these differences

with more granularity than can be acquired in clinical trials.
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4.4 Learnings from PK models for oral inhalation

As of today, PK models are mostly used for retrospective analysis of PK or PK/PD
relationships to help with the interpretation of PK data and even backtranslation from plasma
to pulmonary concentrations. As seen for the models compared in publication I11 (Section 3.3),
it is important to understand which PK processes affect the PK of the drug in question to be
able to infer pulmonary exposure (compare, for instance, the impact of non-absorptive loss
implementation for calculated pulmonary exposure). Other times, the established model can be
used to transfer learnings to other drugs in the same class. This was the case for the work done
by Gaz et al., who used their PBPK/PD model to predict bronchodilation for several drugs
based on local PK in the conducting airways.’® Conclusions drawn from these more generic
models can more easily be used to inform drug discovery and development programs of new
drugs for oral inhalation.®”® While the translation of deposition and dissolution characteristics
from preclinical species to humans is challenging, these processes are mostly affected by the
inhalation device and formulation development. Learnings from clinical data can then be
imposed onto other drugs, while accounting for drug-specific differences in absorptive
clearance from the lungs, including tissue distribution, and the systemic PK. Well-trained
models are able to predict differences in deposition patterns based on the device and particle-
size distributions.?>’""® Being able to perform a priori predictions of drug performance after
oral inhalation can also be helpful to assess the suitability of an (i.v.- or) oral-to-inhaled switch

for already established drugs, as was done in publication Il (Section 3.2).

In addition, there are also aspects to be learned from models designed for specific drugs.
Thorough analysis of extensive clinical data as seen in the clinical investigations used for the
basis of publication Il (Section 3.3) can provide much needed information on expected
variability in the PK, which is typically higher for oral inhalation than for other routes of
administration.®®"! The availability of PK data after both i.v. administration and oral inhalation
in humans, sometimes even in the same subjects, allows quantifying interindividual and inter-
occasion variability not only for systemic PK parameters, but also for the processes associated
with oral inhalation. As not every clinical development program includes i.v. PK studies,
relying on previous knowledge about expected variability can support the planning of the
inhalation studies. The lack of i.v. PK data also underlines the importance of being able to

bridge from preclinical PK studies, as it may be the only way to sufficiently analyze local PK.
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4.5 Challenges and outlook

One process not included in the developed semi-mechanistic PBPK models as of now is active
transport in the lungs, i.e., currently it is assumed that unbound concentrations in equilibrium
are the same in plasma and tissues. Even though there is some evidence of transporter
expression within the epithelium, tissue, and endothelium,®® there is still a lack of quantitative
information, making the implementation difficult. With increasing information about
transporter expression (or even activity) within the separate pulmonary tissues becoming
accessible over time, the model may be refined to include active transport processes, potentially

offering explanations for some of the slight mispredictions of pulmonary tissue concentrations.

Furthermore, the predictivity of the models described in publications | and Il was not yet
evaluated based on PK data obtained after pulmonary administration. As mentioned before,
there are strong limitations when investigating the pulmonary PK after inhalation in rodents.
In addition to the described physiological reasons and experimental limitations, the
interpretation of tissue concentrations of poorly soluble drugs would be challenging. The
necessary discrimination between dissolved and undissolved drug is challenging with the
current methodology. Human data may be more conclusive, as the uncertainty in deposition
patterns after inhaled administration is lower compared to preclinical species.’® In the same
vein, it would be interesting to expand the here developed humanized pulmonary distribution
model with more mechanistic models for the inhalation specific processes (deposition, MCC,

and dissolution models).

Another important topic is the physiological changes caused by diseases typically treated via
oral inhalation. For example, the constrictions of the conducting airways caused by Asthma
and COPD are known to alter deposition patterns in comparison to the ones seen in healthy
volunteers. Inflammation of the lungs, a frequent problem encountered in cystic fibrosis and
patients developing ventilation associated pneumonia, may induce alveolo-capillary barrier
leakage, therefore increasing the systemic concentrations of inhaled antibiotics. Additionally,
disease-related changes in ELF pH (e.g., acidification seen in tuberculosis) was suggested to
alter ELF:plasma ratios.®® However, to extrapolate from healthy volunteers to these special
populations requires the collection of detailed prior knowledge how the anatomy and
physiology changes under these circumstances, including quantitative information as to how
the relevant PK processes affect the drug in question. This amount of data is rarely available
and lack of it has to be compensated with assumptions in modeling.%* Also here, hopefully
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more data will emerge to better inform mechanistic PBPK models for oral inhalation in the

future.
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6 Appendix
6.1 Hazardous material

Not applicable.
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6.2 Supplementary material publication I

1. Structures and key properties of model drugs

OH

HO

HO'

T

(d)

Figure S1. Chemical structures of the four model drugs. (a) Salmeterol; (b) fluticasone propionate; (c) linezolid; (d)

indomethacin.

Table S1. Physicochemical characteristics of the model drugs.

Molecular weight LogP pKa PPB rat B:P  Permeability
Drug 5
[g/mol] [10® cm/s]
SAL 604 2.5 9.8 (basic) 98.6% 1.70 14.0
(Base: 416)
FP 501 4.37 NA 98.5% 0.90 49.4
LIN 337 0.59 1.8 (basic)>® 26.8% 0.93 20.4
IND 358 4.08° 4.5¢ 97.6% NA 22.0

SAL: salmeterol, FP: fluticasone propionate, LIN: linezolid, IND: indomethacin, LogP: octanol/water partition coefficient,
PPB: plasma protein binding, B:P: blood-to-plasma ratio. 2 Inagi et al. [1], ® Taylor et al. [2], ¢ Chiang et al. [3], ¢ Budavari et
al. [4]. All other values were measured in-house. Permeability was measured in a Caco-2 cell assay. The methods for the
protein binding and permeability assays can be found elsewhere [5].

2. Study planning — Stochastic simulation-estimation (SSE) study

2.1. Methods

A stochastic simulation and estimation approach (SSE) was performed in R (Version 3.3.2)

to optimize the design of the intravenous lung distribution studies for the simultaneous
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estimation of pulmonary blood flows and K, values. The pharmacokinetic (PK) model used for
this analysis consisted of two systemic compartments and one tissue compartment representing
the trachea (Figure S2).

Dose

FY

Central

A 4

‘ Peripheral

Figure S2. Structure of the model used in the SSE study. Qt: tracheal blood flow; Ko: tissue-to-plasma partition coefficient.

PK parameters were derived from a preliminary cocktail PK study and can be found in
Table S2. The weight of the trachea was based on measured weights from previous studies
(0.0002 kg/kg bodyweight) the initial value for tracheal blood flow was scaled from literature
data (bronchial circulation adjusted for trachea weight: 0.06 L/h/kg)°. The K, was set to 70,
assuming that at least one drug with high tissue affinity would be included in the study,

facilitating the estimation of blood flow.

Table S2. Parameters used for the simulation of concentration-time profiles.

Prop.
Parameter CL A\ Q V2 Qr Kp
error
L L L L L
Unit P Lo P o P
h - kg kg h - kg kg h-kg
Value 8.69 4.95 3.68 9.49 0.06 70 0.112

CL.: systemic clearance, V: central volume of distribution (\VVd), Q: intercompartmental clearance, V2: peripheral VVd; Q: blood
flow to the trachea; Kp: tissue-to-plasma partition coefficient, Prop. error: proportional residual variability.

One thousand sets of simulated plasma and tissue concentration-time profiles were
generated for two different sampling schemes. The first sampling scheme matched the one
employed in the first study, with tissue samples taken after 1, 2, and 3 hours after start of the
one-hour infusion (Study design I, 3 samples per time point). The second design included four
time points of tissue samples (0.25 h, 0.75 h, 2 h, and 4 h after start of the one-hour infusion;
study design 11, 4 samples per time point). Each of these simulated datasets was used again as
the basis for the simultaneous estimation of systemic and tissue-specific parameters. The
distribution of resulting parameter estimates was further evaluated to assess identifiability, bias

and imprecision of the model parameters.
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Relative bias of the mean and the coefficient of variation were calculated as follows:

BIaS = true 100 /0’

(S1)
with Hesimaes Deing the mean value of all 1000 estimates for a given parameter and true as the
true value used for data simulation. The coefficient of variation (CV) was calculated by

dividing the standard deviation of estimates (Gestimaes, N =1000)

o _ [X(estimate—true)?
esti tes™
estimates™ . 1 ’ (82)

by the underlying true value and multiplying the result with 100:

Testimates ,
CV = true 1000/0 (83)

2.2. Results

The SSE studies indicated an adequate estimation of Ky (24.5 %CV, bias 0.113%), whereas
an accurate estimation of lung tissue perfusion was not possible (1117% CV, bias 369%) with
study design I, see Supplementary table 3. With study design II, the accuracy and bias of the
blood flow estimation was much better (37.0% CV, bias 6.33%) without losing any precision

regarding the K.

Table S3. Bias (mean) and coefficient of variation (CV) of the parameter estimates from the SSE study.

CL \Y Q V2 Qr Kp
Study design Parameter L L L L L -
h-kg kg h-kg kg h-kg
Bias, % -0.677 -0.470 -1.86 4.63 369 0.113
! CV, % 7.87 16.7 20.0 30.5 1117 24.5
I Bias, % -0.310 -0.264 0.696 4.08 6.33 0.133
CV, % 6.18 12.7 14.4 30.7 37.0 9.64

CL.: systemic clearance, V: central volume of distribution (\VVd), Q: intercompartmental clearance, VV2: peripheral VVd; Q: blood
flow to the trachea; Kp: tissue-to-plasma partition coefficient.

A boxplot of the parameter estimate distribution around the true value can be found in Figure
S3.
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Accuracy of the Estimation

Initial Study Design Optimized Study Design
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Figure S3. Parameter estimate distribution for the initial and optimized study designs (Study design | and 11, respectively).
The values are normalized to the true value used for the simulation of PK data. CL: systemic clearance, V: central volume of
distribution (Vd), Q: intercompartmental clearance, VV2: peripheral Vd; QT: blood flow to the trachea; KP: tissue-to-plasma
partitioning coefficient.

Based on these results, estimation of localized pulmonary blood flow was deemed possible
with the new study design Il. However, the coefficient of variation of 37% was still quite high.
This was addressed by the decision to estimate the blood flow simultaneously across all four
model drugs to provide a richer dataset. Due to this, the number of tissue samples per time

point could be reduced to three again.
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3. Sampling scheme & Sample weights
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4. Additional PK study for salmeterol

The additional PK study used for the estimation of systemic PK of salmeterol was performed
under the same overall conditions as the other in vivo studies. Four rats received salmeterol as

part of a cocktail as an intravenous bolus dose of 4.81 umol /kg. Blood samples (volume 100
ML) were collected at 0.083 h, 0.25h, 0.5 h, 1.0 h, 2.0 h, 3.0 h, and 4.0 h.

5. Bioanalysis
5.1. Sample Preparation

Internal standards BI-1052 (internal source, 100 nM), indomethacin-d4 (Biomol GmbH, 500
nM), fluticasone propionate-d5 (Santa Cruz Biotechnology Inc, 100 nM), and linezolid-d3
(Biomol GmbH, 10 nM) were used for salmeterol (SAL), indomethacin (IND), fluticasone
propionate (FP) and linezolid (LIN), respectively. After protein precipitation was performed
by addition of acetonitrile, the samples were centrifuged at 50000 g for 10 minutes and the

supernatant was injected into the LC system.

5.2. LC-MS Analysis

SAL was analysed using a Prodigy 5u ODS3 100A, 50 x 2 mm (Phenomenex, Torrance, CA,
USA) at room temperature. Solvent A was consisting of 0.02% formic acid and solvent B of
acetonitrile. The LCgradient started at 5% solvent B and increased from 0.5 — 2.0 min to 90%
at a flow rate of 500 pL/min. From 2.0 to 3.5 min it was maintained at 90%. The column was
conditioned for 0.5 min at 5% solvent B. The injection volume was 5 pL. FP, LIN and IND
were analyzed using a YMC Hydrosphere C18, 2.1 x 33 mm, 3 um (YMC Co. Ltd., Kyoto,
Japan) at room temperature. Solvent A was consisting of 0.1% formic acid and solvent B of

acetonitrile and methanol (1:1) supplemented with 0.1% formic acid. The

LC-gradient started at 5% solvent B and increased from 0.5 — 2.0 min to 50% at a flow rate of
500 pL/min. From 2.0 to 3.5 min it was maintained at 50%. The column was conditioned for

0.5 min at 5% solvent B. The injection volumes were 5 uL for FP and IND, and 2 pL for LIN.

87



6 Appendix

A Thermo ScientificTM TSQ AltisTM triple quadrupole mass spectrometer was used for the
analysis of SAL and IND, while a SCIEX QTRAP 6500 was used for FP and LIN. Both mass

spectrometers were operated in positive mode.

Table S5. Mass spectrometry parameters.

Drug Q1 Q3 CE
Salmeterol 416.3 91.1 55
BI-1052 453.1 275.1 27
Fluticasone propionate 501.2 313.2 19
Fluticasone propionate-ds 506.2 313.2 19
Linezolid 338.1 296.2 25
Linezolid-ds 341.1 297.2 25
Indomethacin 358.4 139.1 18
Indomethacin-ds4 362.4 143.1 20

Multiple quality controls were carried out to assess the method robustness. Separate
calibrations were performed for the investigated drugs and their respective internal standards.
The concentrations used for calibration ranged from 1 to 15000 nM for SAL (several
calibration batches), and 10 to 20000 nM for FP, LIN and IND. All measured samples fell
within the calibration range. Quality controls were performed at 20, 200, and 10000 nM for
SAL, and at 20, 200, and 15000 nM for the other drugs.

Figure S4. Calibration curve for LIN (left) and LC-MS chromatogram of an exemplary plasma sample (right).

88



6 Appendix

W08021- IC-AT1& -3 N 1366
F - oE5ISRM D 362100138 3656 139001]

83 AT 20
463 100
449 . EL)
429 EiE
403 e
383 »]
363 ]
345 &
PE
323 .
0 =3
283 z %
263 =]
243 = i
223 é e
203 Z .
183 .
163 23
143 £l
129 =
104 -
083 -
063 o3
0.43 :
02 7 E
00 T T T T T T T -
5000 10000 15000 20000
bt
Figure S5. Calibration curve for IND (left) and LC-MS chromatogram of an exemplary plasma sample (right).
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Figure S6. Calibration curve for SAL (left) and LC-MS chromatogram of an exemplary plasma sample (right).
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Figure S7. Calibration curve of FP.
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Figure S8. LC-MS chromatogram of an exemplary plasma sample containing FP.

6. Model code

test(){
deriv(Al=-CI*C-CI2*(C-C2))
deriv(A2 =CI2 * (C - C2))

deriv(Parenchyma = QP * (C - 1/KPP*CP))
deriv(Bronchi = QB * (C - 1/KPB*CB))
deriv(Trachea =QT * (C - 1/KPT*CT))

dosepoint(Al)

C=A1/V
C2=A2/V2

Parenchyma_weight =0.004  # kg parenchyme /kg bodyweight
(assumption: 80% of total lung)

Bronchi_weight =0.0008 # kg parenchyme /kg bodyweight
(assumption: 20% of total lung - Trachea based on sample)

Trachea_weight =0.0002 # Based on sample in the respective studies

CP = Parenchyma / Parenchyma_weight # concentration in the alveolar parenchyma
CB = Bronchi / Bronchi_weight  # concentration in the bronchi

CT = Trachea / Trachea_weight  # concentration in the trachea
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error(CEps =0.1) # residual variability plasma
error(CEps_t=10.1) # residual variability tissue

observe(CObs = C * (1 + CEps))

## Error model

observe(CObs_P = CP * (1 + CEps_t))
observe(CObs_B = CB * (1 + CEps_t))
observe(CObs T =CT * (1 + CEps_t))

## Define covariate -> Compound; 1=FP, 2=Linezolid, 3=Indomethacin, 4=Salmeterol
fcovariate(CPD())

## Define systemic PK parameters

stparm(V = tvVfp*(CPD==1) + tvVlin*(CPD==2) + tvVind*(CPD==3) +
tvVsal*(CPD==4))
stparm(V2 = tvW2fp*(CPD==1) + tvV2lin*(CPD==2) + tvV2ind*(CPD==3) +
tvV2sal*(CPD==4))
stparm(Cl = tvClfp*(CPD==1) + tvCllin*(CPD==2) + tvClind*(CPD==3) +
tvClsal*(CPD==4))
stparm(Cl2 = tvCI2fp*(CPD==1) + tvCl2lin*(CPD==2) + tvCI2ind*(CPD==3) +

tvCl2sal*(CPD==4))

## Define the lung partition coefficients

stparm(KPP = tvKPPfp*(CPD==1) + tvKPPlin*(CPD==2) + tvKPPind*(CPD==3)
tvKPPsal*(CPD==4)) # Kp of the alveolar parenchyma

stparm(KPB = tvKPBfp*(CPD==1) + tvKPBIlin*(CPD==2) + tvKPBind*(CPD==3)
tvKPBsal*(CPD==4)) # Kp of the bronchi

stparm(KPT = tvKPTfp*(CPD==1) + tvKPTlin*(CPD==2)
tvKPTsal*(CPD==4)) # Kp of the trachea

+

+

+

tvKPTind*(CPD==3)

+

## Define the perfusion rates
stparm(QP = tvQP * (Ff_fp*(CPD==1) + Ff lin*(CPD==2) + Ff_ind*(CPD==3)
Ff_sal*(CPD==4))) # alveolar blood flow

+
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stparm(QB = tvQB * (Ff_fp*(CPD==1) + Ff lin*(CPD==2) + Ff ind*(CPD==3) +
Ff_sal*(CPD==4))) # bronchial blood flow

stparm(QT = tvQT * (Ff_fp*(CPD==1) + Ff_lin*(CPD==2) + Ff_ind*(CPD==3) +
Ff_sal*(CPD==4))) # tracheal blood flow

fixef(tvQP = ¢(0, 21,))
fixef(tvQB = ¢(0, 2,))
fixef(tvQT = ¢(0, 0.5, ))

## Initial compound-specific values
# fluticasone propionate
Ff _fp =0.0153 # fraction unbound in plasma

fixef(tvkKPPfp = ¢(0, 6,))
fixef(tvkKPBfp = c(0, 6,))
fixef(tvkKPTfp =¢(0, 6,))

fixef(tvVfp(freeze) =c(0, 0.223336,))
fixef(tvV2fp(freeze) =c(0, 2.40999,))
fixef(tvClfp(freeze) =c(0, 3.37369,))

fixef(tvCl2fp(freeze) = c¢(0, 4.71991, ))

# linezolid

Ff_lin=0.732 # fraction unbound in plasma
fixef(tvkKPPlin = ¢(0, 0.9, ))

fixef(tvkKPBlin = ¢(0, 0.6, ))

fixef(tvKPTlin = ¢(0, 0.5,))

fixef(tvVlin(freeze) =c(0, 0.32044,))
fixef(tvV2lin(freeze) =c(0, 0.627917,))
fixef(tvCllin(freeze) =c(0, 0.279411,))
fixef(tvCl2lin(freeze) = ¢(0, 2.79208, ))
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# indomethacin

Ff_ind =0.024 # fraction unbound in plasma
fixef(tvKPPind = c(0, 0.3,))

fixef(tvKPBind = ¢(0, 0.3,))

fixef(tvKPTind = ¢(0, 0.3,))

fixef(tvVind(freeze) =c(0, 0.153778,))
fixef(tvV2ind(freeze) =c(0, 1,))
fixef(tvClind(freeze) =c(0, 0.0691472,))
fixef(tvCl2ind(freeze) = c(, 0, ))

# salmeterol

Ff sal =0.0139 # fraction unbound in plasma
fixef(tvKPPsal = ¢(0, 45, ))

fixef(tvKPBsal = c(0, 20, ))

fixef(tvKPTsal = c(0, 7,))

fixef(tvVsal(freeze) =c(0, 0.12328,))
fixef(tvV2sal(freeze) = c(0, 3.76907,))
fixef(tvClsal(freeze) =c(0, 3.86488,))
fixef(tvCl2sal(freeze) = c(0, 3.24267,))

¥

7. Calculation of total lung concentrations

Total lung concentrations were calculated based on the concentrations in the individual

tissue samples of the upper bronchial tree, the alveolar parenchyma and the remaining lung

tissue (see Materials and Methods, 2.4). The concentrations were converted to amounts using

the respective sample weights (see Table S4). The total amount in all samples was then divided

by the sum of all sample weights. These concentrations were then used for the estimation of

PK model parameters. The resulting model predictions can be seen in Figure SO.
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Figure S9. Concentration-time profiles predicted for plasma (black) and total lung in comparison to the observed
concentrations in the separate lung tissues.
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6.3 Supplementary material publication 11
1. Animal experiments

The rats were anesthetized via whole body exposure to anaesthetic gas (2%-5% Isoflurane, 2.5
L/min Oxygen). Following anaesthetization, rats were intubated, placed in supine position on
a heated device (39 °C), and the spontaneously breathing rats were connected to an anaesthetic
gas supply (1.5%-2.5% Isoflurane, 2-2.5 L/min oxygen). Thereafter, a subcutaneous bolus of
metamizole (100 mg/kg) was administered to the rats. The carotid artery and the jugular vein
were prepared unilaterally, and catheters were placed after a body temperature of at least 36.5
°C was reached. The jugular catheter was used for infusing a cassette of ciprofloxacin,
rifampicin, meropenem, and tigecycline over one hour (up to 5 mg/kg for each drug, infusion
rate 5 mL/h/kg) using a standard infusion pump. The carotid catheter was used for blood
pressure monitoring to adjust anaesthesia by changing isoflurane concentration as well as for
collection of blood samples (volume 100 pL), which were collected in EDTA-tubes at the
assigned time points. Plasma samples were prepared and subsequently stored at —20 °C. At the
end of the in-life part, rats were exsanguinated, and lung tissue and epithelial lining fluid (ELF)
samples were taken at 0.25, 0.75, 1.5, and 4 h (N = 3 rats/time-point) after start of the infusion,
resulting in 12 samples per tissue and drug. Plasma was sampled until the end of the respective

experiment (see Table S1).

Table S1. Study design and sampling time points of the animal experiments.

Infusion Sampling time points (min)
Study N Dose Duration Rate Tissue Plasma
(mg/kg/h)  (min)  (mL/kg/h) (min) (min)
1A 3 5 15 5 15 5,15
1B 3 5 45 5 45 ", 30, 45
1C 3 5 60 5 90 ", 60, 70,90
1D 3 5 60 5 240 ", 120, 180, 240

2. Sample preparation

The lungs including trachea and larynx were removed en bloc immediately after
exsanguination, rinsed in saline, blotted dry, and weighed. As a first step, the left lobe was cut
directly after the first bifurcation and lavaged twice with 2 mL of phosphate buffered saline
(PBS) at room temperature. The BALF was collected and stored at -20 °C. A 30-60 mg piece
of the accessory lobe (parenchyma) was collected. For preparation of the bronchial sample, the

remaining lung was held in place with forceps and the parenchyma was squished and carefully
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stripped from the bronchi up to the third airway generation (1). After being flushed three times
with the same 0.5 mL PBS sample, the trachea including the larynx was cut just above the first
airway bifurcation and transferred to a weighed vial. Lavage fluid was collected and stored at
-20 °C for the determination of ELF concentrations. The collected tissue samples were
weighed, transferred to 7 mL Precellys® tubes (Bertin Instruments, Montigny-le-Bretonneux,
France), and four parts of acetonitrile/methanol (1:1) solution were added. A Precellys®
homogenizer was used to homogenize the samples. After centrifugation, supernatants were
stored at —20 °C.

3. Bioanalysis
3.1 Sample Preparation

A 5 pL plasma, lavage fluid, or supernatant sample from tissue homogenates was added to
precipitation plates containing H2O:acetonitrile (ACN):MeOH and spiked with internal
standard solution (0.5 mM). 5 pL of 10 mM NH4-acetate (pH7) was added to tigecycline
samples. 70 pL of 5 mM ascorbic acid in ACN:methanol (MeOH) was added for protein
precipitation. Composition of reagents used can be found in Table S2. The samples were placed
in the freezer for 15 minutes, followed by centrifugation at 4000 rpm for four minutes. 30 uL
of the supernatant were transferred onto a measuring plate containing 150 pL of 0.1% formic
acid for tigecycline, and 150 pL of 0.1% formic acid for all other drugs. The plates were again
centrifuged at 4000 rpm for one minute, and 20 pL of the supernatant were injected into the

LC system.
Table S2. Concentration and composition of reagents.
Solutions Concentration/composition
H20:ACN:MeOH 25:37.5:37.5
5 mM ascorbic acid in MeOH/ACN 1:1
Formic acid 0.1%
0.1% formic acid in MeOH:ACN 1:1
10 mM NH4-actetate, pH7

3.2 LC-MS Analysis

HPLC was performed with the Agilent 1290 Infinity Il LC system (Agilent, Santa Clara, CA,
USA). The column used for analysing was a Triart, C18, 30x2 mm, 3um, (YMC Co. Ltd.,
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Kyoto, Japan) at 40°C. Solvent A was consisting of 0.1% formic acid and solvent B of 0.1%
formic acid in MeOH/ACN. The LC-gradient started at 10% solvent B and increased from 0.1
— 2.3 min to 95% solvent B at a flow rate of 400 puL/min. From 2.3 to 3.2 min, it was maintained
at 95% solvent B. The column was conditioned for 0.5 min at 10% solvent B. The injection

volume was 20 pL.

A SCIEX Triple Quad™ 6500+ (AB Sciex, Darmstadt, Germany) mass spectrometer was used
for the analysis. The mass spectrometer was operated in positive mode. The following MRM

transitions were recorded:

Table S3. Mass spectrometry parameters (MRM transitions).

Drug Q1 Q3 CE
Ciprofloxacin 332.1 288.0 25
Ciprofloxacin-d8 340.1 296.0 25
Rifampicin 823.4 791.4 19
2H8-rifampicin 8314 799.2 19
Meropenem 384.1 141.0 25
Meropenem-d6 390.1 147.0 21
Tigecycline 586.2 513.2 33
Tetracycline 445.2 410.0 17

Multiple quality controls were carried out to assess the method robustness. Separate
calibrations were performed for the investigated drugs and their respective internal standards.
The concentrations used for calibration ranged from 1 to 20000 nM. All measured samples fell
within the calibration range. Quality controls were performed at 20, 200, and 2000 nM.

3.3 Determination of urea concentrations in plasma and epithelial lining fluid

Urea concentrations in serum and lavage fluid (trachea and alveolar) were measured by an
enzymatic rate method. Urea was hydrolysed by urease in the presence of water to ammonia
and carbon dioxide. In the presence of glutamate dehydrogenase, the ammonia combines with
a-ketoglutarate to produce L-glutamate with the concomitant equimolar oxidation of NADH
to NAD. The removal of NADH was measured spectrophotometrically at 340 nm.

The measurements were performed using a Konelab 60i from Thermo Fisher Scientific
(Vantaa, Finland). The test kit was supplied by Thermo Electron Corporation OY (Vantaa,
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Finland). The analyses and methodologies were performed following the Konelab Chemistry
Information Manual 12A/2003 March 2003.

4. Overview and ordinary differential equations of the model for oral inhalation
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Figure S1. Structure of the pharmacokinetic model with added processes for the simulation of oral inhalation (orange
arrows). Parameters of the pharmacokinetic model: CL: Systemic clearance, Q: intercompartmental clearance, Q/s/a:
Perfusion rates of the trachea, bronchi, and alveolar region, respectively. V: Volume of distribution, fu: fraction unbound,
Papp: apparent permeability, S: Surface areas, Eff: Efflux ratio, Kpu: partition coefficients. Subscripts: C: Central
compartment (CMT), P: Peripheral CMT, A: Alveolar, B: Bronchi, T: Trachea, Int: Interstitial, Cell: Cellular, ELF:
Epithelial lining fluid. GIT: Gastrointestinal tract CMT, Ka,orai: first-order oral absorption rate constant, kmuc: first-order
mucociliary clearance rate constant, kaiss: first-order dissolution rate constant.

## Systemic compartments
dMT =-Ka* MT + Kmuc - Tundissolved + Kmue * TeLe # Mouth-throat area and oral absorption

dCentral = - (CL/V¢) - Central - (Q/V¢) - Central + (Q1/Vpl) - Peripherall + (Q2/Vp2)- Central + (Q2/Vp2) -
Peripheral2 - (Qt- fu/ V¢) - Central + (Qt- fu /V7iint) - Tint- (Qs - fu/ Vc) - Central + (Qg - fu /Va,int) * Bint - (Qa- fu
/' V¢) - Central + (Qa- fu /Vaint) * Aint + Ka- MT

dPeripherall = (Q/Vc¢) - Central - (Q1/Vp1) - Peripherall
dPeripheral2 = (Q2/V¢) - Central - (Q2/Vp2) - Peripheral2
dinfs= 0 # Infusion rate dummy line

dElim = (CL/Vc¢) - Central

## Trachea

dTundissoIved =- kdiss' Tundissolved - kmuc : Tundissolved + kmuc : Bundissolved

dTeLF = Kaiss - Tundissolved + Kmuc * BeLr = Kmue * Terr + fu « Effr - Pagp * (SATeLe/VT,int) * Tint - Papp - (SATELF /VTELF) -

Tewr
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dTint = (QT : fu/VC) - Central - (QT fuNT,int) : Tint - fu -2 Papp' (SAT,ceII/VT,int) : Tint +2- Papp : (SAT,ceII/VT,ceII) :
Teen/Kpu,t - fu - Effr - Papp * (SATeLe/VT,int) * Tint + Papp * (SATeLF/V1ELF) - TELF

dTeen = fu -2 Papp : (SAT,ceIINT,int) * Tine-2 - Papp : (SAT,ceIINT,ceII) : TceII/Kpu,T

## Bronchi
dBundissoIved =- kdiss : Bundissolved - kmuc : Bundissolved
dBeLF = Kaiss - Bundissolved = Kmuc - BeLr + fu - Effr - Papp - (SABeLe/VB,int) * Bint - Papp - (SABeL/VBELF) - BeLr

dBint = (QB . fu/VC) - Central - (QB . fu/VB,int) * Bint-fu- 2 - Papp' (SAB,ceII/VB,int) *Binet+2 - Papp : (SAB,ceII/VB,ceII) .
Beeil/Kpug - fu - Effr - Papp - (SAgeLF/ VB int) * Bint + Papp - (SAeeLe/VeeLr) - BeLr

dBceII = fu -2 Papp - (SAB,ceII/VB,int) : Bint -2 Papp '(SAB,ceII/VB,ceII) : BceII/Kpu,B

## Alveolar region
dAundissolved = - Kaiss © Aundissolved
dAELF = Kqiss - Aundissolved + Tu “Effa * Papp - (SAAELF/ VA int) = Aint - Papp * (SAAELF/VAELF) * AELF

dAint = (QA : fu/VC) - Central - (QA : fu/VA,int)  Aine- fu- 2+ Papp : (SAA,ceII/VA,int) “ At 2 - Papp - (SAA,ceII/VA,ceII) :
Acen/Kpua - Tu - Effa- Pagp - (SAAeLe/Vaint) © Aint + Papp - (SAAELF/VAELF) © AELF

dAceII = fu -2 Pa\pp : (SAA,ceIINA,int) : Aint -2 Papp : (SAA,ceII/VA,ceII) : AceII/Kpu,A

## Effect compartments (plasma and bronchi)
dEffe = keo - Central - fu/Vc - Keo - Effp
dEffa.cen = Keo (BceII/Kpu,B/VB,ceII) - Keo - EffB,cell

dEffs eLF = Keo - BeLr/Ve eLr) - Keo - EffgeLr

## Bacteria compartments (plasma and bronchi)
deac = kgrowth : Pbac' (1 - Pbac/Bmax) - (kmax : EffP/(ECSO + EffP)) . Pbac
deac,ceII = kgrowth : Bbac,cell : (1 - Bbac,ceII/Bmax) - (kmax : EffB,ceII/(ECSO + EffB,ceII)) . Bbac,cell

dBoacELF = Kgrowth * Boac,eLr * (1 - Boac,eLr/Bmax) - (Kmax' Effg eLe/(ECso + EffgeLr)) * BoaceLr
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5. Atypical plasma protein binding of tigecycline

Based on reported protein-binding measurements?3 (see Figure S2), the concentration-
dependent unbound fraction was calculated as follows,

%fu = b - Ctotal_a 1)

with a =0.25, b = 100, and Ciotal as the total concentration (mg/L) in a given compartment. To
prevent unreasonably high fy at low concentrations, in case of concentrations below 2 nM, a f

of 100% was fixed.
1001
801

601

401

%Unbound

201

103 10 107" 10° 10 102 10
Concentration [mg/L]

Figure S2. Observed fraction unbound of tigecycline in plasma (circles) and model prediction (line).
Even though the observed PK data was better described when the atypical binding was
considered (compare Figures S3 and S4), the concentration range where it has been reliably
measured is limited. After translation to humans, the PBPK model with the fixed fraction was
also able to describe tigecycline concentrations in plasma and pulmonary biopsy samples*
reasonably well without further adjustment of parameters (see Figure S6). Therefore, the

simpler model was deemed sufficient for the sensitivity analysis.
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Tigecycline
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Figure S3. Predicted and observed tigecycline concentrations in homogenized pulmonary tissues and epithelial lining fluids,
assuming atypical plasma protein binding. TLF: tracheal lining fluid, ALF: Alveolar lining fluid.
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Figure S4. Predicted and observed tigecycline concentrations in homogenized pulmonary tissues and epithelial lining fluids,
assuming a fixed fraction unbound of 20%. TLF: tracheal lining fluid, ALF: Alveolar lining fluid.
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6. Additional figures
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Figure S5. Dose-response curves for ciprofloxacin with unchanged (solid lines) and increased keo (ten-fold higher, dashed

lines).
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Figure S6. Tigecycline concentrations in humans after intravenous infusion. Observed concentrations were taken from
Rovold et al. (2). Blue rectangles: Observed pulmonary concentrations (mean) from lung biopsies, black circles: observed
serum concentrations. Error bars represent the standard deviation. Dashed blue line: predicted alveolar concentrations
(total tissue), black line: predicted plasma concentrations.
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7. Comparison of cellular and whole tissue partition coefficients

Table S4. Comparison of cellular and whole tissue unbound partition coefficients (Kpu).

Drug-specific parameters

Paramete _ ) ) _ o ) _ Tigecycline
Unit Ciprofloxacin Rifampicin Tigecycline
r Salmeterol PK
Cellular | Tissue* | Cellular | Tissue* | Cellular | Tissue* | Cellular | Tissue*
Kpu,Trachea | - 4.22 3.60 14.0 12.0 2.73 2.33 362 309
Kpu,Bronchi | - 3.69 3.16 325 27.8 8.23 7.04 1030 881
Kpu,Alveolar | - 5.70 3.00 51.9 27.3 19.2 10.1 2180 1150

* The Ky of the respective tissues is calculated as follows K,y tissue = Kpu,cettutar *
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6.4 Supplementary material publication 111

S1. Abbreviations

Table S1. Abbreviations of PK parameters.

CL Systemic clearance

Vn Volume of distribution of the n'" compartment

Qn Intercompartmental clearance to the n™' compartment

Foul Pulmonary bioavailablity/Lung deposited dose (Model Nal)
PF1 First proportionality factor

PF2 Second proportionality factor

Ksiow Slow pulmonary absorption rate constant

Kmed Intermediate pulmonary absorption rate constant

Ktast Fast pulmonary absorption rate constant

Knat Non-absorptive loss rate constant

Krransit Transit rate constant

v Interindividual variability

Propi Proportional residual variability after intravenous administration
Propinh Proportional residual variability after inhalation

Sequential estimation of systemic and absorption PK parameters (based on
intravenous PK and inhalation PK, respectively), estimation of absorption
e parameters on top of the fixed systemic typical population parameters (thetas)
and their variance (omega matrix)

Sequential estimation of systemic and absorption PK parameters (based on
intravenous PK and inhalation PK, respectively), estimation of absorption

°P parameters on top of the fixed individual PK parameters (empiric Bayesian
estimates, thetas + etas)

Simultaneous estimation of systemic and absorption PK parameters on a

ALL
combined dataset of intravenous and inhalation PK data

S2. Model Parameterization

Parameterization of the fractions of the dose absorbed with a slow, intermediate and fast rate

constant (Fslowlmed/fast):

Fsiow =nDose - PF1 - Fpy, (S1)
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Fpeq = nDose-PF2 - (1 — PF1) - Fpy, (S2)
Frase =nDose - (1 — PF2-(1— PF1) — PF1) - Fpy (S3)

With nDose being the nominal dose, Fpu being the pulmonary bioavailability, and PF1 and 2
as the proportionality factors (Parameterization from Borghardt et al. (1)).

S2.1. Ordinary differential equations
Model_Illa (Olodaterol, Borghardt et al. (1))

dCentral = - (CL/V1 - Central) + (Kfast - Abs.fast) + (Kmed - Abs.med) + (Kslow -
Abs.slow) —

(Q2/V1 - Central) + (Q2/V2 - Peripheral.1) — (Q3/V1 - Central) + (Q3/V3 -
Peripheral.2) — (Q4/V1 - Central) + (Q4/V4 - Peripheral.3)

dPeripheral.1 = (Q2/V1 - Central) — (Q2/V2 - Peripheral.1)
dPeripheral.2 = (Q3/V1 - Central) — (Q3/V3 - Peripheral.2)

dPeripheral.3 = (Q4/V1 - Central) — (Q4/V4 - Peripheral.3)

dAbs.fast = - (Kfast - Abs.fast)
dAbs.med =-(Kmed - Abs.med)
dAbs.slow =- (Kslow - Abs.slow)
dElim = (CL/V1 - Central)

Model_Il (AZD5423, Melin et al. (2))

dCentral = -(CL/V1 - Central) + (Kfast - Abs.fast) + (Kslow - Abs.slow) - (Q2/V1 -
Central) + (Q2/V2 - Peripheral.1) - (Q3/V1 - Central) + (Q3/V3 - Peripheral.2) -
(Q4/V1 - Central) + (Q4/V4 - Peripheral.3)

dPeripheral.1 = (Q2/V1 - Central) - (Q2/V2 - Peripheral.1)
dPeripheral.2 = (Q3/V1 - Central) - (Q3/V3 - Peripheral.2)

dPeripheral.3 = (Q4/V1 - Central) - (Q4/V4 - Peripheral.3)
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dAbs.fast =- (Kfast - Abs.fast)
dAbs.slow =- (Kslow - Abs.slow)

dElim = (CL/V1 - Central)

Model_I (Fluticasone propionate, Krishnaswami et al. (3))

dCentral = -(CL/V1 - Central) + (Kmed - Abs.med) — (Q2/V1 - Central) + (Q2/V2 -
Peripheral.1) —
(Q3/V1 - Central) + (Q3/V3 - Peripheral.2) — (Q4/V1 - Central) + (Q4/V4 -
Peripheral.3)

dPeripheral.1 = (Q2/V1 - Central) — (Q2/V2 - Peripheral.1)
dPeripheral.2 = (Q3/V1 - Central) — (Q3/V3 - Peripheral.2)
dPeripheral.3 = (Q4/V1 - Central) — (Q4/V4 - Peripheral.3)
dAbs.med =-(Kmed - Abs.med)
dElim = (CL/V1 - Central)

Model_NaL (inhaled insulin, Sakagami et al. (4))

dCentral = -(CL/V1 - Central) + (Kmed - Abs.med) - (Q2/V1 - Central) + (Q2/V2 -
Peripheral.1) - (Q3/V1 - Central) + (Q3/V3 - Peripheral.2) - (Q4/V1 - Central) +
(Q4/V4 - Peripheral.3)

dPeripheral.1 = (Q2/V1 - Central) — (Q2/V2 - Peripheral.l)
dPeripheral.2 = (Q3/V1 - Central) — (Q3/V3 - Peripheral.2)
dPeripheral.3 = (Q4/V1 - Central) — (Q4/V4 - Peripheral.3)
dAbs.med = - (Kmed - Abs.med) - (Knal - Abs.med)

dElim = (CL/V1 - Central) + (Knal - Abs.med)
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Model_Transit (PF-00610355, Diderichsen et al. (5))

dCentral = -(CL/V1 - Central) + (Kmed - Abs.med) - (Q2/V1 - Central) + (Q2/V2 -
Peripheral.1) - (Q3/V1 - Central) + (Q3/V3 - Peripheral.2) — (Q4/V1 - Central)
+ (Q4/V4 - Peripheral.3)

dPeripheral.1 = (Q2/V1 - Central) — (Q2/V2 - Peripheral.1)
dPeripheral.2 = (Q3/V1 - Central) — (Q3/V3 - Peripheral.2)
dPeripheral.3 = (Q4/V1 - Central) — (Q4/V4 - Peripheral.3)
dAbs.fast = - (Ktransit - Abs.fast)

dAbs.med = (Ktransit - Abs.fast) — (Kmed - Abs.med)

dElim = (CL/V1 - Central)

For ‘Model Transit’, dosing was performed into the ‘Abs.fast’ compartment, with transition

from ‘Abs.fast’ to ‘Abs.med’ representing the transit process rather than parallel absorption.
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S2.2. Parameter values used for simulation

Table S2. Parameter values used for data simulation. For abbreviations, see Table S1.

Parameter Unit I Transit NaL I llla
CL [L/h] 46.0 1.40 24.6 44.7 74.2*
V1 [L] 15.0 17.8 4.40 11.8 23.5
Q2 [L/h] 17.4 16.0 81.8 9.97 31.7
V2 [L] 245 221 11.4 707 2590
Q3 [L/h] 0 0 0 55.0 65.7
V3 [L] 1* 1* 1* 40.4 473
Q4 [L/h] 0 0 0 12.5 22,5
va [L] 1* 1* 1* 103 16.1
Foul % 10.0% 77.2% 10.0% 49.0% 49.5%
PF1 - - - 0.383 0.701
PF2 - - - - 0.889
Ksiow [(h™] - - - 1.18 0.0318
Kimed [h] 0.180 0.852 0.0230 - 0.347
Krast [h™] - - - 49.6 2.59
KnaL [hY] - - 1.09 - -
Krransit [h™] - 1.08 - - -
ADDITIONAL PARAMETERS FOR EVALUATION OF PERFORMANCE ON CLINICAL DATASETS
Propiv,plasma %CV - - - 15.1 15.8
Propiv,urine %CV - - - - 37.7
Propinh,plasma %CV - - - 15.5 15.8
Propinh,urine %CV - - - - 37.7
IV Feu %CV - - - 44.1 32.2 (lov)
IV CL %CV - - - 15.1 26.8 (CLwr)*
Ivvi %CV - - - 53.3 26.2
v Q2 %CV - - - 18.9 25.7

* The original Model Illa included two separate clearance values (renal and non-renal clearance, CLr and CLnr). The naive-

pooled analysis did not distinguish between these clearances; however, as interindividual variability (11V) was put on the non-

renal part, both clearances were implemented as separate processes in the population PK analysis. The respective values for

CLr and CLnr were 10.5 and 63.7 L/h, respectively.

# For models with less than four systemic PK compartments originally (Models I, NaL, and Transit), Q values for the missing

compartments (3 and 4) were set to 0 to remove drug transfer to these compartments while still allowing for automation of the

simulation/re-estimation process. The corresponding VVolumes of distribution were set to 1 to avoid division by 0.
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Table S3. Initial base parameters used for estimation in the naive-pooled analysis.

Parameter Unit I Transit NalL I lla
Foul % 50.0 50.0 50.0 50.0 50.0
PF1 - - - 0.500 0.500
PF2 - - - - 0.500
Ksiow [h™] - - - 0.100 0.0100
Kimed [h™] 0.100 0.100 0.100 - 0.100
Kfast [h?] - - - 1.00 1.00
KnaL [(h] - - 0.100 - -
Krransit [(h] - 0.100 - - -

Initial parameters for parallel retries were varied randomly using the rnorm function in R

(random sampling from a specified normal distribution) as follows, resulting in a lognormal

distribution of parameters:

Initial parameter = Initial base parameter - e’"°Tmn=1, mean=0, sd=1)

(S4)

Fpul, PF1 and PF2 were logit transformed beforehand to constrain the values between 0 and 1.
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S2.3. Semi-mechanistic model

ioh | Conducting airways
Perip era - ~

A Trachea
v /\ Vr, Kot/
e Y
w QB 1:u .
Central <————*  Bronchi
J o VB; KD B /
1 \/ Alveolar
parenchyma
. VA; KD.A/

Peripheral lung

Figure S1. Structure of the semi-mechanistic model. CL: systemic clearance, Vc: central volume of distribution (Vd), Q:
intercompartmental clearance, Ve: peripheral Vd; Qr, Qs, and Qarepresent the blood flow to the trachea, bronchi and
alveolar parenchyma, respectively. fu: fraction unbound in plasma, Vr: weight of the trachea, Vs: weight of the bronchi, Va:
weight of the alveolar parenchyma. Kp1, Kpg, and Kpadenote the tissue-to-plasma partition coefficients for the respective
tissues. Adapted from Himstedt et al. (6).

The semi-mechanistic model was adapted to oral inhalation. The assumed pulmonary
availability was 50%, with 80% of the lung dose depositing in the peripheral lung (alveolar

parenchyma). The remaining 20% were equally distributed between the trachea and bronchi.

Table S4. Parameters used for simulation with the semi-mechanistic model. Abbreviations: see the caption of Figure S1.

Parameter Unit Value
CL L/h/kg 0.971
Vc L/kg 0.123
Q L/h/keg 0.815
Ve L/kg 3.77
f, 0.014
Kr 6.52
Ks 18.6
Ka 39.3
Qr L/h/kg 0.0227
Vr L/kg 0.0002
Qs L/h/kg 0.326
Vg L/kg 0.000800
Qa L/h/kg 4.45
Va L/kg 0.00400
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Figure S2. Plasma and lung concentration-time profiles. Simulation model: Semi-mechanistic lung distribution model (solid
line). Estimation model: Model Il (dashed line).

S3. Exemplary Figures: Scenarios 1 and 3
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Figure S3. Exemplary plasma (left) and lung (right) concentration-time profiles for scenarios 1 (top) and 3 (bottom). Solid
lines: Model used for simulation. Dashed lines: Predictions based on estimated model parameters and the respective model

used for re-estimation.
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S4. Non-compartmental analysis

The AUCo.ast in plasma, as well as the area under the first moment curve (AUMCo.ast), Were
calculated via the log-linear trapezoidal method after both intravenous administration and oral
inhalation. Extrapolation of the AUC to infinity was performed by addition of the last observed
concentration divided by the terminal slope of log-transformed concentration data (Ciast/Az). Az
was determined by linear regression over the last three observations. The AUMCoq.jast Was
extrapolated to infinity by addition of the term ((Ciast - tiast)/Az + Cias/ Az%), tiast denoting the time
of the last observed concentration. Pulmonary bioavailability (Fpu) was calculated as shown in
Eq. S5:

_ AUCinpaiea  Dose;y,
Pul — )
AUCi.v. Doseinhaled

(S5)

Inferring on pulmonary AUC (AUCo-infLung) Was performed as follows: The AUCo-inf plasma and
AUMCo.infplasma Were used to determine the mean residence time (MRT) for both

administration routes:

AUMC;,,  Tiny

MRT;, = S6
MRTinnatea = ﬁ (S7)
nnale

Tint denotes the duration of the intravenous infusion.

The mean absorption time (MAT) was calculated by subtracting the mean residence time
(MRT) after inhalation from the MRT after intravenous administration:

MAT = MRTiphaiea — MRT;,, (S8)

The MAT was then used to infer on the pulmonary absorption rate constant ka:

1

ko = ——
@~ MAT

(S9)
To infer on the pulmonary AUCo.inf, the equation for AUC calculation in plasma (Eq. S11) was

adjusted to the lung, inserting Fpyi as the bioavailability (F) and the pulmonary absorption rate

ka as the elimination rate from the lung:
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Dose - F (510)

AUCy-jnp = CL

Doseinnaiea * Fpul

AUCo-inf Lung = (S11)

ko - VLung
Viung Was set to 0.840 L based on literature values for lung weight (7).

These analyses, performed in parallel to the population PK analyses, yielded ambivalent results
for both scenarios. While the NCA performed on the dataset simulated with ‘Model Illa’
resulted in plausible, yet biased values, the simulation with ‘Model 11’ could not be analyzed
with an NCA, as for some individuals the MRT after inhalation was shorter than after i.v.
administration. In depth evaluation of the data indicated that this was due to biased AUMCy-
inf Values, i.e., the extrapolated area of the AUMC was underestimated compared to the true
area. In agreement, analysis of inhalation PK data from individuals with negative MAT values
showed that the terminal slope A, was overestimated (i.e. a steeper terminal profile was
assumed, Figure S4) compared to the true value. For this reason, and as this specific terminal
part of the AUMC often constitutes a substantial part of the AUMCo.inf (33), these individuals
were characterized by an underestimated AUMCinnaes. Combined with sometimes
overestimated AUMCao.infiv. Values, this can explain the finding of negative MAT values. Thus,
NCA for drugs with long terminal half-lives may necessitate even longer observation times or
more accurate bioanalysis to adequately capture the terminal phase of the concentration-time
profiles. This however might not always be feasible. Even for individuals with a positive MAT,
the mean predicted AUCo.influng Was over tenfold higher than the true value. Furthermore, an
NCA is only applicable if the same assumptions hold true as for the parallel absorption models,
i.e. MCC and pulmonary metabolism being negligible (26). This leads to the conclusion that,
the PK modeling approaches are more robust towards non-optimally designed sampling

schemes, as well as providing more reliable estimates for the duration of pulmonary retention.
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Figure S4. Deviation of true and calculated terminal slopes for an example individual after intravenous administration (left
panel), and oral inhalation (right panel). Green line: true plasma concentration-time profile simulated with ‘Model II’;
Black dots: simulated “observed” data; Pink line: Extrapolation from the last three data points by linear regression. The
combination of calculated slopes (too flat after intravenous dosing and too steep after inhalation) leads to negative MAT
values for this individual, when calculated as described above.
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S6. Comparison of parameter estimates between PPP, IPP, and ALL

Table S5. Median and 2.5th and 97.5th percentiles of PK parameters estimated the true model using three methods (PPP,
IPP, and ALL). Simulation model: Model 11/ACMT. For abbreviations, see Table S1

Estimation method

Parameter | Unit | Simulation PPP IPP ALL

CL [L/h] 44.7 44.7 [41.0, 48.7] 44,7 [41.1, 48.4] 44.8 [41.2, 48.7]
V1 [L] 11.8 11.7 [8.58, 16] 11.7 [8.74, 15.8] 11.6 [8.65, 15.8]
Q2 [L/h] 9.97 10.1[8.77, 11.4] 10 [8.78, 11.4] 9.99 [8.9, 11.4]
V2 [L] 707 710 [575, 990] 706 [568, 999] 709 [614, 877]
Q3 [L/h] 55 55.4 [50.9, 61.1] 55.5[50.9, 61.3] 55.3[51.4, 60.1]
V3 [L] 40.4 40.5 [36.7, 44.3] 40.6 [36.7, 44.7] 40.4 [37.2, 44]
Q4 [L/h] 12.5 12.7 [11.4, 14.2] 12.7 [11.3,14.1] 12.7 [11.8, 13.7]
V4 [L] 103 104 [85.8, 127] 104 [85.5, 126] 105 [90.8, 119]
Propiv %CV 15.1 15.3 [14, 16.8] 15.3 [14, 16.7] -

Foul % 49.0% 48.1% [41.5%, 56.3%)] | 48.9% [42.2%, 56.2%) | 48.6% [42.3%, 55.9%)]
PF1 0.383 0.399 [0.269, 0.536] 0.397 [0.301, 0.473] 0.405 [0.319, 0.484]
Ksiow [h?] 1.18 1.18 [0.964, 1.47] 1.19[0.975, 1.49] 1.19[0.985, 1.47]
Kfast [h1] 49.6 63.3[17.1, 98600] 45.4 [26.1, 207] 43.6 [24.6, 163]
Propinh %CV 15.5 15.5[13.8, 17.5] 15.5[13.9, 17.1] 15.2 [13.9, 16.7]
1V Fpyl %CV 441 40.6 [18.8, 63.2] 40.9 [24.9, 57.7] 40.5 [25, 57.6]
IV CL %CV 15.1 13.9 [8.5, 19.6] 14.0[8.7, 20.3] 13.9 8.2, 19.6]
[IAVAVA %CV 53.3 50.8 [29.3, 75.8] 50.6 [29.3, 74.1] 50.1[29.6, 76.6]
vV Q2 %CV 18.9 17.2 [7, 26.5] 17.7 [7.4, 26.8] 17.9[9.2, 26.6]
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