
The Impact of Efflux Transporters in the Human 

Lung Epithelium on the Pulmonary Bioavailability of 

Antibiotics after Systemic Administration 

 

 

Dissertation 

zur Erlangung des Grades 

des Doktors der Naturwissenschaften 

der Naturwissenschaftlich-Technischen Fakultät 

der Universität des Saarlandes 

 

 

von 

Sina Simon 

 

 

Saarbrücken 

2025 

 



 

 

 

 

 

 

Tag des Kolloquiums:  08.04.2026 

 

Dekan: Prof. Dr.-Ing. Dirk Bähre 

 

Berichterstatter: Prof. Dr. Claus-Michael Lehr 

Prof. Dr. Marc Schneider 

 

Vorsitz: Prof. Dr. Thorsten Lehr 

 

Akad. Mitglied: Dr. Dominik Selzer 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

“Nothing in life is to be feared, it is only to be understood.” 
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Short summary 

Antibiotics are typically administered to the systemic circulation to treat bacterial infections in 

the lung. To reach their target compartment within the epithelial lining fluid (ELF), drugs have 

to permeate across the lung epithelium. Therefore, it has been hypothesised that pulmonary 

bioavailability could be positively affected by efflux transporters located at the lung epithelium. 

Their expression has been characterised, whereas their contribution on pulmonary drug 

disposition is little understood.  

The aim of this thesis is to provide a better understanding on the role of efflux transporters at 

the human lung epithelium and to investigate their impact on the pulmonary transport of 

antibiotics into the ELF. The thesis matured into the following chapters using a combined in 

vitro & in silico approach.  

1. Characterising the expression and functional activity of MDR1, MRP1 and BCRP in cell 

lines and primary cells derived from human upper and lower airways epithelium 

2. Investigating the rate and extent of antibiotics transport across the lung epithelium, 

focussing on efflux, permeability and fraction unbound in ELF & plasma 

3. Employing physiologically based pharmacokinetic  (PBPK)  modelling to simulate the 

ELF concentration-time profiles of two antibiotics in human and rat 

The results indicated a rather negligible role of ABC transporters on driving the pulmonary drug 

disposition of antibiotics in humans, which is in contrast to their role in other tissues of the 

human body. 
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Kurze Zusammenfassung 

Antibiotika werden mehrheitlich über die systemische Zirkulation verabreicht, um bakterielle 

Infektionen in der Lunge zu behandeln. Dabei müssen sie das Lungenepithel permeieren, um 

ihre Wirkungsstätte in der Epithelschleimhautflüssigkeit (ELF) zu erreichen. Es wird davon 

ausgegangen, dass die dortige Bioverfügbarkeit von Antibiotika potenziell von 

Effluxtransportern im Lungenepithel beeinflusst wird. Deren Expression ist bereits umfassend 

charakterisiert, jedoch ist ihr Einfluss auf die pulmonale Pharmakokinetik nur unzulänglich 

erforscht. 

Diese Dissertation zielt darauf ab ein besseres Verständnis zur Rolle der Effluxtransporter im 

menschlichen Lungenepithel zu ermöglichen und untersucht ihren Einfluss auf die 

Wirkstoffverteilung von Antibiotika in die ELF. Dafür wurde ein dreigliedriger in vitro & in silico 

Ansatz angewandt: 

1. Charakterisierung der Expression und Aktivität von MDR1, MRP1 und BCRP in 

Zelllinien und Primärzellen des menschlichen Lungenepithels 

2. Untersuchung der Antibiotikaverteilung durch das Lungenepithel mit Fokus auf Efflux, 

Permeabilität und ungebundenem Wirkstoffanteil in der ELF und dem Plasma 

3. Anwendung von physiologisch-basierter pharmakokinetischer Modellierung zur 

Simulation der ELF-Exposition von zwei Antibiotika in Mensch und Ratte 

Die Ergebnisse zeigten eine eher vernachlässigbare Rolle der Effluxtransporter auf die 

Wirkstoffverteilung von Antibiotika in die ELF auf. Dies steht im Gegensatz zu ihrer Rolle in 

anderen Epithelgeweben des Menschen. 
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1. Introduction 
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Lung Epithelium – Insights from and Limitations of Current in vitro Cell Models, In vitro models, 
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1.1 General Introduction 

Diseases affecting the lung are on the rise. Infections, which tackle the lower respiratory tract 

such as pneumonia have contributed to the deaths of around 2.1 million people worldwide in 

2021 [1]. Besides, more than 550 million patients suffered from a chronic respiratory disease 

in 2017, and this number has increased during the last three decades by 40 % [2]. Therefore, 

the lung has grown more prevalence as a therapeutic target in recent decades to treat both 

acute and chronic pulmonary diseases, using a number of different chemical drug classes [3]. 

To treat pneumonia, antibiotics are administered to patients to combat the infection if caused 

by bacteria. The sites of action for the antibiotics are located either within the epithelial lining 

fluid (ELF, which covers the whole surface of the human airways) for extracellularly replicating 

bacteria, such as Streptococcus pneumoniae or within the alveolar macrophages for 

intracellularly replicating bacteria like Legionella pneumophila [4, 5]. Administered drugs can 

reach the lung lumen by two different routes: from the blood side (via the systemic circulation) 

or via inhalation. Over the last decades, there have been many efforts to deliver drugs 

effectively into the lung via inhalation. This route of application holds benefits including fast 

onset of action within the lung, likely less systemic side effects and a higher local pulmonary 

concentration may be reached [6-8]. However, the vast majority of antibiotics are administered 

to patients via the systemic circulation, either oral across the gastrointestinal tract or parentally 

[9, 10]. This trend is also observed for recently approved antibiotics [11]. Only for one specific 

indication, a chronic pulmonary Pseudomonas aeruginosa infection in cystic fibrosis patients, 

inhalable formulations of antibiotics are routinely used. For this purpose, inhalable powers 

and/or solutions of  aztreonam, colistin, levofloxacin and tobramycin have been approved by 

health authorities [12-14]. Given that the preferred route of administration of antibiotics is still 

via the systemic circulation, it is of huge importance to mechanistically understand the factors 

that impact their pulmonary exposure, focussing on the distribution from the blood circulation 

across the pulmonary epithelium into the ELF [15].  

Clinical studies have reported that certain antibiotic classes show a significantly higher 

concentration within the ELF compared to their free plasma concentration (>> 1).  This has 

been mainly observed for macrolide and fluoroquinolone antibiotics [4, 15].  In vitro studies 

have reported that members of these antibiotic drug classes appear to be substrates of active 

efflux transporters, which are transmembrane proteins being capable to transport their 

substrates against a concentration gradient out of the cells, thus potentially contributing to 

increased ELF concentrations over time [16, 17]. The presence of these adenosine 

triphosphate-binding cassette (ABC) efflux transporters and their clinical impact on the 

pharmacokinetic processes of their substrates is well characterised in humans for organs like 

the intestine, liver or kidney. In these tissues, ABC transporters can limit the absorption or 
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enhance the elimination of their substrates with numerous clinical drug-drug interactions (DDI) 

being reported [18]. However, the role of these ABC efflux transporters within the human lung 

epithelium is still poorly understood [19]. 

Over the last decades, there have been many attempts to establish representative and 

sophisticated in vitro models of the human lung epithelium, consisting of cell lines, primary 

cells or complex co-culture systems. They have been extensively characterised in terms of 

active ABC transporters expression and functional activity [20]. However, there is still little 

known about the predictivity of these in vitro models in the context of ABC transporters’ impact 

on pulmonary drug disposition [19]. 

Therefore, the aim of this thesis was to gain a better mechanistic understanding on the role of 

ABC transporters at the human lung epithelium and their contribution to the pulmonary 

bioavailability of antibiotics after administration vis the systemic circulation. First, the 

expression and functional efflux of ABC transporters was investigated within cells derived from 

the upper and lower human airway epithelium. Further, the interaction of antibiotics with 

expressed ABC transporters as well as their permeability across the pulmonary epithelium was 

assessed in vitro. In a last step, in silico modelling was applied to predict ELF concentration-

time profiles of two antibiotics by incorporating measured in vitro properties. 

The Chapter 1 provides the supportive background information regarding the lung physiology, 

available in vitro, in vivo and in silico models to study pulmonary drug disposition and an 

introduction to ABC transporters, their expression in the human lung epithelium and their 

interaction with antibiotics in vitro. In Chapter 2, the aim and objectives of this thesis are 

outlined. The Chapter 3 summarises the conducted in vitro and in silico studies aiming to 

elucidate the role of ABC transporters in human lung epithelium and their potential impact on 

pulmonary drug disposition of antibiotics and are followed by Chapter 4 that provides an overall 

summary and outlook. 

 

1.2 Anatomical & Physiological Structure of the Human Lung 

The human lung is located within the chest cavity and consists of a right and left lung, with an 

estimated total weight of around 840 g in men and 639 g in women [21, 22]. This organ is 

responsible for facilitating the blood oxygenation by the gas exchange of carbon dioxide with 

oxygen, where the carbon dioxide diffuses from the pulmonary endothelium via the alveolar 

epithelium into the inhaled air and vice versa for the oxygen [23]. 

The human respiratory tract is subdivided into the conducting (upper) and the respiratory 

(lower) airways. The inhaled air first passes the upper airways, consisting of the nasal cavity, 
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pharynx, larynx, trachea, bronchi and terminal bronchiole, before it passes to the lower airways 

constituted of the respiratory bronchioles and the alveoli [24]. The function of the conducting 

airways is to filter, warm and moisturise the air, whereas the gas exchange occurs across the 

alveolar surface within the alveolar sacs of the respiratory airways [25]. Figure 1 shows a 

graphical representation of the human upper and lower airways. 

 

Figure 1. Overview of the human respiratory tract structure. It is subdivided into the upper and lower airways, as 
described by Han and Hirahara [24]. After inhalation, the air passes from the conducting airways via the respiratory 
airways to the alveoli, where the gas exchange takes place. The Figure was created with BioRender.com.  

The airway branch starts at the level of the trachea with a single tube followed by a 23-fold 

bifurcation to the level of the alveolar sacs, described as the Weibel model [26]. Following the 

bifurcation, the airways diameter reduces from around 1.8 cm in the trachea to 0.04 cm in the 

alveolar sacs [25]. At the same time, the bifurcation causes a tremendous increase in surface 

area from around 1 to 2 m2 in the upper airways to more than 140 m2 within the lower airways. 

This offers a large surface within the alveoli for diffusion processes [27]. 

The cellular composition, morphology and function of the pulmonary epithelial cells that line 

the airway tract changes along the upper and lower airways with being adapted to the needs 

of respective regions [28]. The epithelial layer thickness reduces from 58 µm in the bronchi to 

10 µm in the terminal bronchiole and further to 0.1 – 0.2 µm within the alveolar region [29]. 

This extremely thin epithelial layer of the alveoli, together with the large surface area and the 

high blood perfusion (complete cardiac output is received) offers ideal conditions for a fast 

absorption of drugs [6]. 

A pseudostratified columnar epithelium is characteristic of the tracheo-bronchial region and is 

composed of a variety of different cells such as beating ciliated cells, goblet cells producing 

and secreting mucus, neuroendocrine cells and basal cells acting as stem cells. Further the 

presence of club cells that produce anti-inflammatory proteins, was described [25, 28, 30, 31]. 

The bronchiolar region has a similar epithelium composition as the tracheo-bronchial region, 

although being classified as simple columnar epithelium, which changes to a simple cuboidal 
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epithelium within the respiratory bronchioles. The number of goblet cells is reduced whereas 

the number of club cells is increased compared to the bronchial epithelium [30, 32, 33]. The 

alveolar region is covered by the alveolar pneumocytes type I and II, where the type I cells 

have a squamous appearance and the type II cells a rather cuboidal one. Around 95 % of the 

surface area is covered by alveolar pneumocytes type I that are contributing to the gas 

exchange [34]. The alveolar pneumocytes type II constate 60 % of the cells within the alveolar 

region and are involved in producing, secreting and recycling the surfactant, which is important 

in regulating the surface tension within the alveoli [35, 36]. Alveolar macrophages, which are 

patrolling the lower airways, are innate immune cells engulfing particles and playing an 

important role in lung homeostasis [37]. Figure 2 provides a schematic overview of the cellular 

composition of the upper and lower airways. 

  

Figure 2. The cellular composition of the human airway epithelium in the tracheo-bronchial, bronchiolar and alveolar 
region. The airways are covered by the airway surface liquid, consisting of a bi-phasic layer [6] – due to illustrative 
purposes only the upper layer (mucus or surfactant) is shown. The Figure was adapted and simplified from [28] and 
was created with BioRender. 
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1.3 Lung Defence Mechanisms 

The whole lung surface is covered by an fluid layer called ELF [38]. The thickness of this fluid 

layer decreases from 8 µM in conducting airways to 0.07 µM in respiratory airways [6]. It 

humidifies the airways and prevents a dehydration of the airway cells, whereas in the lower 

airways, it reduces the surface tension and prevents the alveoli from collapsing. The fluid layer 

is also considered as line of defence against inhaled particles, e.g. due to the presence of 

antioxidants [6, 8, 39]. The composition of the ELF differs between the upper and the lower 

airways [6]. Within the conducting airways, the ELF consists of an aqueous (periciliary) layer, 

covering the cells with a mucus layer on top. This mucus layer has a gel-like appearance and 

consists of a complex mixture of water, glycoproteins (mucins), lipids, salts and cell debris. 

Goblet cells and submucosal glands secrete different mucins [40-43]. For inhaled particles, the 

mucus layer is the first barrier to overcome in the upper airways [41]. It is further postulated 

that lipophilic drugs can show non-specific binding to mucus components, which might thus 

potentially reduce their permeability [44]. Further physicochemical properties such as solubility, 

size and charge were described to affect the permeation of a particle across the mucus layer 

[41]. A further specialised defence mechanism of the upper airways is the so-called mucociliary 

clearance or mucociliary escalator. In this process, secreted mucus is transported by 

continuous beating of the cilia from the ciliated epithelial cells towards the oesophagus. There, 

the mucus is either swallowed or coughed up. This removal mechanism is an effective 

protection against particles [29, 40]. 

In the alveolar region, the surface is covered by the so-called alveolar subphase fluid, which 

consists of a watery phase with a surfactant layer above [45]. The surfactant is produced by 

the alveolar pneumocytes type II within their lamellar bodies. It consists of a mixture of 

surface-active lipids and proteins with phospholipids making up 80 % of all constituents. 

Around 10 % are proteins including the four surfactant associated proteins SP-A, SP-B, SP-C 

and SP-D [46, 47].  The SP-B and SP-C have been described to be essential for reducing the 

alveolar surface tension, whereas SP-A and SP-D appear to contribute to host defence 

mechanisms [48]. 

The macrophages located in the alveoli are innate immune cells [37]. When they encounter 

pathogens, they trigger immune responses. They are capable of engulfing inhaled particles, 

transporting their cargo to the lymph nodes, and thus can contribute to the particles’ clearance 

[49]. It has been shown that drug molecules, predominantly when being cationic and 

amphiphilic can accumulate in the lysosomes of alveolar macrophages due to their 

physicochemical properties and cause phospholipidosis (extensive accumulation of 

phospholipids) [50]. For macrolide antibiotics, intracellular accumulation in alveolar 

macrophages is required for effectively targeting and killing intracellular replicating bacteria 
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like Legionella [51, 52]. An in vitro study using isolated human primary alveolar macrophages 

demonstrated that the macrolide antibiotic clarithromycin showed extensive intracellular 

accumulation [53]. 

 

1.4 In Vitro Models Mimicking the Human Lung Epithelium 

The use of in vitro systems is well established within the drug development to investigate 

pharmacokinetic processes, including absorption, distribution, metabolism and excretion 

(ADME) of new chemical entities. This allows, especially in early discovery, to test compounds 

in a high throughput manner [54]. Moreover, the use of in vitro models contributes to the 

so-called 3R principles to replace, refine and reduce animal experiments [55]. In terms of 

assessing drug’s permeability across an epithelial barrier, Caco-2 cells are the most widely 

used in drug discovery. Caco-2 cells, derived from a human colon adenocarcinoma, were 

described to capture para-/transcellular diffusion and active transporter mediated processes, 

where reported permeability values showed a good correlation with human intestinal 

absorption data [54, 56, 57]. Further cell lines, that are well established in drug development 

to measure the in vitro permeability of drugs are the canine kidney epithelial cell line MDCK-II 

and the porcine kidney epithelial cell line LLC-PK1 [58, 59]. Considering permeability 

processes of drugs across the human lung epithelium, the tracheo-bronchial Calu-3 cell line is 

mainly used [60, 61]. It needs to be noted that Calu-3 cells are of tumour-origin and differentiate 

into a phenotype that is representative of the upper airways [41]. Therefore, they might not 

necessarily capture drug permeability processes within the alveoli, which are considered to be 

the predominant space for pulmonary drug absorption due to the larger surface area compared 

to the bronchial region [6]. To date, there is no study available that directly compared the 

permeability of a compound set across the bronchial versus the alveolar epithelium in vitro 

[20]. 

A variety of human cell models is available to study pulmonary drug disposition in vitro, 

including cell lines, primary cells and co-cultures. However, not all of these cells are considered 

suitable to study the transport of small molecules across the pulmonary epithelium [20, 62]. 

Primary cells, isolated from all regions of the lung, are available and have been used to study 

drug permeation and transport processes across the pulmonary epithelium [20, 63]. These 

cells have been described to differentiate into a native-like pulmonary epithelium once cultured 

on semi-permeable inserts. Primary tracheo-bronchial epithelial have been showing cilia 

beating and mucus production, whereas isolated alveolar pneumocytes type II trans-

differentiated into type I-like alveolar cells with an increase in calveolin-1 and a decrease in 

surfactant-protein C, closely mimicking the in vivo phenotype [64, 65]. However, their use is 

often restricted to a few passages only (i.e. for primary bronchial cells) as the cells undergo 
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senescence, whereas primary alveolar type II cells do no proliferate in vitro. Due to the complex 

isolation processes or high costs of commercially available primary cells, this limits the high 

throughput. Furthermore, the variability across different donors needs to be accounted for, 

which can limit experimental reproducibility [25, 41, 66].  

Pulmonary epithelial cell lines have been established either by viral immortalisation of primary 

cells or by isolation from tumours [66]. Cell lines bear the advantage of having an almost 

unlimited lifespan and rely on known culture techniques. Moreover, compared to primary cells, 

no donor-to-donor variability has to be considered and there is no need for a continuous supply 

of fresh tissue and sometimes complex isolation processes. Nevertheless, due to their 

immortalisation or cancerous origin, it remains unclear to what degree a cell line is mimicking 

the physiological phenotype [41, 67].  

For assessing the permeability or the susceptibility of drugs to efflux transporters, cells are 

typically cultured on semi-permeable membrane inserts [59]. When studying permeability 

processes in cells derived from tissues like the intestinal epithelium, the medium (liquid) is 

usually kept on both sides of the insert membrane, which is called submerged condition or 

liquid-covered condition (LCC) [68, 69]. In order to more closely mimic the in vivo situation, 

human airway epithelial cells can be exposed to the so-called air-liquid interface (ALI). After 

seeding onto to the porous membrane inserts, the cells are grown under liquid coverage for a 

couple of days until they reach confluence. Then, the medium is removed from the apical 

compartment (‘airlifting’), whereas the medium on the basolateral side is kept [28, 67, 70]. This 

is illustrated in Figure 3.  

In order to be a suitable model to study drug transport and permeability processes in vitro, the 

cells need to form a tight, confluent and polarised layer. The tightness of this barrier is achieved 

by the formation of tight junctions, which restrict paracellular transport [71, 72]. To verify the 

integrity of the cell layer in vitro, transepithelial electrical resistance (TEER) can be measured 

using a volt-ohm meter as a non-invasive technique [73]. The TEER is often measured directly 

before and after an experiment [74]. Values for TEER above 250 Ω*cm² are typically accepted 

as threshold for a tight barrier formation [75]. Since TEER measurement is sensitive to different 

factors such as temperature, a further option to assess monolayer integrity is the determination 

of the apparent permeability of paracellular markers such as mannitol, dextran or Lucifer Yellow 

(LY) across the cell layer. Low apparent permeability coefficients confirm the formation of a 

tight cell layer [73, 76, 77]. A threshold of 25 nm/s has been proposed for LY [78]. 
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Figure 3. Comparison of the Air-liquid interface (ALI) and the Liquid-covered condition (LCC) of culturing lung 
epithelial cells. Once the cells reach confluence within the flask, they are passaged and seeded onto 
semi-permeable membrane inserts with keeping the medium on both sides of the membrane. Once the cells reach 
confluence within the membrane, they can be air-lifted by removing the medium on the apical side and lowering the 
total amount of medium on the basolateral side (i.e. ALI culture). If the medium is kept on both sides of the 
membrane during the whole culturing process, this is referred to as LCC. The cells in this illustration mimic the 
human tracheo-bronchial epithelial cell line Calu-3, that has been described to differentiate into a pseudostratified 
epithelium with microvilli when cultured at ALI. In contrast, a cuboidal epithelium was observed when cultured at 
LCC [79]. The Figure was created with BioRender.com. 

The following section will provide more in-depth information around the lung epithelium-derived 

cell lines and primary cells, which were in scope of this thesis project. They are depicted in 

Figure 4. However, there are several different cell line and primary cell models described in 

literature, that were characterised to investigate pulmonary transport processes. Review 

articles by Richter & colleagues and Selo & colleagues provide a broad and detailed overview 

on further models, including co-culture systems [20, 80]. 

 

Figure 4. Summary of human epithelium-derived cell lines and primary cells, that were in scope of this thesis 
project. The Figure provides an overview of the cell origin and whether they are tumour-derived cell lines (C), 
immortalised cell lines (I) or primary cells (P). The Figure was created with BioRender.com. 
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1.4.1 Tracheo-Bronchial Region 

The 16HBE14o- cell line has been derived by viral immortalisation of human primary bronchial 

cells using a SV40 large T antigen transformation [81]. At ALI, measured TEER values were 

relatively low with values ranging from 130 to 250 Ω*cm2, whereas at LCC, TEER values in the 

range up to 800 Ω*cm2 have been reported [82, 83]. Cross sections of the cell layers have 

revealed that the cell layer consisted of a partially monolayer and multilayer (up to five) at LCC, 

whereas at ALI an over ten-cells thick layer was formed. It has been proposed that a certain 

amount of liquid on the apical side of the insert may be needed in order to mimic the ‘mucus’ 

and thus enable ‘normal’ cell development [82]. The 16HBE14o- cells have been shown to 

express functional active efflux and uptake transporters [84, 85].  

Calu-3 cells have been originally derived from a lung subepithelial gland adenocarcinoma 

patient and are of bronchial submucosal gland origin [41]. The Calu-3 cells develop into an in 

vivo-like pseudostratified epithelium and show some secretory activity when cultured at ALI, 

where the cell layer is predominantly a monolayer but in parts, multicellular. Under submerged 

conditions, the cell layer is classified as a simple cuboidal-like epithelium and thus less relevant 

compared to the in vivo bronchial phenotype [79]. Reported TEER values were ~ 300 Ω*cm2 

for ALI and > 1000 Ω*cm2 for LCC cultures [86]. Different culture conditions such as the culture 

interface (ALI vs. LCC) or culture time appeared to affect the morphology, barrier formation 

and the expression of drug transporters [79]. Calu-3 cells were shown to express numerous 

functional uptake and efflux transporters [87, 88].  

Primary normal human bronchial epithelial cells (NHBE) are isolated from non-diseased 

bronchial tissue [89]. When culturing these cells on semi-permeable filter inserts at ALI, they 

differentiate into a physiological relevant phenotype including mucus production and cilia 

beating. The differentiated epithelial cell layer is composed of different epithelial cell types 

including ciliated cells, goblet cells and basal cells, which closely represent the in vivo airway 

composition of the bronchial region [90]. TEER values at ALI have been reported to range from 

~ 750 to 950 Ω*cm2 ,whereas at LCC TEER values above 1500 Ω*cm2 have been measured 

[89, 91]. However, cytometric analysis has revealed that NHBEs form multilayers at ALI, which 

is not representative of the in vivo lung physiology [92]. Besides, it has been shown that the 

use of different media has an impact on TEER and cell morphology during differentiation at ALI 

[65].  
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1.4.2 Bronchiolar Region 

NCI-H441 cells were firstly retrieved by isolation of the pericardial fluid from a patient with 

pulmonary adenocarcinoma [93]. The cells showed properties of bronchiolar club cells as well 

as type II alveolar pneumocytes. TEER values of around 300 Ω*cm2 at  ALI and of around 

1000 Ω*cm2 under submerged conditions (i.e. LCC) have been reported [94]. To achieve these 

values, the addition of dexamethasone is needed, without the glucocorticoid, TEER values 

< 100 Ω*cm2 have been measured [95, 96]. Dexamethasone is described to up-regulate 

claudin 8, a tight junctional protein, and thus likely contributes to higher TEER values if 

supplemented to the culture medium [97]. Further, NCI-H441 cells appear to show active influx 

as well as efflux transporters [94]. 

 

1.4.3 Alveolar Region 

A549 is an adenocarcinoma-derived cell line from the alveolar region, having morphological 

hallmarks as seen for type II alveolar pneumocytes like lamellar bodies [41, 98]. These cells 

are not capable of forming a tight barrier, since they lack functional tight junctions. TEER values 

< 100 Ω*cm2 at ALI and LCC have been reported [96, 99]. For this reason, the cell line is not 

well suited to investigate drug permeation studies and attention must be paid, when 

permeability coefficients were reported in A549 cells [20]. The A549 cells have been shown to 

express functional active efflux and influx transporters [100, 101]. Moreover, they have been 

extensively used to study nanoparticle interactions, respiratory toxicity or pulmonary drug 

metabolism [102-104]. 

An immortalised human alveolar epithelial cell line, ‘hAELVi’, has been established by isolating 

human alveolar type II epithelial cells and following immortalisation by lentivirus transfection. 

This cell line resembles a morphological alveolar type I-like phenotype [105]. When cultured 

at ALI or LCC, TEER values of 1000 to 2000 Ω*cm² have been reported [105-107]. Due to the 

heterogenous nature of the hAELVi cells, differences in barrier properties have been reported 

across laboratories [107]. The hAELVi cells have been found to express functional active efflux 

transporters [108]. 

More recently, a monoclonal cell line ‘Arlo’ has been derived from the polyclonal hAELVi cells 

via single-cell printing. Arlo has been described to display even a more pronounced barrier 

function with a TEER of 3000 Ω*cm² at ALI and around 2000 Ω*cm² at LCC. RNA bulk 

sequencing has revealed the expression of both efflux and uptake drug transporters [107]. 

Type II alveolar pneumocytes can be isolated from the distal lung of human donors and 

trans-differentiate in culture into predominantly type I-like alveolar pneumocytes (hAEpC) 

[109]. TEER values of ~ 1600 Ω*cm2  and 1400 Ω*cm2  have been reported at ALI and LCC, 
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respectively [107]. However, the isolation and purification process of these primary cells is 

quite complex and limits high-throughput [110]. In terms of drug transporter expression, hAEpC 

have been shown to express functional efflux and uptake transporters [111, 112]. 

 

1.5 In Vivo & Ex Vivo Models to Study Pulmonary Drug Disposition 

In vivo studies play a crucial role in drug development, especially in the preclinical phase, to 

investigate the safety and efficacy of new chemical entities before testing in humans. 

Furthermore, in vivo studies are conducted to investigate organ toxicity and pharmacokinetic 

processes including DDIs [113-115].  

The first in vivo studies to investigate pulmonary absorption of compounds after an 

intratracheal administration have been reported in 1970s and 1980s by Schanker and 

colleagues, focussing on the rat [116, 117]. Rodent models (i.e. mice or rats) are most 

commonly used. Reasons for this include lower costs compared to larger animals, the easier 

handing as well as the fact that less consumables and chemical substances are needed. 

Potential limitations include species differences in the airway composition (compared to 

humans) and the fragility of rodents’ lungs making surgical procedures technically challenging 

[20]. For assessing pulmonary drug disposition processes in vivo, drugs are typically 

administered via inhalation to the respiratory tract under anaesthesia [118]. An appropriate vein 

or artery is then catheterised, which allows the collection of multiple blood samples at various 

time points within the same animal to determine drug concentration over time profiles. Based 

on this, pulmonary absorption kinetics can be calculated [119, 120].  

To investigate drug transporter-mediated processes in vivo, transgenic transporter-knockout 

rats and mice were established, allowing the evaluation of the contribution of a single 

transporter to absorption, distribution and elimination processes [115]. At the end of the last 

century, Alfred Schinkel and colleagues were the first who successfully bred 

transporter-knockout mice that showed the same viability as wild type animals [121]. As a 

caveat of these models, the knockout of one transporter protein can result in expression 

changes of other proteins compared to wild type animals [122]. 

Over the last years, the use of transporter knockout animals in combination with a 

non-invasive, quantitative and three dimensional nuclear imagining approach has grown in 

popularity to investigate the contribution of drug transporters on pharmacokinetic processes 

within different tissues, including the lung [123, 124]. This technique is based on positron 

emission tomography (PET), where a radiolabelled drug is administered and its distribution 

across the tissues and organs is evaluated. The radiotracers are often labelled by 

fluorine-18 [18F] or carbon-11 [11C], which emit positrons while decaying. Limitations of this 
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approach are the short half-life of [11C] with 20.4 min and the circumstance that only total 

radioactivity can be measured, i.e. it is not possible to distinguish between parent drugs and 

their metabolites [123, 125, 126].  

Previous studies, that have aimed to investigate pulmonary absorption processes and the 

contribution of drug transporters at the level of the rodent lung epithelium, often used the 

isolated perfused lung (IPL), an ex vivo model [127, 128]. In brief, animals, mostly rats, are 

euthanised, the lungs are separated from the systemic circulation and an artificial perfusion 

through the pulmonary blood vessels is established. The lung is isolated and kept in an artificial 

thorax-like system, where further artificial ventilation and perfusion are applied. The 

compounds of interest are then administered into the airways via the tracheal opening and 

samples are taken from the perfusate to assess pulmonary absorption parameters. This 

technique holds some limitations such as a lifetime of only 2 to 3 h for proper lung functionality, 

risk of oedema formation and the need for sophisticated training of surgeons. Moreover, parts 

of the tracheo-bronchial region can be accidently removed due to the isolation and preparation 

procedure [119]. 

Literature examples, where the functional activity of pulmonary drug transporters was 

assessed by in vivo by PET imaging or IPL are described in section 1.9. In alignment with the 

3R principle to reduce, refine and replace animal experiments, many efforts are currently made 

to develop and optimise in vitro and in silico models, to make them more ‘human-relevant’ and 

minimise the use of animals within research and drug development [129]. 

 

1.6 Physiologically based Pharmacokinetic Modelling (PBPK) – its Definition and 

its Use in Predicting Pulmonary Drug Disposition 

The use of modelling and simulation approaches within the drug discovery and development 

has grown in utility over the past decades [130]. Mathematical pharmacokinetic (PK) models 

can be used to assess the concentration over time profile of a drug in the plasma or the tissue 

of interest. These so-called classical PK models consist of a central plasma compartment that 

is connected via rate constants to a peripheral compartment. Physiologically based 

pharmacokinetic (PBPK) models are similar to PK models, however they take physiological 

properties into account, which parameterise the model [131]. A PBPK model consists of several 

compartments, which typically include the intestine, liver, kidney, brain, heart, lung, adipose, 

muscle, bone, skin and spleen tissue. All are connected via a blood circulation [132]. This is 

depicted in Figure 5. Due to the connection of all tissues within a PBPK model, with processes 

being defined by mathematical equations, it can be used as mechanistic and quantitative 

framework for simulating and investigating the absorption, distribution, metabolism and 
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elimination of chemical entities. These processes can be simulated for human as well as for 

various preclinical species [131].  

 

Figure 5. Simplified schematical representation of a physiologically based pharmacokinetic (PBPK) model. The 
compartments are depicted as organs, which are all connected to each other via a blood circulation. The oral (via 
the intestine) and parental drug administration (via an intravenous injection) is shown. The image was adapted and 
simplified from [133]. The Figure was created with BioRender.com. 

To set up a PBPK model, information from different ‘building blocks’ is needed to enable the 

simulation of ADME processes. These include drug physicochemical properties (e.g. molecular 

weight or lipophilicity) and drug-related biological parameters (such cellular permeability or 

degree of binding to plasma proteins), which are either experimentally derived or predicted. 

Furthermore, anatomical/physiological properties of the organism (like blood flow rate and 

organ surface area) and information on the drug dosing regimen and formulation are required 

[134]. Within drug development, PBPK modelling is used for various applications: simulation 

of preclinical and clinical PK profiles including the extrapolation across species, prediction of 

DDIs and special population PK simulations (in paediatrics, elderly, disease) [135]. Due to the 

availability of commercial software to run PBPK simulations with a graphical interface such as 

GastroPlus™ or Simcyp™, the complexity in setting up a PBPK model from scratch has 

decreased [131]. This is also reflected in the rising number of PBPK models being part of 

application review files of new drugs, that were approved by the US Food and Drug 

Administration (FDA) between 2019 and 2023. Out of the 243 novel approved drugs within this 

time period, 74 application files contained PBPK data, with more than 50 % being attributed to 

enzyme-mediated DDIs and 18 % to transporter-mediated DDIs [136]. 

The use of PBPK models to investigate the fate of an inhaled drug within the lung or the 

prediction of ELF concentrations after a systemic drug administration were described in 

literature. As an example, a detailed human PBPK model was set up for inhaled nemiralisib, 

where the lung was divided into an extra-thoracic, thoracic, bronchiolar and alveolar 
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compartment, which allowed the simulation of drug absorption in the different lung 

compartments. The model has also been used to predict the systemic concentration after 

inhalation by taking pulmonary absorption and oral swallowing into account and was showing 

a good fit to the observed data [137]. Moreover, PBPK modelling has been used to predict the 

concentration of anti-tuberculosis drugs within the lung tissue of healthy and 

tuberculosis-infected individuals by extrapolating from preclinical species [138]. Further PBPK 

models were established to simulate antibiotics concentration within the ELF and alveolar 

macrophages, after a drug administration via the systemic circulation. It has been reported that 

parameters such as the pH of the ELF, the presence of active transporters or enhanced 

lysosomal trapping within the lung tissue have a tremendous impact on simulated ELF 

concentrations [139-141]. Overall, in silico models such as PBPK modelling appear to be a 

valuable tool to predict local pharmacokinetic processes [142].  

 

1.7 ADME Processes affecting the Drug Transport across the Lung Epithelium 

1.7.1 Permeability 

Drugs, that are administered via the systemic circulation, need to permeate across the 

air-blood barrier to reach their site of action within the ELF or the alveolar macrophages. Thus, 

they have to permeate across two cellular membranes: the alveolar endothelium and the 

alveolar epithelium [15]. Both membranes are separated by the interstitial space, which is 

fluid-filled and contains cells such as fibroblasts and extracellular matrix networks including 

collagen fibres [143]. The alveolar endothelium has been described to consist of two cell types: 

aerocytes, that contain pores and are specialised for the gas exchange, and general capillary 

cells, that act as progenitor cells [144]. Due to the vasculature fenestration, it has been stated 

that molecules up to 1000 Da are permitted to passively diffuse between the cells of the 

pulmonary endothelium [15]. Therefore, the alveolar epithelium is considered to be the 

permeability barrier for drugs in the lung [29]. 

There are several pathways for drugs to permeate across biological cell membranes: via 

passive permeability (paracellular or transcellular) or by active transport processes (efflux or 

uptake) [145]. An overview of these processes is depicted in Figure 6. 
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Figure 6. Overview of the different permeation pathways across a biological membrane, assuming a concentration 
gradient from basolateral to apical side. The following processes are depicted: (A) passive paracellular diffusion 
across the intercellular pores, (B) passive diffusion across the transcellular route, (C) active transporter-mediated 
uptake and (D) active transporter-mediated efflux. Efflux and uptake transporters can be found on both sides of the 
cell membrane of the lung epithelium [146]. For illustrative purposes, they were added to one membrane side only. 
The Figure was adapted from [20] and created with BioRender.com. 

Passive diffusion has been described to be the major route of drugs crossing biological 

membranes. The passive diffusion processes follow a concentration gradient, with hydrophilic 

molecules permeating predominantly via the paracellular route and lipophilic via the 

transcellular route [145, 147]. The paracellular transport describes the diffusion of molecules 

between the individual cells via the intercellular pores, where the junctional complexes are 

located that consist of tight junctions, adherent junctions, gap junctions and desmosomes [148, 

149]. Charged, hydrophilic and low-molecular weight molecules, including ions typically 

permeate via this route. The paracellular transport can be restricted due to the presence of the 

tight junction proteins, which span the pores and include proteins like claudin or occludin [150, 

151]. The transcellular transport describes the permeation of compounds across the epithelial 

cell membrane via the phospholipid layer. The rate of transcellular permeability appears to be 

governed by the compound’s molecular weight and lipophilicity. This route is predominantly 

taken by lipophilic and uncharged molecules. [145, 152]. The molecules’ charge is typically 

determined at pH 7.4, which is considered as the physiological pH in plasma. Depending on 

the acid-base dissociation constant (pKa) of the molecule and the pH of the environment, a 

minor change in pH can directly affect the molecule’s passive permeability [71, 153].  

Active transporter proteins, being expressed in the cell membrane can facilitate the efflux or 

uptake of drug molecules across the transcellular route [146]. These are energy-dependent 

processes, where both primary and secondary active transport exists.  
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Primary active transporters use the energy of adenosine triphosphate (ATP) hydrolysis to 

transport molecules against a concentration gradient [154]. Secondary active transporters use 

ion gradients and electrochemical potential differences to facilitate the transport of their 

substrates [155]. Further information on the drug transporter proteins within the pulmonary 

epithelium is detailed in section 1.9. 

 

1.7.2 Binding to Plasma Proteins and ELF Components 

Another factor to be considered, when investigating distribution processes across the lung 

epithelium is the degree of drug binding to plasma proteins or components of the ELF [15, 

156]. The free drug hypothesis states that only the unbound fraction can cross biological 

barriers and thus is an important determinant, when investigating pharmacokinetic processes 

[157]. For drugs administered via the systemic circulation, the extent of drug binding to plasma 

proteins and lipids defines the amount of drug, that is free to permeate into the tissues [158]. 

Albumin, α1-acid glycoprotein and lipoproteins are considered the most relevant plasma 

proteins in terms of drug binding [159]. The routine measurement of protein binding is well 

integrated into the drug screening cascade [160]. 

It has previously been assumed that the unbound drug fraction within the ELF is 100 % free 

due to a negligible amount of proteins [161]. However, recent studies reported that drugs can 

show strong binding to lipids and proteins that are present within the ELF or the lung tissue 

[156, 162, 163]. A study by Keemink and colleagues measured the unbound fraction of 

85 antibiotics within a simulated ELF (sELF), that consisted of the nine major components of 

the human ELF. They reported that especially basic antibiotics showed an increased binding 

to components of the sELF (average unbound fraction of 17 %) likely due to lipid binding. 

Further, a poor correlation was observed when comparing the unbound fraction of antibiotics 

in sELF versus plasma [156]. This finding is of particular importance for antibiotics, as these 

molecules often carry a positive charge, which appears to be an important pharmacophore 

when targeting gram-negative bacteria [164]. A further in vitro study has reported that the novel 

antibiotic lascufloxacin showed an extensive binding to phosphatidylserine, a phospholipid 

found in the surfactant [163]. 
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1.8 Active Efflux Transporters 

1.8.1 Membrane Transporters 

Membrane transporters are proteins, which are embedded into the lipid bilayer of the cell 

membrane and can facilitate the efflux or uptake of their substrates out/into the cells. Both 

xenobiotic and endogenous molecules can be transported [18]. Efflux transporters protect the 

cells by extruding potentially toxic compounds, whereas influx transporters are involved in the 

uptake of vital nutrients. Therefore, these proteins play an important role in tissue homeostasis 

[165, 166].  

Their mediated transport processes can be either passive or active, where passive 

transporters (i.e. ion channel and carrier proteins) do not require energy and transport their 

substrates along a concentration gradient (facilitated diffusion) [167]. In contrast, active 

transporter proteins can facilitate their substrates’ translocation against a concentration 

gradient, which requires energy [168]. 

Three superfamilies of active membrane transporters are being considered relevant to 

significantly affect the absorption, distribution and elimination of xenobiotics in both human and 

several animal species. These include ABC, solute carrier (SLC) and solute carrier organic 

anion (SLCO) transporters, whereas the ABC transporters mainly act as efflux transporters 

and the SLC/SLCO proteins contribute to cellular uptake of their substrates [18, 169]. Members 

of these transporter families are expressed in the epithelia and endothelia of various organs 

including the intestine, liver, kidney and the blood brain barrier [170]. 

The ABC transporters are primary active transporters that are capable to extrude a broad and 

diverse range of structurally unrelated molecules across the cellular membrane against a 

concentration gradient [166]. Prominent members of this protein family include the multidrug 

resistance protein 1 (MDR1, also known as P-glycoprotein (P-gp)), multidrug resistance 

associated proteins (MRPs) and breast cancer resistance protein (BCRP) [169]. The broad 

substrate specificity of both MDR1 and BCRP has been reflected in the fact that 68 % and 

43 % of all approved drugs by the FDA between 2017 to 2021 were classified as in vitro 

substrates of MDR1 and BCRP, respectively [171].  

The SLC family is classified as secondary active transporters. Organic and inorganic, as well 

as charged and uncharged substrates are transported by this family. It comprises organic 

cation transporters (OCT), organic anion transporters (OAT), novel organic cation transporters 

(OCTN) and peptide transporters (PEPT) [155, 169]. The SLCO family has been reclassified 

in 2004 and includes the organic anion transporting polypeptides (OATP) superfamily and is 

transporting predominantly amphiphilic organic anions [172]. 
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Numerous DDIs with regards to these drug transporters have been reported in literature, where 

the pharmacokinetic profile of a victim drug can be significantly changed due to the inhibition 

or induction of a transporter protein [173]. Therefore, it is a substantial part during drug 

development to assess, whether new chemical entities are substrates and/or inhibitors of drug 

transporters [18]. 

 

1.8.2 ABC Efflux Transporter 

There are 48 ABC transporter proteins found in human, which are separated into 7 main 

subclasses according to their sequence homology. The naming of these classes is according 

to their gene code from ABCA to ABCG. ABC transporters, that contribute to active efflux of 

xenobiotics out of the cells are mainly found in the ABCB, ABCC and ABCG family. Examples 

for these are MDR1 (ABCB1), MRP1 (ABCC1) and BCRP (ABCG2) [166]. 

 

Figure 7. Overview of ABC efflux transporters’ spatial expression in various organs of the human body. The efflux 
transporters are depicted as blue icons with the direction of mediated efflux illustrated by a black error (symbolising 
P-glycoprotein that is shown as an example ABC transporter). The illustration was adapted from [174] and modified 
according to [18]. The Figure was created with BioRender.com. 
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The ABC transporters play a pivotal role in shaping the pharmacokinetic processes of their 

substrates [18]. In terms of human clinical data, both MDR1 and BCRP are considered relevant 

due to their vast tissue expression and number of reported DDIs [18]. They are expressed in 

the intestine contributing to limiting drug absorption, at the blood brain barrier, where the limit 

the distribution of xenobiotics into the brain tissue and in the liver and kidney, where they can 

enhance the hepatobiliary and renal clearance [175]. This is illustrated in Figure 7. Moreover, 

ABC transporters were reported to be expressed in tumours, contributing to chemoresistance 

[176]. Their expression was also reported in the human lung epithelium, whereas the 

translation and relevance of these in vitro findings to clinical data is still lacking [177]. Further 

details on pulmonary ABC transporters’ expression are described in section 1.9. 

 

1.8.3 Assessing ABC Transporters’ Efflux in vitro  

Bidirectional transport studies can be conducted to investigate, whether an expressed ABC 

transporter protein is functionally active in vitro. The cells of interest are seeded onto 

semi-permeable inserts and are cultured until they form a polarised monolayer, with drug 

transporters expressed at the apical or basolateral side of the membrane [178]. Depending on 

the cell type, this can take a couple of days or weeks, like for the Caco-2 cells, where a culture 

period of 21 days on the inserts is recommended [179]. Moreover, an important prerequisite 

for these kind of studies is that the cells form a tight cell layer with the formation of tight 

junctions, restricting paracellular transport and thus separating apical and basolateral 

compartment from each other [20]. This is often assessed by measuring TEER or by 

co-incubation of a paracellular marker during the experiment such as dextran [180]. 

The functional activity of an ABC transporter is then assessed by measuring the permeability 

of a transporter substrate across the cell layer in a bidirectional manner. This is defined as 

apparent permeability (Papp), which quantifies the amount of drug that crosses the cell 

membrane in a defined time period. Both the absorptive permeability from apical to basolateral 

side (Papp AB) and the secretory permeability from basolateral to apical side (Papp BA) are 

measured [87, 181]. This is depicted in Figure 8. If there is an asymmetry in transport, i.e. the 

secretory permeability is two-fold higher than the absorptive, this indicates the presence of 

active efflux on the apical side. This is reflected in the so-called efflux ratio (ER) that is 

calculated by dividing Papp BA by Papp AB. According to the guidance rules from regulatory 

authorities (FDA and European Medicines Agency (EMA)), a compound is classified as 

substrate of active efflux on the apical side if the ER exceeds the threshold of two (ER ≥ 2). 

Further, the ER needs to decrease at least by 50 %, when measuring the bidirectional Papp in 

the presence of a transporter-specific inhibitor. If these criteria are not met, the molecule is 

classified as non or poor transporter substrate. The cells in scope of these guidance rules 
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included ABC transporter-overexpressing cells, as well as epithelial cells that form a polarised 

monolayer, when grown on semi-permeable inserts like Caco-2 [18]. 

 

Figure 8. Experimental setting of bidirectional transport studies aiming to assess, whether a compound is a 
substrate of active efflux transporters. The cells are seeded onto semi-permeable filter membranes, where they 
form a polarised and tight monolayer. The blue icon symbolises an active efflux transporter on the apical site of the 
cell membrane, pumping its substrates to the apical compartment. The test compound is either added to the apical 
compartment to measure its apparent permeability from apical to basolateral compartment (Papp AB) and vice versa 
to the basolateral side for assessing its apparent permeability from basolateral to apical side (Papp BA). The Figure 
was created with BioRender.com and adapted from [182]. 

To flag a compound as substrate of active efflux transporters, which are expressed on the 

basolateral side of the cell membrane, an inverse of the ER can be determined. This uptake 

ratio (UR) can be calculated by dividing the Papp AB by the Papp BA. This concept has been 

applied to investigate the functional expression of MRP1 on the basolateral side of the 

pulmonary epithelium in vitro [87, 108].  

A further experimental approach to assess the functional activity of efflux transporters 

measures the intracellular accumulation of a transporter substrate in the absence and 

presence of a transporter inhibitor. For these kind of experiments, the cells do not necessarily 

need to be cultivated on semi-permeable inserts but can be cultured in well plates [183, 184]. 

This method has been used to measure ABC transporters efflux within the A549 cell line, that 

is not capable of forming a tight barrier and thus not suitable to be tested in bidirectional 

transport studies [185, 186]. 

 

1.9 ABC transporters within the Lung Epithelium – In vitro & In vivo 

Both MDR1 and BCRP are expressed in various tissues of the human body and are well 

characterised to  interact with many drugs, leading to DDIs - therefore, the investigation of new 

drug molecules for their substrate and inhibition potential against MDR1 and BCRP is required 

by health authorities [18]. However, the contribution of MDR1 and BCRP on pulmonary 
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pharmacokinetic processes in humans is not well known [177]. Interestingly, MRP1 has shown 

higher protein expression levels than MDR1 and BCRP within the human lung epithelium [187]. 

No clinically relevant interactions of drugs with MRP1 were reported in terms of drug absorption 

or elimination pathways, although a number of drugs appears to be transported by MRP1 

(mainly chemotherapeutics). There is currently no recommendation from health authorities on 

screening new drugs for their interaction with MRP1 [18, 188]. 

In terms of spatial expression in the human lung epithelium, both MDR1 and BCRP have been 

reported to be expressed on the apical ELF-facing side [146, 177]. In contrast, MRP1 has been 

localised on the basolateral blood vessel-facing side [177], as depicted in Figure 9. 

 

Figure 9. Graphical representation of the proposed spatial expression of ABC transporters within the human lung 
epithelium. Multidrug resistance protein 1 (MDR1) and Breast cancer resistance protein (BCRP) have been reported 
to be expressed on the apical lung lumen-facing side, whereas Multidrug resistance associated protein 1 (MRP1) 
has been described to be expressed on the basolateral blood vessel-facing side of the cell membrane [177]. The 
Figure was created with BioRender.com and adapted from [182]. 

The following subsection provides some background on MDR1, MRP1 and BCRP and 

summarises their expression and functional activity within cells derived from the human upper 

and lower airway epithelium. It focuses on summarising the literature findings for the lung 

epithelial cells, that were in scope of this thesis, and which have been described in section 1.4 

(cell lines and primary cells). Furthermore, the data from in vivo studies, which investigated the 

presence of active efflux by ABC transporters in the pulmonary epithelium of rodents are 

presented. 

 

1.9.1 Multidrug Resistance Protein 1 (MDR1) 

The MDR1 protein is by far the most investigated and characterised ABC transporter, relevant 

to drug disposition [18]. MDR1 was discovered in 1976 in a Chinese hamster ovary cell line 

that showed cross-resistance to a number of amphiphilic drugs. It was revealed that a 

170 kDa-heavy glycoprotein, embedded in the cell membrane, led to an altered drug 
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permeability of its substrates [189]. MDR1 has a broad substrate specificity, mainly for lipophilic 

and amphiphilic molecules [190]. It shows a ubiquitous expression in various human tissues 

including the intestine, liver, kidney, blood-brain barrier. Therefore, MDR1 is a key contributor 

in the body’s defence against xenobiotics [174]. The expression of MDR1 has also been 

observed in tumours, contributing to cancer chemoresistance as several chemotherapeutics 

are substrates of MDR1 [191, 192].  

In the human lung, lower expression levels of MDR1 compared to other organs such as liver, 

kidney or intestine were reported [193]. MDR1 has been described to be expressed in various 

cell lines and primary cells of the human upper and lower airways. This includes 16HBE14o-, 

Calu-3, NHBE, NCI-H441, A549 and hAEpC cells [177]. Interestingly, no MDR1 could be 

detected in the alveolar cell lines hAELVi and Arlo [107, 108].  

It needs to be noted that differences in expression levels of MDR1 have been found across 

studies, even when characterising the same in vitro cell model. A proteomics-based mass 

spectrometry approach has reported the absence of MDR1 in the tumour-derived cell lines 

Calu-3 and NCI-H441 [194]. Whereas further studies, using Polymerase Chain Reaction or 

Western Blotting, confirmed the expression in both cell lines at gene and protein level [87, 94, 

195]. This could arise from differences in cell culture due to non-standardised practise or the 

use of different detection methods that come with different sample preparation protocols and 

resulting different sensitivity levels [79, 196]. In order to affect the drug disposition of its 

substrates across the lung epithelium, MDR1 needs to be functionally active [196]. 

Bidirectional transport studies, as described in section 1.8.3, have usually been conducted and 

confirmed the presence of active MDR1 efflux within the majority of lung epithelial cells. A 

summary of selected in vitro studies is shown in Table 1. For A549, no bidirectional efflux study 

has been reported in literature, thus data from a cellular accumulation assay is shown. 

If applying the criteria from regulatory authorities in terms of classifying a compound as a 

substrate of MDR1, there needs to be an at least two-fold difference in absorptive and 

secretory permeability (i.e. net flux ratio). For MDR1 being expressed on the apical side, this 

would translate to an ER ≥ 2.  Moreover, in presence of a MDR1-specific inhibitor, the ER 

needs to reduce by a minimum of 50 % [18]. These criteria have typically not been applied, 

when assessing the presence of active efflux within cells of the human lung epithelium. 

Considering the health authority’s guidance rules for ABC transporter substrates [18], MDR1 

was found to be active in the majority of lung epithelial cells, with the exception of hAELVi and 

a borderline result for NHBE. The fluorophore Rhodamine 123 (Rh123) has often been used 

as a model substrate for MDR1. This compound is not selective for MDR1 and has been 

described to interact with further drug transporters such as OCTs [197]. Further, verapamil 

used as MDR1 inhibitor, was described in literature to inhibit in addition OCTs and OCTNs 
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[198, 199]. Therefore, the combined use of a non-selective substrate like Rh123 in combination 

with a non-selective inhibitor (such as verapamil) hinders a clear understanding on the 

contribution of a single transporter protein [200]. This is especially a concern for cells, that are 

known to express a multitude of ABC and SLC transporters, like cells derived from the lung 

epithelium [146, 177]. In the studies summarised in Table 1, where both Rh123 and Verapamil 

were used in combination, the observed efflux might not solely be mediated by MDR1.  

Table 1. Summary of selected in vitro studies assessing the presence of MDR1 efflux in cells derived from the 
human lung epithelium. The efflux ratio (ER) is calculated by dividing the secretory (Papp BA) by the absorptive 
permeability (Papp AB). The icon in the right column summarises whether the data indicates the presence of active 
efflux (+), the absence (-) or inconclusive data (?), based on the reported ER in absence and presence of inhibitor 
according to guidance rules from [18]. If no ER could be calculated (i.e. in cellular accumulation studies), 
non-applicable (N.A.) was added as comment. Rh123 stands for Rhodamine 123. 

Cell type Substrate Inhibitor Result 
Presence of Efflux 

according to [18] 

16HBE14o- 

[85] 
Rh123 Verapamil 

ER ~ 3.0, 

ER ~ 1.0 

(+ inhibitor) 

+ 

Calu-3 

[201] 
[3H]-Digoxin PSC833 

ER ~ 11.4, 

ER ~ 1.2 

(+ inhibitor) 

+ 

NHBE 

[89] 
Rh123 Verapamil 

ER ~ 3.0, 

ER ~ 1.7 

(+ inhibitor) 

?a 

NCI-H441 

[94] 
Rh123 LY335979 

ER ~ 3.6, 

ER < 1.0 

(+ inhibitor) 

+ 

A549 

[100] 
Rh123 Verapamil 

Intracellular 

concentration of 

Rh123 reduced 

within 30 min after 

loading by 50 %, 

not observed in 

presence of 

inhibitor 

N.A.b 

hAELVi 

[87] 
Rh123 PSC833 

ER ~ 1.0, 

ER ~ 1.0 

(+ inhibitor) 

- 

hAEpC 

[111] 
Rh123 Verapamil 

ER ~ 3.1, 

ER ~ 1.0 

(+ inhibitor) 

+ 

a Efflux is classified as inconclusive, as the presence of MDR1 inhibitor led to a reduction in ER less than 50 %. 
Moreover, verapamil is no specific inhibitor of MDR1 and was reported to inhibit OCTs and OCTNs [199]. 

b Results were derived from a cellular release study, comparing the intracellular concentration of Rh123 in absence 
and presence of verapamil in plated cells. No intracellular release of Rh123 was observed in presence of verapamil 
compared to samples at t = 0 h, whereas release was observed in absence of inhibitor - thus, hinting to the presence 
of active MDR1 efflux in these cells. As it is no bidirectional transport study, an ER cannot be calculated. 
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In rats, Mdr1 is encoded by two isoforms: Mdr1a and Mdr1b [202]. Based on gene expression 

data, Mdr1b showed higher expression levels in the lung compared to Mdr1a (~ 6.4-fold), 

whereas the Mdr1a isoform appeared to be more prevalent in tissues such as the intestine, 

brain or kidney [203, 204].  An ex vivo study using the IPL model, has assessed the role of 

Mdr1 on the pulmonary drug disposition of four known Mdr1 substrates (Rh123, loperamide, 

digoxin and saquinavir). The substrates were administered via intratracheal solutions and 

elacridar (GF120918) was pre-dosed to chemically inhibit Mdr1. Only for Rh123 and 

loperamide, the concentration in the perfusate (i.e. the area under the curve of the percentage 

of the absorbed dose per minute) was significantly increased in presence of the Mdr1 inhibitor 

(3.4-fold for Rh123 and 1.9-fold for loperamide), i.e. suggesting the involvement of Mdr1 efflux 

of Rh123 and loperamide at the lung epithelium. Since elacridar is also a known Bcrp inhibitor, 

although at lower potency than for Mdr1, knock-out mice (Mdr1a/Mdr1b -/-) have been 

incorporated into the study and confirmed the results from the chemical knock-out 

experiments. It has been concluded that certain physicochemical properties might affect 

susceptibility to pulmonary Mdr1-mediated active efflux in rodents, with Rh123 and loperamide 

being more lipophilic than digoxin and saquinavir [128]. A follow-up study has tested a larger 

compound set using the IPL model in Mdr1a/1b knockout and wild type mice. Based on the 

results, the authors subdivided the compound panel in group A and B, whereas group A 

compounds (including digoxin) were unaffected by Mdr1a/1b knock-out and showed a similar 

pulmonary absorption in genetically modified and wild type animals. The group B compounds 

(such as Rh123) showed a significant increase in pulmonary absorption in knockout animals 

compared to the wild type. Analysis of the physicochemical properties has revealed that group 

A drugs appear to be more polar and showed a lower binding affinity to phospholipid 

membranes. It has been proposed that paracellular transport appears to be more pronounced 

in the lung and thus polar compounds (such as group A drugs) likely have a higher passive 

permeability (mainly paracellular). Therefore, they are less susceptible to pulmonary Mdr1 

mediated efflux [205]. Further studies, that used PET tracer imaging in genetic and chemical 

Mdr1-knockout mice confirmed the presence of functional active Mdr1 within the rodent 

pulmonary epithelium and reported an expression on the apical side [206, 207]. 

 

1.9.2 Multidrug Resistance Associated Protein 1 (MRP1) 

There is evidence that several members of the MRP transporter family are involved in affecting 

drug disposition processes within the human body [18]. MRP2, MRP3 and MRP4 were listed 

as potential contributors, however the clinical evidence is limited. Their expression has been 

reported in the intestine, liver, kidney and blood brain barrier [170].  
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In the human lung epithelium, especially MRP1 showed high expression levels at both gene 

and protein level [187, 194, 195]. MRP1 is a 190 kDa-heavy transmembrane protein and 

expressed in various tissues of the human body, with high expression levels reported in the 

lung compared to other organs like the liver or the kidney [208]. It has been described that 

MRP1 plays a pivotal role in the multidrug resistance of tumours due to its expression in tumour 

cells and the recognition (i.e. efflux) of many anti-cancer drugs, contributing to the development 

of chemoresistance [209]. Unlike other ABC transporter such as MDR1 and BCRP, its efflux is 

dependent on glutathione, that can be co-transported. Moreover, MRP1 is involved in the 

transport of a variety of endogenous substrates across the cell membrane. This includes 

glutathione, as well as glutathione conjugates such as cysteinyl leukotriene C4, which is an 

inflammation mediator. Further substrates include glucuronide and sulphate conjugates, 

resulting from the phase II metabolism of xenobiotics. Therefore, MRP1 contributes to cells’ 

homeostasis and protection against oxidative stress [210-212]. It has further been reported 

that MRP1 expression within the bronchial epithelium was reduced in patients with 

moderate/severe chronic obstructive pulmonary disease (COPD) compared to healthy 

ex-smoking individuals. The MRP1 expression was even more diminished in patients with 

severe COPD compared to mild/moderate COPD cases [213]. It has also been shown that the 

presence of cigarette smoke extract had a modulatory effect on MRP1 functionality [214].  

The expression of MRP1 has been reported in a multitude of cells lines and primary cells 

derived from the human lung epithelium and included 16HBE14o-, Calu-3, NHBE, NCI-H441, 

A549, hAELVi, Arlo and hAEpC [107, 108, 177]. This indicates a ubiquitous expression across 

the whole lung epithelium. 

Both bidirectional transport and cellular accumulation studies has been conducted to assess 

the functional activity of expressed MRP1, with the exception of Arlo cells that have not yet 

been characterised regarding the presence of MRP1 efflux. Table 2 summarises a number of 

selected in vitro studies, where bidirectional transport studies are shown if available. As MRP1 

has been described to be expressed on the basolateral side of the cell membrane, the UR 

concept can be applied to assess, whether active efflux is present by dividing the absorptive 

permeability by the secretory (as an inverse of the ER) [87]. If translating the recommendations 

of regulatory authorities in classifying a substrate of active efflux (i.e. net flux ratio ≥ 2, [18]) to 

the UR concept, this would imply that active efflux is present on the basolateral side if the UR 

is ≥ 2. Further the UR would need to decrease by 50 % in presence of a MRP1-inhibitor.  
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Table 2. Summary of selected in vitro studies assessing the presence of MRP1 efflux in cells derived from the 
human lung epithelium. The uptake ratio (UR) is calculated by dividing the absorptive (Papp AB) by the secretory 
permeability (Papp BA). The icon in the right column summarises whether the data indicates the presence of active 
efflux (+) or the absence (-), based on the reported UR in absence and presence of inhibitor if adapting the guidance 
rules from [18]. If no UR could be calculated (i.e. in cellular accumulation studies), non-applicable (N.A.) was added 
as comment. 5,6-CF stands for 5,6-Carboxyfluorescein. 

Cell type Substrate Inhibitor Result 
Presence of Efflux 

according to [18] 

16HBE14o- 

[214] 
5,6-CF MK-571 

~ 12.5-fold increase 

in intracellular 

concentration of 

5,6-CF in presence 

of inhibitor 

N.A.a 

Calu-3 

[87] 

[3H]-Estrone-3-

sulphate 
MK-571 

UR ~ 5.0, 

UR ~ 2.0 

(+ inhibitor) 

+ 

NHBEb 

[87] 

[3H]-Estrone-3-

sulphate 
MK-571 

UR ~ 4.0, 

UR ~ 2.0 

(+ inhibitor) 

+ 

NCI-H441 

[74] 
5,6-CF MK-571 

UR ~ 1.5, 

UR ~ 1.0 

(+ inhibitor) 

-c 

A549 

[185] 
Calcein Probenecid 

~ 1.5-fold increase 

in intracellular 

concentration of 

Calcein in presence 

of inhibitor 

N.A.d 

hAELVi 

[108] 

[3H]-Estrone-3-

sulphate 
MK-571 

UR ~ 1.2, 

UR ~ 0.6 

(+ inhibitor) 

-e 

hAEpC 

[74] 
5,6-CF MK-571 

UR ~ 3.1, 

UR ~ 1.1 

(+ inhibitor) 

+ 

a Results were derived from a cellular accumulation study, comparing the intracellular concentration of 5,6-CF in 
absence and presence of MK-571 in plated cells. Due to the significant increase in intracellular concentration of 
5,6-CF in presence of inhibitor, the authors concluded a functional expression of MRP1. As it is no bidirectional 
transport study, an UR cannot be calculated. 

b In this study, commercially available NHBE cells were characterised (EpiAirway® model). 

c The observed asymmetry between absorptive and secretory permeability was less than two-fold, therefore if 
applying the criteria from [18], this indicates rather the absence of MRP1 efflux. However, due to the statistically 
significant differences in absorptive and secretory permeability and the reduction of UR in presence of inhibitor, the 
presence of active MRP1 efflux in NCI-H441 was reported in literature. 

d Results were derived from a cellular accumulation study, comparing the intracellular concentration of Calcein in 
absence and presence of MK-571 in plated cells. Due to the significant increase in intracellular concentration of 
Calcein in presence of inhibitor, the authors concluded a functional expression of MRP1. As it is no bidirectional 
transport study, an UR cannot be calculated. 

e The observed asymmetry between absorptive and secretory permeability was less than two-fold, therefore if taking 
the criteria from [18], this indicates rather the absence of MRP1 efflux. However, due to the statistically significant 
decrease of UR in presence of inhibitor, the presence of MRP1 efflux in hAELVi was reported in literature. 
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All listed in vitro studies in Table 2, reported the functional expression of MRP1 within the 

respective cell lines and primary cells. However, if applying the guidance rules for ABC 

transporter substrate assessment according to health authorities [18], the acceptance criteria 

were only fulfilled for Calu-3, NHBE and hAEpC. For NCI-H441 and hAELVi, the net flux ratio 

was below two (UR < 2) and according to the decision tree from the International Transporter 

Consortium, this indicates the absence of active efflux (or if applicable, poor efflux). However, 

the term ‘poor’ is not clearly specified in this context [18]. It would be highly beneficial to 

evaluate, whether these guidance rules should also be applied in future bidirectional studies, 

which are aiming to characterise active efflux within polarised human lung epithelial cells.  

The fluorophore 5,6-Carboxyfluorescein (5,6 -CF) has been used as probe substrate for MRP1 

in a number of experiments, as shown in Table 2. It is formed by intracellular cleavage of 

non-fluorescent carboxyfluorescein diacetate [74]. A recent study reported that 5,6-CF is rather 

not an appropriate substrate to evaluate MRP1 efflux. No differences in 5,6-CF transport were 

observed when comparing wild type NCI-H441 and MRP1-knockout NCI-H441 cells. The 

authors have shown that the MRP1-knockout cells formed a tight barrier, MRP1 was 

successfully knocked out and that the gene modification did not result in an upregulation of 

other transporters that could potentially recognise 5,6-CF as substrate. Thus, it was concluded 

that 5,6-CF does not seem to be a suitable substrate for MRP1 and that observed efflux in wild 

type and MRP1-knockout cells might arise from base line activity of expressed MRPs and 

OATs [215]. Further, estrone-3-sulphate has been used a substrate for assessing MRP1 efflux 

in some of the conducted bidirectional transport studies, as depicted in Table 2. In addition to 

MRP1, estrone-3-sulphate has been described in literature to be a substrate of OATP 

transporters [216]. However, gene and protein analyses reported the absence or weak 

expression of OATP transporters within the human lung epithelium, thus an interaction of 

estrone-3-sulphate with OATP is less likely in lung epithelial cells [177]. These examples 

emphasise the difficulty of choosing a probe substrate that is selective only for the transporter 

protein of interest, which was already discussed for MDR1 in 1.9.1.  

In the rodents’ lung, an in vivo study has reported the functional expression of Mrp1 on the 

basolateral side of the rat lung epithelium. The study applied PET imaging to investigate the 

pulmonary elimination of S-(6-(7-[11C]-methylpurinyl))glutathione, that is formed by intracellular 

glutathione conjugation of 6-bromo-7-[11C]-methylpurine within the pulmonary epithelial cells. 

The prodrug is highly cell permeable, whereas the conjugate depends on MRP1 efflux to cross 

the epithelial membrane. After intratracheal administration of the prodrug, the elimination of 

the glutathione-conjugate from the lung was significantly decreased in Mrp1-knockout rats 

compared to wild type animals [217]. 
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1.9.3 Breast Cancer Resistance Protein (BCRP) 

The BCRP protein is a so-called half transporter with a molecular weight of 72 kDa [218]. It 

has been first discovered in 1998 in a breast cancer cell line that showed resistance to several 

cancer drugs (mitoxantrone, daunorubicin and doxorubicin) without overexpressing MDR1 and 

MRP1 [219]. BCRP is expressed in various tissues of the human body, with high expression 

levels reported in the intestinal enterocytes and the canicular membrane of the hepatocytes. 

Further, it is found in the kidney proximal epithelial cells and at the level of the blood brain 

barrier, thus impacting absorption, distribution and elimination processes of its substrates 

[218]. BCRP has been described to transport a wide range of structurally diverse compounds 

including both hydrophobic and hydrophilic molecules such as chemotherapeutic drugs, 

sulphate conjugates and dietary flavonoids [220]. 

The expression of BCRP has been reported in various cells derived from the human pulmonary 

epithelium and included 16HBE14o-, Calu-3 , NHBE, NCI-H441, A549 and hAEpC [177, 195]. 

It has been shown that the expression levels of BCRP decreased significantly, when alveolar 

pneumocytes type II trans-differentiated into alveolar type I-like pneumocytes in vitro. Further, 

BCRP showed a strong expression within the nucleus of the primary alveolar cells [221]. This 

is aligned with findings in the alveolar-derived immortalised cell lines hAELVi and Arlo (having 

an alveolar pneumocytes type I phenotype), where only a negligible amount of BCRP has been 

detected at gene level [107, 108]. Therefore, BCRP appears to be rather expressed in the 

bronchial and bronchiolar region. 

Overall, there is only a small number of in vitro studies available across literature, which 

assessed BCRP efflux in cells mimicking the human lung epithelium. A selection of available 

in vitro studies is summarised in Table 3. If available, data from bidirectional transport studies 

is shown. No in vitro studies that have characterised BCRP efflux within 16HBE14o- and Arlo 

were found. The presence of efflux was considered if there was a net flux ratio ≥ 2 in 

accordance with the guidance criteria from the health authorities. Further the net flux needed 

to be reduced by a minimum of 50 % in presence of a BCRP inhibitor [18]. Due to the proposed 

apical expression of BCRP within the lung epithelium, ER values were extracted from literature. 
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Table 3. Summary of selected in vitro studies assessing the presence of BCRP efflux in cells derived from the 
human lung epithelium. The efflux ratio (ER) is calculated by dividing the secretory (Papp BA) by the absorptive 
permeability (Papp AB). The icon in the right column summarises whether the data indicates the presence of active 
efflux (+) or the absence (-), based on the reported ER in absence and presence of inhibitor according to guidance 
rules from [18]. If no ER could be calculated (i.e. in cellular accumulation studies), non-applicable (N.A.) was added 
as comment. H33342 stands for Hoechst 33342. 

Cell type Substrate Inhibitor Result 
Presence of Efflux 

according to [18] 

Calu-3 

[222] 
H33342 Elacridar 

~ 1.7-fold increase 

in intracellular 

concentration of 

H33342 in 

presence of 

inhibitor 

N.A.a 

NHBEb 

[87] 
[3H]-Mitoxantrone Febuxostat 

ER ~ 1.0, 

ER ~ 1.3 

(+ inhibitor) 

- 

NCI-H441 

[221] 

BODIPY™-

Prazosin FL 
Ko143 

ER ~ 1.7, 

ER ~ 1.0 

(+ inhibitor) 

-c 

A549 

[186] 
H33342 Fumetrimorgin C 

~ 1.5-fold increase 

in intracellular 

concentration of 

H33342 in 

presence of 

inhibitor 

N.A.d 

hAELVi 

[108] 

BODIPY™-

Prazosin FL 
Ko143 

ER ~ 0.9, 

ER ~ 0.7 

(+ inhibitor) 

- 

hAEpC 

[221] 

BODIPY™-

Prazosin FL 
Ko143 

UR ~ 2.0, 

UR ~ 2.3 

(+ inhibitor)e 

- 

a Results were derived from a cellular accumulation study, comparing the intracellular concentration of H33342 in 
absence and presence of Ko143 in plated cells. Due to the significant increase in intracellular concentration of 
H33342 in presence of inhibitor, the authors concluded a functional expression of BCRP. As it is no bidirectional 
transport study, an ER cannot be calculated. 

b In this study, commercially available NHBE cells were characterised (EpiAirway® model). 

c The observed asymmetry between absorptive and secretory permeability was less than two-fold, therefore if taking 
the criteria from [18], this indicates rather the absence of MRP1 efflux. However, due to the statistically significant 
differences in absorptive and secretory permeability and the reduction of ER in presence of inhibitor, the presence 
of active BCRP efflux in NCI-H441 was reported in literature. 

d Results were derived from a cellular accumulation study, comparing the intracellular concentration of H33342 in 
absence and presence of Fumetrimorgin C in plated cells. Due to the significant increase in intracellular 
concentration of H33342 in presence of inhibitor, the authors concluded a functional expression of BCRP. As it is 
no bidirectional transport study, an ER cannot be calculated. 

e As a net absorption from apical to basolateral side was measured, the uptake ratio (UR) was reported instead of 
an ER.  

 



31 
 

As shown in Table 3, no BCRP efflux was present in NHBE, NCI-H441, hAELVi and hAEpC 

based on reported net flux ratios of bidirectional transport studies, if applying the guidance 

criteria [18]. For NHBE, this was to be expected as BCRP was detected on both apical and 

basolateral side of the cell membrane, using an immunostaining approach [87]. The absence 

of an asymmetry in BODIPY™-prazosin FL permeability in the hAELVi cells was also expected 

as only a week expression of BCRP at gene level has been reported [108]. 

For NCI-H441 cells, an ER of ~ 1.7 has been reported in absence of inhibitor, that reduced to 

an ER of ~ 1.0 in presence of inhibitor [221]. According to the guidance criteria, this classifies 

BODIPY™-prazosin FL as non/poor substrate of BCRP.  As already mentioned in the section 

on MRP1 (see 1.9.2), no clear definition to distinguish between a poor and non-substrate is 

given in the guidance document [18]. The hAEpC cells showed a net absorption of BODIPY™-

prazosin FL from apical to basolateral side in absence of inhibitor, that was not changed in 

presence of BCRP inhibitor Ko143. Therefore, the authors concluded that another active 

transporter protein is likely responsible for the observed asymmetry in permeability of 

BODIPY™-prazosin FL in hAEpC [221]. 

All substrates (Hoechst 33342 (H33342), mitoxantrone and BODIPY™-prazosin FL), used to 

assess BCRP efflux as shown in Table 3, have been reported in literature to be shared 

substrates of MDR1 [78, 223, 224]. As reported in section 1.9.1, MDR1 is expressed in the 

majority of human lung epithelial cells, where it showed functional efflux. Therefore, a potential 

interaction of the chosen BCRP substrates with expressed MDR1 cannot be excluded. 

Moreover, the model BCRP inhibitor Ko143 has been shown to inhibit MDR1 and MRP1 efflux 

to a certain degree at concentrations within the low micromolar range [225]. As already raised, 

the use of both non-selective substrates and inhibitors impedes a clear understanding of the 

contribution of a single transporter [200, 226]. 

In terms of rodents, a recent PET imaging study assessed the presence of functional Bcrp1 

within the lung of rats. A shared Mdr1/Bcrp1 substrate ([11C]-erlotinib) was administered via an 

aerosoliser into the trachea. Moderately increased lung area under the curve values (AUC, 

expressed as percentage of inhaled dose per mL and min) were measured for [11C]-erlotinib 

when comparing Mdr1a-knockout and Bcrp1-knockout rats to wild type animals. Only the 

pre-administration of the Mdr1 inhibitor tariquidar in Bcrp1-knockout rats led to a significant 

increase in lung AUC of [11C]-erlotinib (‘dual’ inhibition of Mdr1a/b and Bcrp1). Therefore, the 

authors have concluded a functional redundancy of Mdr1a/1b and Bcrp1 in limiting the 

absorption of inhaled [11C]-erlotinib across the lung epithelium with both transporters being 

expressed on the apical side of the epithelium [227]. 
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1.10 Antibiotics and their Interaction with Pulmonary ABC Transporters in vitro 

The number of bacteria that are resistant to known antibiotics is rising [228]. This is seen 

especially for tuberculosis but also for commonly known bacterial pathogens such as 

Staphylococcus aureus or Pseudomonas aeruginosa. Around 700 000 patients worldwide die 

per year due to antimicrobial resistance [229]. Given the fact that antibiotics are typically 

administered by oral or parental dosing [230], it becomes important to understand the drivers 

of their pulmonary drug disposition after systemic administration. 

Data from clinical studies has reported that certain antibiotic classes show a tremendously 

higher concentration in the ELF compared to the unbound plasma concentration (>> 1), after 

an administration via the systemic circulation [4]. This has been mainly observed for macrolide 

and fluoroquinolone antibiotics, with extremely high ratios (> 50) seen for macrolides. It needs 

to be noted that there is a great variability in ratios across compounds of the same antibiotic 

class [15]. As both fluroquinolone and macrolide antibiotics have been described as substrates 

of ABC transporters in vitro, it was speculated whether the presence of ABC transporters at 

the lung epithelium could contribute to increased ELF concentrations [4, 16, 17]. Still little is 

known about the role that ABC transporters play in pulmonary drug disposition of antibiotics 

and if/how they affect the pharmacokinetics of systemically administered antibiotics. Calu-3 

cells are the most commonly used in vitro model to assess the permeability and contribution 

of drug transporters at the level of the pulmonary epithelium [20]. The following subsections 

provide an overview on conducted in vitro bidirectional transport studies in lung epithelial cells 

(Calu-3) that included fluoroquinolone and macrolide antibiotics as test compounds. Further, 

additional processes, which were described to affect the pulmonary distribution of certain 

fluoroquinolone and macrolide antibiotics are discussed. 

 

1.10.1 Fluroquinolones 

Fluroquinolone antibiotics were described to be substrates of MDR1, MRPs and BCRP [231]. 

Their passive permeability across Calu-3 cells was described to be related to their lipophilicity, 

but active transport processes appear to be involved [17]. Table 4 provides an overview of the 

conducted in vitro studies in Calu-3 using fluoroquinolones as substrates. As described above, 

an ER ≥ 2 indicates the presence of active efflux, which is further confirmed if the ER reduced 

by at least 50 % in presence of an ABC-transporter inhibitor [18]. 

As shown in Table 4, the majority of tested fluoroquinolones had an ER ≥ 2, which indicates 

their interactions with active efflux transporters, expressed in Calu-3 cells. Only for 

lascufloxacin and pefloxacin, an ER < 2 was derived. The presence of PSC-833 as inhibitor of 

MDR1, led to a more than 50 % reduction in ER, which was observed for all fluoroquinolones 
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that showed an ER ≥ 2 in absence of inhibitors. The presence of MRP inhibitor probenecid had 

no impact on observed ER values [163, 232]. The BCRP inhibitor Ko143 reduced the ER of 

lascufloxacin by half,  however the reported ER in absence of inhibitor was 1.6, hinting to the 

absence or presence of only poor efflux, according to the guidance criteria from the health 

authorities [18, 163]. Therefore, likely MDR1 is responsible for observed efflux of 

fluoroquinolone antibiotics across Calu-3 [17, 163]. This is aligned with literature data, that 

reported a high expression of functional active MDR1 within Calu-3 cells [87, 201]. 

Table 4. Overview of bidirectional in vitro studies in Calu-3 cells using fluoroquinolone antibiotics as substrates. 
Both the absorptive apparent permeability (Papp AB) and secretory apparent permeability (Papp BA) are reported 
based on which the efflux ratio (ER) is calculated by dividing secretory by absorptive permeability. The ER in 
presence of inhibitor is referred to as ER,i and is calculated by dividing the secretory by absorptive permeability in 
presence of inhibitor. Further the used inhibitors are listed including the ABC transporter, which they inhibit as 
described in the respective in vitro study. 

Antibiotic 
Papp AB 

[nm/s] 

Papp  BA 

[nm/s] 
ER Inhibitor 

Inhibited  

ABC 

Transporter 

ER,i Reference 

Ciprofloxacin 7 27 4.0 PSC-833 MDR1 0.9 [17] 

Grepafloxacin 31 118 3.8 PSC-833 MDR1 1.0 [17] 

Lascufloxacin 115 185 1.6 

Verapamila MDR1, MRP 1.0 

[163] 

PSC-833 MDR1 1.0 

Elacridar MDR1/BCRP 0.7 

Ko143 BCRP 0.8 

Probenecidb MRP 1.54 

Levofloxacin 24 62 2.6 PSC-833 MDR1 1.0 [17] 

Moxifloxacin 

50 104 2.1 PSC-833 MDR1 0.9 [17] 

53 105 2.0 

Verapamila MDR1, MRP 1.0 

[232] PSC-833 MDR1 0.9 

Probenecidb MRP 2.2 

Norfloxacin 6 20 2.6 PSC-833 MDR1 1.0 [17] 

Pefloxacin 71 98 1.4 PSC-833 MDR1 1.0 [17] 

a Verapamil is not a selective inhibitor and was described in literature to inhibit also OCT and OCTN transporters 
[199]. 

b Probenecid is not a selective inhibitor and was described in literature to inhibit also OAT and OATP transporters 
[233, 234]. 

Compared to other fluoroquinolones, lascufloxacin showed a relative high ELF to unbound 

plasma ratio ranging from 57.5 to 86.4 within 24 h after a single oral dose in healthy volunteers 

[235]. As shown in Table 4, in vitro measurements in Calu-3 cell revealed that lascufloxacin is 

highly permeable and active transporters appear to play a negligible role in limiting its 

membrane permeability (ER< 2). Therefore, it was concluded that efflux by active transporters 

at the apical site of the lung epithelium is likely not responsible for the high observed ELF 

concentrations. The authors elucidated that lascufloxacin shows strong binding to bovine 

pulmonary surfactant, with extensive binding to phosphatidylserine. This degree of strong 
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binding to phosphatidylserine has not been observed for other fluoroquinolones like 

levofloxacin or grepafloxacin, therefore the authors concluded that the binding of lascufloxacin 

to phosphatidylserine is potentially responsible for its high ELF exposure [163]. 

 

1.10.2 Macrolides 

Literature reported that macrolides are substrates of MDR1 [16, 236]. Furthermore, they 

appear to be inhibitors of MDR1 at higher micromolar concentrations, when using digoxin as 

probe substrate [78]. There was only one in vitro study available, that assessed the 

permeability of macrolides across pulmonary epithelial cells (Calu-3) in absence and presence 

of ABC transporter inhibitors [16]. The values are summarised in Table 5. 

All three macrolides show an ER ≥ 2 in Calu-3, that was reduced by more than 50 % in 

presence of verapamil and cyclosporine A (as MDR1 inhibitors), whereas the MRP inhibitor 

probenecid did not have any impact on the ER. The authors concluded that observed efflux is 

therefore mediated by MDR1, which is known to be expressed in Calu-3 cells [16, 196]. As 

described before, neither verapamil nor cyclosporine A are selective inhibitors for MDR1 [199, 

237], and thus the concurrent inhibition of other transporters cannot be excluded. 

Table 5. Overview of bidirectional in vitro studies in Calu-3 cells using macrolide antibiotics as substrates. Both the 
absorptive apparent permeability (Papp AB) and secretory apparent permeability (Papp BA) are reported based on 
which the efflux ratio (ER) is calculated by dividing secretory by absorptive permeability. The ER in presence of 
inhibitor is referred to as ER,i and is calculated by dividing the secretory by absorptive permeability in presence of 
inhibitor. Further the used inhibitors are listed including the ABC transporter, which they inhibit as described in the 
respective in vitro study. Exact Papp were not provided, but estimated used a Web plot digitaliser (apps.automeris.io). 

Antibiotic 
Papp AB 

[nm/s] 

Papp BA 

[nm/s] 
ER Inhibitor 

Inhibited  

ABC 

Transporter 

ER,i Reference 

Azithromycin 5 22 4.4 

Verapamila MDR1 1.1 

[16] 

Cyclosporine 

Ab  
MDR1 1.1 

Probenecid MRP 3.8 

Clarithromycin 13 110 8.5 

Verapamila MDR1 1.1 

Cyclosporine 

Ab  
MDR1 1.1 

Probenecid MRP 8.3 

Telithromycin 12 63 5.3 

Verapamila MDR1 1.1 

Cyclosporine 

Ab  
MDR1 0.9 

Probenecid MRP 4.5 

a Verapamil is not a selective inhibitor and was described in literature to inhibit also OCT and OCTN transporters 
[199]. 

b Cyclosporine A is a pan-inhibitor of various drug transporters [237]. 
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Further studies reported that macrolides show an extensive accumulation in alveolar 

macrophages [238]. This was observed for a rat macrophage cell line (NR8383), where 

azithromycin, clarithromycin and telithromycin showed an at least 40-fold higher concentration 

in the intracellular compartment (cell) compared to extracellular compartment (medium). The 

intracellular concentrations were significantly reduced if the compounds were co-incubated 

with ammonium chloride, which abolished the pH gradient in the lysosomes compared to the 

cytoplasm. It was therefore concluded that the high intracellular concentrations of macrolides 

within the alveolar macrophages are the result of their lysosomal sequestration [51, 239, 240]. 

Similar observations were made for clarithromycin in human macrophages [53]. Lysosomal 

trapping is mainly observed for lipophilic/amphiphilic molecules that carry a strong basic amine 

group (pKa > 6). Due to the pH gradient in lysosomes (~ 5) compared to a pH of 7.2 in the 

cytoplasm, the compounds get ionised in the lysosomes and their membrane permeability 

decreases compared to their neutral form, thus being trapped within the lysosomes [241, 242]. 

Due to the strong degree of accumulation of macrolides within alveolar macrophages, it was 

speculated that lysis of alveolar macrophages during the collection of ELF might contribute to 

the high ELF to plasma ratios of these antibiotics in the clinic [15].  

All macrolide and fluoroquinolone antibiotics were shown to be substrates of active efflux 

(ER ≥ 2) in Calu-3, likely mediated by MDR1, with the exception of lascufloxacin and 

pefloxacin. Therefore, it is reasonable to speculate that active efflux within the lung epithelium 

could contribute to the elevated ELF to plasma concentrations of these compounds in the clinic. 

However additional parameters such as drug binding to ELF components or potential lysis of 

alveolar macrophages during ELF collection, resulting in a release of intracellularly 

accumulated drug, need to be considered. 
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2. Aims and Objectives of this Thesis 

There have been many efforts over the last decades to investigate the contribution of efflux 

transporters on pulmonary drug disposition, but their role within the human lung epithelium is 

not yet fully elucidated [146]. In contrast, the contribution of ABC transporters on affecting 

pharmacokinetic processes in tissues like the intestine, kidney or liver are well known [243]. 

Therefore, it is of great interest to investigate if ABC transporters play a similar role in the lung 

epithelium, especially in the context of drugs targeting the lung like antibiotics. For certain 

antibiotic classes (i.e. macrolides & fluoroquinolones), it has been hypothesised that efflux 

transporters at the apical side of the lung epithelium could contribute to high ELF to plasma 

ratios (>> 1), after a systemic administration [4]. However, further parameters like strong 

binding of antibiotics to ELF components could contribute to elevated ELF concentrations over 

time [163]. 

The aim of this thesis is to provide a better understanding of the potential contribution of ABC 

transporters on driving the pulmonary bioavailability of antibiotics after an administration via 

the systemic route.  

Within the scope of this thesis, the initial focus was on three ABC transporters: MDR1, MRP1 

and BCRP. Both MDR1 and BCRP play a significant role in affecting the disposition of their 

xenobiotic substrates across biological barriers like the intestine mucosa or the blood brain 

barrier [18]. MRP1 was included as it was described to be the ABC transporter with the highest 

expression levels in the pulmonary epithelium and is known to transport a variety of 

endogenous and exogenous substrates [209, 244]. The expression and functional activity of 

MDR1, MRP1 and BCRP was investigated in cell lines and primary cells mimicking the human 

pulmonary epithelium in vitro.  

A further aim was to elucidate the impact of additional pharmacokinetic parameters 

(permeability and binding to plasma proteins and ELF components) on the transport of 

antibiotics across the human lung epithelium. It was also investigated whether antibiotics show 

active efflux mediated by ABC transporters in human lung epithelial cell lines (Calu-3 and 

hAELVi). 

The measured in vitro parameters were then incorporated into a PBPK model to investigate 

whether observed clinical and in vivo ELF concentration over time profiles of two antibiotics 

can be reasonably predicted. 

Overall, the work of this thesis contributes to deepen our mechanistic understanding on 

pharmacokinetic parameters, likely to affect the pulmonary exposure of antibiotics after 

systemic administration.  
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The main objectives of this thesis are summarised below, combining in vitro and in silico 

methodologies: 

1. Characterise the expression and functional activity of MDR1, MRP1 and BCRP in various 

cell lines and primary cells derived from the human upper and lower airways (Chapter 3.1) 

• Are there differences in the ABC transporter expression patterns at gene and protein 

level between cell lines and primary cells? 

• Are the expressed ABC transporter proteins functionally active? 

• Does the culture interface (ALI vs LCC) have an impact on ABC transporters’ 

expression and functional efflux? 

 

2. Investigate the rate and extent of antibiotics’ transport across the lung epithelium in vitro, 

focussing on permeability, active efflux and unbound fractions in plasma and ELF (Chapter 

3.2) 

• Are there differences in the permeability of antibiotics across human lung epithelial 

cell lines (Calu-3, hAELVi) compared to cell lines, that are typically used for 

permeability assessment in early drug development (LLC-PK1 WT and Caco-2)? 

• Are antibiotics subject of active efflux transporters in lung epithelial cells? Are they 

substrates of ABC transporters in general (MDR1 and BCRP)? 

• Are there differences in the unbound fraction of antibiotics in plasma and ELF? 

 

3. Employ PBPK modelling to quantitatively simulate the ELF concentration-time profiles of 

two antibiotics (moxifloxacin and telithromycin) in human and rat (Chapter 3.3) 

• How well can the literature-reported ELF concentration-time profiles be predicted if 

using PBPK modelling? 

• Does the ELF simulation improve/change if incorporating MDR1/Mdr1 efflux to the 

lung epithelium? Are there potential species differences between human and rat? 

• What impact has the binding to ELF components on predicted total ELF 

concentrations? 
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3. Results 

 

3.1 Mapping the ABC Transporter Landscape in the Human Lung - A 

Comprehensive Characterisation of MDR1, MRP1 and BCRP Expression 

and Functional Activity in Human Lung Epithelial Cells 

 

This chapter has been published as a research article: 

Simon, S., Shanmugalingam, T., Neu, T., Schneider-Daum, N., Cantrill, C. and Lehr, C-M. 

(2025), Mapping the ABC Transporter Landscape in the Human Lung: A Comprehensive 

Characterisation of MDR1, MRP1 and BCRP Expression and Functional Activity in Human 

Lung Epithelial Cells, European Journal of Pharmaceutical Sciences, DOI: 

10.1016/j.ejps.2025.107333 

 

Contributions to this chapter: 

Sina Simon was mainly responsible for the methodological experimental design of the study, 

performed the cell culture (apart from the alveolar cell isolation), conducted the experiments, 

run the LC-MS/MS for the samples from the permeability marker studies and evaluated the 

data. She wrote the manuscript (apart from the below mentioned exceptions in the 

methodology of the LC-MS/MS and the isolation of primary alveolar cells) and created all the 

figures. Moreover, she was mainly involved in editing the revised manuscript. 

Thanusa Shanmugalingam established and validated the LC-MS/MS methods, analysed the 

samples from the bidirectional efflux studies and contributed to the writing of the original 

manuscript (methodology of LC-MS/MS analysis). Tobias Neu and Dr. Nicole Schneider-Daum 

isolated the primary human alveolar epithelial cells, contributed to the writing of the original 

manuscript (methodology of alveolar cell isolation) and critically evaluated the final manuscript. 

Dr. Carina Cantrill and Prof. Dr. Claus-Michael Lehr supervised the project and supported the 

conceptualisation of the experimental methodology, the data evaluation and critically evaluated 

the final manuscript.  
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3.1.1 Introduction 

ATP-binding-cassette (ABC) drug transporters are a family of transmembrane proteins that 

transport a variety of xenobiotic and endogenous molecules across the cell membrane. Efflux 

processes are mediated against a concentration gradient, for which energy is needed, 

provided by adenosine triphosphate hydrolysis [245]. In drug development, ABC transporters 

play a pivotal role due to their impact on drug disposition of their substrates, i.e. reducing 

intestinal absorption, or enhancing hepatobiliary/urinary excretion. In this context, multidrug 

resistance protein 1 (MDR1, also known as P-glycoprotein (P-gp)) and breast cancer 

resistance protein (BCRP) are mentioned, for which numerous clinically relevant drug-drug 

interactions have been reported [18, 174]. Multidrug resistance-associated protein 1 (MRP1) 

is a further ABC transporter with reported ubiquitous tissue expression. MRP1 has been 

described to transport a variety of drugs including, but not limited to, chemotherapeutics, as 

well as translocating endogenous substrates such as glutathione across the cell membrane 

[246, 247]. 

The role and clinical significance of MDR1 and BCRP for drug disposition in tissues such as 

the intestine or liver is well known, whereas their role in the human lung remains less clear. 

Numerous in vitro studies using cell lines and primary cells derived from the human pulmonary 

epithelium showed the expression of MDR1, MRP1 and BCRP. This suggests a potential 

contribution of these transporters as drivers of pulmonary drug distribution. There are a number 

of reports detailing, differences in ABC transporter expression levels across in vitro lung 

epithelial cell models. However, these studies do not always assess the functionality of the 

expressed transporter proteins. To date, it remains unclear, whether in vitro models accurately 

characterise pulmonary disposition processes and to what extent bronchial and alveolar 

models differ in ABC transporter activity [19, 20, 177, 248]. 

To study pulmonary drug transport processes in vitro, human lung epithelial cell lines such as 

Calu-3, 16HBE14o- or NCI-H441 are commonly used [61, 94, 249]. However, due to their 

cancerous origin or genetic modification for the purposes of immortalisation, their genotype 

and phenotype may not fully reflect the healthy lung epithelium. Primary lung epithelial cells 

could be used as an alternative, but it remains unclear, whether they show a distinct difference 

in mimicking pulmonary ABC transporters’ processes in vitro compared to cell lines [20, 41, 61, 

249, 250]. Several studies characterised the ABC transporter protein expression in human 

pulmonary epithelial cell lines and compared them to primary cells, revealing both, similarities 

and differences in expression profiles [74, 87, 108, 221].    

To investigate pulmonary drug disposition processes, epithelial cells are cultured on permeable 

membrane inserts. Once they reach confluence, an air-liquid interface (ALI) can be established 

by removing the liquid from the apical side and reducing the basolateral medium volume. 
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In general, lung epithelial cells cultured at ALI tend to differentiate into a more native-like 

epithelium compared to those maintained under liquid-covered condition (LCC). However, 

16HBE14o- cells appear to be an exception to this. This cell line requires a certain liquid 

volume on the apical side to develop a tight barrier [66, 77, 79, 82, 251]. Regarding ABC 

transporter expression, a study in Calu-3 revealed that ALI culture led to an increased gene 

expression of MDR1, MRP1 and BCRP when compared to LCC culture [79].  

To study permeability and active transport processes in vitro, it is crucial that the cells form a 

tight monolayer, which is commonly monitored by measuring transepithelial electrical 

resistance (TEER) [20]. Depending on the lung epithelial cell model and culture condition, 

TEER values ranging from < 100 Ω*cm2 to > 2000 Ω*cm2 have been reported [96, 105]. A 

threshold of 250 Ω*cm2 is considered as an acceptable indicator for barrier integrity [75]. 

This study aimed to investigate the in vitro expression and functional activity of MDR1, MRP1 

and BCRP in various cells derived from the upper and lower human lung epithelium for a direct 

comparison. The transporters’ expressions at gene and protein levels were characterised in 

cell lines (16HBE14o-, Calu-3, NCI-H441, A549, hAELVi, Arlo) and directly compared to 

findings in human primary cells, i.e. normal bronchial epithelial cells (NHBE) and alveolar type 

I-like epithelial cells (hAEpC). Furthermore, it was analysed whether the culture interface (ALI 

vs. LCC) had an impact on ABC transporter expression and barrier formation. Functional 

activity of transporters was then tested using known substrates, including fluorophores and 

drugs.  
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3.1.2 Material & Methods 

3.1.2.1 Cell Culture 

Cells were cultured in Nunc™ EasYFlasks™ (75 cm2, Thermo Fisher Scientific, Waltham, MA, 

USA) and maintained in incubators with saturated humidity, a constant temperature of 37 °C 

and 5 % CO2. For culture on Transwell® inserts, lung epithelial cells were seeded onto PET 

membrane inserts (3470, Corning, Corning, NY, USA) and reference Caco-2 cells on 

polycarbonate membranes (3397, Corning), having a pore size of 0.4 µm and a surface area 

of 0.33 cm2. For cells at ALI, medium on the apical side of the insert was removed upon 

reaching confluence (typically after three days) and medium was kept only on basolateral side 

(500 µL). For cells cultured at LCC, medium was maintained on both sides of the insert 

throughout the entire cultivation time (200 µL apical and 1000 µL basolateral). Medium was 

exchanged three to four times per week, without addition of antibiotics. The cultivation time of 

the cells on Transwell® inserts was adjusted based on literature recommendation. 

16HBE14o- (SSC150) were purchased from Merck KGaA (Darmstadt, Germany) and cultured 

in α-MEM medium (Merck KGaA) supplemented with 10 % (v/v) foetal bovine serum (FBS) 

and 2 mM L-Glutamine (Thermo Fisher Scientific). Flasks and Transwell® inserts were 

pre-coated with a mixture of 0.5 mg/mL human fibronectin, 1 mg/mL BSA Fraction V and 

3 mg/mL bovine collagen (Merck KGaA) according to cell supplier’s instructions. Cells were 

seeded at a density of 1 x 105 cells/cm2 on Transwell® inserts and cultured for 14 days.  

Calu-3 cells, purchased from ATCC (HTB-55; Manassas, VA, USA) were grown in Gibco 

DMEM/F12 medium, supplemented with 10 % (v/v) FBS, 2 mM L-Glutamine and 1 % (v/v) 

non-essential amino acids (Thermo Fisher Scientific). Cells were seeded onto Transwell® at a 

density of 3 x 105 cells/cm2 and maintained for 21 days. 

Normal bronchial epithelial cells (NHBE) were purchased from Lonza Bioscience (CC-2540; 

Basel, Switzerland). Cells were cultivated in PneumaCult™-Ex Plus Medium kit (Stemcell™ 

Technologies, Vancouver, Canada) supplemented with 0.1 % (v/v) hydrocortisone (Stemcell™ 

Technologies). Once cells were seeded on Transwell® inserts, medium was switched to 

PneumaCult™-ALI Medium kit to which 0.1 % (v/v) hydrocortisone and 0.2 % (v/v) heparin 

solution was added (Stemcell™ Technologies). NHBE were seeded on Transwell® inserts at a 

density of 1 x 105 cells/cm2 and maintained for 21 days. 

NCI-H441, purchased from ATCC (HTB-174), were cultured in ATCC-modified Gibco 

RPMI-1640 medium (Thermo Fisher Scientific) supplemented with 10 % (v/v) FBS. Cells were 

seeded onto Transwell® inserts at 1 x 105 cells/cm2 and maintained for 14 days. Once cells 

reached confluence on Transwell® inserts, growth medium was further supplemented with 



42 
 

200 nM dexamethasone (Merck KGaA) and 1 % (v/v) insulin-transferrin-selenium (Thermo 

Fisher Scientific) [94]. 

A549 cells were purchased from ATCC (CCL-185) and cultivated in Gibco Ham’s F12 nutrient 

mixture medium (Thermo Fisher Scientific) supplemented with 10 % (v/v) FBS. Cells were 

seeded onto Transwell® inserts at a density of 2 x 105 cells/cm2 and maintained for 14 days. 

hAELVi (CI-hAELVi, INS-CI-1015) and Arlo (CI-huArlo, INS-CI-1031) were purchased from 

InSCREENeX GmbH (Braunschweig, Germany) and were maintained in huAEC medium 

(InSCREENeX). Cells were seeded at a density of 1 x 105 cells/cm2 onto huAEC-coated 

Transwell® inserts, prepared according to manufacturer’s protocol. Cells were maintained on 

Transwells® for 14 days. 

Human alveolar epithelial primary cells (hAEpC) were isolated from lung tissue obtained from 

SHG clinics Völklingen and Clinic Saarbrücken according to the protocol described in Daum 

et al. [110]. The use of patient material for this biomedical research was approved by the Ethics 

Committee of the State of Saarland, Germany (Reference No. 113/19 for SHG Clinics 

Völklingen and Reference No. 97/21 for Clinic Saarbrücken). The isolated cells were directly 

seeded onto Transwell® inserts (to allow trans-differentiation into alveolar type I cells). 

Transwell® plates were pre-coated with a mixture of 30 μg/mL bovine collagen (Merck KGaA) 

and 10 μg/mL human fibronectin (Corning) as described in Hittinger et al. [252]. Medium used 

for seeding was SAGM BulletKit™ (CC-3118; Lonza Bioscience), prepared according to 

manufacturer’s instructions and additionally supplemented with 1 % (v/v) FBS. hAEpC were 

seeded at a density of 3 x 105 cells/cm2 and maintained for up to 7 d. For experiments 

investigating monolayer integrity via TEER and to determine if the peak resistance is reached 

within 7 days, cells were cultured for up to 14 days (see 3.3.5). 

Caco-2 (HTB-37; ATCC) were cultured in Gibco MEM medium (Thermo Fisher Scientific) that 

was supplemented with 10 % (v/v) FBS, 1 % (v/v) non-essential amino acids and 1 mM sodium 

pyruvate (all from Thermo Fisher Scientific). Cells were seeded at a density of 2 x 105 cells/cm2 

and maintained for 21 d. Caco-2 cells were included as positive control, as they are known to 

functionally express MDR1, MRP1 and BCRP and are furthermore accepted by health 

authorities to study intestinal absorption processes including transporter mediated efflux [181, 

253]. 

All following experiments, apart from TEER measurements, were conducted after the 

cultivation time specified above. 
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3.1.2.2 Quantitative Polymerase Chain Reaction (qPCR) Analysis 

Cells analysed by qPCR were either cultured in flasks or maintained on Transwell® inserts at 

ALI or LCC at seeding densities and cultivation times as described in 3.1.2.1. 

Cells were lysed by using RLT lysis buffer (Qiagen, Hilden, Germany) according to supplier’s 

protocol. Total RNA was isolated using the RNeasy Mini Kit (Qiagen), following the 

manufacturer’s instructions. In brief, thawed RLT-lysates were diluted at a ratio of 1:1 with 

70 % (v/v) ethanol (in ultrapure water) and transferred to the silica membrane of a spin column. 

Several washing steps were performed and to remove residual DNA, a DNA digestion step 

was included, using a DNase kit (Qiagen). The final RNA was eluted from the column by 

centrifugation with RNase-free water (Qiagen). RNA was quantified based on Beer-Lambert 

law by measuring the absorbance at 260 nm with a Nanophotometer (Implen, Munich, 

Germany) [254].  Each 500 ng of RNA were then converted to cDNA by using an iScript™ 

cDNA synthesis kit (Biorad, Hercules, CA, USA) according to manufacturer’s recommendation. 

Gene expression of MDR1, MRP1 and BCRP was measured by qPCR using TaqMan™ Fast 

Advanced Master Mix and TaqMan™ gene expression FAM assays (Thermo Fisher Scientific, 

see Table 6 for TaqMan™ assay references), according to manufacturer’s instructions. For 

each qPCR reaction, 25 ng of cDNA was used. Relative expression of ABC transporter genes 

was calculated with the comparative cycle threshold (Ct) method based on expression of 

housekeeping gene ACTB [255]. The software ‘design and analysis’ (Version 2.6.0; Thermo 

Fisher Scientific) was used to calculate individual Ct values. If Ct for transporter genes 

exceeded 34 out of 40 cycles, values were not reported. 

Table 6: Overview of primers used in qPCR. 

Gene Protein 
TaqMan® Gene Expression 

Assay ID 

ABCB1 MDR1 Hs00184500_m1 

ABCC1 MRP1 Hs01561483_m1 

ABCG2 BCRP Hs00245154_m1 

ACTB β-actin Hs01060665_g1 

 

3.1.2.3 Western Blot Analysis 

Cells analysed by Western Blot were either cultured in flasks or maintained on Transwell® 

inserts at ALI or LCC at seeding densities and cultivation times as described in 3.1.2.1. 

Proteins were isolated from cells by using Cell extraction buffer (Thermo Fisher Scientific) that 

was supplemented with 1 % (v/v) of Halt™ protease and phosphatase inhibitor cocktail 

(Thermo Fisher Scientific), according to supplier instructions. Total protein concentration of 

lysates was determined by using a Pierce bicinchoninic acid protein assay kit (Thermo Fisher 

Scientific). The working reagent was prepared by mixing 1 part of reagent B with 50 parts of 
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reagent A. To each 1.5 µL of protein lysate, 200 µL of working reagent was added and 

incubated for 30 min at 37 °C.  A calibration curve of bovine serum albumin (BSA, Merck KGaA) 

ranging from 0 to 25 mg/mL was used as standard with pure working reagent as blank. Protein 

content was calculated based on absorbance measured at 562 nm against a calibration curve. 

Western Blotting was performed using a Jess™ device (Protein Simple™, San Jose, CA, USA) 

[256]. Western Blots were run with the RePlex™ feature, i.e. the protein of interest and 

house-keeping gene were detected within the same capillary (two-step immunoassay). 

To minimise cross-interference when measuring the signal of two proteins within the same 

lane, the house-keeping control (β-actin) was detected via near-infrared (NIR) fluorescence, 

while the protein of interest was detected using chemiluminescence. The assay was run 

according to the recommended settings by the manufacturer while using a 12 – 250 kDa 

separation module. All consumables, except primary antibodies, were ordered directly from 

Protein Simple™ and volumes used according to respective product sheets.  

Table 7: List of primary antibodies and their dilutions used in Western Blotting with Jess™. 

Protein 

Dilution (in antibody 

diluent 2, Protein 

Simple™) 

Antibody type 
Product ID & 

Manufacturer 

MDR1 1:75 Rabbit polyclonal 
22336-1-AP (proteintech®, 

Rosemont, IL, USA) 

MRP1 1:500 Rabbit polyclonal 
PA5-30594, Thermo Fisher 

Scientific 

BCRP 1:10 Rabbit monoclonal 
NBP3-15559, Bio-Techne 

(Minneapolis, MN, USA) 

β-actin 1:50 Mouse monoclonal MAB8929, Bio-Techne 

 

In brief, protein lysates were diluted in fluorescent master mix (1:5¸ Protein Simple™) and the 

respective amount of sample buffer (0.1x in DPBS -/-, Protein Simple™) to achieve a final 

protein concentration of 0.5 µg/µL. The samples were then incubated at 95 °C for 5 minutes 

while shaking at 300 rpm. After the incubation, the lysates were transferred to the separation 

plate. Followed by antibody diluent 2 for blocking, primary antibodies (for dilutions, see 

Table 7), anti-rabbit secondary horseradish peroxide (HRP)-labelled antibody (to detect 

transporter proteins via chemiluminescence), anti-mouse NIR-labelled secondary antibody (to 

detect house-keeping gene via fluorescence), washing buffer, luminol-peroxide and Replex™ 

reagent that were added to the separation plate. A biotinylated ladder (detected by NIR-labelled 

streptavidin) with known molecular weights served as reference and an internal fluorescent 

standard was included in every run. Chemiluminescence and fluorescence images were 

visualised with the Compass for SW software (Version 6.1.0, Protein Simple™) and signals 

height & area were automatically calculated for respective proteins at defined molecular 
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weights. For relative assessment of protein expression, the peak area of transporter protein 

was normalised to the respective peak area of housekeeping protein β-actin.  

 

3.1.2.4 Intracellular Fluorophore Accumulation Studies 

Functional activity of MDR1, MRP1 and BCRP was assessed by measuring the intracellular 

concentration of fluorescent transporter substrates in the absence and presence of 

transporter-specific inhibitors (see Table 8). All chemicals were purchased from Merck KGaA 

and stock solutions were prepared in DMSO (Merck KGaA). 

Table 8: Overview of used ABC transporter fluorescent substrates and respective inhibitors and their final incubation 

concentration. 

Transporter protein Substrate (concentration) Inhibitor (concentration) 

MDR1 Rhodamine 123 (1 μM) Zosuquidar (1 μM) 

MRP1 5(6)-Carboxyfluorescein (10 μM) MK-571 (10 μM) 

BCRP Hoechst 33342 (10 μM) Ko143 (1 μM) 

 

Cells were seeded in 250 μL medium onto 96-well black plates (Corning, 0.32 cm2) according 

to seeding densities and cultivation time as described in 3.1.2.1. If applicable, wells were 

coated with appropriate extracellular matrices prior to seeding.  

On day of the experiment, medium was aspirated and cells were washed twice with warm 

1x Dulbecco’s Phosphate Buffered Saline with calcium and magnesium (DPBS +/+) (Thermo 

Fisher Scientific). All following incubation steps were performed at 37 °C. First, wells were 

incubated for 30 min with 125 μL of either of DPBS +/+ (vehicle control with DMSO as solvent 

match) or DPBS+/+ containing one of the inhibitors (see Table 5). Following the inhibitor 

preincubation, 125 μL of respective fluorophore solution was added (dissolved in DPBS +/+) 

and spiked with respective inhibitor or equivalent volume of DMSO (to solvent match) and 

incubated for 30 min. Final DMSO content was 0.25 % (v/v) in all conditions. To stop the 

experiment, wells were aspirated and cells were washed three times with ice-cold DPBS+/+. 

Then intracellular fluorescence of ABC transporter substrates within cells was measured with 

vehicle control cells serving as blank. Fluorescence was measured with a plate reader (iD3, 

Molecular Devices, San Jose, CA, USA). Excitation and emission wavelengths were as the 

follows: Rhodamine 123 (450/540 nm), 5(6)-Carboxyfluorescein (485/525 nm) and Hoechst 

33342 (350/550 nm). 

ABC transporter activity was assessed by comparing intracellular accumulation of fluorophore 

in absence and presence of inhibitor. Efflux was considered present if intracellular 

accumulation increased by more than 50 % in presence of inhibitor. This threshold was set 

based on guidelines from health authorities regarding classifying a compound as a substrate 
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of an active efflux transporter, where the efflux needs to change by at least 50 % in presence 

of a transporter-specific inhibitor [18].  

 

3.1.2.5 Assessment of Monolayer Integrity 

To verify whether cells cultured on Transwell® inserts formed a tight monolayer, TEER was 

measured using an epithelial volt-ohm-meter (EVOM-2, World precision instruments) and 

chopstick electrodes. TEER was assessed every two to three days for up to 14 or 21 days 

(depending on the respective cell line) for ALI- and LCC-cultured cells.  

In brief, the medium was aspirated and 200 µL or 500 µL of 1x DPBS+/+ at 37 °C was added 

to apical and basolateral sides, respectively. Cells were placed on a thermoblock set to 37 °C 

and the resistance was measured. TEER was then calculated as described in Equation 1. 

𝑇𝐸𝐸𝑅 = (𝑇𝐸𝐸𝑅𝑐𝑒𝑙𝑙 −  𝑇𝐸𝐸𝑅𝑏𝑙𝑎𝑛𝑘) ∗ 𝐴        

Equation 1.  Formula to calculate the transepithelial electrical resistance (TEER) in Ω*cm2. TEER is calculated by 
subtracting resistance of an empty Transwell® (TEERblank in Ω) from the resistance measured across monolayers 
(TEERcell in Ω) and corrected for surface area A (0.33 cm2). 

 

3.1.2.6 Assessment of the Permeability of Control Markers 

To further investigate monolayer integrity of cells cultured on Transwell® inserts, the apparent 

permeability (Papp) of molecules with low or high passive permeability was tested. Atenolol was 

selected as low Papp marker (< 25 nm/s). Both carbamazepine and budesonide are considered 

high Papp markers (Papp > 100 nm/s). Moreover, LY, a known paracellular marker to assess 

membrane tightness, was included [78, 257]. Chemicals were prepared as DMSO stock 

solutions, except for LY, which was dissolved in distilled water (Thermo Fisher Scientific). 

Compounds were purchased from Merck KGaA except of budesonide that was purchased from 

Cayman Chemical (Ann Arbor, MI, USA). 

Cells used in these experiments were cultured on Transwell® at ALI or LCC (for details 

regarding seeding density and cultivation time refer to 3.1.2.1). 

The permeability of the markers substances was assessed in a bidirectional manner. For the 

experiment, each test compound was diluted in phenol red-free medium-199 (M-199; 

Bioconcept, Allschwil, Switzerland), supplemented with 0.1 % (w/v) BSA and 10 μM LY to 

achieve the following concentrations: atenolol (25 μM), carbamazepine (1 μM) or budesonide 

(10 μM). DMSO content was kept at 0.25 % in all conditions. 

Compound solutions were spiked either to apical side (i.e. donor) and permeability to the 

basolateral side (i.e. acceptor) was measured (Papp  AB) or the other way round (Papp BA). 
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A volume of 200 μL was added to apical side and 500 μL to basolateral side. The acceptor 

side contained pure M-199 with 0.1 % BSA and 0.25 % DMSO. Plates were incubated for 3 h 

at 37°C while shaking at 200 rpm. Samples were taken from both acceptor and donor 

compartments. Initial samples taken from compound solution (C0) and donor samples were 

diluted 1:5 in assay medium. All samples were then quenched with the three-fold volume of 

ice-cold acetonitrile containing the internal standard oxazepam. Samples were then 

centrifuged at 6300 rpm for 10 min and the supernatant was collected. Compound 

concentration was quantified via liquid chromatography coupled to tandem mass spectrometry 

(LC-MS/MS) as described in 3.1.2.8. For LY, concentration was quantified by measuring its 

fluorescence at 425/525 nm. The Papp values were calculated as shown in Equation 2. 

𝑃𝑎𝑝𝑝 =  
𝛥𝑄

𝛥𝑡 
∗  

1

𝐴 ∗ 𝐶0
 

Equation 2. Formula to calculate the apparent permeability Papp (nm/s). ΔQ/Δt describes the amount of compound 
(nmol) permeating the cell monolayer in a defined time (10 800 s). A is the filter surface area (0.33 cm2) and C0 the 
initial incubation concentration (µM). 

 

3.1.2.7 Bidirectional Studies Assessing MDR1, MRP1 and BCRP Efflux 

Bidirectional efflux studies were conducted to investigate active efflux mediated by MDR1, 

MRP1 and BCRP. Known substrates of ABC transporters were selected: edoxaban for MDR1, 

doxorubicin for MRP1 and prazosin for BCRP [211, 258, 259]. All chemicals were prepared as 

DMSO stock solutions. They were purchased from Merck KGaA, except for Edoxaban, which 

was purchased from Toronto Research Chemicals (Toronto, Canada). 

Table 9: Overview of ABC transporter substrates and respective inhibitors and their final incubation concentration 

in bidirectional efflux study. 

Transporter protein Substrate (concentration) Inhibitor (concentration) 

MDR1 Edoxaban (1 μM) Zosuquidar (1 μM) 

MRP1 Doxorubicin (5 μM) MK-571 (10 μM) 

BCRP Prazosin (1 μM) Ko143 (1 μM) 

 

Their permeability was tested in a bidirectional manner as described in 3.1.2.6, in the absence 

and presence of ABC transporter-specific inhibitors (see Table 9). In addition to Papp AB and 

Papp BA, respective permeability in presence of inhibitor was determined, indicated as Papp,inh 

AB and Papp,inh BA.  

Cells used in these experiments were cultured on Transwell® at ALI or LCC (for details 

regarding seeding density and cultivation time refer to 3.1.2.1). 

Substrates were diluted in phenol-red free M-199 + 0.1 % (w/v) BSA and either respective 

inhibitor or equivalent amount of DMSO was added. Acceptor medium consisted of M-199 with 
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0.1 % BSA plus respective inhibitor or matched DMSO volume. Final DMSO concentration was 

0.25 % (v/v) in all conditions. The LX (10 µM) served as marker for barrier integrity and was 

added to each dose solution. Dose solutions were transferred to Transwell® plates and plates 

were incubated. After 3 h, samples were taken, diluted if needed and quenched (for details see 

3.1.2.6). Substrate concentrations were then quantified via LC-MS/MS. Separate samples 

were taken from acceptor wells to measure LY concentration via fluorescence.  

The Papp values were calculated according to Equation 2. Wells with LY Papp values > 25 nm/s 

were excluded for compounds’ Papp calculation, as this indicates monolayer leakiness [78]. 

To assess efflux, efflux ratio (ER) was calculated by dividing the permeability Papp BA by Papp 

AB (see Equation 3). If the ER exceeds 2, it indicates the presence of active efflux at the apical 

side. Furthermore, ER needs to decrease by at least 50 % in presence of ABC transporter 

specific inhibitor [18]. The efflux ratio in presence of inhibitor is referred to as ER,i. 

𝐸𝑅 =  
𝑃𝑎𝑝𝑝 𝐵𝐴

𝑃𝑎𝑝𝑝 𝐴𝐵
 

Equation 3. Formula to calculate the efflux ratio (ER). Permeability from basolateral to apical side (Papp BA) is 
divided by permeability from apical to basolateral side (Papp AB). 

 

3.1.2.8 Quantitative Analysis via LC-MS/MS  

Sample analysis was conducted using LC-MS/MS. The liquid chromatography system included 

a CBM-20A controller, a DGU-20A5R degasser, two Shimadzu Nexera LC-30AD pumps 

(Shimadzu, Kyoto, Japan) connected to an HTS CTC PAL autosampler (CTC Analytics, 

Zwingen, Switzerland). For temperature control of the column (Ascentis Express C18, 

20 × 2.1 mm, 2.7 µm, Supelco, Bellefonte, PA, USA) a column oven (HotDog 5090, Prolab 

Instruments, Dornach, Switzerland) was used. This setup was coupled to a Triple Quadrupole 

6500+ mass spectrometer equipped with an IonDrive Turbo V source (AB Sciex, Concord, ON, 

Canada). The mass spectrometer was used in the multiple reaction monitoring mode. Positive 

ionization mode was applied for the analysis of all compounds, with ionization source 

parameters detailed in supplemental Table A1. Analytical readouts were based on the peak 

area ratio between the analyte and the internal standard (oxazepam). Further details of the 

applied transition parameters for each test compound can be found in the supplemental 

material (Table A2). 

The supernatants of the precipitated samples were injected into the LC-MS/MS system using 

injection volumes of 2.0 µl for edoxaban, doxorubicin and atenolol and 1.0 µl for prazosin, 

budesonide and carbamazepine. Compound elution was achieved using the following mobile 

phases: A – 0.5% formic acid in water/acetonitrile (95/5) and B – acetonitrile. For atenonol, 

mobile phase A consisted of 20 mM ammonium bicarbonate in water/acetonitrile (95/5). 
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A high pressure linear gradient from 0% to 95% B was applied at a flow rate of 600 µl/min with 

a total runtime of 1.4 minutes (see supplemental Table A3). 

Data analysis was conducted with Analyst 1.7.2 software (AB Sciex, Concord, ON, Canada) 

using initial samples as reference with a linear through zero regression model. Reference 

samples with accuracy above 20% bias were excluded. 

 

3.1.2.9 Statistics 

If not stated otherwise, presented data shows mean ± standard deviation (SD) from three 

independent experiments with at least three technical replicates. For data visualization and 

statistical analysis, GraphPad Prism software was used (Version 10.4.1, GraphPad Software, 

La Jolla, CA, USA). Differences between two groups were assessed with an unpaired 

two-tailed t test. Differences between multiple groups were analysed with a one-way ANOVA 

followed by a Tukey’s post hoc multiple comparisons test. If p ≤ 0.05, the difference was 

considered significant. 
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3.1.3 Results 

3.1.3.1. Analysis of Gene Expression of MDR1, MRP1 and BCRP in Lung Epithelial Cells 

Gene expression levels of MDR1, MRP1 and BCRP were analysed by qPCR in various human 

cells derived from upper (16HBE14o-, Calu-3, NHBE) and lower airways (NCI-H441, A549, 

hAELVi, Arlo and hAEpC) that mimic the human lung epithelium (Figures 10 & 11). Expression 

in flask cultured cells was compared to expression in Transwell® ALI and LCC culture. 

 

 

 

 

Figure 10: Gene expression of MDR1, MRP1 and BCRP in human lung epithelial cells lines and Caco-2 cells 
analysed by qPCR, depicted as relative expression to house-keeping gene β-actin. Expression levels of ABC 
transporters in lung epithelial cells cultured in flasks or on Transwell® inserts at air-liquid interface (ALI) or 
liquid-covered condition (LCC) were compared. Caco-2, which serve as positive control, were cultured in flasks and 
at LCC on Transwell® inserts. Data are presented as mean ± SD, N = 3 with n = 3. n.d. stands for non-detected. 
Differences in mean of three groups were analysed by One-way ANOVA followed by Tukey’s multiple comparison 
test. Differences between two groups were analysed by un-paired two-sided t-test. *p ≤ 0.05, **p ≤ 0.01. 
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MRP1 expression was confirmed across all cells whereas MDR1 expression was only 

observed in Calu-3. BCRP was detected in some of the cells, specifically 16HBE14o-, 

NCI-H441 and A549 but was absent in Calu-3. Compared to these cell lines, hAELVi and Arlo 

showed lower expression of BCRP.  

Caco-2 cells, which are known to express ABC transporter proteins and were included as 

positive control, showed expression of all efflux transporter proteins: MDR1, MRP1 and BCRP. 

Comparative analysis of gene expression revealed that there were no statistically significant 

differences in ABC transporter’ expression levels between lung epithelial cells cultured in flasks 

and those on inserts (i.e. ALI or LCC) for majority of ABC transporters (except for P-gp 

expression in flask vs ALI and ALI vs LCC in Calu-3, MRP1 expression in flask vs ALI and ALI 

vs LCC in A549, BCRP expression in flask vs LCC in hAELVi and BCRP expression in ALI vs 

LCC in A549). 

 

 

Figure 11: Gene expression of MDR1, MRP1 and BCRP in primary human lung epithelial cells analysed by qPCR, 
depicted as relative expression to housekeeping gene β-actin. Expression levels of ABC transporter in cells cultured 
in flasks or on Transwell® inserts at air-liquid interface (ALI) or liquid-covered condition (LCC) were compared. For 
hAEpC, the flask condition refers to cells in suspension after the isolation and prior the seeding (i.e. alveolar type II 
cells). Data are presented as mean ± SD, N = 3 with n = 3. n.d. stands for non-detected. 

As observed in lung epithelial cell lines, MRP1 shows a ubiquitous expression in primary lung 

epithelial cells, whereas MDR1 was detected in neither NHBE nor in hAEpC. BCRP was not 

detected in hAEpC but its expression was observed in NHBE. Due to the limited number of 

primary cells and similar expression levels of ABC transporters at ALI and LCC (no statistically 

significant differences), NHBE and hAEpC cells were cultured only at ALI for further 

experiments.  
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3.1.3.2 Analysis of Protein Expression of MDR1, MRP1 and BCRP in Lung Epithelial Cells 

To confirm the expression of ABC transporters at protein level, Western Blotting was 

performed. Relative expression of transporter proteins normalised to β-actin was compared 

(Figures 12 & 13). Representative Western Blots showing single bands for ABC transporter 

and β-actin protein expression can be found in the supplementary material (Figures A1-A9). 

 

 

 

Figure 12: Protein expression of MDR1, MRP1 and BCRP in human lung epithelial cells and Caco-2 cells analysed 
by Western Blot and depicted as relative expression to β-actin. Expression levels of ABC transporters in cells 
cultured in flasks or on Transwell® inserts at air-liquid interface (ALI) or liquid-covered condition (LCC) were 
compared. Caco-2, which serve as positive control, were cultured in flasks and at LCC on Transwell® inserts.  Data 
are presented as mean ± SD with N = 3. n.d. stands for non-detected. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 
0.0001. Differences in mean of three groups were analysed by One-way ANOVA followed by Tukey’s multiple 
comparison test. Differences between two groups were analysed by un-paired two-sided t-test. 

Western Blotting confirmed results from previous qPCR studies (see 3.1.3.1), i.e. Caco-2 cells, 

which serve as positive control cells for ABC transporter expression, showed expression of 

MDR1, MRP1 and BCRP. In lung epithelial cells, MDR1 was detected only in Calu-3 and MRP1 

was ubiquitously expressed across all cells evaluated. BCRP generally showed a weak 

expression in 16HBE14o-, NCI-H441, A549 and hAELVi and was absent in Calu-3 and Arlo.  
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Interestingly in Calu-3, MDR1 shows at protein level a more than four-fold higher expression 

at ALI compared to LCC. MRP1 expression appears to significantly decrease once cells are 

cultured on Transwell® inserts, which reductions up to two-fold in Calu-3 and up to three-fold 

in NCI-H441. In contrast, MRP1 expression in Arlo appeared to increase when cells were 

cultured onto Transwell® inserts, with an up to three-fold increase. 

 

 

Figure 13: Protein expression of MDR1, MRP1 and BCRP in primary human lung epithelial cells analysed by 
Western Blot and depicted as relative expression to housekeeping protein β-actin. Expression levels of ABC 
transporter in cells cultured in flasks or on Transwell® inserts at air-liquid interface (ALI) were compared. For 
hAEpC, the flask condition refers to cells in suspension after the isolation and before the seeding (i.e. alveolar type 
II cells). Data are presented as mean ± SD with N = 3. n.d. stands for non-detected. Differences between two groups 
were analysed by un-paired two-sided t-test with *p ≤ 0.05. 

As observed for lung epithelial cell lines, protein expression analysis of MDR1, MRP1 and 

BCRP by Western Blot in primary lung epithelial cells NHBE and hAEpC confirmed gene 

expression levels. MRP1 showed expression in both cell types with MDR1 being absent. BCRP 

was not detected in hAEpC and being weakly expressed in NHBE. 
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3.1.3.3 Assessing ABC Transporter’ Activity with Fluorescent Substrates 

The presence of active efflux by MDR1, MRP1 and BCRP was investigated by comparing 

changes in the intracellular concentration of fluorescent ABC transporter substrates in the 

absence and presence of transporter-specific inhibitors, in cells cultured on well plates (see 

Figure 14). 

 

 

Figure 14: Relative change in intracellular concentration of fluorescent transporter substrates in presence of 
specific inhibitors. Data is presented as change in relative fluorescent units (RFU) as mean ± SD, N = 3 with n = 3. 
Active efflux was considered if intracellular concentration increased by more than 1.5-fold in presence of inhibitor 
(indicated via dashed line and yellow labelling of the column). A: Rhodamine 123 (Rh123) as substrate to assess 
MDR1 activity; B: 5,6-Carboxyfluorescein (5,6-CF) as substrate to assess MRP1 activity and C: Hoechst 33342 
(H33342) as substrate to assess BCRP activity.  

Rhodamine 123 (Rh123) showed a 3.7-fold and 2-fold increase in intracellular concentration 

in presence of zosuquidar in Caco-2 and Calu-3, respectively. This confirmed the expression 

of active MDR1 in both cell lines. No increase was observed in the remaining cells, which was 

expected as MDR1 expression was not detected via qPCR and Western Blot in these cells. 
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MRP1 was shown to be active in all lung epithelial cells and in Caco-2, as the intracellular 

concentration of 5,6-Carboxyfluorescein (5,6-CF) increased by more than three-fold in 

presence of MK-571 in all tested cells. 

The intracellular concentration of Hoechst 33342 (H33342) increased by more than 1.5-fold in 

presence of Ko143 in 16HBE14o- and Caco-2, indicating the presence of active BCRP in these 

cells. No increase in intracellular concentration of H33342 was observed for Calu-3 and Arlo 

and hAEpC. In hAELVi and NHBE, the increase in H33342 intracellular concentration with 

inhibitor was close to 1.3-fold, whereas in NCI-H441 and A549 an increase of 1.4-fold was 

observed. 
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3.1.3.4 Assessing Monolayer Integrity of Lung Epithelial Cells 

To verify the formation of a tight cell monolayer and to investigate potential differences in terms 

of barrier formation across the cells, TEER was measured for up to 14 or 21 days after seeding 

on Transwell® inserts (Figures 15 & 16). In addition to TEER, bidirectional permeability 

experiments, using low (atenolol and LY) and high (carbamazepine or budesonide) cellular 

permeability markers were conducted to further understand barrier formation properties (these 

experiments were conducted on day X post-seeding equivalent to the day post-seeding when 

bidirectional efflux studies were conducted, see 3.1.2.1 for further details). The measured Papp 

values for the low permeability markers are depicted in Figures 17 & 18. 

 

 

 

Figure 15: Time course of transepithelial electrical resistance (TEER) in lung epithelial cell lines cultured at air-
liquid interface (ALI) or liquid-covered condition (LCC) and in Caco-2 at LCC. The values for ALI are shown as line 

chart with circles (----) and for LCC as line chart with triangles (----). Data is shown as mean ± SD with n ≥ 6. 
 

TEER values < 250 Ω*cm2 typically indicate the presence of a leaky cell layer [75]. This was 

observed for 16HBE14o- and NCI-H441 cells cultured at ALI (with measured TEER 

< 200 Ω*cm2) and for A549 cells cultured at ALI and LCC (TEER < 100 Ω*cm2), pointing to 

their inability to form an electrically tight cellular barrier. All other remaining cells showed a 

TEER exceeding this threshold of 250 Ω*cm2, confirming the presence of tight cell monolayers. 
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Highest TEER across all cells was measured in alveolar-epithelium-derived cell lines: hAELVi 

and Arlo. 

 

Figure 16: Time course of transepithelial electrical resistance (TEER) in each three donors of human bronchial 
(NHBE) and alveolar (hAEpC) primary lung epithelial cells at air-liquid interface (ALI) culture. Donor 1 is depicted 

as line chart with balls (----), donor 2 as line chart with squares (----), donor 3 as line chart with triangles (----). 
TEER values are shown as mean ± SD, n ≥ 6. 
 

Primary NHBE cells showed an increase in TEER up to day 19, peaking around 600 Ω*cm2 

and measured values are comparable to those in Calu-3 cells at ALI (tracheo-bronchial derived 

cell line). Primary hAEpC cells showed a peak in TEER after 7 days (ranging from 500 to 

940 Ω*cm2), being up to two-fold lower than in their derived cell lines hAELVi and Arlo.  

 

Figure 17: The mean apparent permeability (Papp) of low permeability control markers atenolol and Lucifer Yellow 
(LY) in lung epithelial cell lines cultured at air-liquid interface (ALI) or liquid-covered condition (LCC) and in Caco-2 

at LCC. Values for atenolol as depicted as triangles () and for LY as squares (). The dashed line at 25 nm/s 
represents the acceptance threshold for low permeability paracellular markers (atenolol and LY), typically 
confirmative of a tight monolayer [78]. Values are shown as mean with n = 6. Papp values are shown as average of 
Papp AB and Papp BA. 
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For low permeability markers, such as atenolol and LY, typically a threshold less than 25 nm/s 

is confirmatory of barrier integrity [78]. Measured Papp values for both atenolol and LY, exceed 

25 nm/s in 16HBE14o- (up to five-fold) and NCI-H441 (up to four-fold) cells if cultured at ALI 

and in A549 (up to nine-fold), at both ALI and LCC. This indicates that those cells under these 

conditions did not form a tight monolayer, correlating with measured TEER values 

(< 250 Ω*cm2). For remaining cells and 16HBE14o-/NCI-H441 cultured at LCC, measured Papp 

values for the two low permeability markers were below 25 nm/s, confirming the formation of 

an intact cell monolayer (see Figure 17). Compounds with a cellular permeability > 100 nm/s, 

are typically classified as highly permeable (i.e. carbamazepine) [260]. Measured permeability 

coefficients for carbamazepine were above this value in all lung epithelial cell lines and Caco-2 

(see supplemental Figure A10).   

Both NHBE and hAEpC cells showed a Papp of less than 25 nm/s for both low permeability 

markers atenolol and LY across each three donors, as shown in Figure 18. This confirms their 

ability to form an electrically tight barrier. Permeability data for the high permeability marker 

budesonide ranged from 62 nm/s to 100 nm/s in NHBE and from 88 nm/s to 112 nm/s (with 

data depicted in the supplemental Figure A11).  

 

Figure 18: The mean apparent permeability (Papp) of low permeability control markers atenolol and Lucifer Yellow 
(LY) in each three donors of human bronchial (NHBE) and alveolar (hAEpC) primary lung epithelial cells cultured at 

air-liquid interface. Values for atenolol as depicted as triangles () and for LY as squares (). The dashed line at 25 
nm/s represents the acceptance threshold for low permeability paracellular markers (atenolol and LY), typically 
confirmative of a tight monolayer [78]. Values are shown as mean with n = 6. Papp values are shown as average of 
Papp AB and Papp BA. 
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3.1.3.5 Bidirectional Permeability Studies to Assess ABC Transporters Efflux 

Bidirectional efflux studies with drug molecules as substrates were conducted to investigate if 

active efflux mediated by MDR1, MRP1 and BCRP is present in lung epithelial cells. Calculated 

efflux ratios (ER) in absence and presence of specific transporter’ inhibitors are shown in 

Figure 19.  

Edoxaban showed asymmetry of permeability in Caco-2 cells (ER = 4.3), which was reduced 

by more than 50 % in presence of zosuquidar (ER,i), pointing to active MDR1 efflux at the 

apical side. The same was observed for Calu-3 cultured at ALI, confirming the presence of 

functional active MDR1. Interestingly, no efflux was present in Calu-3, when cultured at LCC. 

In the remaining cells, no efflux of edoxaban was observed (ER < 2.0), as expected based on 

the absence of MDR1 expression in these cells. 

Doxorubicin showed efflux in Caco-2 (ER = 7.0) at the apical side that was reduced in presence 

of MK-571, confirming MRP1 efflux in these cells. Moreover, NHBE cells showed an ER > 2, 

however this efflux seemed to be non-sensitive to MRP1 inhibitor MK-571 (ER,i >2). All other 

cells showed an ER < 2, indicating the absence of MRP1 efflux. In general, it needs to be noted 

that measured permeability values for doxorubicin were quite low (typically < 10 nm/s). As the 

ER concept captures active efflux at the apical side of the cell membrane and MRP1 was 

claimed to be expressed rather at the basolateral side, the uptake ratio (UR, a reciprocal of the 

ER) was calculated in addition for doxorubicin [87]. All calculated UR values were < 2, pointing 

to the absence of MRP1 efflux on the basolateral side (as illustrated in the supplemental 

material in Figure A12). This absence of MRP1 efflux is in contradiction to the measured 

expression levels of MRP1 in all cell lines and primary cells. It needs to be stated that 

doxorubicin is not a specific substrate for MRP1 [261] and other structurally related MRPs 

(such as MRP2 or MRP3) could interfere with its transport across the cell membrane, given 

their reported expression in the human lung epithelium [177, 248]. The RNA expression of 

MRP2, MRP3, MRP4, MRP5 and MRP6 has been measured by qPCR in lung epithelial cells 

to compare their expression levels against those of MRP1. The data is shown in the 

supplemental material (see Figures A13 & A14). 

Prazosin showed asymmetry in permeability in Caco-2 cells (ER > 2) being sensitive to BCRP 

inhibitor Ko143. This phenomenon was not observed in any of the lung epithelial cells, 

indicating the absence of active BCRP efflux, when using prazosin as model substrate for 

BCRP. This is in contrast to observed protein expression of BCRP in 16HBE14o-, NHBE, 

NCI-H441and hAELVi. 
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Figure 19: Calculated efflux ratios (ER) of ABC substrates in lung epithelial cells and Caco-2 in absence (ER) and 
presence (ER,i) of transporter-specific inhibitors. Efflux in lung epithelial cell lines was compared at both at air-liquid 
interface (ALI) or liquid-covered condition (LCC), but due to monolayer leakiness, no ER values are reported for 
16HBE14o-/NCI-H441 at ALI and for A549 at ALI and LCC. In primary lung epithelial cells, ER was only assessed 
at ALI and in Caco-2 at LCC. If ER > 2, this indicates active efflux present at the apical side of the cell membrane 
(indicated with dashed line). Data is presented as mean ± SD, N = 3 with n = 3. A: Edoxaban efflux to assess MDR1; 
B: Doxorubicin efflux to assess MRP1; C: Prazosin efflux to assess BCRP. 
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3.1.4 Discussion 

ABC transporters such as MDR1 or BCRP transport a wide range of exogenous molecules, 

including drugs, thereby influencing the pharmacokinetics of their substrates in a clinically 

evident manner [18]. MRP1 is described to play an important role in tumour chemoresistance 

[210]. Both ex vivo studies using isolated perfused mouse lungs and in vivo studies using 

Positron Emission Tomography tracer imaging in rats reported the presence of active Mdr1, 

Mrp1 and Bcrp in the rodent’s lung epithelium [205, 217, 227]. In contrast, the role of these 

three ABC transporters as potential drivers of drug distribution in the human lung epithelium 

remains less clear [177].  

Multiple in vitro studies have indicated the presence of these three ABC transporters in cell 

lines and primary cells from both upper and lower human airway epithelium [146, 177, 248]. 

However, discrepancies in expression levels, particularly for MDR1 and BCRP have been 

reported in further in vitro studies, aiming to characterise ABC transporters in the human lung. 

These inconsistencies may be attributed to the cellular heterogenicity of the lung epithelium 

across the different lung regions, the lack of clearly defined cell culture practices and variations 

in experimental conditions, which hinders a direct comparison across studies [20, 177].  

Regarding their spatial expression in the human lung epithelium, both P-gp and BCRP were 

described to be expressed on the apical side (i.e. facing the lung lumen), whereas MRP1 was 

reported to be expressed on the basolateral side (i.e. the blood vessel-facing side) [182]. In 

contrast to P-gp and BCRP, the efflux of substrates (like chemotherapeutics) by MRP1 is 

glutathione-dependent, which is co-transported [210]. 

This in vitro study aimed to investigate ABC transporter expression and function across a 

number of lung epithelial cell models to allow a direct comparison and understand potential 

differences, particularly when using the models to evaluate drug disposition. The results of this 

study revealed differences in expression across tested cell lines and primary cells. While 

expression was confirmed, results from functionality assessments indicated limited 

contribution of ABC transporters in transporting drugs across the human lung epithelium, in 

vitro. 

 

3.1.4.1 Expression of ABC Transporters at Gene and Protein Level  

This study investigated the expression of MDR1, MRP1 and BCRP at both gene and protein 

level in six cell lines mimicking the upper and lower human lung epithelium (16HBE14o-, 

Calu-3, NCI-H441, A549, hAELVi and Arlo) as well as primary cells derived from bronchial 

(NHBE) or alveolar (hAEpC) lung epithelium. 
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Protein expression data confirmed presence or absence of ABC transporters as characterised 

by qPCR but revealed statistically significant differences in certain cell lines (i.e. expression 

levels in flask vs. ALI vs. LCC) that were present at protein level but not at gene level. 

 

MDR1 Expression 

In this study, MDR1 was detected only in Calu-3 cells. At gene level no significant differences 

in MDR1 expression across the different culture conditions was observed. Whereas, at protein 

level, expression was more than four-fold higher at ALI compared to LCC, which translated 

also into a pronounced efflux at ALI. A study that assessed MDR1 expression in Calu-3 at ALI 

vs. LCC at gene level by qPCR derived a similar result, where MDR1 levels were more than 

two-fold higher at ALI compared to LCC (when culturing cells for 21 days on Transwell® inserts) 

[79]. Further studies, using qPCR and Western Blot, reported a positive MDR1 expression in 

this cell line [87, 195, 201, 262]. However, a  LC-MS/MS approach failed to detect MDR1 in 

Calu-3, from cells cultured in flasks [194]. Studies by Hutter et al. and Rotoli et al. have shown 

that protein expression of MDR1 appears to increase with increasing culture time of Calu-3 at 

ALI (day 7/8 vs. day 21) on Transwell® inserts [87, 201]. Additionally, the passage number was 

reported to influence MDR1 expression, as a stronger signal in Western Blot was observed for 

highly passaged Calu-3 cells (p.45-50), compared to cells at a lower passage (p.25-30). 

In contrast, qPCR analysis at gene level showed an opposite trend, where low passaged Calu-

3 cells showed higher expression levels than highly passaged ones [201]. A study by Haghi 

and colleagues investigated the surface expression of MDR1 via flow cytometry and found no 

changes in MDR1 levels between passages 30 to 40 (if ≥ 7 days of ALI culture) [196]. Thus, it 

is possible that MDR1 expression levels in Calu-3 may be influenced by changes in 

non-standardised culture conditions. The use of different subclones could contribute to the 

described differences, however the individual studies do not always provide information 

regarding the Calu-3 clone used. Further, potential differences in sample preparation, sample 

extraction efficiency and sensitivity of applied characterisation methods may also play a role. 

Due to the fact, that Calu-3 cells are often used in pulmonary drug disposition studies and the 

impact of culture conditions on their differentiation, Kreft and colleagues pointed in their study 

to the need of standardised and optimised protocols, when working with these cells [79]. 

A guidance document regarding ‘Good Cell and Tissue Culture Practise’ was recently 

published with the aim of improving the reproducibility of experiments involving in vitro cell 

models. It pointed to factors such as choice of reagents, need of quality control of biological 

material and technical equipment as well as a proper documentation, which need to be 

accounted for to tackle the aim of an overall improvement of experimental reproducibility [263]. 

Aspects beyond cell culture practise were considered in guideline documents of ‘Good in vitro 
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method Practise’, like the use of control items or clearly defined acceptance criteria, aiming to 

improve robustness and uncertainties of in vitro  methods in the context of regulatory 

acceptance [264]. Standardisation attempts in terms of  general cell culture and in vitro 

experimental practise could potentially contribute to reduce the variability across studies 

results, also in the context of differences in pulmonary ABC transporter’s expression levels 

across literature. 

In two other cell lines derived from tumours, included in this study (NCI-H441 and A549), no 

MDR1 was detected, neither at gene nor at protein level. However, contradicting data has been 

reported in the literature. MDR1 expression in NCI-H441, cultured at ALI & LCC, was detected 

via Western Blot in one study, whereas it was not detected using a mass spectrometric protein 

analysis, where cells were cultured in flasks [94, 194]. In A549, gene expression data hinted 

to a weak expression of MDR1 [108, 195], whereas at protein expression level, both absence 

and presence have been reported [108, 194, 265]. Furthermore, it is possible that other cell 

tumour subclones were used in this study compared to those in published studies, leading to 

the absence of MDR1 expression. Moreover, as described for Calu-3, differences in culture 

conditions and experimental settings and techniques across studies might contribute to the 

observed discrepancies in expression levels. 

Moreover, since Calu-3, NCI-H441 and A549 are cell lines derived from lung carcinoma 

patients [77], they might not accurately mimic the healthy lung epithelium in terms of ABC 

transporter expression as their levels were described to be upregulated in tumours (i.e. multiple 

drug resistance) [191, 266] 

Primary human bronchial epithelial cells (NHBE) did not show expression of MDR1, which 

aligns with the findings in this study for the immortalised human bronchial cell line 16HBE14o-

but in contrast to the bronchial cancer-derived Calu-3 cells. In literature, a rather weak 

expression was described for NHBE at both gene and protein level, characterised by qPCR 

and Western Blot [89, 195, 201]. For 16HBE14o-, studies have reported conflicting results, 

with some describing a strong presence of MDR1 at both gene and protein level (by PCR and 

immunocytochemical staining), while others have reported its complete absence at gene level 

(using PCR) [85, 195, 267]. 

MDR1 was also absent in primary alveolar cells hAEpC, being in accordance with their derived 

immortalised cell lines hAELVi and Arlo. Literature studies have shown a weak expression in 

hAEpC and absence of MDR1 expression in hAELVi and Arlo [107, 108, 111, 195]. 

As highlighted, there are a number of conflicting reports across the literature, regarding MDR1 

expression. Variability in analytical methods, which leads to differences in sensitivity and 
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sample processing protocols, combined with non-standardised culture conditions may 

contribute to the observed discrepancies.  

 

MRP1 Expression 

MRP1 is reported to have a high protein abundance in the human lung compared to other ABC 

transporters and its high expression levels were reported in a large number of lung epithelial 

cell lines, primary cells and lung tissue [187, 194, 244].  

In this study, MRP1 expression was detected in all cell lines and primary cells, consistent with 

reports across literature [74, 87, 107, 108, 195]. 

At gene level, no statistically significant differences in MRP1 expression were observed, when 

comparing the different culture conditions, flask and Transwell® inserts (ALI/LCC). However, 

at protein level, MRP1 expression was significantly increased in Arlo cells cultured at ALI and 

LCC compared to flask-cultured cells, whereas the opposite was observed for Calu-3 and 

NCI-H441. Interestingly, a significant difference of MRP1 expression at ALI vs. LCC culturing 

was observed only in Calu-3. This is consistent with findings from Kreft et al., who reported an 

almost two-fold increase in MRP1 gene expression for Calu-3 at ALI compared to LCC after 

21 days of Transwell® culture [79]. For other cells in this study, no impact of the culture 

condition (ALI vs. LCC) on expression of MRP1 was observed. 

 

BCRP Expression 

In this study, BCRP expression was confirmed at both gene and protein level in 16HBE14o-, 

NCI-H441 and A549. This is well aligned with literature reported expression data [194, 195, 

221]. The same was observed for primary NHBE cells [87, 194, 195] 

Calu-3 cells however were negative for BCRP in both qPCR and Western Blot experiments of 

this study. In contrast, literature findings indicated a weak to moderate expression when cells 

were cultured in well plates/flasks and analysed via RT-PCR, LCMS/MS or Western Blot [194, 

195, 222]. Notably, when Calu-3 were cultured on Transwell® inserts at either ALI or LCC, an 

extremely low gene expression was reported with the absence at protein level [79, 87]. This 

may hint to a potential influence of culture conditions (i.e. flask vs Transwell® ALI/LCC) on 

expression levels of BCRP in Calu-3. As discussed for MDR1 in Calu-3, factors such as culture 

time, culture condition, passage number or the use of different subclones might contribute to 

differences in expression levels. 

For hAELVi in this study, a significantly lower expression of BCRP at LCC vs. flask cultured 

cells was observed in qPCR, with ALI-cultured cells showing similar expression levels to flask 
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condition. In contrast, this significant difference was not observed at protein level, where 

comparable expression levels of BCRP were observed across flask, ALI and LCC. A study by 

Visigalli et al. demonstrated a weak gene expression at ALI and an absence of expression at 

protein level which contrasts with our findings [108]. A potential reason for this discrepancy 

could be that hAELVi cells are a heterogeneous polyclonal cell line due to the lack of a 

monoclonal selection during the initial immortalisation process. To overcome this limitation, a 

monoclonal cell line was derived from the hAELVi cells via single-cell printing: the Arlo cells 

[107]. This study could not detect BCRP at either the gene or protein level in Arlo and data 

from bulk-RNA sequencing indicated a rather weak BCRP expression [107].  

Primary alveolar type-I-like cells hAEpC were negative for BCRP expression in this study, with 

literature reporting a weak (by PCR and Western Blot) to absent (by LC-MS/MS and Western 

Blot) expression [108, 194, 195, 221]. The protein expression levels of BCRP were shown to 

decrease once cells trans-differentiate from alveolar type II cells into alveolar type I-like cells 

[221]. 

Caco-2 cells, which served as positive control cells for both expression and functional activity 

of BCRP showed a rather low expression of BCRP at protein level in both flask and 

LCC-culture. However, the acceptance criteria in the functionality assessment of BCRP in 

Caco-2 were met for both tested BCRP substrates (H33342 and prazosin, see 3.1.3.3 and 

3.1.3.5), therefore Caco-2 are considered a suitable control for both BCRP protein expression 

and efflux in the context of this study. It was further reported in literature that the protein 

expression of BCRP in Caco-2 cells appeared to decrease for high passage (p.59) versus low 

passage (p.36), when cultured on Transwell® inserts [268]. Given the use of Caco-2 cells 

between p.45-55 in this study, this might contribute to a rather weak expression of BCRP. 

 

Summary ABC Transporters’ Expression Levels 

The results indicated both similarities and differences in expression of ABC transporters across 

tested lung epithelial cells. To summarise, MRP1 showed a ubiquitous expression across all 

tested cells. MDR1 was absent in the majority of cells, apart from Calu-3. BCRP showed 

expression in both cells of upper and lower airways, but was not detected in Calu-3, Arlo and 

hAEpC. 

The culture interface (ALI vs. LCC) did not result in significant differences in expression levels 

(except for Calu-3). However, many more ABC transporters and solute carrier transporters 

(SLC) were described to be expressed in the human lung epithelium, though they were not 

within the scope of this study [177]. Nevertheless, whether their expression levels are affected 

by the choice of culture interface (i.e. ALI vs. LCC) is still an open question.  



66 
 

As differences in expression levels (i.e. mainly lack of MDR1 in the majority of tested cells) 

were observed compared to available literature data, this highlights the need for a careful 

characterisation of transporter expression in used cell models when conducting pulmonary 

distribution studies in vitro and comparing them to findings from other in vitro studies in the 

literature. 

 

3.1.4.2 Cell Barrier Formation Properties 

A key prerequisite to study transporter processes in vitro is that cells form an electrically tight 

monolayer. Cell layer integrity is often assessed by measuring TEER [73]. A minimum threshold 

of 250 Ω*cm² is proposed for TEER, however studies assessing permeability and 

transporter-mediated disposition in pulmonary epithelial cells typically use 500 Ω*cm² as 

acceptance criterion [74, 75, 87]. Another method to assess cell layer tightness is measuring 

Papp of control paracellular markers such as sodium fluorescein, mannitol or LY [105, 201, 269, 

270]. For LY, a threshold of 25 nm/s was applied to indicate the formation of a tight cell barrier 

[78]. 

Measured TEER and Papp values for lung epithelial cell lines and primary cells revealed 

differences between cells and the impact of culture interface (i.e. ALI and LCC) on their ability 

to form a tight barrier. The Papp of control markers and TEER showed an inverse relationship, 

i.e. if TEER > 400 Ω*cm², the Papp of atenolol and LY was < 25 nm/s. In general, cells tended 

to show a higher TEER when cultured at ALI vs. LCC.  

However, two cell lines were exceptions to this: the bronchial 16HBE14o- and the bronchiolar 

NCI-H441. For both, TEER was drastically reduced and Papp of atenolol and LY was strongly 

increased when cultured at ALI. These findings are aligned with literature, where it was 

reported that 16HBE14o- cells require a certain amount of liquid on the apical side (i.e. LCC 

culture) to form a tight barrier [82, 83]. In terms of NCI-H441, a more than three-fold higher 

TEER at LCC vs. ALI was reported with values > 1000 Ω*cm² for LCC [271]. In our study, 

measured values at LCC were lower (~550 Ω*cm²) but still more than two-fold higher than at 

ALI. Moreover, literature demonstrated that dexamethasone is essential to be added to culture 

medium of NCI-H441 to enable the presence of a tight barrier, i.e. by increasing the expression 

of tight junctional proteins. When NCI-H441 cells are cultured without the corticosteroid, 

measured TEER was < 100 Ω*cm² for both ALI and LCC [95, 272]. Tracheo-bronchial-derived 

Calu-3 cells showed an almost two-fold higher TEER at ALI vs. LCC in this study, whereas in 

literature an opposite trend was described of higher TEER at LCC [79, 86, 273, 274]. However, 

the Papp of control markers atenolol and LY was comparable at both ALI and LCC (< 25 nm/s) 

indicating the presence of a tight barrier. The bronchial-derived primary cells NHBE at ALI 
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showed a maximum TEER of ~ 600 Ω*cm² and a Papp of ~ 10 nm/s for control markers, which 

were comparable across the three tested donors and confirming the barrier tightness of cells. 

In literature, values ranging from 200 to 800 Ω*cm² have been reported [65, 89]. 

The alveolar A549 cell line showed extremely low TEER (< 100 Ω*cm²) as expected and 

corresponding high Papp of control markers (>~100 nm/s), confirmatory of a leaky monolayer. 

Similar values were described in literature proposing the lack of functional tight junctions in 

these cells. These cells should rather be used when studying, for instance, drug metabolism 

(such as cytochrome P450 enzymes) in the human lung or for toxicity assessments [25, 93, 

99, 104, 275]. 

In contrast, highest TEER values (> 1000 Ω*cm²) were observed in our study for two other 

alveolar-derived epithelial cell lines: hAELVi and Arlo. In literature, even higher TEER values 

at ALI were measured up to 2000 Ω*cm² for hAELVi and 3000 Ω*cm² for Arlo [105, 107]. 

Interestingly, primary type I-like alveolar epithelial cells (hAEpC) showed a peak in TEER after 

7 days ranging from 500 to ~ 1000 Ω*cm², showing an almost two-fold difference between 

donors. In literature, TEER values for hAEpC > 1500 Ω*cm² were reported, in alignment with 

our data that a peak in TEER was reached around 7 days post-seeding and decreased after 

[107, 109]. 

Due to their incapability to form a tight cell barrier, it is not recommendable to use 16HBE14o- 

at ALI as well as A549 at ALI/LCC when aiming to study drug transporter and permeation 

processes across the human lung epithelium in vitro. When using NCI-H441 in these kind of 

studies, a careful optimisation of the culture medium is recommended to ensure the formation 

of a tight barrier. 

 

3.1.4.3 Characterisation of ABC Transporters Efflux 

It is important to ascertain whether pulmonary ABC transporters are functionally active to 

determine their potential contribution as drivers of pulmonary exposure. Since ABC 

transporters often have overlapping substrate recognition combined with the use of 

non-selective inhibitors, readouts from these studies are not always clear. This is especially 

pronounced for cells that express a variety of drug transporters, where it is challenging to 

mechanistically evaluate the contribution of a single transporter protein only [177, 200, 226]. 

As an example, estrone-3-sulphate was used as substrate in a study by Rotoli et al. to 

investigate MRP1 efflux in the human lung epithelium, however this compound is also a 

well-known substrate of organic anion-transporting polypeptides (OATP) uptake transporters 

[87, 276]. 
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To assess functional activity of efflux transporters, a number of methods are applied - most 

commonly, bidirectional transport studies are conducted using known transporter substrates in 

the absence and presence of a specific transporter inhibitor with cells seeded on porous filter 

inserts. Where, if there is a more than two-fold difference in bidirectional transport in absence 

of inhibitor, this is an indication for the presence of active efflux. In presence of inhibitor, this 

asymmetry should be reduced by at least 50 % to confirm the asymmetry is as a consequence 

of active transport [18]. Another approach commonly used to assess the functional activity of 

ABC transporters, examines the intracellular accumulation of a fluorophore in plated cells in 

the absence and presence of a transporter inhibitor [214]. These two approaches were 

implemented in this study to investigate the functional efflux of MDR1, MRP1 and BCRP. 

 

MDR1 Efflux 

All cells were evaluated for MDR1 functionality including 16HBE14o-, NCI-H441, A549, 

hAELVi, Arlo, NHBE and hAEpC, where MDR1 was not detected at both gene and protein 

level. As expected, no MDR1 efflux was evident in any cells (except Calu-3) as neither the 

intracellular concentration of MDR1 substrate, Rh123, increased in the presence of MDR1 

inhibitor zosuquidar (< 30 %), nor edoxaban permeability in the bidirectional transport study 

(ER < 2).  

Calu-3 showed an almost two-fold increase in Rh123 concentration in presence of zosuquidar, 

aligning with P-gp expression data. Rh123, however, is not a selective substrate for MDR1, 

although widely used as model substrate to understand MDR1 activity in vitro [89, 111, 196]. 

Studies report Rh123 is also a substrate of organic cation transporters (OCTs) such as OCT1 

and OCT2. OCT1 is known to be expressed in the human lung epithelium [177, 197, 277]. The 

MDR1 inhibitor used in this study, zosuquidar, was shown to inhibit OCT-mediated uptake, with 

a reported IC50 of 7.5 ± 3.7 µM for OCT1, using metformin as probe substrate [278]. However, 

inhibitor’s IC50 values are substrate dependant as typically several, even overlapping binding 

sites on the surface of the transporter protein exist [279]. 

When cultured under ALI, an ER of 3.8 for edoxaban was observed in Calu-3 cells, however 

this was not evident when cultured at LCC (ER of 1.3). Protein levels of MDR1 were more than 

four-fold lower once Calu-3 were cultured at LCC compared to ALI. This appears somewhat 

inconsistent with other reports, where one study evaluated the efflux of Rh123 in Calu-3 under 

both ALI and LCC conditions, using Calu-3 cells from the same origin as in this study. The 

authors found similar ER (> 7.5) at both ALI and LCC, indicating no potential changes in 

expression, however, they did not include an assessment of MDR1 expression levels [61]. In 

this study, the reduction in MDR1 expression caused by culture conditions, could explain the 
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lack of asymmetry in edoxaban permeability at Calu-3 when cultured at LCC. Western Blot 

was used to quantify MDR1 expression at protein level, reporting total MDR1 expression levels. 

However, only MDR1 that is expressed at the cell membrane, contributes to efflux. 

A combination of immunolabeling and flow cytometry could be used to measure MDR1 

expression levels at the cell surface [196]. 

 

MRP1 Efflux 

In all tested cells, 5,6-CF showed a significant increase in intracellular accumulation in 

presence of inhibitor MK-571, indicating the presence of active MRP1. This is well aligned with 

literature where 5,6-CF was used as probe substrate to assess MRP1 activity in the human 

lung epithelium [74, 214].  

It has, however, been described that 5,6-CF is not a selective substrate of MRP1 but also of 

other MRPs (such as MRP3) [280, 281]. Nonetheless, MRP1 is described to show the highest 

expression levels across all MRPs in the human lung epithelium, therefore the interaction 

observed with 5,6-CF can be attributed to MRP1 [194]. Recently, a study recommended that 

5,6-CF is not a suitable substrate for studying MRP1 since they observed no difference in 

5,6 -CF efflux when comparing a wild-type NCI-H441 cells to their MRP1-knockout NCI-H441 

clone (that showed no expression of MRP1 at protein level) [215].  

In contrast to the positive results observed in the fluorophore accumulation study for MRP1 

activity, no asymmetry in permeability of our MRP1 substrate doxorubicin was measured in the 

bidirectional efflux study in majority of lung epithelial cells. An UR< 2 was calculated, which 

indicates the absence of efflux at the basolateral side. In terms of apical efflux of doxorubicin,  

an ER of 2.5 was observed in NHBE without being reduced in presence of MRP1 inhibitor 

MK-571, thus questioning the transport of doxorubicin by MRP1 in these cells. Potentially 

another active transport system could be involved. Only for the positive control Caco-2, a 

strong efflux of doxorubicin was shown, being effectively reduced in presence of MK-571. 

A study by Prime-Chapman and colleagues reported that MRP2 shows higher expression 

levels than MRP1 at protein level in Caco-2 and appeared to be expressed on the apical side 

[282]. As doxorubicin was described in literature to interact with MRP2 [283], it might be 

possible that observed efflux of doxorubicin in Caco-2 is mediated by MRP2. The expression 

of MRP2 in lung epithelial cells was reported in literature but showing lower expression levels 

than MRP1, at both gene and protein level, with MRP2 hypothesised to be expressed at the 

apical side and MRP1 on the basolateral side [146, 177, 194, 195].  

To further investigate the expression of MRP2, MRP3, MRP4, MRP5 and MRP6 in lung 

epithelial cells (at flask, ALI and LCC culture), a qPCR was conducted as part of this in vitro 
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study (see Figures A13 & A14 in the supplement). Interestingly, the gene expression of MRPs 

differed across the lung epithelial cells, and certain MRPs showed comparable expression 

levels to MRP1. However, there is still uncertainty regarding the spatial localisation of MRPs 

in in vitro models of the human lung epithelium [177, 248]. An expression of MRPs interacting 

with doxorubicin on both apical and basolateral side of the lung epithelial membrane, could be 

a potential reason why no efflux was observed for doxorubicin. Moreover, literature showed 

that doxorubicin appears to be recognised as well by organic cation transporters (e.g. OCT1) 

[284]. These transporters were described to be expressed in the human lung epithelium [177], 

thus a potential cross-interaction cannot be excluded, which could explain the absence of 

doxorubicin efflux in the lung cells. Literature showed no evidence of MK-571 as an inhibitor of 

OCTs. This emphasises the difficulty of finding a selective transporter substrate for assessing 

the activity of one single transporter protein in cells known to express a variety of different 

efflux and uptake transporters. 

 

BCRP Efflux 

In the fluorophore accumulation assay, using H33342 as substrate for BCRP, a more than 

1.5-fold increase was observed for 16HBE14o-, being slightly below this threshold for 

NCI-H441, A549,  NHBE and hAELVi. Compared to positive Rh123 and 5,6-CF accumulation 

data, the increase was less pronounced (less than two-fold change), which could be attributed 

to the overall lower protein expression levels of BCRP. 

This is consistent with data from bidirectional efflux studies, where a weak efflux of prazosin 

was observed in the control cell line Caco-2 (ER ~> 2) but not in any of the lung cell lines. The 

rather weak BCRP expression in combination with the high cellular permeability of prazosin 

(> 100 nm/s) might render the involvement of active efflux by BCRP less pronounced.  

 

Summary on ABC Transporters’ Functional Activity 

This study reported substantial functional activity of ABC transporters in lung epithelial cells, 

using fluorophores as substrates, being aligned with respective transporter expression profiles. 

However, in bidirectional efflux studies using drug molecules as substrates, no functional 

activity of ABC transporters’ efflux was observed in lung cells, aside from MDR1 efflux in Calu-3 

at ALI. This discrepancy could be influenced by differences in cellular permeability between 

fluorophores and drugs, that were selected as model substrates, as shown in Table 10.  
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Table 10. Overview of predicted AlogP and measured apparent permeability (Papp) of ABC transporter substrates 

used in fluorophore accumulation and bidirectional efflux studies. The AlogP values were calculated with the Biovia 

Pipeline pilot 2019 software (Version 24.1, Dassault Systems, Paris, France) using the method published by Ghose 

and Crippen [285]. Permeability values for fluorophores (*) were retrieved from literature for each one lung cell line 

as reference if available and compared to respective permeability values measured in this cell line for either 

edoxaban or doxorubicin in our study. Permeability values measured in presence of ABC transporter inhibitor in this 

study were compared. a For H33342, no measured Papp across lung epithelial cell was found in literature. The 

reported value was measured in MDCK-II cells overexpressing MDR1 in presence of elacridar, showing an 

asymmetry in permeability (ER = 4.1). Thus, reported Papp might be overestimated. 

Transporter 
Cell 
line 

Drug 
substrate 

AlogP 
Papp 

[nm/s] 
Fluorophore AlogP 

Papp* 
[nm/s] 

Reference 

MDR1 hAELVi Edoxaban 0.844 ~ 40 Rh123 2.83 < 2 [108] 

MRP1 
NCI-
H441 

Doxorubicin -0.444 ~ 9 5,6-CF 3.60 < 2 [74] 

BCRP hAELVi Prazosin 2.11 
~70 - 

90 
H33342 5.16 < 8a [224] 

 

The cellular permeability of fluorophores is significantly lower compared to those of drug 

molecules, whereas in contrast their lipophilicity (AlogP) is increased. It is well known that 

lipophilic compounds (i.e. AlogP >~ 3) with low cellular permeability are more prone to be 

affected by active efflux processes than those showing a high cellular permeability [59]. This 

could explain why a strong functional activity was observed in this study when using 

fluorophore substrates, as their cellular permeation is heavily affected by the presence of active 

efflux transporters. 

 

3.1.5 Conclusion 

This study investigated the expression and functional efflux of three ABC transporters (MDR1, 

MRP1 and BCRP) in cells typically used to study distribution and transport processes across 

the human lung epithelium. 

Data revealed that MRP1 is ubiquitously expressed in all investigated cells, whereas BCRP 

showed a low expression and MDR1 was only found to be expressed in Calu-3. Expression 

data at protein level revealed that ALI vs. LCC culture did not affect ABC transporters 

expression, except for MDR1 in Calu-3.  Due to their lack of forming an electrically tight barrier, 

not all cells in scope of this study are considered appropriate to study drug transport processes 

in vitro. Moreover, it has been shown that expressed pulmonary ABC transporters interact with 

fluorophore substrates but not with drug substrates (apart from MDR1 in Calu-3 at ALI). 

This raises questions about the relevance of ABC transporters as potential drivers of 

pulmonary drug distribution or the suitability of tested cells to adequately capture these 

processes. Besides, the difficulty of finding a substrate that is not recognised by several 

transporter proteins in combination with non-specific inhibitors impedes a clear assessment of 

the contribution of a single transporter protein. 
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3.2 Transport of 20 Marketed Anti-Infectives Across the Human Lung 

Epithelium In Vitro 

 

A peer-reviewed version of this chapter has been published as a research article: 

Simon, S., Westwood, M-A., Shanmugalingam, T., Cantrill, C. and Lehr, C-M. (2026), Transport 

of 20 Marketed Anti-Infectives Across the Human Lung Epithelium In Vitro, International 

Journal of Pharmaceutics, DOI: 10.1016/j.ijpharm.2026.126721 

 

Contributions to this chapter: 

Sina Simon was mainly responsible for the methodological experimental design of the study, 

performed the cell culture, conducted the experiments and run the LC-MS/MS (apart from the 

mentioned plasma protein and sELF binding experiments) and evaluated the data. She wrote 

the manuscript (apart from the mentioned exception in the methodology of the LC-MS/MS) and 

created all the figures.  

Marie-Anne Westwood and Thanusa Shanmugalingam established and validated the 

LC-MS/MS methods and contributed to the writing of the original manuscript (methodology of 

LC-MS/MS analysis). Dr. Carina Cantrill and Prof. Dr. Claus-Michael Lehr supervised the 

project and supported the conceptualisation of the experimental methodology, the data 

evaluation and critically reviewed the final manuscript.  

The experiments to determine the unbound fraction of antibiotics in plasma and sELF were 

conducted and analysed at the CRO Selvita Ltd. in Zagreb (Croatia). 

 

NB: The compound set in this chapter consisted of 18 antibiotics and included in addition the 

anti-malarial drug hydroxychloroquine as well as the antifungal drug voriconazole. For the ease 

of read and consistency across the other chapters of the thesis, they are referred to as 

‘antibiotics’ within the scope of this chapter. 
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3.2.1 Introduction 

The epithelial lining fluid (ELF), which covers the human lung surface is often considered as 

the target compartment for antibiotics to treat bacterial infections, such as Streptococcus 

pneumoniae. In addition, alveolar macrophages, patrolling the alveolar surface, are targets for 

intracellular pathogens like Legionella pneumophila [4, 52, 286]. In both cases, antibiotics 

administered systemically either via the oral or parental route need to cross the human lung 

epithelium to reach their site of action. The rate and extent for antibiotics to appear in the ELF, 

i.e. pulmonary bioavailability depends on a number of pharmacokinetic factors such as their 

epithelial permeability, the presence of active efflux transporters and the unbound fraction in 

plasma and ELF [4, 15]. 

For certain antibiotics (i.e. macrolides, ketolides and fluoroquinolones), clinical studies have 

reported a high drug concentration in the ELF compared to plasma [15]. These drugs have 

been described as substrates of human ATP-binding cassette (ABC) efflux transporters such 

as multidrug resistance protein 1 (MDR1, also known as P-glycoprotein) and breast cancer 

resistance protein (BCRP) [16, 287]. These are transmembrane proteins, extruding their 

substrates out of the cell membranes and are well understood to impact local drug exposure 

in a clinically relevant manner in tissue such as the intestine, brain, liver and kidney [18]. Thus, 

it has been proposed that active ABC transporters expressed in the lung epithelium, could 

contribute to higher ELF exposure. In the addition to the potential contribution of active 

mechanisms, a recent clinical study investigating a novel fluroquinolone, has revealed that 

other factors such as strong binding to constituents of the ELF, can also potentially result in 

higher ELF to plasma concentrations [163]. However, due to the technical challenging process 

of ELF collection by bronchoalveolar lavage, a rigorous quantitative evaluation of drug 

disposition is difficult for clinical studies. This is a consequence of variability from potential lysis 

of collected cells in the ELF, blood contamination of ELF samples, increased dwell time (length 

of time where the saline solution is left within lung) and resulting uncertainties in sampled ELF 

volume (due to the need for using urea or alternative correction techniques) need to be 

considered [15]. This could be a specific concern for molecules of certain physicochemical 

properties like macrolides, since these drug classes are weakly basic and are known to 

accumulate in alveolar macrophages [53, 288, 289]. 

In addition to binding to plasma/ELF components and potential interaction with pulmonary 

efflux transporters, passive permeability is another important parameter to consider, affecting 

the overall transport of antibiotics across the lung epithelium. In drug development, the cellular 

permeability of chemical entities is often measured in cell lines such as the porcine kidney 

epithelial LLC-PK1 cells or the canine kidney epithelial cells MDCK. If focussing on intestinal 

permeability, human Caco-2 cells is typically the in vitro model of choice [58, 290, 291]. 
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The LLC-PK1 cells were described to express low levels of endogenous ABC transporters, 

whereas Caco-2 are well-known to express functional active ABC transporters such as MDR1 

and BCRP [268, 292, 293]. 

In terms of evaluating lung disposition in vitro, the human tracheo-bronchial epithelial cell line 

Calu-3 is widely reported for investigating pulmonary permeability and active transport 

processes including MDR1 mediated efflux [61, 196, 294]. When comparing drug permeability 

measured in Calu-3 and Caco-2, a good correlation was found, using a diverse drug set 

summarised from individual studies. Overall, a trend of lowered permeability measured in 

Calu-3 was observed, which was especially pronounced for antibiotics [20, 61]. As a potential 

limitation, Calu-3 cells are of tumorous origin and derived from the upper airways [295]. 

However, the surface area of the human upper airways (trachea, bronchi and bronchiole) 

comprises only ~ 1 to 2 m2, which is tremendously smaller than that of the human alveolar lung 

epithelium with an estimated surface area of ~ 140 m2. In consequence, the alveolar epithelium 

of the lower airways offers an up to 140-fold larger area for distribution processes, including 

drugs transport in either absorptive or secretory direction [27]. The immortalised hAELVi cell 

line was recently developed to mimic the human alveolar epithelium in vitro [105]. However, 

there has been limited investigation into drug disposition in this cell line, and it is of great 

interest to investigate how permeability and efflux data from these cells compare to further cell 

lines used in pulmonary permeability testing. 

This aim of this study was to investigate pulmonary transport of antibiotics in vitro by selecting 

a test set of 20 marketed molecules. Their bidirectional cellular permeability was measured in 

lung epithelial cells (Calu-3 & hAELVi) and compared to values in cell lines typically used for 

permeability studies in general (Caco-2 & LLC-PK1). In addition to investigate mechanistically, 

the interaction of antibiotics with human MDR1 and BCRP in overexpressing cells, and 

unbound fraction in both human plasma and simulated ELF (sELF) was evaluated. Since 

rodents are the preclinical species for assessing antibiotics disposition and efficacy [296], a 

smaller compound set was tested for its interaction with rodents’ efflux transporters (Mdr1a 

and Bcrp1) and their binding to rodent plasma proteins to evaluate any potential species 

differences. This compound test set consisted of macrolide and fluoroquinolone antibiotics as 

these drug classes showed high ELF to plasma ratios (>> 1) in rodent in vivo studies [288, 

289, 297]. This study contributes to an improved mechanistic understanding of human 

pulmonary drug distribution processes in vitro by revealing lung-regional specific 

characteristics and hinting to potential species differences. 
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3.2.2 Material & Methods 

3.2.2.1 Chemicals 

Antibiotics tested in this study included: amoxicillin, azithromycin dihydrate, cefdinir, cefepime 

dihydrochloride monohydrate, ciprofloxacin, clarithromycin, dapsone, erythromycin, 

hydroxychloroquine sulphate, isoniazid, levofloxacin, linezolid, moxifloxacin hydrochloride, 

rifampicin, tazobactam sodium salt, telithromycin, vancomycin hydrochloride and voriconazole 

that were purchased from Merck KGaA (Darmstadt, Germany). Omadacycline was purchased 

from Cayman Chemicals (Ann Arbor, MI, USA) and lascufloxacin from Toronto Research 

Chemicals (Toronto, Canada). Atenolol, propranolol hydrochloride, zosuquidar hydrochloride, 

MK-571 sodium salt hydrate, Ko143 hydrate and Lucifer Yellow (LY) were purchased from 

Merck KGaA, edoxaban and 2-Amino-1methyl-6-phenyllimidazol[4,5-b]pyridine (PhiP) from 

Toronto Research Chemicals.  

All chemicals were prepared as 10 mM stock in DMSO (Merck KGaA). Only LY was prepared 

as 2 mM stock in distilled water (Thermo Fisher Scientific, Waltham, MA, USA). 

 

3.2.2.2 Plasma Protein Binding 

The unbound fraction in plasma was determined by high throughput equilibrium dialysis 

(HTDialysis, Gales Fery, CT, USA) using separation membranes with a cutoff of 12 to 14 kDa, 

according to manufacturer’s instructions. All plasma was purchased from BioIVT (Westbury, 

NY, USA). 

In brief, plasma was thawed, then centrifuged (2500 x g for 10 min) and pH was adjusted to 

7.4, with either orthophosphoric acid or sodium hydroxide. Test compounds, 10 mM diluted in 

DMSO, were spiked into plasma to achieve a final concentration of 1 µM. The internal control, 

diazepam was cassette-dosed at a concentration of 1 µM, resulting in a final DMSO content of 

1 % (v/v). Spiked plasma was then dialysed against Sørensen buffer (pH 7.4) for 5 h at 37 °C 

while shaking at 300 rpm in an incubator. Compounds were tested in triplicate determinations. 

Final buffer and plasma samples, as well as plasma samples from t = 0 h, were then matrix-

matched with either plasma or blank buffer, followed by quenching with ice-cold acetonitrile 

containing the internal standard. Compounds’ concentration was then quantified via liquid 

chromatography tandem mass spectrometry (LC-MS/MS). The fraction unbound (fu,plasma) was 

calculated according to Equation 4. 

𝑓𝑢,𝑝𝑙𝑎𝑠𝑚𝑎 =  
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑏𝑢𝑓𝑓𝑒𝑟,𝑓𝑖𝑛𝑎𝑙

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑙𝑎𝑠𝑚𝑎,𝑓𝑖𝑛𝑎𝑙
 

Equation 4. Formula to calculate the unbound fraction in plasma (fu,plasma). The concentration measured in buffer in 
buffer after 5 h is divided by the concentration in plasma after 5 h. 
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The data was accepted if the fu of diazepam was between 0.007 to 0.03.  

Fluroquinolone and macrolide antibiotics were tested in addition for their binding to rat (Wistar) 

and mouse (C57BL/6J) plasma under same conditions as described for human plasma 

experiments. The data was accepted if diazepam fu was within 0.067 – 0.171 or 0.085 – 0.179 

for mouse and rat plasma, respectively. 

 

3.2.2.3 Simulated ELF (sELF) Binding Assay 

To investigate the unbound fraction of antibiotics in the human ELF, they were tested in a 

simulated epithelial lining fluid (sELF) binding assay. The unbound fraction was measured by 

using a high throughput equilibrium dialysis device, as described by Keemink and colleagues 

[156]. 

Test compounds (in DMSO) were spiked at a final concentration of 1 µM into sELF and dialysed 

against Sørensen buffer (pH 7.4) for 6 h at 37 °C while shaking at 300 rpm, in an incubator. 

Three control compounds (ranging from 0.05 to 1 unbound fraction in sELF, based on historical 

in-house data) were cassette-dosed, resulting in final total DMSO concentration of 1 % (v/v). 

Test compounds were tested in triplicates. Initial sELF samples (t = 0 h) and final sELF and 

buffer samples were matrix-matched with either blank buffer or sELF. After all samples were 

quenched with acetonitrile/methanol (2:1 v/v) containing the internal standard and then 

quantified via LC-MS/MS. The unbound fraction in sELF was calculated according to 

Equation 5. 

𝑓𝑢,𝑠𝐸𝐿𝐹 =  
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑏𝑢𝑓𝑓𝑒𝑟,𝑓𝑖𝑛𝑎𝑙

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝐸𝐿𝐹,𝑓𝑖𝑛𝑎𝑙
 

Equation 5. Formula to calculate the unbound fraction in sELF (fu,sELF). The concentration measured in buffer in 
buffer after 6 h is divided by the concentration in sELF after 6 h. 

Data was accepted if values for three control compounds were within range (according to 

internal validation data). 

 

3.2.2.4 Cell Culture 

All cells were maintained in Nunc™ EasYFlasks™ (75 cm2, Thermo Fisher Scientific) in 

incubators with constant temperature of 37 °C, 5 % CO2 and under saturated humidity. Cells 

were passaged once a week, using splitting ratios recommended from suppliers and fresh 

medium was supplied three times a week. 
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Calu-3 cells were purchased from ATCC (HTB-55; Manassas, VA, USA) and cultured in Gibco 

DMEM/F12 medium supplemented with 10 % (v/v) fetal bovine serum (FBS), 1 % (v/v) 

non-essential amino acids and 2 mM L-Glutamine (Thermo Fisher Scientific).  

hAELVi cells (CI-hAELVi, INS-CI-105), purchased from InSCREENeX GmbH (Braunschweig, 

Germany) were cultured in huAEC basal medium, a low serum medium optimised for culturing 

immortalised human alveolar epithelial cells with the supplement mix to derive the complete 

medium (InSCREENeX).  

Caco-2 were purchased from ATCC (HTB-37) and cultured in Gibco MEM medium (Thermo 

Fisher Scientific), supplemented with 10 % (v/v) FBS and 1 mM sodium pyruvate (Thermo 

Fisher Scientific).  

Lilly Laboratories porcine kidney-1 wild type epithelial cells (LLC-PK1 WT) were purchased 

from ATCC (CL-101) and the transfected LLC-PK1 cells with human MDR1 (L-MDR1) or 

mouse Mdr1a (L-Mdr1a) were received from Dr. Alfred Schinkel’s group from ‘The Netherlands 

Cancer Institute’ (Amsterdam, Netherlands) and used under licence agreement. Cells were 

cultured in Medium 199 (M-199; Bioconcept Ltd., Allschwil, Switzerland), which was 

supplemented with 10 % (v/v) FBS and 150 ng/mL colchicine (serving as selective agent for 

MDR1 expression, SERVA Electrophoresis GmbH, Heidelberg, Germany). 

Madin-Darby canine kidney cells (MDCK-II), transfected with either human BCRP (M-BCRP) 

or mouse Bcrp1 (M-Bcrp1) were received from the Netherlands Cancer Institute and used 

under licence agreement. Gibco DMEM (Thermo Fisher Scientific) supplemented with 10 % 

(v/v) FBS was used as a growth medium.  

 

3.2.2.5 Cell Seeding 

For bidirectional experiments, cells were seeded onto porous filter membrane inserts with a 

surface area of 0.11 cm2 and a pore size of 0.4 µm. Calu-3 and hAELVi were seeded onto 

polyethylene terephthalate membranes (7369, Corning, Corning, NY, USA), whereas 

polycarbonate insert membranes (PSHT004R1, Merck KGaA) were used for Caco-2, LLC-PK1 

WT, L-MDR1, L-Mdr1a, M-BCRP and M-Bcrp1. Table 11 summarises the seeding densities 

and cultivation times.  
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Table 11. Overview of the seeding density and the culturing time for cells maintained on membrane insert plates. 

Cell line 
Seeding density 

[x 105 cells/cm2] 

Cultivation time on inserts 

[days] 

Calu-3 3.0 21 

hAELVi 1.0 14 

Caco-2 2.0 21 

LLC-PK1 WT 2.5 4 

L-Mdr1 2.5 4 

L-Mdr1a 2.5 4 

M-BCRP 6.0 3 

M-Bcrp1 6.0 3 

 

Before seeding hAELVi cells onto inserts, the inserts were pre-coated with huAEC-coating 

solution according to manufacturer’s instructions (InSCREENeX). Calu-3 and hAELVi were 

cultured under air-liquid interface (ALI) by removing the medium on the apical side of the insert 

upon cell reached confluence (after ~ 3 d), for other cell lines, medium was kept on both sides 

of the inserts for the whole culture time (i.e. liquid-covered culture, LCC). 

 

3.2.2.6 Bidirectional Permeability Studies in Calu-3, hAELVi, Caco-2 and LLC-PK1 WT 

Cells 

To investigate the apparent permeability (Papp) and efflux of antibiotics in lung epithelial cell 

lines and reference cell lines, the bidirectional permeability was evaluated in absence and 

presence of an ABC transporter inhibitor cocktail mix. This cocktail inhibitor included 

Zosuquidar (1 µM), MK-571 (10 µM) and Ko143 (1 µM) to effectively inhibit MDR1-, MRP1- 

and BCRP-mediated efflux, respectively. 

Molecules were tested at 10 µM except for ciprofloxacin, erythromycin and azithromycin 

(25 µM) and cefepime, cefdinir, amoxicillin, tazobactam and vancomycin (50 µM). The 

incubation concentration of these antibiotics was increased for analytical purposes. LY was 

included as paracellular marker to indicate cell layer integrity [78]. Moreover, atenolol (25 µM) 

and propranolol (1 µM) were included in each experiment serving as low or high permeability 

marker, respectively. Edoxaban (1 µM) was included as another high permeability marker and 

served in addition as substrate for MDR1 mediated efflux [258]. 

Test compounds were diluted in medium 199 without phenol red at pH 7.4 (M-199; Bioconcept, 

Allschwil, Switzerland) containing 0.1 % (w/v) of bovine serum albumin (BSA), 10 µM LY and 

inhibitor cocktail mix or equivalent amount of DMSO. For the acceptor medium, 0.1 % (w/v) 

BSA, inhibitor cocktail or respective amount of DMSO was added to M-199. Final DMSO 

content was 0.5 % (v/v) in all conditions. Dose solutions were added either to apical side 
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(donor) and their permeability to basolateral side (acceptor) was measured (Papp AB) or in the 

opposite direction (Papp BA). In addition, the permeability of compounds in presence of inhibitor 

cocktail was measured (Papp,inh AB and Papp,inh BA). For each insert, 100 µL were added to the 

apical side and 240 µL to the basolateral side. The plates were then incubated at 37 °C while 

shaking at 200 rpm. After 3 h, samples were taken from acceptor and donor compartments. 

For analysis, donor samples and samples taken from initial dose solution (C0) were diluted 1:5 

in assay medium. Then, a three-fold volume of ice-cold acetonitrile containing the internal 

standards was added to each sample and samples were centrifuged at 6300 rpm for 10 min 

at 4 °C.  After centrifugation, each 50 µL of supernatant was transferred to a 384-well plate 

and diluted 1:1 (v/v) with distilled water. The compound concentration was quantified via 

LC-MS/MS. Separate samples from acceptors were taken and their fluorescence at 425/525 

nm was measured to quantify LY concentration. The Papp was then calculated according to 

Equation 6. 

𝑃𝑎𝑝𝑝 =  
𝛥𝑄

𝛥𝑡 
∗  

1

𝐴 ∗ 𝐶0
 

Equation 6. Formula to calculate the apparent permeability Papp (nm/s), where ΔQ/Δt describes the amount of 
compound (nmol, concentration corrected for the volume in receiver) that permeates the cell monolayer in a defined 
time (i.e. 10 800 s). A is the filter surface area (0.11 cm2) and C0 the initial incubation concentration (µM). 

 

If the Papp of LY exceeded the value of 25 nm/s, wells were excluded as this indicated 

monolayer leakiness [78]. Based on their measured permeability, compounds were classified 

as low permeable (< 25 nm/s), moderately permeable (25 – 100 nm/s) or highly permeable 

(> 100 nm/s). 

To investigate whether antibiotics are substrates of active efflux mediated by ABC transporters, 

their efflux ratio (ER) was calculated according to Equation 7.  

𝐸𝑅 =  
𝑃𝑎𝑝𝑝 𝐵𝐴

𝑃𝑎𝑝𝑝 𝐴𝐵
 

Equation 7. Formula to calculate the efflux ratio (ER). The permeability from the basolateral to apical side (Papp BA) 
is divided by the permeability from the apical to basolateral side (Papp AB). 

 

An ER ≥ 2 indicates the presence of active efflux at the apical side of the cell membrane. To 

confirm ABC transporters’ efflux, the ER must decrease by ≥ 50 % in presence of inhibitor (ERi) 

[18]. An ER ~ 1 typically indicates the absence of active transport processes. 
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Moreover, the mass balance recovery was calculated according to Equation 8.  

% 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  
(𝐶𝐴𝑐𝑐 ∗  𝑉𝐴𝑐𝑐) +  (𝐶𝐷𝑜𝑛 ∗ 𝑉𝐷𝑜𝑛) 

(𝐶0 ∗ 𝑉0)
∗ 100  

Equation 8. Formula to calculate the mass balance recovery. Where CAcc is the concentration [μM] of the test 
compound in the acceptor compartment, CDon the concentration [μM] in the donor compartment and C0 the initial 
concentration [μM] in the dose solution in the donor compartment. The VAcc and VDon represent the volumes [mL] of 
acceptor and donor, respectively.  

 

Due to their partially low recovery (< 50 %) in lung epithelial cells, potentially due to lysosomal 

trapping [241], hydroxychloroquine and propranolol were co-incubated in presence of 

Bafilomycin A1, an ionophore, to reduce potential lysosomal sequestration (1 µM, Merck 

KGaA) under same conditions as described in this section. 

 

3.2.2.7 Bidirectional Studies Assessing MDR1 and BCRP Efflux  

To assess, whether antibiotics are substrates of human efflux transporters MDR1 and BCRP, 

bidirectional efflux studies using cells that were transfected to overexpress either MDR1 

(L-MDR1) or BCRP (M-BCRP) were tested. 

Experiments were conducted as described in section 3.2.2.6 with minor modifications. 

To assess MDR1 efflux, antibiotics were tested in absence and presence of MDR1 inhibitor 

zosuquidar (1 µM). Edoxaban, a MDR1 substrate, (1 µM) was included as a positive control. 

For investigating BCRP mediated-efflux, antibiotics bidirectional permeability was tested in 

absence and presence of BCRP inhibitor Ko143 (1 µM) with PhiP, a BCRP substrate, (1 µM) 

used as positive control. 

To confirm functional activity, the ER of positive control substrates (Edoxaban or PhiP) needed 

to exceed 10 and be reduced in presence of respective inhibitor and resulting in an ERi < 2. 

The Papp and ER of antibiotics was calculated according to Equations 6 & 7. The data was only 

accepted if the Papp of LY < 25 nm/s.  

Macrolide and fluoroquinolone antibiotics were in addition tested for their interaction with 

rodent Mdr1a and Bcrp1 in respective overexpressing cell lines (L-Mdr1a or M-Bcrp1) under 

same conditions as described for human MDR1 and BCRP substrate assessment. 
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3.2.2.8 Quantitative Analysis via LC-MS/MS 

Sample analysis was conducted using liquid chromatography-tandem mass spectrometry 

(LC-MS/MS). The LC system included a CBM-20A controller, a DGU-20A5R degasser, two 

Shimadzu Nexera LC-30AD pumps (Shimadzu, Kyoto, Japan) connected to an HTS CTC PAL 

autosampler (CTC Analytics, Zwingen, Switzerland). For temperature control of the columns 

(column 1: Ascentis Express C18, 20 × 2.1 mm, 2.7 µm, Supelco, Bellefonte, PA, USA and 

column 2: Atlantis T3 C18, 2.1 x 30 mm, 3.0 µm, Waters, Milford, MA, USA) a column oven 

(HotDog 5090, Prolab Instruments, Dornach, Switzerland) was used. This setup was coupled 

to a Triple Quadrupole 6500 mass spectrometer equipped with an IonDrive Turbo V source 

(AB Sciex, Concord, ON, Canada). The mass spectrometer was used in the multiple reaction 

monitoring mode. Positive or negative ionization modes were applied for the analysis of all 

compounds. Analytical readouts were based on the peak area ratio between the analyte and 

the internal standard (oxazepam for positive mode and Roche internal compound for negative 

mode). Further details of the applied transition parameters for each test compound can be 

found in the supplemental Table B1. Supernatants of the precipitated samples were dilated 

two-fold with water and injected into the LC-MS/MS system using injection volumes of 1.0 µL 

or 2.0 µL. Compound elution was achieved using the following mobile phases: A1 (0.5% formic 

acid in water) or A2 (Ammonium Formate 10mM in water), and B1 (0.5% formic acid in 

acetonitrile) or B2 (acetonitrile). A high-pressure linear gradient from 0% to 95% B was applied 

at a flow rate of 600 µl/min with a total runtime of 1.4 minutes. 

Data analysis was conducted with the Analyst 1.7.2 software (AB Sciex, Concord, ON, 

Canada) using initial samples as reference with a linear through zero regression model. 

Reference samples with accuracy above 20% bias were excluded. 

 

3.2.2.9 Determination of Physico-Chemical Properties 

The octanol/water distribution coefficient (AlogP) values were calculated using Biovia Pipeline 

pilot 2019 (Version 24.1, Dassault Systems, Paris, France) according to the Ghose and 

Crippen method [285]. The molecular weight (MW) was also calculated using the Biovia 

software. The octanol/water distribution coefficient values at pH 7.4 (ML_logD) were predicted 

by using an inhouse developed Roche machine learning (ML) property model based on 

historical data [298]. The acid dissociation constants (pKa) were calculated with an in silico pKa 

model from Simulations Plus Inc. (Lancaster, CA, USA) [299]. Based on the pKa values, the 

ionization category at pH 7.4 was derived. 
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3.2.2.10 Data Analysis 

Unless stated otherwise, three independent experiments with each three technical replicates 

were performed. Data is presented as mean ± standard deviation (SD). GraphPad Prism 

software was used to visualise data (Version 10.4.1, GraphPad Software, La Jolla, CA, USA). 

The coefficient of determination (r2) was calculated using a simple linear expression taking the 

data variability (i.e. SD) into account. Differences between two groups were analysed with an 

unpaired two-tailed t test. The difference was considered significant if p ≤ 0.05.  

 

3.2.3 Results 

3.2.3.1 Compound Selection 

The compound set comprised of 20 marketed antibiotics from different antibiotic classes and 

diverse in physicochemical properties, shown in Table 12. A summary of antibiotics’ pKa values 

can be found in the supplemental material (Table B2). 
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Table 12. Overview of test compounds’ physicochemical properties. The information on drug classes was taken from [4, 15, 235, 258, 300, 301].  

 Antibiotic class Compound 
Molecular 

weight [Da] 
AlogP 

ML_logD 
(pH 7.4) 

Ionisation 
category 
(pH 7.4) 

A 
N 
T 
I 
B 
I 
O 
T 
I 
C 
S 

fluoroquinolone 

Ciprofloxacin 331 -1.27 -0.35 zwitter 

Lascufloxacin 439 -0.40 0.37 zwitter 

Levofloxacin 361 -1.37 -0.16 zwitter 

Moxifloxacin 401 -0.70 0.01 zwitter 

macrolide 

Azithromycin 749 2.08 0.62 basic 

Clarithromycin 748 2.20 1.76 basic 

Erythromycin 734 1.79 1.23 basic 

Telithromycin 812 4.17 1.91 zwitter 

penicillin Amoxicillin 365 -0.70 -0.59 zwitter 

cephalosporin 
Cefdinir 395 -0.17 -0.82 acidic 

Cefepime 481 -2.98 -0.48 zwitter 

β-lactamase inhibitor Tazobactam 300 -1.19 -0.64 acidic 

sulphonamide Dapsone 248 1.44 1.09 neutral 

oxazolidinone Linezolid 337 0.9 0.65 neutral 

tetracycline Omadacycline 557 1.10 0.16 zwitter 

glycopeptide Vancomycin 1449 -3.15 0.31 zwitter 

anti-tuberculosis 
Isoniazid 137 -0.81 -0.02 neutral 

Rifampicin 823 3.26 1.64 zwitter 

antimalarial Hydroxychloroquine 336 3.46 0.82 basic 

antifungal Voriconazole 349 2.07 1.76 neutral 

Low Papp 
marker 

β-blocker 

Atenolol 266 0.70 -0.7 basic 

High Papp 
marker 

Propranolol 259 2.54 1.35 basic 

MDR1 
Substrate 

control 

Factor 
Xa inhibitor 

Edoxaban 548 0.84 1.91 Basic 
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3.2.3.2 Plasma Protein and sELF Binding Assessment of Antibiotics 

The free drug hypothesis states that only the unbound drug fraction can cross biological 

barriers [302]. Therefore, the free fraction of antibiotics was measured in human plasma and 

sELF using the high throughput equilibrium dialysis. The unbound fraction of antibiotics in 

human plasma was then compared to their unbound fraction in a human sELF as shown in 

Figure 20. Measured values can be found in the supplemental Table B3. 

 

Figure 20. Comparison of unbound fraction of antibiotics in human sELF (fu,sELF) vs. human plasma (fu,plasma). The 
line represents the line of unity. Values are shown as mean ± SD with n =3 from three independent experiments 
except for three compounds (Cefdinir, Isoniazid and Tazobactam), where fu,plasma was extracted from literature (see 
Supporting Table B3). The r2 value was calculated by a simple linear regression with r2 = 0.784. 

The antibiotics showed a similar unbound fraction in both plasma and sELF, with a trend of a 

slightly higher binding to plasma proteins (fu,plasma ranging from 0.161 – 1.15) than constituents 

of the sELF (fu,sELF ranging from 0.190 – 1.16).  

The impact of physicochemical parameters such as AlogP, logD and ionisation on the fraction 

unbound of antibiotics in human plasma and sELF were investigated and are shown in 

supplemental Figures B1 and B2. The results indicated an inverse relationship between the 

fraction unbound in plasma and sELF and the lipophilicity of antibiotics. 

To investigate potential species differences (between human and rodents) in terms of protein 

binding, a smaller set of antibiotics (macrolides, ketolide and fluroquinolones) were tested for 

their unbound fraction in mouse and rat plasma. Overall, a similar fraction unbound was found 

across the species, with the exception of telithromycin, which showed an up to 4.5-fold lower 

fraction in mouse plasma (see supplemental Figure B3 and Table B4). 
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3.2.3.3 Apparent Permeability of Antibiotics in Lung Epithelial Cells versus Reference 

cell lines 

As it was the aim to further investigate the permeation of antibiotics across the human lung 

epithelium from a systemic exposure, the focus was on comparing measured permeability 

coefficients from basolateral to apical side (i.e. Papp BA and Papp,inh BA). The Papp BA represents 

the permeability in presence of active efflux processes, whereas Papp,inh BA in absence of active 

ABC transporters’ efflux, therefore the passive permeability. In bidirectional transport studies, 

the basolateral side represented the blood-vessel facing membrane and the apical side the 

ELF facing side. The individual permeability values are detailed in supporting Tables B5 – B8. 

In a first step, the measured basolateral to apical permeability values of antibiotics in the two 

reference cell lines were compared (LLC PK1 WT vs Caco-2) in absence and presence of ABC 

transporter inhibitor cocktail, as shown in Figure 21. 

 

Figure 21. Comparison of basolateral to apical permeability of antibiotics and permeability markers in absence (Papp 

BA) (A) or presence of ABC transporter inhibitor cocktail (Papp,inh BA) (B) in Caco-2 vs. LLC-PK1 WT cells. 

Compounds were colour-coded in violet if low permeable in both cell lines (< 25 nm/s), in blue if moderately 

permeable in both cell lines (25 -100 nm/s) or in green if high permeable in both cell lines (> 100 nm/s). The straight 

line represents the line of unity. Values are shown as mean ± SD, N = 3 with n = 3. The r2 values were calculated 

by a simple linear regression with r2 = 0.766 (A) and r2 = 0.868 (B). w/o stands for without. 

Overall, a good correlation in Papp BA and Papp,inh BA categorisation of antibiotics was observed 

when comparing values in the LLC-PK1 WT and Caco-2 cells. Two antibiotics showed a slightly 

lower permeability in Caco-2 than LLC-PK1 WT: levofloxacin and hydroxychloroquine, thus 

being classified as moderately or high permeable, respectively. Rifampicin shows a more than 

two-fold increase in permeability in Caco-2 compared to LLC PK1 WT. This is most likely due 

to active transport mediated by other proteins than ABC transporter (as ER & ERi > 5 in 

Caco-2), which appear to be absent in LLC PK1 WT (ER & ERi < 2).  

Azithromycin, ciprofloxacin and erythromycin showed an around two-fold higher Papp BA in 

Caco-2, likely due to their interaction with ABC transporters active in Caco-2 cells as this 

discrepancy disappeared in presence of ABC inhibitors (Papp,inh BA). 
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Figure 22. Comparison of basolateral to apical permeability of antibiotics and permeability markers in absence (Papp 

BA) (A) or presence of ABC transporter inhibitor cocktail (Papp,inh BA) (B) in hAELVi vs. Calu-3 cells. Compounds 

were colour-coded in violet if low permeable in both cell lines (< 25 nm/s), in blue if moderately permeable in both 

cell lines (25 -100 nm/s) or in green if high permeable in both cell lines (> 100 nm/s). The straight line represents 

the line of unity. Values are shown as mean ± SD, N = 3 with n = 3. The r2 values were calculated by a simple linear 

regression with r2 = 0.571 (A) and r2 = 0.753 (B). w/o stands for without. 

In Figure 22, the Papp BA and Papp,inh BA of antibiotics was compared in hAELVi vs. Calu-3 cells. 

The majority of compounds are classified within the same permeability category, whereas 

isoniazid showed an increased Papp BA in hAELVi but at the same time a large standard 

deviation (Papp BA of 143 ± 134 nm/s in hAELVi vs. 89.3 ± 21.0 nm/s in Calu-3). The latter may 

reflect some peculiar analytical difficulties of this compound, which were already encountered 

in the protein and sELF binding experiments. In comparison to LLC-PK1 WT and Caco-2, only 

few antibiotics are classified as highly permeable (> 100 nm/s, green quadrant) in lung 

epithelial cell lines. 

Azithromycin, erythromycin and edoxaban showed a more than two-fold higher Papp BA in 

Calu-3 than in hAELVi (30.0 nm/s vs. 12 nm/s for azithromycin; 42.0 nm/s vs. 17.3 nm/s for 

erythromycin and 102 nm/s vs. 47.7 nm/s for edoxaban). This disconnect disappeared in 

presence of ABC transporter inhibitor cocktail (Papp,inh BA), thus hinting to the presence of active 

efflux mediated by ABC transporters in Calu-3 that is absent in hAELVi. 
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Figure 23. Comparison of basolateral to apical permeability of antibiotics and permeability markers in absence (Papp 

BA) or presence of ABC transporter inhibitor cocktail (Papp,inh BA) in Calu-3 vs. Caco-2 (A & B) or in hAELVi vs. 

Caco-2 (C & D). Compounds were colour-coded in violet if low permeable in both cell lines (< 25 nm/s), in blue if 

moderately permeable in both cell lines (25 -100 nm/s) or in green if high permeable in both cell lines (> 100 nm/s). 

The straight line represents the line of unity. Values are shown as mean ± SD, N = 3 with n = 3. The r2 values were 

calculated by a simple linear regression with r2 = 0.674 (A) , r2 = 0.728 (B), r2 = 0.399 (C) and r2 = 0.743 (D). w/o 

stands for without. 

In Figure 23, the basolateral to apical permeability of antibiotics was compared in lung epithelial 

cells to Caco-2. As an overall trend, both Papp BA and Papp,inh BA were decreased in Calu-3 and 

hAELVi in comparison to values measured in Caco-2, especially pronounced for antibiotics 

being classified as moderate to high permeable in Caco-2. In contrast, this disconnect was 

less evident for low permeable compounds. A similar observation was made when comparing 

Papp BA and Papp,inh BA measured in LLC-PK1 WT to those in Calu-3 and hAELVi (see 

supplemental Figure B4). 
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3.2.3.4 Co-incubation of Hydroxychloroquine and Propranolol with Bafilomycin A1, a 

Disruptor of Lysosomal Acidification, in Lung Epithelial Cells 

Due to their extremely low permeability in lung epithelial cells in part due to a poor mass 

balance recovery < 50 % and being basic and lipophilic, hydroxychloroquine and propranolol 

appeared to be affected by lysosomal trapping [241]. Therefore, their permeability was 

measured in presence of Bafilomycin A1 , a known ionophore, which disrupts the lysosomal 

pH gradient, thus abolishing lysosomal trapping processes [303]. 

 

Figure 24. Apparent Permeability (Papp) of propranolol (A) and hydroxychloroquine (B) in lung epithelial cells Calu-3 

and hAELVi and absence and presence of lysosomal trapping inhibitor Bafilomycin A1 (1 µM). Both permeability 

from apical to basolateral (PappAB) and permeability from basolateral to apical side (PappBA) are shown. Data is 

shown as mean ± SD, N = 3 with n = 3. Differences between two groups were analysed by un-paired t-test.  ***p ≤ 

0.001, ****p ≤ 0.0001 

As demonstrated in Figure 24, the permeability of both hydroxychloroquine and propranolol 

significantly increased in presence of Bafilomycin A1, indicating the presence of lysosomal 

trapping processes in lung epithelial cells. The permeability of paracellular marker LY was 

similar in Calu-3 and hAELVi in both absence and presence of Bafilomycin A1, confirming the 

presence of an intact cell monolayer in both conditions (data shown in supplemental Figure 

B5). Moreover, the measured mass balance recovery of hydroxychloroquine and propranolol 

was within the acceptance range (with values ranging from 70 to 100 %) when co-incubating 

Bafilomycin A1 in Calu-3 and hAELVi. 

 

3.2.3.5 Active Efflux of Antibiotics by ABC Transporters 

To investigate whether antibiotics are transported by ABC efflux transporters, their ER was 

evaluated and compared in the lung epithelial cell lines (Calu-3 and hAELVi) vs. the reference 

cell lines (LLC-PK1 WT and Caco-2), as shown in Figure 25. All plotted ER values and the ERi 

(in presence of ABC transporter inhibitor cocktail) are detailed in supporting Tables B5 – B8. 
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Figure 25. Efflux ratio (ER) of antibiotics and permeability markers in LLC-PK1 WT, Caco-2, Calu-3 and hAELVi 
cells. The dashed line indicates the ER threshold value of 2 over which it indicates active efflux (ER > 2). If both 
permeability coefficients used to calculate the ER were ≤ 5 nm/s (i.e. Papp AB and PappBA), columns were striped to 
indicate uncertainty in ER due to extremely low permeability. If columns are marked with an asterisk (*), the ER was 
not changed in presence of ABC transporter inhibitor cocktail. Data is shown as mean ± SD, N = 3 with n = 3. 
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An ER ≥ 2 typically indicates the presence of active efflux. This was observed predominantly 

in Calu-3 and Caco-2 cells, where macrolide antibiotics (erythromycin, clarithromycin, 

azithromycin and telithromycin) showed high efflux ratio (ER 6.5 – 27.2). This efflux was also 

reduced by more than 50 % in presence of ABC transporter inhibitor mix. In terms of 

fluroquinolones, only ciprofloxacin showed efflux in Caco-2 (ER  4.5), whereas others did not 

show any efflux in both Calu-3 and Caco-2 (ER < 2). The high permeability marker edoxaban, 

that is a known substrate for MDR1, showed active efflux in both Calu-3 and Caco-2 (ER > 4.5), 

confirming the presence of active MDR1 in these cells with being absent in hAELVi and 

LLC-PK1 WT. 

An ER ranging from 1.70 to 5.63 in Calu-3 and hAELVi was observed for amoxicillin, 

tazobactam, cefdinir, cefepime and vancomycin. However, the permeability measured for 

these compounds was extremely low (< 5 nm/s), indicating high uncertainty in reported ER 

due to being within a very low dynamic range. However, ER was largely not impacted by 

presence of ABC transporter inhibitor mix, indicating the ER was likely a consequence of low 

dynamic range.  

Overall active efflux mediated by ABC transporters appeared to be present in Calu-3 but absent 

in hAELVi. 

Few antibiotics (azithromycin, erythromycin, ciprofloxacin and levofloxacin) showed weak 

efflux in LLC-PK1 WT cells (ER 2.0 - 4.0) but being not reduced in the presence of ABC 

transporter inhibitor mix (except erythromycin).  
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3.2.3.6 MDR1/Mdr1a and BCRP/Bcrp1 Substrate Assessment  

Investigating the Interaction of Antibiotics with Human MDR1 and BCRP in vitro 

To investigate whether antibiotics are substrates of human active efflux transporter proteins 

MDR1 or BCRP, bidirectional efflux studies using ABC transporter overexpressing cell lines 

were evaluated (Figure 26).  

 

 

Figure 26. Efflux ratio (ER) of antibiotics and permeability markers in human MDR1 (A) and BCRP (B) 
overexpressing LLC-PK1 (MDR1) or MDCK-II (BCRP) cells. The dashed line indicates the threshold value of 2, 
over which it indicates the presence of active efflux by either MDR1 or BCRP. If ER > 2, the column is highlighted 
in orange. If efflux did not reduce in presence of inhibitor, the columns are marked in orange with black squares. 
Data is shown as mean ± SD if n =3, otherwise only mean is shown. A: Edoxaban (1 µM) served as positive control. 
B: PhiP (1 µM) served as positive control. 
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All macrolide antibiotics show an ER greater than 2 in L-MDR1 cells, confirming their 

interaction with human MDR1, whereas the fluroquinolone antibiotics showed less than 2. In 

addition, omadacycline, rifampicin and hydroxychloroquine were actively transported by MDR1 

as well as the low permeability marker atenolol (ER > 2). For all these compounds, the efflux 

was abolished in presence of MDR1-inhibitor zosuquidar (data not shown), confirming efflux 

mediated by MDR1. 

Only one antibiotic (linezolid) showed an ER exceeding the threshold of 2 in M-BCRP cells 

(ER = 3.1) and was sensitive to presence of BCRP inhibitor (ER reduced to 0.80), thus being 

classified as substrate of human BCRP. All other antibiotics that had an ER > 2 (erythromycin, 

azithromycin, telithromycin and rifampicin) in M-BCRP, showed the same degree of efflux in 

presence of BCRP inhibitor Ko143 (data not shown). Therefore, their active efflux does not 

seem to be mediated by BCRP. 
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Investigating the Interaction of Macrolide and Fluoroquinolone Antibiotics with Mouse 

Mdr1a and Bcrp1 in vitro 

A smaller compound test set consisting of fluoroquinolone and macrolides antibiotics and the 

permeability markers atenolol and propranolol was tested for their active efflux in mouse Mdr1a 

or Bcrp1 overexpressing cells (Figure 27).  

 

 

 

Figure 27. Efflux ratio (ER) of macrolides, fluoroquinolones and permeability markers in mouse Mdr1a (A) and 
Bcrp1 (B) overexpressing LLC-PK1 (Mdr1a) or MDCK-II (Bcrp1) cells. The dashed line indicates the threshold value 
of 2, over which it indicates the presence of active efflux by either Mdr1a or Bcrp1. If ER > 2, the column is 
highlighted in orange. If efflux did not reduce in presence of inhibitor, the columns are marked in orange with black 
squares. Data is shown as mean ± SD if n =3, otherwise only mean is shown. A: Edoxaban (1 µM) served as positive 
control. B: PhiP (1 µM) served as positive control. 
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All macrolide and fluoroquinolone antibiotics showed efflux in mouse Mdr1a overexpressing 

cells (ER > 2), whereas efflux was more pronounced for macrolides (ER 52.6 – 82.0) than for 

fluoroquinolones (ER 4.78 – 8.36). Also, the low permeability marker atenolol appeared to be 

recognised by Mdr1a (ER of 24.3). Overall, 4.6 to 18.8-fold higher ER values were measured 

in mouse Mdr1a cells compared to human MDR1 for macrolide antibiotics. 

In terms of mouse Bcrp1, ciprofloxacin, levofloxacin and lascufloxacin showed an ER > 5, 

whereas erythromycin showed an ER of 2.58. For azithromycin, the efflux was still present with 

Ko143 (ER = 2.64 and ERi = 2.65), thus questioning the transport of azithromycin by Bcrp1. 
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3.2.4 Discussion 

To elicit their therapeutic effect, antibiotics need to permeate across the lung human epithelium 

to reach the ELF or alveolar macrophages [15]. Clinical studies, which have measured 

antibiotics exposure in plasma and ELF have reported that certain classes (i.e. macrolide and 

fluoroquinolones) often have an ELF to plasma ratio > 1, indicating a potentially active 

mechanism at the apical site of the lung epithelium against a concentration gradient, driving a 

higher ELF than plasma exposure [4]. However, other mechanisms such as strong binding to 

constituents of the ELF could also contribute to high ELF to plasma ratios of certain antibiotics 

[163].  

This in vitro study aimed to  shed some more light on the mechanisms how anti-infectives are 

transported across the human lung epithelium, which essentially determines their pulmonary 

bioavailability after systemic exposure by e.g. oral or parenteral administration. A compound 

set of twenty marketed anti-infectives was selected, and their unbound fraction in human 

plasma and in a simulated ELF was compared. Subsequently their permeability was 

investigated in human lung epithelial cells (Calu-3 and hAELVi) and compared to reference cell 

lines (LLC-PK1 WT and Caco-2) to ascertain if physiologically relevant systems would be more 

representative of lung disposition than standard models used for ADME profiling in early 

development. Since active efflux was observed for certain molecules in the test set, their 

interaction with human efflux transporters MDR1 and BCRP was also evaluated. Last, a 

smaller number of anti-infectives was assessed for their interaction with rodent efflux 

transporters Mdr1a and Bcrp1, as well as their binding to rodent plasma proteins to investigate 

potential species differences. 

 

3.2.4.1 Plasma Protein and sELF Binding of Antibiotics  

To estimate the extent of drug distribution, it is of importance to measure the unbound fraction 

in plasma, since only the unbound drug can cross biological barriers. For antibiotics treating a 

pneumonia, the site of action lays within the ELF [156, 302]. Due to the low abundance of 

proteins in ELF compared to plasma, it was often assumed that antibiotics show an unbound 

fraction of 1 in the ELF (i.e. completely unbound) [161]. However, a recent study using a human 

simulated ELF fluid revealed that especially basic antibiotics showed strong binding, with an 

average unbound fraction of 0.17, to ELF constituents via acidic lipids, thus reducing free drug 

concentrations in the ELF [156]. Moreover, for the novel fluoroquinolone lascufloxacin, it was 

proposed that strong binding to the ELF component phosphatidylserine is responsible for its 

high accumulation in human ELF compared to plasma, since the contribution of pulmonary 

active efflux transporter is negligible [163]. Lascufloxacin showed an ELF to free plasma ratio 

ranging from 57.5 to 86.4 [235]. 
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Therefore in this study, the unbound fraction of antibiotics in sELF as described previously 

[156] and compared it to their unbound fraction in plasma. For the test set, we observed a 

moderate correlation in unbound fractions in both matrices with an r2 of 0.784, and a trend of 

higher unbound fractions in sELF than plasma was observed. A similar moderate correlation 

between fu,plasma and fu,sELF was reported in a study by Keemink et al., however showing strong 

differences in binding for basic compounds [156]. If taking the ionisation at pH 7.4 into account, 

the average unbound fraction of basic antibiotics was lowest in both sELF and plasma 

compared to acidic, neutral and zwitterions. Nevertheless, the test set in this study was small 

and only 20 % of antibiotics were basic (50 % zwitterions, 20 % acidic and 10 % neutral). 

A potential limitation of sELF is that it consists of the nine main components of human ELF, but 

further ELF constituents like phosphatidylserine might affect drug binding in this matrix, as 

proposed for lascufloxacin [156, 162, 163]. Furthermore, pulmonary surfactant associated 

proteins like SP-A, SP-B, SP-C and SP-D are present in the ELF to which drugs could bind 

and thus potentially reducing the free fraction in ELF [156, 304, 305]. Moreover, the sELF 

assay assesses the binding at the physiological pH of 7.4, which does not represent the pH of 

the lung surface fluid that has been described to be more acidic (~ 6.6) [306]. Therefore, the 

measured unbound fraction in ELF might be mispredicted for compounds, whose ionisation 

state changes significantly at a lower pH.   

Overall, this data supports previous findings that the unbound fraction of antibiotics in ELF is 

< 100 % and should be considered when estimating local free pulmonary drug concentrations 

[30]. 

 

3.2.4.2 Comparing the Permeability of Antibiotics in Human Lung Epithelial Cell Lines 

and Reference Cell Lines 

The epithelial permeability of molecules can vary across cell models if accounting for 

differences in efflux transporter expression or differences in tight junction expression 

(i.e. monolayer integrity) [307]. When comparing the basolateral to apical (‘secretory’ or plasma 

to ELF) permeability of antibiotics in human lung epithelial cells Calu-3 and hAELVi to Caco-2 

and LLC-PK1 WT, a clear trend of lower permeability derived in the lung cells was observed.  

This was especially pronounced for antibiotics being classified as highly permeable in the 

reference cell lines LLC-PK1 WT and Caco-2 (Papp BA > 100 nm/s), where an average two- to 

three-fold higher permeability was measured.  

A study by Sibinovska and colleagues measured the permeability of a panel of low, moderate, 

and high permeable drugs in Calu-3 cells under ALI conditions and compared these to literature 

data from Caco-2. The study showed a good correlation across models, irrespective of the 

tissue-of-origine including for highly permeable compounds (r2 = 0.93). One caveat of the study 



97 
 

of Sibinovska with regards to a direct comparison of this study is that only one antibiotic was 

included in the test set (oxacillin), which was found to have an extremely low permeability in 

both cell lines (< 2 nm/s) [61]. A further study by Selo et al. conducted a literature analysis on 

Papp AB values for forty-eight drugs comparing Calu-3 and Caco-2. Depending on the 

incorporated data (i.e. if several studies were available for one compound in one cell line) a 

weak correlation (r2 = 0.51) to moderate correlation was found (r2 = 0.79) for the data set. 

However, a similar rank order of the compounds regarding their permeability in both cell lines 

was seen. In this comparison study, nine antibiotics were included (aztreonam, ciprofloxacin 

levofloxacin, norfloxacin, oxacillin, pefloxacin, sulphamethoxazole, sulphapyridine and 

tobramycin), where most showed a tremendously lower permeability in Calu-3, compared to 

Caco-2 ranging from 1.7- to 35-fold with the exception of sulfamethoxazole which had a 

comparable Papp AB between the two cell lines. Overall, a trend of lower permeability in Calu-3 

was reported for the majority of the compound set. The authors hypothesised that this may 

arise from the formation of a tighter barrier of pulmonary epithelial Calu-3 cells compared to 

intestinal epithelial Caco-2 cells [20]. This might not explain the disconnect observed in this 

study, since the low permeability marker Atenolol showed no significant differences in Papp BA 

across tested cell lines, thus indicating a similar monolayer tightness (see Supporting Figure 

B6). 

It could be suggested that lung-specific mechanisms might be responsible for the observed 

lower permeability of antibiotics in the Calu-3 and hAELVi in vitro models. One factor described 

to affect compounds’ permeability across the lung epithelium is the presence of mucus, as a 

potential barrier for drug permeation of basic and lipophilic drugs by binding to negatively 

charged mucins [308]. Calu-3 cells have been shown to have enhanced mucus production 

when cultured at ALI compared to LCC [86]. A study by Sibinovska and colleagues assessed 

the permeability of twenty-two drugs in Calu-3 at ALI and LCC and reported similar values 

across both conditions and concluded that the presence of mucus at the ALI condition did not 

have any impact on drug’s permeability [61]. However, it has also been reported that drugs 

with a high lipophilicity (logP > 3) appear to show reduced permeability in Calu-3 at ALI vs. LLI, 

whereas permeability of hydrophilic compounds was similar across both culture conditions 

[309]. Since the compound set in this study consists of rather hydrophilic drugs (see Table 12), 

the interaction with mucus proteins might be less pronounced.  

Another physiological aspect to consider is a potential difference in expression levels of active 

transporters, such as solute carrier (SLC) uptake transporters across cell lines, with which 

antibiotics could interact and thus impact permeability. Particularly, (novel) organic cation 

transporters (OCT and OCTN) and peptide transporters (PEPT) have been shown to be 

expressed in the lung epithelium in a functionally active manner [271, 310]. Literature reported 
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the recognition of fluoroquinolones like ciprofloxacin and levofloxacin by OCTs, whereas beta-

lactams and cephalosporines were described to interact with OCTN and PEPT transporters 

[311-315]. 

The lung is a lysosomally rich organ. The lysosomes are acidic organelles, found in the cytosol 

of every living cell, which have the potential to trap basic drugs in the intracellular compartment, 

termed lysosomal trapping [316]. Lysosomal trapping describes the sequestration of lipophilic 

basic compounds in cellular lysosomes, where they become protonated due to acidic 

lysosomal pH (~ 5), resulting in decreased permeability in vitro [241]. The consequence of 

lysosomal trapping in the lung results in enhanced lung retention of drugs, which has been 

reported for propranolol and β-2 adrenergic bronchodilators, such as formoterol and 

salmeterol, both in vitro and in vivo [317, 318]. Further, lysosomal trapping has been shown to 

be present in human and rat alveolar macrophages [53, 239]. The impact of lysosomal trapping 

on cellular permeability in vitro was investigated by Bednarczyk and colleagues using MDCK 

cells where they reported that every 10 % loss in mass balance recovery due to lysosomal 

trapping led to an underestimation of permeability by ~ 22 nm/s, mainly observed for lipophilic, 

basic drugs [241]. Therefore, this should be considered when using in vitro models to evaluate 

disposition in terms of permeability estimation.  

The compound set in this study consisted of four basic antibiotics (azithromycin, clarithromycin, 

erythromycin and hydroxychloroquine) with predicted logD values of 0.62 to 1.76, indicating a 

certain degree of lipophilicity. However, only for hydroxychloroquine, an extremely low recovery 

less than 50 % was observed, when tested in vitro in lung epithelial cells compared to mass 

balance recovery values above 80 % in LLC-PK1 WT. Hydroxychloroquine showed also an 

extremely low permeability across Calu-3 and hAELVi (< 10 nm/s), whereas more than 15-fold 

higher values were measured across LLC-PK1 WT. Similar findings were made for propranolol, 

which is basic and lipophilic (logD of 1.35) and showed a more than 10-fold lower permeability 

across Calu-3 compared to LLC-PK1 WT. Thus, the permeability of hydroxychloroquine and 

propranolol was measured in presence of Bafilomycin A1, a V-type H+-ATPase inhibitor and 

thus a disruptor of the lysosomal acidification [303], to evaluate the potential impact of 

lysosomal trapping on the permeability of these two molecules across Calu-3 and hAELVi. In 

presence of Bafilomycin A1, the permeability of both hydroxychloroquine and propranolol 

across Calu-3 and hAELVi increased significantly to values similarly measured across Caco-2 

and LLC-PK1 WT. Bednarczyk and colleagues have reported the relevance of lysosomal 

trapping in underestimating the in vitro permeability of basic, lipophilic compounds with amine 

groups [241]. As both hydroxychloroquine and propranolol carry amine groups and their 

permeability across Calu-3 and hAELVi significantly increased in presence pf Bafilomycin A1, 

this hints to the presence of lysosomal sequestration. This appears to be less pronounced in 
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cells like LLC-PK1 WT, potentially due to a lower cellular content of lysosomes. However, there 

are no studies available that quantified the lysosomal content in Calu-3, hAELVi to enable a 

direct comparison to other cell lines. Overall, this data emphasises the risk of a potential 

permeability underestimation in bidirectional transport studies if mass balance recovery is low, 

especially when testing basic and lipophilic compounds. This highlights the importance of 

calculating recovery values in these studies, which might be a special concern for lipophilic 

and basic antibiotics with a positive charge (e.g. via an amine group), that is an important 

prerequisite for targeting gram-negative bacteria [164]. In contrast to hydroxychloroquine, the 

mass balance recovery for the three other basic antibiotics azithromycin, clarithromycin and 

erythromycin was within acceptance range (~ 70 – 100 %) under normal conditions in both 

Calu-3 and hAELVi. These antibiotics show a similar or higher lipophilicity (logD) compared to 

hydroxychloroquine. It is possible that they are also affected by lysosomal trapping, but to a 

lower degree. In this context it needs to be mentioned that lysosomal trapping is a reversible, 

concentration-dependant, slowly equilibrating process [318]. Both azithromycin and 

erythromycin were tested at 2.5-fold higher incubation concentration than hydroxychloroquine 

due to analytical purposes, which might contribute to a partial saturation of lysosomal trapping. 

The vast majority of tested antibiotics in this study are zwitterions. Literature reported that 

zwitterions do not seem to be significantly impacted by lysosomal trapping [242], thus this 

phenomenon may likely not contribute significantly to their reduced permeability in the lung cell 

lines. 

A further mechanism described to increase lung retention time in vitro and in vivo and thus 

potentially decreasing in vitro cellular permeability is non-specific binding to lung tissue, 

i.e. phospholipids of the cell membrane [318]. Especially binding of moderate to strong basic 

compounds (pKa ≥ 7) via electrostatic interactions to acidic phospholipids, such as 

phosphatidylserine has been described as key factor of their tissue distribution [319]. Similar 

behaviour was described for zwitterions that carry a basic group with a pKa ≥ 7 [320]. The 

human tracheal lung epithelium membrane was described to constitute mainly of 

phosphatidylcholine (PC, 50 mol%), followed by phosphatidylethanolamine (PE, 28 mol%), 

phosphatidylinositol (PI, 8 mol%), phosphatidylserine (PS, 6 mol%) and phosphatidylglycerol 

(PG, 1 mol%) and further lipids. Both neutral PC and PE found in all cell membranes of 

mammalians and are the most abundant phospholipids, whereas PS, PI and PG are acidic 

phospholipids [321-323]. Strong binding of bases like propranolol to acidic phospholipids PS, 

PI and PG has been reported in rats, with a pronounced binding to PS. In rats, PS showed 

highest expression levels in the lung, being almost three-fold higher than in intestine or kidney. 

Furthermore, highest tissue to plasma distribution rates were observed for propranolol in the 

rat’s lung showing a direct relationship with PS tissue expression levels [324]. In human, 

highest expression levels of PS have been reported in brain with accounting for 20 % of total 
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phospholipids, whereas in human kidney and intestine, PS accounts for around 6 or 2 % of 

total phospholipids, respectively [325-327]. This points to potential species differences in PS 

tissue distribution between rat and human. However, a study by Small and colleagues 

incorporated the binding of basic drugs (like propranolol) to acidic phospholipids, like PS, into 

the prediction of the total volume of distribution in humans. They reported a more accurate 

prediction if accounting for PS binding, highlighting of the importance of PS binding to the 

tissue distribution of basic compounds also in humans [328]. As most of the tested antibiotics 

are strong bases or zwitterions that carry a strong basic group, binding to acidic phospholipids 

in the membrane of lung epithelial cells is likely. In terms of human cell lines, a study by Treyer 

et al. compared the membrane phospholipid composition of human cell lines including Caco-2 

and A549 (an alveolar tumour cell line with characteristics of alveolar pneumocytes type II) and 

reported similarities in content levels of acidic phospholipids PS and PG and slightly higher PI 

in Caco-2. The same study also assessed the unbound fraction to cells for a variety of drugs 

in homogenates of Caco-2, A549, LLC-PK1 WT and further cell lines. Interestingly, two of the 

basic test compounds (diltiazem and metoprolol with a basic pKa > 7) showed up to four-fold 

stronger binding to A549 homogenate that to Caco-2 and LLC-PK1 WT [329].. To date, there 

is no study currently available that performed a lipidomic assessment of the phospholipid 

composition of the cell membrane than to Calu-3 and hAELVi cells (in flask or ALI culture), 

which would allow a comparison to the membrane phospholipid composition of LLC-PK1 WT 

and Caco-2 cells. 

To conclude, the lowered in vitro permeability of antibiotics in lung epithelial cells might arise 

from strong binding to acidic phospholipids due to potential differences in membrane acidic 

phospholipid levels in Calu-3 and hAELVi vs. human intestine (Caco-2) and porcine kidney 

(LLC-PK1 WT) cells. Further, an enhanced presence of lysosomal trapping in Calu-3 and 

hAELVi could contribute to observed differences in permeability for antibiotics like 

hydroxychloroquine. 

 

3.2.4.3 Active Efflux of Antibiotics by ABC Transporters 

Bidirectional transport studies revealed that few antibiotics showed an asymmetry in transport 

in Calu-3 (ER ≥ 2) that was reduced by more than 50 % in presence of ABC transporter 

inhibitors (i.e. zosuquidar, MK-571 and Ko143), hinting to the presence of active ABC 

transporter-mediated efflux. This was mainly observed for the macrolide antibiotics 

(erythromycin, clarithromycin, azithromycin and telithromycin) and rifampicin. Testing these 

compounds in the human MDR1-overexpressing cells (L-MDR1) revealed that they are all 

substrates of MDR1. Several in vitro studies have reported the expression of functionally active 

MDR1 in Calu-3 as well as its interaction with macrolide antibiotics [16, 86, 196, 288]. 
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Moreover, the permeability marker edoxaban (a known substrate of MDR1 [258]) showed 

active efflux in Calu-3 that was reduced in presence of inhibitors. This confirms active efflux 

mediated by MDR1 in Calu-3 cells. Similar observations were made for the Caco-2 cells, which 

have been described to express functional MDR1 due to the cells being of intestinal origine 

[293]. In these cells, efflux (ER ≥ 2), was observed for the MDR1 model substrate Edoxaban, 

as well as for macrolides. As these antibiotics were classified as substrates of human MDR1 

in this study,  MDR1 is likely responsible for measured efflux in Caco-2.The efflux of rifampicin 

was not reduced in presence of ABC inhibitors (ERi = 6.5), thus potential other active 

transporters in Caco-2 may contribute to its efflux.  

Fluoroquinolone antibiotics ciprofloxacin, levofloxacin and moxifloxacin have been reported to 

be substrates of MDR1 efflux in Calu-3, with rather low ER values of 4.0, 2.6 and 2.1, 

respectively [17]. Whereas for lascufloxacin an ER < 2 was observed, classifying the 

compound as non/poor substrate of MDR1 according to guideline rules from health authorities 

[18, 163]. In this study, no active efflux of fluroquinolones was observed in Calu-3 or Caco-2 

(ER < 2), except ciprofloxacin that showed a weak efflux in Caco-2 (ER = 4.5). In addition, 

none of the fluoroquinolones showed an ER ≥ 2 in the MDR1- and BCRP-overexpressing cells, 

suggesting they are no substrates of both human MDR1 and BCRP. This was an interesting 

finding, since fluoroquinolone antibiotics often show an ELF to unbound plasma ratio > 1 and 

the involvement of active efflux transporters in human lung epithelium was proposed, driving a 

higher ELF concentration in an active manner [4, 15].  

In contrast to Calu-3, a tracheo-bronchial cell line, no considerable active efflux of antibiotics 

was observed in the alveolar epithelium-derived hAELVi cell line, generated by lentivirus-

mediated immortalisation. This can be explained by the absence of MDR1 and BCRP 

expression in these cells as reported in literature [108]. Only azithromycin showed some kind 

of efflux in hAELVi but without being sensitive to ABC transporter inhibitors (i.e. ERi > 2). This 

asymmetry in transport of azithromycin might be considered an artefact due to its extremely 

low permeability in the hAELVi cells with a high standard deviation (i.e. 5.0 ± 5.3 nm/s for Papp 

AB and 12.0 ± 5.6 for Papp BA) and a similar range in permeability measured in presence of 

ABC transporter inhibitor cocktail. 

Few antibiotics (azithromycin, ciprofloxacin, and levofloxacin) showed weak ABC 

transporter-independent efflux in the LLC-PK1 WT (i.e. efflux still present while co-incubation 

with ABC transporter inhibitor cocktail). This porcine kidney epithelial cell line has been 

described to express functionally active endogenous uptake transporters, like organic cation 

transporters (OCT) [330, 331]. Levofloxacin was reported to show an increased influx 

clearance at the basolateral side of LLC-PK1 cells, likely mediated by an organic cation 

transporter [311]. 
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Linezolid was the only antibiotics that was classified as human BCRP substrate in 

BCRP-overexpressing cells (ER > 2). Also, erythromycin, azithromycin, telithromycin and 

rifampicin showed an ER > 2 in M-BCRP. However, their efflux was not reduced in presence 

of BCRP inhibitor Ko143, thus they cannot be classified as BCRP substrates. In contrast, they 

were all classified as substrates of human MDR1 within this study Furthermore, literature 

reported a high expression of endogenous Mdr1 in the MDCK-II cells [292]. As all these 

antibiotics were classified as MDR1 substrates, their efflux in M-BCRP is most likely mediated 

by endogenously expressed canine Mdr1. 

In summary, only few anti-infectives were found to be substrates of human MDR1, which is 

likely responsible for mediated efflux in Calu-3 cells. This efflux was not observed in the hAELVi 

cells, which raises the question whether active efflux plays a substantial role in the human lung 

epithelium of the alveolar region. Given the larger surface area in the alveolar region (140 m2 

versus 1-2 m2 in upper airways [27]) and the resulting much larger surface area of the lower 

airways, the contribution of active efflux transporters within the bronchial region might be 

negligible on total pulmonary drug disposition. Furthermore, Calu-3 cells are derived from a 

tumour patient and thus might not be representative of the healthy lung physiology due to the 

general multidrug resistance phenotype (i.e. elevated expression of ABC efflux transporters) 

often observed in cells of cancerous origin [332].  

 

3.2.4.4 Potential Species Differences in Rate and Extent of Antibiotics’ Transport across 

the Lung Epithelium in Human and Rodents 

Rodents are often used as preclinical species to study the pharmacokinetics, efficacy and 

tissue exposure of novel antimicrobials in drug development [333]. However, species 

differences in pharmacokinetic processes need to be considered [114].  Therefore, a small test 

set of antibiotics (macrolides and fluoroquinolones) was tested for their interaction with mouse 

Mdr1a and Bcrp1 (as potential impact on rate of distribution) and their binding to rodents’ 

plasma proteins (as potential impact on extent of distribution). 

In vivo, fluroquinolones such as moxifloxacin and ciprofloxacin showed an increased 

concentration in ELF compared to unbound plasma at distribution equilibrium after intravenous 

administration in rats (i.e. four-fold for ciprofloxacin or 13-fold for moxifloxacin). The authors 

concluded that the presence active efflux transporters such as P-glycoprotein (i.e. Mdr1) on 

the apical side of the lung epithelium might be responsible [297, 334]. Similar results were 

reported for azithromycin, clarithromycin and telithromycin after oral administration to rats, 

suggesting the involvement of active transport by Mdr1 to high ELF concentrations [288, 289]. 

The presence of functionally active Mdr1 and Bcrp in the rodent lung epithelium has been 

described in literature [205, 227]. In rodents, P-glycoprotein is coded by two isoforms: Mdr1a 
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and Mdr1b. Mdr1a is predominantly expressed in mouse lung and Mdr1b in rat lung [203, 335].  

As a potential caveat of our study, we only assessed antibiotics in mouse 

Mdr1a-overexpressing cells. However, a sequence homology of 83 % was described between 

the two isoforms of Mdr1 in mice and a more than 90 % sequence identity between the 

respective mouse and rat Mdr1 isoforms. Therefore, no significant substrates differences 

between mouse and rat Mdr1 are expected [336, 337]. 

Erythromycin, clarithromycin, azithromycin and telithromycin showed a strong efflux in the 

mouse Mdr1a-overexpressing cells (ER > 50), that is up to 18-fold higher than the ER in human 

MDR1-overexpressing cells. Ciprofloxacin, moxifloxacin, levofloxacin and lascufloxacin 

showed efflux in the mouse Mdr1a cells (ER >~ 5), without being recognised as substrates of 

human MDR1 (ER < 2). A similar observation was made for BCRP. None of the 

fluoroquinolones and macrolides could be classified as substrate of human BCRP (ER < 2), 

whereas ciprofloxacin, levofloxacin and lascufloxacin showed an ER > 5 in mouse Bcrp1-

overexpressing cells and erythromycin and azithromycin an ER of 2 - 3 for mouse Bcrp1. 

This data points to a potential stronger impact of efflux transporters on drug distribution in 

rodents compared to humans. This phenomenon was observed at the level of the blood brain 

barrier, where P-glycoprotein had a stronger impact on limiting the brain exposure of its 

substrates in rodents compared to humans [338]. Thus, the potential active secretion of 

antibiotics (like macrolides or fluoroquinolones) from the pulmonary epithelium into the ELF 

(and resulting higher ELF concentration than plasma in steady state) might be more 

pronounced in rodents, than in humans.  

Species differences in plasma protein binding are known and a recent study testing β-lactam 

antibiotics revealed a stronger plasma protein binding in rat than human [339, 340]. In this 

study, we did not observe any species differences as measured unbound fractions for the 

macrolides and fluoroquinolone antibiotics were comparable across human, mouse and rat. 

Telithromycin was an exception by showing four- to five-fold stronger binding to mouse 

(fu,plasma = 0.074) than rat (0.251) or human (0.342) plasma, respectively. A similar unbound 

fraction of 0.054 was reported for telithromycin in mice, when testing at 2.5 µM (compared to 

1.0 µM in this study). This unbound fraction increased with elevating telithromycin 

concentration with a unbound fraction of 0.312 when tested at ~ 30.7 µM, which indicates some 

degree of concentration-dependent protein binding [341]. The unbound fraction in rodent 

plasma was not compared to those measured in sELF, since the sELF was based on human 

composition and thus may not represent the rodent ELF [156]. However, a strong binding of 

antibiotics to ELF in rodents can likely impact the extent of antibiotics distribution across the 

rodent lung epithelium. 
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Overall, the data indicates that there are some species differences in the interaction of 

macrolide and fluroquinolone antibiotics with ABC transporter proteins, resulting a higher efflux 

ratio for mouse Mdr1a/Bcrp1 compared to human MDR1/BCRP in vitro. This raises the 

question whether rodents are a suitable model to investigate the contribution of ABC 

transporters on the pulmonary drug disposition of antibiotics. In terms of binding to plasma 

proteins, species differences appear to less be pronounced for the selected compound set. 

 

3.2.5 Conclusion 

This in vitro study investigated the pharmacokinetic parameters affecting pulmonary transport 

and bioavailability of anti-infectives into the ELF after systemic administration with the aim to 

deepen our mechanistic understanding of these processes. The majority of anti-infectives 

showed a reduced permeability across Calu-3 and hAELVi monolayers compared to values 

with LLC-PK1 WT and Caco-2 cells, respectively. These differences might be ascribed to 

enhanced binding to acidic phospholipids in the membrane of the lung epithelial cells and the 

impact of lysosomal trapping for certain drugs.  Active efflux by ABC transporters was observed 

in the bronchial Calu-3 cells but absent in the alveolar hAELVi cells. If accounting for the larger 

surface area of the alveolar epithelium compared to the bronchial epithelium, this raises the 

question about the relevance of ABC transporters on overall pulmonary drug disposition. 

A somewhat stronger interaction with rodent Mdr1 and Bcrp than with the analogous human 

proteins was seen for macrolide and fluoroquinolones, hinting to potential species differences 

and a likely more pronounced impact of active efflux on drug distribution across the lung 

epithelium in rodents. Integrating some physiology-based pharmacokinetic modelling (PBPK) 

approach might help to translate these in vitro findings to the clinic. 
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3.3 A Mechanistic PBPK Framework to Simulate Moxifloxacin and 

Telithromycin ELF Concentration-time Profiles in Human and Rat 

 

3.3.1 Introduction 

Antibiotics are typically administered via the systemic circulation to patients, either 

intravenously or via an oral application [9]. Therefore to treat a bacterial pneumonia, the 

antibiotics need to permeate across the human lung epithelial via the pulmonary endothelium 

to reach their side of action in the epithelial lining fluid (ELF) [15]. The ELF is a thin and 

aqueous layer, covering upper and lower airways and consists of proteins, lipids, antioxidants 

and further components [38, 156]. The composition of the ELF changes from upper to lower 

airways, with the presence of mucins or surfactant proteins [342]. 

Clinical studies have reported that certain antibiotic classes, principally fluoroquinolones and 

macrolides, show a higher concentration in ELF than plasma (>> 1) at steady state [4]. Similar 

observations of high ELF to plasma ratios were also observed in rodents [288, 297]. 

Furthermore, certain macrolides and fluoroquinolones have been described in literature to be 

substrates of active efflux transporters, such as multi drug resistance protein 1 (MDR1 or 

P-glycoprotein) and breast cancer resistance protein (BCRP) [16, 17, 231]. Thus, it has been 

hypothesised that the presence of active efflux transporters at the lung epithelium could be an 

explanation for the higher ELF concentrations in both human and rodent compared to 

simultaneously measured concentrations in plasma [4, 297]. 

A point to consider when assessing ELF to plasma ratios is that reported ratios are rarely 

corrected for the unbound fraction in plasma and might not necessarily represent a 

physiological relevant ratio, as only the unbound drug can pass biological barriers [4, 15]. 

A review by Kiem and Schentag corrected clinical ELF-to-plasma ratios for the unbound 

fraction in plasma and the reported ratios were > 1 for macrolides (up to 304) and for 

fluoroquinolones (up to 110) [15]. A previous hypothesis assumed that ELF drug concentrations 

are likely 100 % free due to the low abundance of proteins in ELF compared to plasma [161].  

Therefore, the measured ELF concentrations were not corrected for potential binding to ELF 

components. Recent studies have, however, shown that drug binding to proteins, lipids or 

surfactants within ELF occurs and consequently, reduces free local drug concentrations [156, 

162, 163].  

To investigate the impact of active efflux in the lung epithelium and the degree of binding to 

ELF components on total ELF concentration-time profiles, physiologically based 

pharmacokinetic modelling (PBPK) can be employed. The PBPK modelling allows the 

prediction of drug concentration-time profiles across in various tissues and across species 
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in silico, through incorporation of ADME processes [131]. The PBPK models usually consist of 

several compartments including intestine, kidney, liver, brain, lung and heart that are defined 

by anatomical parameters. A blood circulation connects all the compartments with each other 

[133]. Plasma and local tissue concentrations are estimated by informing a mechanistic system 

with appropriate physicochemical properties of the compound of interest as well as 

physiological parameters according to the species/individual. Mathematical differential 

equations that take these parameters into account are used to predict pharmacokinetic 

processes [131, 343]. These PBPK models can also be used to investigate the impact of drug 

transporters on absorption, distribution and elimination processes [135].  

Gaohua and colleagues have employed PBPK modelling to simulate the concentration of 

anti-tuberculosis drugs in plasma and ELF, using a multicompartment lung model. The initial 

model has assumed that lung distribution is driven by passive diffusion only. The passive 

permeability values used as input parameters were derived from an in vitro-in vivo 

extrapolation from permeability coefficients in Calu-3 cells (human bronchial epithelial cell line) 

and corrected for the respective surface area in upper and lower airways. Seven antibiotics 

were screened and for four out of these seven, the simulated ELF-to-plasma ratios were 

comparable (within 2.5-fold) to available clinical data, such as the macrolide erythromycin. For 

the remaining antibiotics including the macrolide clarithromycin, ELF-to-plasma ratios were 

underestimated up to 26-fold. Sensitivity analysis revealed that factors such as active 

transporters or a change in pH of the lung fluid might improve simulations for these three 

antibiotics. The study further showed that the establishment of a lung-specialised PBPK model 

appears to be a powerful tool to estimate pulmonary drug concentrations in the early phase of 

drug discovery [141]. Moreover, PBPK models were used to estimate pulmonary and systemic 

drug absorption profiles after administration via inhalation [137, 344].  

This in silico study described in this report aimed to simulate the plasma and ELF 

concentration-time profiles of two antibiotics that showed high ELF to plasma ratios (>> 1): the 

fluoroquinolone moxifloxacin and the macrolide telithromycin [4, 289, 297]. The profiles were 

simulated in both human and rat to investigate potential differences across species, since 

rodents are often used as preclinical models [333]. It was explored whether the presence of 

MDR1 efflux at the apical side of the pulmonary epithelium had any impact on predicted ELF 

concentrations. The focus laid on MDR1 due to the availability of kinetic data for moxifloxacin 

and telithromycin with MDR1 in vitro [345, 346]. Further, the impact of the unbound drug 

fraction in ELF was simulated to investigate any potential influence of binding on the ELF 

concentration-time profiles. 
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3.3.2 Methods 

3.3.2.1 General Points and Study Workflow 

The GastroPlus™ software (Version 9.9, Simulations Plus Inc., Lancaster, CA, USA) was used 

to simulate the concentration-time profiles of moxifloxacin and telithromycin in plasma and ELF 

of human and rat. Simulated profiles were always verified against data from clinical or in vivo 

studies, which are summarised in the supplemental Tables C1 & C2. 

The input parameters used for the simulations were either measured experimentally, retrieved 

from literature or predicted by GastroPlus™. A detailed list of all parameters, which were 

manually added to set up the PBPK models can be found in Supplemental tables C3 & C4.  

An approach consisting of three steps was used to set up and validate the PBPK models for 

moxifloxacin and telithromycin in both human and rat (see Table 13). 

Table 13. Study workflow to set up and validate PBPK models for moxifloxacin and telithromycin in human and rat. 
The table provides an overview of clinical studies and in vivo studies used for the validation of established PBPK 
models and summarises the dose, dosing frequency and route of administration.  

  Moxifloxacin Telithromycin 

 
Simulation 

matrix 
Human Rat Human Rat 

Step 1 Plasma  
400 mg SD po 

[347] 

9.2 mg/kg SD iv 

[348] 

800 mg SD po 

[349] 

50 mg/kg SD po 

[350] 

Step 2 Plasma  

400 mg SD po 

[351] 

 

400 mg PO 

q24h x 5 doses 

[352] 

5 mg/kg SD iv 

[297] 

800 mg PO 

q24h x 5 doses 

[353] 

800 mg PO 

q24h x 5 doses 

[354] 

50 mg/kg SD po 

[289] 

Step 3 ELF  

400 mg SD po 

[351] 

 

400 mg PO 

q24h x 5 doses 

[352] 

5 mg/kg SD iv 

[297] 

800 mg PO 

q24h x 5 doses 

[353] 

800 mg PO 

q24h x 5 doses 

[354] 

50 mg/kg SD po 

[289] 

 

In a first step, the PBPK model was built, and the plasma concentration-time profiles were 

simulated after a single dose in healthy volunteers or control animals. If needed, models were 

further refined, as described in section 3.3.2.3 In a second step, the established models were 

used to estimate the plasma concentration profile of clinical/in vivo studies that measured both 

plasma and ELF concentrations. The antibiotics were either administered as a single or 
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multiple dose. For moxifloxacin and telithromycin, two studies were considered in human and 

one in rat. In a third step, the respective ELF concentration-time profiles in human and rat were 

simulated and compared to respective observed clinical and in vivo data. 

 

3.3.2.2 General PBPK Model Set Up 

In GastroPlus™, there are three modules to be evaluated and if needed to be adapted before 

running the simulation.  

The first module is called ‘Compound’ and contains the physicochemical and pharmacokinetic 

parameters, especially important for predicting the absorption profile. These include amongst 

others, the molecular weight, distribution/partition coefficient (logD or logP), solubility, 

biorelevant solubility (in simulated intestinal fluids), and effective intestinal permeability (Peff). 

In this study, logD/logP, solubility and Peff were taken from inhouse experiments or predictions 

(see supplemental Tables C3 & C4). All other parameters were predicted by the software. This 

tab allows further to enter the dosage information, where immediate release tablet was 

selected for oral administration in human, immediate release solution for oral administration in 

rat and intravenous bolus for intravenous injections in rat. For the human simulations, it was 

assumed that study subjects take the tablet with 250 mL of water (default by GastroPlus™). 

This tab was further used to enter respective transporter and enzyme kinetics, if applicable. 

The second module ‘gut physiology’ contains all information regarding the intestinal absorption 

model based on the advanced compartmental absorption and transit™ model. This models 

subdivides the intestine into nine compartments from stomach to ascending colon. For 

modelling the absorption profiles in human, either the physiological fasted or fed condition was 

chosen, depending on the set-up of the clinical study. For rats, the physiological fed condition 

was chosen. The absorption scaling factors for the individual gut compartments were predicted 

by the Opt logD Model SA/V 6.1 (default selection). 

The pharmacokinetic tab was used to set up the actual PBPK model. For human, the default 

healthy male model (30 years, 85.53 kg) was chosen. For rat, the default model was selected 

(0.250 kg). In this tab, the experimentally derived plasma protein binding values were added, 

on which basis the adjusted plasma protein binding was calculated that takes binding to plasma 

lipids into account. The tissue to plasma partition coefficients (Kp) were calculated according 

to Lukacova-Rodgers – Single method (further details can be found in GastroPlus™ user 

manual [355]). Clerance values were either scaled in GastroPlus™  based on in-house 

available hepatocyte stability data or taken from literature (see supplemental Tables C3 & C4). 

All tissues were set to perfusion-limited if not stated otherwise. 
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The simulations were run in single simulation mode. The simulated profiles were then 

compared to the observed ones, with special focus on the maximal plasma concentration 

(Cmax), the time of Cmax (tmax) and the area under the plasma concentration-time curve for the 

respective simulation time (AUC0-t). These pharmacokinetic parameters were compared to the 

observed values for orally administered drugs, whereas for intravenously administered drugs, 

the volume of distribution (Vss) and the half-life (t1/2) were compared in addition to the AUC0-t. 

 

3.3.2.3 Simulation of Plasma Concentration-Time Profiles 

Moxifloxacin  

For modelling the plasma concentration of moxifloxacin, the following parameters were used 

as input parameters by measured/predicted in-house or literature-retrieved values: logD, Peff, 

solubility, unbound fraction in plasma (fu,plasma), unbound fraction in simulated ELF (fu,sELF), 

hepatic clearance (CLh) and renal clearance (CLr). The values can be found in the 

supplemental table C3. All other parameters were maintained as predicted from GastroPlus™. 

For human, both fasted and fed conditions were simulated. For rat, no absorption parameters 

were considered as moxifloxacin was administered via an intravenous injection. 

 

Telithromycin 

The PBPK model for telithromycin to simulate its plasma concentration-time profiles was set 

by using GastroPlus™ predicted values apart from logP, Peff, solubility, fu,plasma, fu,sELF, CLh, 

biliary clearance (CLb) and CLr that were taken from inhouse data or retrieved from literature 

(see Supplemental Table C4). The logP was taken instead of the logD due to a more accurate 

estimation of Vss and t1/2.  

Further, intestinal metabolism by CYP3A4 was incorporated into the human model to increase 

its predictiveness [346]. Kinetic parameters (Michaelis-Menten constant (Km) and maximal 

velocity (Vmax)) of the interaction of telithromycin with human CYP3A4 were taken from 

literature and can be found in Supplemental Table C4. Intestinal MDR1 was not included in the 

model, as literature indicated that the transporter is likely saturated due to the high oral dose 

given in humans (i.e. 800 mg) [346]. 

Since Mdr1a was described in literature to limit the intestinal absorption of telithromycin in rats 

at doses similar to those given in in vivo studies used for this in silico study [356], the Peff was 

reduced four-fold (to 0.5 x 10-4 cm/s) compared to the human model to account for this. This 

approach showed a good fit between observed and simulated plasma curve shape and was 

taken due to the unavailability of measured interaction kinetics of telithromycin with rat Mdr1a. 
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Intestinal metabolism of telithromycin was also incorporated into the rat PBPK model, where 

literature-retrieved Km and Vmax values were first attributed to Cyp3A, as metabolism of 

telithromycin within rat was determined to be largely mediated by this enzyme [350, 357]. This 

allowed a good fit for the plasma concentration profile to the observed values from the first in 

vivo study (step 1, see Table 13). However, for the second in vivo study (step 2, see Table 13), 

this resulted in a more than two-fold overestimation of the observed plasma concentration, 

therefore Km and Vmax values were transferred to lumped gut enzymes, as the reported values 

referred to intestinal microsomes and not a specific enzyme [357]. The gut expression levels 

of lumped enzymes were set to 0.25 across all gut compartments, based on results from a 

performed sensitivity analysis. 

 

3.3.2.4 Population Simulation of Human Plasma Concentration-Time Profiles 

The population simulator module in GastroPlus™ was used to estimate the plasma 

concentration in human subjects, where each subject was mimicked by a random combination 

of physiological and pharmacokinetic parameters (based on a log normal distribution). This 

allowed an estimation of the variation within a population. If the gender and range of age and 

weight were known for the individual clinical studies, these parameters were incorporated. 

Results showed the mean, minimal and maximal values as well as a 90 % confidence interval 

for Cmax, tmax and AUC0-t.  

 

3.3.2.5 Simulation of ELF Concentration-Time Profiles 

The PBPK models used to predict the ELF concentrations were based on parameters and 

conditions set when estimating the respective plasma concentration profiles (see 3.3.2.3). 

Within GastroPlus™, the lung is not separated into the individual regions (i.e. trachea, 

bronchial, bronchiolar and alveolar compartment), but taken as a whole tissue compartment. 

There are different options to simulate total ELF concentrations within GastroPlus™, as shown 

below. All options consider lung-specific physiological parameters like pH of ELF, the ELF 

volume and the mucociliary clearance (MCL). The ELF volume and MCL rate are species-

dependent and the pH of ELF was set to 6.69 across species [355]. All these parameters were 

maintained at default values.  
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Perfusion-Limited Model 

If a compound is highly permeable, only the tissue blood flow/perfusion rate can limit its 

partition into the tissue. The compound concentration within the tissue is then estimated based 

on respective Kp. The compound concentration in ELF can then be calculated by using the ELF 

to unbound plasma partition coefficient (KELF/p,u) with the assumption of an instant partition of 

drug from lung tissue into ELF (see Figure 28). In this scenario, only passive diffusion 

processes are considered. This KELF/p,u coefficient is predicted by GastroPlus™ from the 

chemical structure, based on a machine learning model that was trained with data from clinical 

studies [140, 355, 358]. This coefficient is consistent across species in GastroPlus™. 

 

Figure 28. Lung perfusion-limited model in GastroPlus™. In this model, only the tissue blood flow (Q) can limit the 
distribution of a compound from the vasculature (plasma) into the tissue. The partition coefficient Kp represents the 
partition from plasma into tissue and KELF/P,u the partition from plasma into the epithelial  lining fluid (ELF). The 
mucociliary clearance (MCL) represents the removal of compound via the ELF flow. The schematic was adapted 

and simplified from the GastroPlus™ user manual [355]. Image was created with BioRender.com. 

If the compounds’ lung tissue partition is dependent on blood flow only (high permeable) but 

the partition from lung tissue into ELF is limited by a slow diffusion or the presence of a 

saturable drug transporter on the apical ELF-facing side of the lung epithelium, the 

above-mentioned perfusion model can be adapted accordingly, see Figure 29. The tissue 

concentration is still estimated based on calculated Kp. However, the partition from the tissue 

into the ELF is defined by an active transporter-mediated component (via the Km and Vmax of 

the drug interaction with the transporter) and/or a passive component defined by the apical 

permeability surface area product (Ap PStc). The software assumes that the passive 

permeability of a compound across the membrane is the same in all tissues, thus the passive 

diffusion needs to be corrected for the tissue surface area if scaling from one tissue to the 

others. By default, the liver passive diffusion clearance (CLdiff) was used to estimate tissue 

specific PStc values. 
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Figure 29. Lung perfusion-limited model in GastroPlus™ with a saturable clearance mechanism (i.e. Transporter 
protein) on the apical ELF facing side of the lung membrane. In this model, only the tissue blood flow (Q) can limit 
the distribution of compound from the vasculature (plasma) into the lung tissue. The partition coefficient Kp 

represents the partition from plasma into tissue. The partition from tissue into the epithelial lining fluid (ELF) is 
characterised via the active transporter clearance (either efflux or influx and defined with the Michaelis-Menten 
constant (Km) and maximal velocity (Vmax)) and/or the passive diffusion across the apical membrane (Ap PStc). The 
mucociliary clearance (MCL) represents the removal of compound via the ELF flow. The schematic was adapted 

and simplified from the GastroPlus™ user manual [355]. The image was created with BioRender.com. 

 

Permeability-Limited Model 

For drugs that are poorly permeable the partition from the vasculature into the tissue is rate-

limiting, the available tissue surface area and by the potential presence of active transport 

mechanisms. In the permeability-limited model, the model is extended by a fourth 

compartment, the extracellular space, whereas the tissue is referred to as intracellular space. 

The partition from vasculature (plasma) into the extracellular space is estimated via the Kp. 

The partition from the extracellular space into the intracellular one (tissue) is then limited by 

the presence of a saturable transporter (via Km and Vmax) on the basolateral side of the lung 

tissue (vasculature-facing side) and/or the passive diffusion that is defined by the basolateral 

permeability surface area (Ba PStc). The further partition form intracellular space into the ELF 

is defined via an active transporter mechanism (via Km and Vmax) and/or a passive component 

(Ap PStc), as shown in Figure 30. 



113 
 

 

Figure 30. Lung permeability-limited model in GastroPlus™ with saturable clearance mechanisms (i.e. Transporter 
protein) on the apical and basolateral side of the lung membrane. The partition coefficient Kp represents the partition 
from plasma into the extracellular space. In this model, the distribution of drug from the vasculature (plasma) into 
the tissue is limited by tissue surface area, active transporter clearance (either efflux or influx and defined with the 
Michaelis-Menten constant (Km) and maximal velocity (Vmax) and/or the passive diffusion across the basolateral 
membrane (Ba PStc). The partition from tissue into ELF is then characterised via the active transporter clearance 
(either efflux or influx and defined with the Michaelis-Menten constant (Km) and maximal velocity (Vmax)) and/or the 
passive diffusion across the apical membrane (Ap PStc). The mucociliary clearance (MCL) represents the removal 
of compound via the ELF flow. The schematic was adapted and simplified from the GastroPlus™ user manual [355]. 
The image was created with BioRender.com. 

Since both moxifloxacin and telithromycin showed a moderate to high permeability in vitro 

(Papp > 50 nm/s), setting the lung tissue to the perfusion-limited model appeared reasonable. 

However, as antibiotics showed overall a reduced permeability across lung epithelial cells in 

vitro (see chapter 3.2), the simulations were also run with setting the lung tissue to a 

permeability-limited model to investigate if this has any impact on received simulations of ELF 

concentration-time profiles. 

 

3.3.2.6 Incorporation of MDR1 Efflux into the Lung Tissue 

In the default lung PBPK tissue within GastroPlus™, no transporter expression is defined. 

Since this study aimed to investigate the potential impact of MDR1 on ELF exposure of 

moxifloxacin and telithromycin, MDR1 expression levels were added manually. The transporter 

was defined as efflux transporter on the apical side (i.e. ELF-facing side). The transporter 

expression within GastroPlus™ is defined as ‘transporter amount in mg per 1 g of tissue. The 

respective expression levels were estimated from available gene expression data in literature. 

A study by Nishimura and colleagues measured the gene expression of MDR1 in a variety of 

human tissues. The expression levels of MDR1 within the human lung were approximately a 

tenth of those in the human kidney [193]. As the expression of MDR1 in the human kidney is 

defined as 1.80E-02 mg enzyme/g tissue within GastroPlus™, the MDR1 expression in the 

human lung tissue was assumed to be 1.80E-03 mg enzyme/g tissue. 
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In rodents, Mdr1 is defined by two isoforms Mdr1a and Mdr1b [121]. A study by Brady and 

colleagues reported that Mdr1b showed a roughly two-fold higher expression at gene level 

within the rat lung compared to Mdr1a [203]. GastroPlus™ does not differentiate between 

Mdr1a and Mdr1b expression. As the total Mdr1 in the rodent lung is roughly two-fold higher 

than the total Mdr1 expression within the rat kidney, this was taken as an estimate of rodent 

pulmonary Mdr1 expression [203]. In GastroPlus™, Mdr1 has a defined expression level of 

1.10E-02 mg enzyme/g tissue within the rat kidney, thus lung Mdr1 expression was set to 

2.20E-02 mg enzyme/g tissue. 

The parameters describing the interaction of MDR1 with moxifloxacin and telithromycin (i.e. 

Km and Vmax) were taken from literature and are stated in supplemental table C3 & C4. No Km 

and Vmax were found for describing the interaction of both antibiotics with rat Mdr1, thus the 

human MDR1 kinetic values were taken as estimate for the simulations. 

 

3.3.2.7 Parameter Sensitivity Analysis  

The parameter sensitivity analysis (PSA) was used to assess a potential change in predicted 

ELF concentrations if critical input parameters are changed. This included fu,plasma, fu,sELF, PStc, 

MDR1 pulmonary expression levels, as well as Km and Vmax of reported interaction kinetics of 

moxifloxacin and telithromycin with MDR1.  

These analyses allowed an assessment on which parameters are critical when predicting ELF 

concentration-time profiles and where an accurate experimental determination would be 

beneficial. This is of particular importance in this study, as many parameters were estimated 

due to the unavailability of experimentally derived data. 

 

3.3.2.8 Visualisation 

Graphics were visualised using the GraphPad Prism software (Version 10.4.1, GraphPad 

Software, La Jolla, CA, USA). Population simulation graphics were adapted and taken from 

GastroPlus™. 
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3.3.3 Results 

3.3.3.1 Prediction of Plasma Concentration-Time Profiles (Model Validation step 1) 

Moxifloxacin – Human 

The plasma concentration-time profiles of moxifloxacin in human were simulated under both 

fasted and fed states after an oral single dose of 400 mg, as the antibiotic was given to both 

fasted and fed study subjects to examine a potential effect of food on absorption profiles. The 

simulated and measured plasma concentration-time profiles are shown in Figure 31.  

 

Figure 31. Simulated and observed plasma concentration-time profiles of Moxifloxacin in human after a single 
oral dose of 400 mg in fasted (A) or fed (B) state. The predicted plasma profiles are depicted as solid line (-) and 
observed profiles from clinical study [347] as dotted line with measured means as dots (--·--). 

A good fit between the simulated and reported clinical plasma concentration profiles was 

observed for both fasted and fed condition. This was confirmed, when comparing 

pharmacokinetic parameters Cmax, tmax and AUC0-48h between predicted and observed data 

which were within 1.15-fold of each other (Table 14). 

Table 14. Overview of predicted and observed maximal plasma concentration (Cmax), time of Cmax (tmax) and area 

under the curve over the simulated time (AUC0-48h) for Moxifloxacin when dosed at 400 mg as oral single dose in 

humans, either at fasted or fed state. 
 

 Fasted Fed 

Parameter Predicted 
Observed 

[347] 
Predicted 

Observed 

[347] 

Cmax [µg/mL] 2.93 2.80 2.27 2.50 

tmax [h] 1.10 1.00 2.18 2.50 

AUC0-48h [µg*h/mL] 32.9 36.6 32.8 35.3 

 

As described in literature, the intake of food did not seem to have an impact on the absorption 

of Moxifloxacin as the absorption phase of plasma concentration-time profiles was similar at 

fasted and fed state [347].  
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The population simulation analysis showed that there are no significant differences between 

fasted and fed conditions, as the plasma concentration-time profiles were similar to each other. 

The only difference is a slightly higher predicted Cmax at fasted and a delayed tmax at fed state, 

as shown in Figure 32. 

 

Figure 32. Predicted mean plasma concentration-time profile of Moxifloxacin in human after a single oral dose of 

400 mg in fasted and fed condition, showing the 90 % confidence interval (CI), based on a virtual population trial 

with 18 individuals.  
 

Table 15 summarises the predicted mean and the 90% confidence interval (CI) for Cmax, tmax 

and AUC0-48h. Clinically observed values, that are shown in Table 14, are either within or close 

to the threshold of the 90 % CI. Overall, this confirmed the good predictiveness of the 

established human PBPK model for moxifloxacin. 

Table 15. Predicted mean and 90 % confidence interval (CI) of the maximal plasma concentration (Cmax), time of 

Cmax (tmax) and area under the curve over the simulated time (AUC0-48h) for Moxifloxacin when dosed at 400 mg as 

oral single dose in fasted and fed condition using the virtual population simulation with 18 individuals.  
 

 Fasted Fed 

 Mean 90% CI Mean 90% CI 

Cmax [µg/mL] 3.15 [2.86, 3.33] 2.41 [2.24, 2.58] 

tmax [h] 1.17 [1.00, 1.26] 2.30 [1.98, 2.60] 

AUC0-48h [µg*h/mL] 31.6 [27.5, 35.2] 32.1 [29.0, 35.2] 
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Moxifloxacin – Rat 

The plasma concentration of moxifloxacin in rats was modelled after a single intravenous dose 

of 9.2 mg/kg. A good fit between the observed and predicted plasma exposure profiles was 

found, as shown in Figure 33. 

 

Figure 33. Simulated and observed plasma concentration-time profiles of Moxifloxacin in rats after a single 
intravenous dose of 9.2 mg/kg. The predicted plasma profiles are depicted as solid line (-) and observed profiles 
from the in vivo study [348] as dotted line with individual means as dots (--·--). 

As moxifloxacin was administered via an intravenous injection to rats, the Vss and the t1/2 were 

considered more suitable to be compared than the Cmax and tmax (as Cmax and tmax would be 

achieved immediately after the injection due to an instant distribution, which cannot be 

adequately measured in an experimental setting). Therefore, the pharmacokinetic parameters 

Vss, t1/2 and AUC0-8h from the simulated and in vivo plasma concentration-time profile for 

moxifloxacin were compared. The results are depicted in Table 16. A good capture of the 

observed pharmacokinetic parameters was found using the established PBPK model. 

Table 16. Overview of predicted and observed volume of distribution (Vss), half-life (t1/2) and area under the curve 

over the simulated time (AUC0-8h) for Moxifloxacin when dosed at 9.2 mg/kg by an intravenous bolus in rats. 
 

Parameter Predicted Observed [348] 

Vss [L/kg] 2.2 2.0 

T1/2 [h] 1.2 1.2 

AUC0-8h [µg*h/mL] 5.46 3.61a 

a Values were reported normalised to dose in literature and were back calculated in this table to a dose-independent 
value to allow a direct comparison to the simulated data. 

 

Telithromycin – Human 

The plasma concentration-time profile of Telithromycin was simulated after a single oral dose 

of 800 mg to healthy participants, in both fasted and fed state and compared to clinical data 

[349], as shown in Figure 34. 
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Figure 34. Simulated and observed plasma concentration-time profiles of Telithromycin in human after a single 
oral dose of 800 mg in fasted (A) or fed (B) state. The predicted plasma profiles are depicted as solid line (-) and 
observed profiles from clinical studies [349] as dotted line with measured means as dots (--·--). 

The fasted predicted plasma profile shows an almost two-fold higher Cmax and a more than 

two-fold earlier tmax compared to the observed one. However, if taking the standard 

deviation/range of reported clinical data into account (see Table 17), both predicted values are 

within a reasonable range. The plasma profile predicted for the fed condition showed a good 

fit to the observed one. 

Table 17. Overview of predicted and observed maximal plasma concentration (Cmax), time of Cmax (tmax) and area 
under the curve over the simulated time (AUC0-24h) for Telithromycin when dosed at 800 mg as oral single dose in 
humans, either at fasted or fed state. Observed Cmax and AUC0-24h are shown as mean ± SD, whereas for observed 
tmax, the median and range is shown.  

 Fasted Fed 

Parameter Predicted Observed 

[349] 

Predicted Observed  

[349] 

Cmax [µg/mL] 1.99 1.44 ± 0.73 1.30 1.46 ± 0.77 

tmax [h] 
0.8 

2.50 

[1.0 – 5.0] 
1.44 

2.25 

[1.0 – 6.0] 

AUC0-24h [µg*h/mL] 7.81 6.69 ± 2.91 7.564 7.32 ± 3.00 

 

A virtual population simulation was run for telithromycin with fasted and fed state and revealed 

minor differences between the two conditions. In fasted humans, an earlier tmax and a higher 

Cmax was observed compared to fed individuals (see Figure 35). However, the elimination 

profiles showed a good overlay. 
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Figure 35. Predicted mean plasma concentration-time profile of Telithromycin in human after a single oral dose of 

800 mg in fasted and fed condition, showing the 90 % confidence interval (CI), based on a virtual population trial 

with 18 individuals.  
 

The predicted mean and the 90% confidence interval for Cmax, tmax and AUC0-24h that were 

simulated for Telithromycin are summarised in Table 18. Comparing these values to those 

reported ones of the clinical study (as shown in Table 17), observed mean values are within or 

close to the 90% CI, if taking the subject variability into account. 

Table 18. Predicted mean and 90 % confidence interval (CI) of the maximal plasma concentration (Cmax), time of 

Cmax (tmax) and area under the curve over the simulated time (AUC0-24h) for Telithromycin when dosed at 800 mg 

as oral single dose in fasted and fed condition using the virtual population simulation with 18 individuals.  
 

 Fasted Fed 

 Mean 90% CI Mean 90% CI 

Cmax [µg/mL] 2.12 [1.78, 2.47] 1.32 [1.18, 1.46] 

tmax [h] 0.783 [0.684, 0.882] 1.51 [1.32, 1.69] 

AUC0-24h [µg*h/mL] 7.18 [6.49, 7.87] 7.41 [6.71, 8.10] 
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Telithromycin – Rat 

The telithromycin plasma concentration-time profile in rats was simulated after a single oral 

dose of 50 mg/kg and plotted against observed in vivo values, as depicted in Figure 36. 

 

Figure 36. Simulated and observed plasma concentration-time profiles of Telithromycin in rats after a single oral 
dose of 50 mg/kg. The predicted plasma profiles are depicted as solid line (-) and observed profiles from the in vivo 
study [350] as dotted line with measured means as dots (--·--). 

Overall, the simulated plasma concentration-time profile looked reasonable to the observed 

one, with the elimination clearance being slightly underestimated, resulting in a slightly higher 

predicted AUC0-10h (as shown in Table 19). The absorption processes are captured well, as 

both Cmax and tmax are close to the observed values. 

Table 19. Overview of predicted and observed maximal plasma concentration (Cmax), time of Cmax (tmax) and area 
under the curve over the simulated time (AUC0-8h) for Telithromycin when dosed at 50 mg/kg by a single oral dose 
in rats. Observed Cmax and AUC0-10h are shown as mean ± SD, whereas for observed tmax the median and range is 
shown. 

Parameter Predicted Observed [350] 

Cmax [µg/mL] 3.42 3.73 ± 1.23 

tmax [h] 2.0 
2.5 

[2.0 – 3.0] 

AUC0-10h [µg*h/mL] 22.6 16.4 
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3.3.3.2 Prediction of Plasma Concentration-Time Profiles (Model Validation Step 2) 

Before estimating the ELF concentration profiles, the plasma concentration-time profiles of the 

respective studies were simulated first and compared to observed data to validate the PBPK 

models performance.  

 

Moxifloxacin – Human 

Moxifloxacin was given as a single oral dose of 400 mg to patients undergoing a bronchoscopy,  

[351]. No information was provided regarding the intake of food, thus both fasted and fed 

conditions were modelled, as shown in Figure 37. Furthermore, no average age of study 

participants was reported. 

 

Figure 37. Simulated and observed plasma concentration-time profiles of Moxifloxacin in human after a single 
oral dose of 400 mg in fasted (A) or fed (B) state. The predicted plasma profiles are depicted as solid line (-) and 
observed profiles from clinical studies [351] as dotted line with measured means ± SD as dots (--·--). 

The elimination profiles of moxifloxacin were nicely captured in both fasted and fed condition, 

whereas the predicted tmax in fasted state is slightly underestimated, as well as the Cmax in fed 

state. However, the predicted AUC0-24h is within ~1.3-fold of the observed value (see Table 20).  

Table 20. Overview of predicted and observed maximal plasma concentration (Cmax), time of Cmax (tmax) and area 

under the curve over the simulated time (AUC0-24h) for Moxifloxacin when dosed at 400 mg as oral single dose in 

humans, either at fasted or fed state. 
 

Parameter Predicted Observed [351] 

Condition Fasted Fed -a 

Cmax [µg/mL] 2.93 2.27 3.22b 

Tmax [h] 1.12 2.16 2.2b 

AUC0-24h [µg*h/mL] 27.9 27.5 36.5 

a In the clinical study, there is no information provided whether patients were fasted or fed. 

b No values for Cmax, tmax and AUC0-24h were reported in this study. Therefore, predicted values from GastroPlus™ 
based on the clinical data is reported. 
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In the second clinical study, moxifloxacin was administered orally at 400 mg QD x 5 days to 

patients undergoing diagnostic bronchoscopy. The patients were fasted six hours before 

bronchoscopy [352]. However, both fasted and fed condition was simulated. The graphs are 

shown in Figure 38. 

 

Figure 38. Simulated and observed plasma concentration-time profiles of Moxifloxacin in human after multiple oral 
doses of 400 mg (q24h x 5 doses) in fasted (A) or fed (B) state. The predicted plasma profiles are depicted as solid 
line (-) and observed profiles from clinical studies [352] as dotted line with measured means ± SD as dots (--·--). 

The simulated total plasma concentrations reasonably captured the observed values, being 

within the standard deviation of the individual sampling points. The elimination profiles showed 

a good fit to the observed ones. If taking the AUC0-120h into account, both fasted and fed 

predictions are within 1.3-fold of the observed clinical data (see Table 21). 

Table 21. Overview of predicted and observed maximal plasma concentration (Cmax), time of Cmax (tmax) and area 

under the curve over the simulated time (AUC0-120h) for Moxifloxacin when dosed at 400 mg as oral multiple dose 

in humans (q24h x 5 doses), either at fasted or fed state. 
 

Parameter Predicted Observed [352] 

Condition Fasted Fed Fasted 

Cmax [µg/mL] 3.42 2.76 3.23a 

Tmax [h] 97.1 98.1 100a 

AUC0-120h [µg*h/mL] 162.61 162.13 205 

a No values for Cmax and tmax were reported in this study. Therefore, predicted values from GastroPlus™ based on 
the clinical data is reported. 

 

As the patients average age was 67 years, the parameters Cmax, tmax and AUC0-120h were 

estimated for the elderly population and values can be found in Table 22. Predicted values 

were similar to those predicted for the default 30 years old population (see Table 21). 
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Table 22. Overview of predicted and observed maximal plasma concentration (Cmax), time of Cmax (tmax) and area 
under the curve over the simulated time (AUC0-120h) for Moxifloxacin when dosed at 400 mg as oral multiple dose 
in humans (q24h x 5 doses), either at fasted or fed state. The population age in PBPK model was set to 67 to mimic 
the average age of study participants. 

Parameter Predicted Observed [352] 

Condition Fasted Fed Fasted 

Cmax [µg/mL] 3.35 2.69 3.23a 

Tmax [h] 97.1 98.1 100a 

AUC0-120h [µg*h/mL] 159.1 158.63 205 

a No values for Cmax and tmax were reported in this study. Therefore, predicted values from GastroPlus™ based on 
the clinical data is reported. 

 

Moxifloxacin – Rat 

The rat PBPK model’s predictiveness for moxifloxacin was further evaluated by simulating the 

plasma concentration-time profile after a single i.v. bolus of 5 mg/kg to rats [297], as depicted 

in Figure 39. 

 

Figure 39. Simulated and observed plasma concentration-time profiles of Moxifloxacin in rats after a single i.v. 
dose of 5 mg/kg. The predicted plasma profiles are depicted as solid line (-) and observed profiles from the in vivo 
study [297] as dotted line with measured means ± SD as dots (--·--). 

A good fit of the simulated and observed plasma concentration-time profiles was observed, 

with the individual derived pharmacokinetic parameters shown in Table 23. 

In summary, the established PBPK models for moxifloxacin in both human and rat showed a 

good prediction of the observed plasma concentration-time profiles from several studies and 

can thus be used as basis for estimating the respective ELF concentration-time profiles. 
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Table 23. Overview of predicted and observed volume of distribution (Vss), half-life (t1/2) and area under the curve 

over the simulated time (AUC0-8h) for Moxifloxacin when dosed at 5 mg/kg by an intravenous bolus in rats. 
 

Parameter Predicted Observed [297] 

Vss [L/kg] 2.2 1.2 

T1/2 [h] 1.2 -a 

AUC0-8h [µg*h/mL] 4.50 4.04b 

a No value for t1/2 was reported in the respective in vivo study.  

b No values for the AUC0-8h were reported in the respective in vivo study. Therefore, predicted values from 
GastroPlus™ based on the in vivo data is reported for the AUC0-8h.  

 

Telithromycin – Human 

The sparse plasma concentration-time profiles of telithromycin were simulated and compared 

to those of patients undergoing bronchoscopy who took multiple oral doses of each 800 mg 

QD for 5 days. No information was provided whether the patients were fasted or fed during the 

drug intake and further no average age was reported [353]. The respective simulations are 

shown in Figure 40. 

 

Figure 40. Simulated and observed plasma concentration-time profiles of Telithromycin in human after multiple 
oral doses of 800 mg (q24h x 5 doses) in fasted (A) or fed (B) state. The predicted plasma profiles are depicted as 
solid line (-) and observed profiles from clinical studies [353] as dotted line with measured means ± SD as dots (--
·--). 

A good fit was observed for the fasted and fed condition, if accounting for the standard 

deviation of the clinical data. The respective values for Cmax, tmax and AUC0-120h are shown in 

Table 24.  
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Table 24. Overview of predicted and observed maximal plasma concentration (Cmax), time of Cmax (tmax) and area 

under the curve over the simulated time (AUC0-120h) for Telithromycin when dosed at 800 mg as oral multiple dose 

in humans q24h x 5 doses), either at fasted or fed state. 
 

Parameter Predicted Observed [353] 

Condition Fasted Fed -a 

Cmax [µg/mL] 2.08 1.38 1.86b 

Tmax [h] 96.8 97.4 98.0b 

AUC0-120h [µg*h/mL] 43.5 42.2 104b 

a In the clinical study, there is no information provided whether patients were fasted or fed. 

b No values for Cmax, tmax and AUC0-120h were reported in this study. Therefore, predicted values from GastroPlus™ 
based on the clinical data are reported. 

 

In the second clinical study, telithromycin was administered at multiple oral doses of 800 mg 

(5 times every 24 h) to patients undergoing bronchoscopy. Patients were asked to be fasted 6 

hours before the bronchoscopy. The average participant age was 65 years [354]. The 

respective graphs are shown in Figure 41 and values for Cmax, tmax and AUC0-120h in Table 25. 

 

Figure 41. Simulated and observed plasma concentration-time profiles of Telithromycin in human after multiple 
oral doses of 800 mg (q24h x 5 doses) in fasted (A) or fed (B) state. The predicted plasma profiles are depicted as 
solid line (-) and observed profiles from clinical studies [354] as dotted line with measured means ± SD as dots (--
·--). 

The simulated profiles of fasted and fed condition showed a reasonable fit of the observed 

plasma concentration-time profiles if accounting for the reported standard deviation. The 

elimination was slightly overestimated if comparing to clinically reported means, however due 

to the sparse data available, this is difficult to ascertain as a real difference. 
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Table 25. Overview of predicted and observed maximal plasma concentration (Cmax), time of Cmax (tmax) and area 

under the curve over the simulated time (AUC96-120h) for Telithromycin when dosed at 800 mg as oral multiple dose 

in humans (q24h x 5 doses) [354], either at fasted or fed state. 
 

Parameter Predicted Observed [354] 

Condition Fasted Fed Fasted 

Cmax [µg/mL] 2.08 1.38 1.97a 

Tmax [h] 96.8 97.4 98.0a 

AUC96-120h
b

 

[µg*h/mL] 
9.0 8.8 15.0b 

a No values for Cmax and  tmax were reported in this study. Therefore, predicted values from GastroPlus™ based on 
the clinical data are reported. 

b The reported AUC was accounting for the plasma exposure within 24 h after the fifth dose. Therefore, the predicted 
AUC capturing the plasma profile within this time period was calculated (i.e. starting at 96 h after the initial dose 
AUC96-120h) 

As the average age of the study participants was 65 years, the PBPK model was adapted 

accordingly and simulated values for Cmax, tmax and AUC0-120h in this elderly population are 

depicted in Table 26. The values were similar to those obtained when using the 30-year old 

population PBPK model (see Table 25). 

Table 26. Overview of predicted and observed maximal plasma concentration (Cmax), time of Cmax (tmax) and area 
under the curve over the simulated time (AUC96-120h) for Telithromycin when dosed at 800 mg as oral multiple dose 
in humans (q24h x 5 doses) [354], either at fasted or fed state. The average age of the PBPK model was set to 65 
years to mimic average of study subjects.  

Parameter Predicted Observed [354] 

Condition Fasted Fed Fasted 

Cmax [µg/mL] 1.99 1.38 1.97a 

Tmax [h] 96.8 97.4 98.0a 

AUC96-120h
b 

[µg*h/mL] 
8.9 8.7 15.0b 

a No values for Cmax and  tmax were reported in this study. Therefore, predicted values from GastroPlus™ based on 
the clinical data are reported. 

b The reported AUC was accounting for the plasma exposure within 24 h after the fifth dose. Therefore, the predicted 
AUC capturing the plasma profile within this time period was calculated (i.e. starting at 96 h after the initial dose 
AUC96-120h) 
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Telithromycin – Rat 

The plasma concentration-time of telithromycin was simulated in rats receiving an oral single 

dose of 50 mg/kg [289]. The observed and simulated plasma concentration-time profiles are 

shown in Figure 42. 

 

Figure 42. Simulated and observed plasma concentration-time profiles of Telithromycin in rats after a single oral 
dose of 50 mg/kg. The predicted plasma profiles are depicted as solid line (-) and observed profiles from the in vivo 
study [289] as dotted line with measured means ± SD as dots (--·--). 

Overall, a good fit between the observed and simulated plasma concentration-time profile was 

seen. This is also reflected in simulated and observed values for  Cmax, tmax and AUC0-8h as 

shown in Table 27. 

Table 27. Overview of predicted and observed maximal plasma concentration (Cmax), time of Cmax (tmax) and area 

under the curve over the simulated time (AUC0-8h) for Telithromycin when dosed at 50 mg/kg by a single oral dose 

in rats. 

Parameter Predicted Observed [289] 

Cmax [µg/mL] 1.79 1.42 

Tmax [h] 1.65 1.00 

AUC0-8h [µg*h/mL] 7.80 6.68 

 

The established PBPK models show a good prediction of telithromycin’s plasma 

concentration-time profiles in human and rat and can thus be used to model the respective 

ELF concentrations. 
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3.3.3.3 Prediction of Moxifloxacin and Telithromycin Concentrations in ELF (Step 3) and 

Parameter Sensitivity Analysis (PSA) 

The established PBPK models were used to estimate total ELF concentration-time profiles of 

both moxifloxacin and telithromycin in human and rat. For modelling the ELF concentration in 

humans, the fasted condition was chosen, since a good fit was observed for both moxifloxacin 

and telithromycin (see 3.3.3.2) and patients were typically fasted six hours or more before 

bronchoscopy and bronchoalveolar lavage (BAL) collection. Rat PBPK models were set to fed 

condition due to food ad libitum in in vivo studies [359]. Each one clinical study and one in vivo 

study for moxifloxacin and telithromycin will be presented in the following chapter and their 

observed data will be compared to simulated ELF profiles. For each one additional clinical 

study, the observed ELF concentration-time profiles of moxifloxacin and telithromycin were 

compared to the profiles from the simulation, which can be found in the supplement (Figures 

C1 – C5). The obtained results are similar to those, described for the clinical studies within this 

chapter. Given the complexity of obtaining ELF samples, only a sparse amount of observed 

data points is available. 

 

Lung Perfusion-limited Model – Simulation of ELF Concentration based on ELF-to-free 

Plasma Partition Coefficient (KELF/p,u) 

In the perfusion-limited model, the partition into the lung tissue is limited by the blood flow only 

and an instant partition from the tissue into the ELF is assumed. The lung partition is 

characterised by the KELF/p,u (coefficient of partition between ELF and free plasma).  

Figure 43 shows the prediction of ELF concentration-time profile of moxifloxacin in human and 

rat using the perfusion-limited model based on KELF/p,u. 

 

Figure 43. Simulated and observed ELF concentration-time profile of Moxifloxacin in human (A) and rat (B) using 
the perfusion-limited model on the basis of the ELF over unbound plasma partition coefficient (KELF/p,u). Moxifloxacin 
was given as single oral dose of 400 mg to human and as single i.v. bolus of 5mg/kg to rats [297, 347]. The predicted 
ELF profiles are depicted as solid line (-) and observed profiles are shown as dotted line with measured means ± SD 
as dots (--·--). 
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For both human and mouse, there was a more than three-fold underestimation of the observed 

total ELF concentration. 

Figure 44 shows the results of the ELF concentration-time profile simulation of telithromycin 

using the perfusion limited model, based on KELF/p,u. For human, a similar observation was 

made as for moxifloxacin that the total ELF concentration was more than three-fold 

underpredicted, however the simulated profile is within or close to the standard deviation of 

the observed data. Interestingly, the opposite was observed for rat, where a more than two-fold 

higher ELF concentration-time profile was predicted compared to the observed in vivo data.  

 

Figure 44. Simulated and observed ELF concentration-time profile of Telithromycin in human (A) and rat (B) using 
the perfusion-limited model on the basis of  the ELF over unbound plasma partition coefficient (KELF/p,u). 
Telithromycin was given as a multiple oral dose of 800 mg to human (q24h x 5 doses) and as single oral dose of 
50 mg/kg to rats [289, 353]. The predicted ELF profiles are depicted as solid line (-) and observed profiles are shown 
as dotted line with measured means ± SD as dots (--·--). 

A parameter sensitivity analysis (PSA) was performed to investigate how the predicted ELF 

concentration-time profiles would change if the KELF/p,u or the fu,plasma would vary, as the ELF 

prediction using the perfusion-limited model in this setting mainly relies on these two 

parameters. The results  are shown in Figures 45 - 48. The KELF/p,u is considered consistent 

across species, whereas the fu,plasma is species-dependent [355] 

 

Figure 45. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Moxifloxacin 
in human (A) and rat (B) if changing the ELF over unbound plasma partition coefficient (KELF/p,u) and using the 
perfusion-limited model. The simulated ELF concentration profile using the estimated KELF/p,u by GastroPlus™ is 
shown a solid red line, with a two-fold lower KELF/p,u as dashed line (---) and with a two-fold higher KELF/p,u as dotted 
line (···). Observed ELF concentrations are shown as measured means ± SD as dots (·) [297, 347]. 
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The data from the PSA analysis when changing the KELF/p,u for moxifloxacin showed that 

modifying this parameter had a significant impact on simulated ELF concentration-time profiles 

(Figure 45). Doubling the KELF/p,u led to a two-fold increase of simulated ELF concentration in 

both rat and human. This was expected as in this scenario, as the partition from the plasma 

into the ELF is defined only by KELF/p,u and thus if changing KELF/p,u by x-fold, the simulated ELF 

concentration will increase by x-fold if the fu,plasma remains constant. 

For telithromycin, the ELF concentration profile in human was well captured, when the 

predicted KELF/p,u, was increased by two-fold. Whereas in rat, a reasonable simulated ELF 

profile was found when lowering the predicted KELF/p,u by two-fold (Figure 46). 

 

Figure 46. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Telithromycin 
in human (A) and rat (B) if changing the ELF over unbound plasma partition coefficient (KELF/p,u) and using the 
perfusion-limited model. The simulated ELF concentration profile using the estimated KELF/p,u by GastroPlus™ is 
shown a solid red line, with a two-fold lower KELF/p,u as dashed line (---) and with a two-fold higher KELF/p,u as dotted 
line (···). Observed ELF concentrations are shown as measured means ± SD as dots (·) [289, 353]. 

When using the fu,plasma as parameter in the PSA, a 10-fold lower value (of the experimentally 

derived fu,plasma) was taken and the maximal unbound fraction possible, 100 %. 

 

Figure 47. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Moxifloxacin 
in human (A) and rat (B) if changing the unbound plasma fraction (fu,plasma) and using the perfusion-limited model. 
The simulated ELF concentration profile using the experimental fu,plasma is shown a solid red line, with a 10-fold 
lower fu,plasma as dashed line (---) and with the maximal fu,plasma as dotted line (···). The entered value for fu,plasma was 
corrected for plasma lipid binding in GastroPlus™ by accounting for moxifloxacin’s lipophilicity. Observed ELF 
concentrations are shown as measured means ± SD as dots (·) [297, 347].  

As seen in Figures 47 and 48, only for moxifloxacin in human, an around two-fold increase in 

predicted ELF concentration was observed, when increasing fu,plasma to its maximal value of 
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100 %. In contrast, the 10-fold reduction of experimental derived fu,plasma resulted in negligible 

ELF concentration for moxifloxacin in human and rat, and an around two-fold reduced ELF 

concentration of telithromycin in human and rat. 

 

Figure 48. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Telithromycin 
in human (A) and rat (B) if changing the unbound plasma fraction (fu,plasma) and using the perfusion-limited model. 
The simulated ELF concentration using the experimental fu,plasma is shown a solid red line, with a 10-fold lower f 
fu,plasma as dashed line (---) and with the maximal fu,plasma as dotted line (···). The entered value for fu,plasma was 
corrected for plasma lipid binding in GastroPlus™ by accounting for telithromycin’s lipophilicity. Observed ELF 
concentrations are shown as measured means ± SD as dots (·) [289, 353]. 

 

Lung Perfusion-limited Model – Simulation of ELF Concentration based on Passive 

Permeability (PStc) and Fraction Unbound in ELF (fu,ELF) 

Similar to the perfusion-limited model based on KELF/p,u, the adapted perfusion limited model 

assumes that the tissue partition is limited only by the blood flow, whereas the partition from 

the tissue into the ELF is limited by a slow passive diffusion (as defined by Ap PStc) and/or the 

presence of an active transporter. 

In a first simulation, the ELF concentrations of moxifloxacin and telithromycin were estimated 

using only the Ap PStc as an input parameter without incorporating any active transport 

process. The Ap PStc was scaled by GastroPlus™, using the passive hepatic clearance per 

default [355]. The simulated ELF-concentration time profiles are shown in Figures 49 and 50. 

 

Figure 49. Simulated and observed ELF concentration-time profiles of Moxifloxacin in human (A) and rat (B) using 
the perfusion-limited model with a scaled permeability surface area product on the apical side (Ap PStc). 
Moxifloxacin was given as single oral dose of 400 mg to human and as single i.v. bolus of 5mg/kg to rats [297, 347]. 
The predicted ELF profiles are depicted as solid line (-) and observed profiles are shown as dotted line with 
measured means ± SD as dots (--·--). 
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Compared to the perfusion-limited model based on KELF/p,u, a lower total ELF concentration 

was predicted for moxifloxacin in both human (10-fold) and rat (12-fold), see Figure 49. This 

underestimation of the observed data was also pronounced for telithromycin (60-fold for human 

and six-fold for rat), as shown in Figure 50. 

 

Figure 50. Simulated and observed ELF concentration-time profiles of Telithromycin in human (A) and rat (B) 
using the perfusion-limited model with a scaled permeability surface area product on the apical side (Ap PStc). 
Telithromycin was given as multiple oral dose of 800 mg to human (q24h x 5 doses) and as single oral dose of 
50 mg/kg to rats [289, 353]. The predicted ELF profiles are depicted as solid line (-) and observed profiles are shown 
as dotted line with measured means ± SD as dots (--·--). 

In a next step, a PSA was performed investigating whether changing the Ap PStc (increase or 

decrease by 10-fold of the initial scaled value) had any impact on the predicted concentrations 

of moxifloxacin and telithromycin in the ELF (see Figures 51 and 52). 

 

Figure 51. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Moxifloxacin 
in human (A) and rat (B) if changing the apical permeability surface area product (Ap PStc) and using the perfusion-
limited model. The simulated ELF concentration using the experimental Ap PStc is shown a solid red line, with a 
10-fold lower Ap PStc as dashed line (---) and with a 10-fold higher Ap PStc as dotted line (···). Observed ELF 
concentrations are shown as measured means ± SD as dots (·) [297, 347]. 

For both moxifloxacin and telithromycin in human and rat, increasing or decreasing the scaled 

Ap PStc by 10-fold did not have any impact on predicted ELF concentrations, still resulting in 

a strong underestimation of the observed values. 
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Figure 52. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Telithromycin 
in human (A) and rat (B) if changing the apical permeability surface area product (Ap PStc) and using the perfusion-
limited model. The simulated ELF concentration using the experimental Ap PStc is shown a solid red line, with a 
10-fold lower Ap PStc as dashed line (---) and with a 10-fold higher Ap PStc as dotted line (···). Observed ELF 
concentrations are shown as measured means ± SD as dots (·) [289, 353]. 

GastroPlus™ predicted based on the chemical structure of moxifloxacin and telithromycin, 

a lower unbound fraction in ELF (fu,ELF) compared to the experimentally derived values in sELF 

in vitro: 35.7 % instead of 78.2 % for Moxifloxacin and 2.92 % instead of 65.4 % for 

Telithromycin. Thus, a PSA was performed comparing the impact on ELF prediction if taking 

the predicted, the experimentally derived fu,sELF or a 10-fold lower value of the experimental 

one. 

 

Figure 53. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Moxifloxacin 
in human (A) and rat (B) if changing the unbound fraction in ELF (fu,ELF) and using the perfusion-limited model. The 
simulated ELF concentration using the experimental fu,ELF is shown a solid red line, with a 10-fold lower fu,ELF as 
dashed line (---) and with the predicted fu,ELF from GastroPlus™ as dotted line (···). Observed ELF concentrations 
are shown as measured means ± SD as dots (·) [297, 347]. 

As depicted in Figure 53, the simulated total ELF concentration of moxifloxacin increased when 

lowering the fu,ELF. If taking a 10-fold lower fu,ELF compared to the experimentally derived value 

(i.e. 7.82 %), an almost perfect capture of the observed ELF concentration-time profiles in both 

human and rat was found.  

For telithromycin, changing the fu,ELF to the predicted value of 2.92 %, led a more accurate 

prediction of the observed ELF data within human (within the standard deviation of two 

sampling time points), whereas in rat, the ELF concentration was more than two-fold 

overestimated, as depicted in Figure 54. However, lowering the experimentally derived value 

for fu,ELF by 10-fold (i.e. 6.54 %) resulted in a reasonable capture of the rat in vivo profile. 
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Figure 54. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Telithromycin 
in human (A) and rat (B) if changing the unbound fraction in ELF (fu,ELF) and using the perfusion-limited model. The 
simulated ELF concentration using the experimental fu,ELF is shown a solid red line, with a 10-fold lower fu,ELF as 
dashed line (---) and with the predicted fu,ELF from GastroPlus™ as dotted line (···). Observed ELF concentrations 
are shown as measured means ± SD as dots (·) [289, 353]. 

 

Lung Perfusion-limited Model – Influence of Pulmonary MDR1 Efflux on Simulated ELF 

Concentrations 

In a further step, the expression of the efflux transporter MDR1 was incorporated into the PBPK 

at the apical ELF-facing side of the lung tissue. The Ap PStc was maintained at the initially 

scaled value. The respective ELF concentration-time plots for moxifloxacin and telithromycin 

are shown in Figures 55 & 56.  

 

Figure 55. Simulated and observed ELF concentration-time profiles of Moxifloxacin in human (A) and rat (B) using 
the perfusion-limited model with a scaled permeability surface area product on the apical side (Ap PStc) and 
incorporated MDR1 efflux at the apical side. Moxifloxacin was given as single oral dose of 400 mg to human and 
as single iv. bolus of 5mg/kg to rats [297, 347]. The predicted ELF profiles are depicted as solid line (-) and observed 
profiles are shown as dotted line with measured means ± SD as dots (--·--). 

The presence of MDR1 efflux within the lung did not result in any significant change of the 

predicted ELF concentrations in both human and rat, if comparing to Figures 49 and 50, where 

the ELF concentrations were estimated based on the Ap PStc only. Observed ELF 

concentrations were strongly underestimated for moxifloxacin (10- and 12-fold) and 

telithromycin (60- and six-fold) in human and rat, respectively (if accounting for pulmonary 

MDR1 efflux). 
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Figure 56. Simulated and observed ELF concentration-time profiles of Telithromycin in human (A) and rat (B) 
using the perfusion-limited model with a scaled permeability surface area product on the apical side (Ap PStc) and 
incorporated MDR1 efflux at the apical side. Telithromycin was given as multiple oral dose of 800 mg to human 
(q24h x 5 doses) and as single oral dose of 50 mg/kg to rats [289, 353]. The predicted ELF profiles are depicted as 
solid line (-) and observed profiles are shown as dotted line with measured means ± SD as dots (--·--). 

As the MDR1 expression within the human and rat lung was estimated based on available 

gene expression data in literature, a PSA was performed by adjusting the expression levels of 

pulmonary MDR1 (either increased or decreased by 10-fold based on the value used in the 

baseline simulation).  The results are depicted in Figures 57 and 58. 

 

Figure 57. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Moxifloxacin 
in human (A) and rat (B) if changing the MDR1 expression level in the lung and using the perfusion-limited model. 
The simulated ELF concentration using the estimated MDR1 expression is shown as solid red line, with a 10-fold 
lower MDR1 expression as dashed line (---) and with a 10-fold higher MDR1 expression as dotted line (···). 
Observed ELF concentrations as measured means ± SD as dots (·) [297, 347]. 

Changing the pulmonary MDR1 expression levels did not have any impact on the simulated 

ELF concentrations of moxifloxacin in both human and rat and for telithromycin in human 

(Figure 57). However, as shown in Figure 58, increasing the MDR1 expression in the rodent 

lung by 10-fold led to a five-fold increase of the simulated ELF concentration of telithromycin. 

Thus, this indicates that MDR1 could potentially contribute to active efflux of telithromycin into 

the rodent ELF after a single dose. 
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Figure 58. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Telithromycin 
in human (A) and rat (B) if changing the MDR1 expression level in the lung and using the perfusion-limited model. 
The simulated ELF concentration using the estimated MDR1 expression is shown as solid red line, with a 10-fold 
lower MDR1 expression as dashed line (---) and with a 10-fold higher MDR1 expression as dotted line (···). 
Observed ELF concentrations are shown as measured means ± SD as dots (·) [289, 353]. 

In a last step, a potential change in simulated ELF concentration-time profiles was investigated 

if changing the Michaelis-Menten kinetics of moxifloxacin and telithromycin against MDR1, 

i.e. the Km and Vmax. For the conducted PSA, the literature-retrieved Km values were either 

decreased by 10- or 100-fold or increased by 100-fold, whereas the literature-derived Vmax 

were increased or decreased by 10-fold. 

 

Figure 59. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Moxifloxacin 
in human (A) and rat (B) if changing the Michaelis-Menten constant (Km) of MDR1 interaction and using the 
perfusion-limited model. The simulated ELF concentration using the literature-retrieved Km is shown as solid red 
line, with a 100-fold lower Km as patterned line (-·-), with a 10-fold lower Km as dashed line (---) and with a 10-fold 
higher Km as dotted line (···). Observed ELF concentrations as measured means ± SD as dots (·) [297, 347]. 

As depicted in Figure 59, a change in Km had no impact on the simulated ELF concentrations 

of moxifloxacin in human. Whereas in rat, a 100-fold lower Km led to an a more than five-fold 

increase of simulated ELF concentration with two out of three observed time points being nicely 

predicted. 

Similar observations were made for telithromycin in rat, where lowering the literature-retrieved 

Km by 10-fold, resulted in a more than three-fold higher simulated ELF concentration profile 

that is close to the observed profile. The lowering of literature Km by 100-fold in human ELF 

predictions of telithromycin resulted in a around two-fold increase of ELF concentrations, but 

still significantly underestimating observed values (around 15-fold), see Figure 60. A 10-fold 

lower Km resulted in a good prediction of telithromycin’s observed ELF concentration in rat. 
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Figure 60. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Telithromycin 
in human (A) and rat (B) if changing the Michaelis-Menten constant (Km) of MDR1 interaction and using the 
perfusion-limited model. The simulated ELF concentration using the literature-retrieved Km is shown as solid red 
line, with a 100-fold lower Km as black solid line, with a 10-fold lower Km as patterned line (-·-), and with a 10-fold 
higher Km as dotted line (···). Observed ELF concentrations as measured means ± SD as dots (·) [289, 353]. 

Figure 61 shows the results from the PSA when changing the literature-retrieved Vmax of 

moxifloxacin’s interaction with MDR1. For the simulated ELF concentration-time profiles in 

human and rat, no change was observed when increasing or decreasing the Vmax by 10-fold. 

 

Figure 61. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Moxifloxacin 
in human (A) and rat (B) if changing the maximal velocity (Vmax) of MDR1 interaction and using the perfusion-limited 
model. The simulated ELF concentration using the literature-retrieved Vmax is shown as solid red line, with a 10-fold 
lower Vmax as dashed line (---) and with a 10-fold higher Vmax as dotted line (···). Observed ELF concentrations as 
measured means ± SD as dots (·) [297, 347]. 

 

Figure 62. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Telithromycin 
in human (A) and rat (B if changing the maximal velocity (Vmax) of MDR1 interaction and using the perfusion-limited 
model. The simulated ELF concentration using the literature-retrieved Vmax is shown as solid red line, with a 10-fold 
lower Vmax as dashed line (---) and with a 10-fold higher Vmax as dotted line (···). Observed ELF concentrations as 
measured means ± SD as dots (·) [289, 353]. 

A similar result was observed when changing the literature-retrieved Vmax of telithromycin’s 

interaction with MDR1. In human, a change in predicted ELF concentration-time profile was 

not observed when increasing or decreasing the Vmax by 10-fold. For rat, an almost perfect 
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capture of the observed ELF concentration profile was found when increasing the 

literature-retrieved Vmax by 10-fold (see Figure 62). 

 

Lung Permeability-limited Model – Simulation of ELF Concentrations based on Passive 

Permeability (Ap & Ba PStc) 

In the permeability limited model, the drug partition from the extracellular space into the lung 

tissue and from lung tissue into ELF is characterised by a slow diffusion and/or the presence 

of active transport. 

In a first simulation, the ELF concentration was estimated by incorporating only the passive 

diffusion processes, using the Ba PStc and Ap PStc, respectively. The PStc was calculated 

based on the passive hepatic liver clearance (default by GastroPlus™) and the same value 

was used for Ap and Ba PStc. 

 

Figure 63. Simulated and observed ELF concentration-time profiles of Moxifloxacin in human (A) and rat (B) using 
the permeability-limited model with a scaled permeability surface area product on the basolateral (Ba PStc) and on 
the apical side (Ap PStc). Moxifloxacin was given as single oral dose of 400 mg to human and as single i.v. bolus 
of 5mg/kg to rats [297, 347]. The predicted ELF profiles are depicted as solid line (-) and observed profiles are 
shown as dotted line with measured means ± SD as dots (--·--). 

As seen in Figure 63, the observed ELF concentration-time profiles of moxifloxacin were 

underestimated for both human (10-fold) and rat (12-fold), when using the permeability-limited 

model. This was also evident when predicting the ELF concentration-time profiles of 

telithromycin in both species (six- to 60-fold in rat and human) using the permeability-limited 

model (see Figure 64). The simulated ELF profiles are similar to those received when using 

the perfusion-limited model with a defined apical diffusion by the Ap PStc (as shown in Figures 

49 and 50). 
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Figure 64. Simulated and observed ELF concentration-time profiles of Telithromycin in human (A) and rat (B) using 
the permeability-limited model with a scaled permeability surface area product on the basolateral (Ba PStc) and on 
the apical side (Ap PStc).Telithromycin was given as multiple oral dose of 800 mg to human (q24h x 5 doses) and 
as single oral dose of 50 mg/kg to rats [289, 353]. The predicted ELF profiles are depicted as solid line (-) and 
observed profiles are shown as dotted line with measured means ± SD as dots (--·--). 

Several PSA were performed to investigate the impact of a change of Ba PStc & AP PStc and 

fu,ELF on the simulated ELF concentration-time profiles of both moxifloxacin and telithromycin, 

using the permeability-limited model. The respective graphics can be found in the 

supplemental material (Figure C6 – C9) and similar observations were made as described for 

the PSA, when using the lung perfusion limited model. 

 

Lung Permeability-limited Model – Influence of Pulmonary MDR1 Efflux on Simulated 

ELF Concentrations 

In a last step, the permeability model was adapted by adding MDR1 as active efflux transporter 

to the apical side of the lung tissue in addition to the Ap PStc. The ELF concentration-time 

profiles of moxifloxacin and telithromycin were simulated and shown in Figures 65 & 66.  

 

Figure 65. Simulated and observed ELF concentration-time profiles of Moxifloxacin in human (A) and rat (B) using 
the permeability limited model with a scaled permeability surface area product on the basolateral (Ba PStc) and on 
the apical side (Ap PStc) and MDR1 efflux at the apical side. Moxifloxacin was given as single oral dose of 400 mg 
to human and as single iv. bolus of 5mg/kg to rats [297, 347]. The predicted ELF profiles are depicted as solid line 
(-) and observed profiles are shown as dotted line with measured means ± SD as dots (--·--). 

The resulting ELF simulations did not show any significant change to those using the 

permeability limited model without the incorporation of MDR1 to the lung tissue (see Figures 

63 & 64). The simulated ELF concentrations were strongly underestimated compared to the 
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observed profiles for both antibiotics (10- to 12-fold for moxifloxacin and 60- to six-fold for 

telithromycin in human and rat, respectively). 

 

Figure 66. Simulated and observed ELF concentration-time profiles of Telithromycin in human (A) and rat (B) 
using the permeability limited model with a scaled permeability surface area product on the basolateral (Ba PStc) 
and on the apical side (Ap PStc) and MDR1 efflux on the apical side. Telithromycin was given as multiple oral dose 
of 800 mg to human (q24h x 5 doses) and as single oral dose of 50 mg/kg to rats [289, 353]. The predicted ELF 
profiles are depicted as solid line (-) and observed profiles are shown as dotted line with measured means ± SD as 
dots (--·--). 

Further PSA were performed to investigate whether the predicted ELF concentration-time 

profiles change if adapting the MDR1 expression levels within the lung or the Km and Vmax, 

while using the permeability-limited model. The respective graphics can be found in the 

Supplemental material (Figure C10 – C15) and simulated ELF profiles are similar to those, 

when using the lung perfusion-limited model. 
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3.3.4 Discussion 

The aim of this in silico study was to simulate the ELF concentration-time profiles of two 

antibiotics (moxifloxacin and telithromycin) in human and rat using the PBPK modelling 

software GastroPlus™. The two antibiotics were selected as they showed high ELF to plasma 

ratios (>> 1) in both clinical and in vivo studies, after an administration via the systemic 

circulation [4, 289, 297]. Literature has reported that the two compounds are substrates of 

active efflux transporter MDR1, therefore it was speculated that the presence of this transporter 

at the apical side of the pulmonary epithelium could contribute to the observed increased ELF 

over plasma ratios [16, 232]. Nevertheless, recent studies pointed out that enhanced binding 

of drugs to components of the ELF, such as lipids, surfactant proteins or the lung tissue itself 

likely contribute to elevated total ELF over plasma concentrations for certain antibiotics [156, 

162, 163].  

The different options in GastroPlus™ to simulate ELF concentration-time profiles were 

employed (see 3.3.2.5). In a first step, the perfusion limited model was used, where the ELF 

concentration was estimated based on the predicted ELF to unbound plasma partition 

coefficient (KELF/P,u). Further, the ELF concentration was simulated using the perfusion limited 

model, where the partition from the lung tissue into the ELF was characterised by the passive 

apical permeability surface area product (Ap PStc), followed by the permeability limited model, 

where both the basolateral and apical permeability across the lung epithelial were defined by 

the basolateral/apical PStc (Ba/Ap PStc). Further, active efflux mediated by MDR1 was 

incorporated into the PBPK models to the apical side of the lung epithelium to investigate the 

potential impact on predicted ELF concentrations. This was followed by several parameter 

sensitivity analyses (PSA), where it was investigated how/if the simulated ELF concentrations 

change if one key pharmacokinetic parameter was modified. 

However, before estimating the ELF profiles, the individual PBPK models were established 

within GastroPlus™ and respective plasma concentration-time profiles were simulated and 

only when a good fit to the observed plasma values was achieved, the model was used to 

predict local ELF concentrations. 

 

3.3.4.1 General Model Assumptions 

When no experimental or literature information was available, the physicochemical and 

pharmacokinetic parameters used within the established PBPK models were predicted by 

GastroPlus™ based on the molecule’s chemical structure (see supplemental Tables C3 & C4 

for modified input parameters). This could add some uncertainty to predictions, however the 

PBPK models showed good predictions of the observed plasma concertation-time profiles from 
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two independent clinical/in vivo studies, adequately capturing both the absorption and 

elimination profiles of moxifloxacin and telithromycin in both species. Therefore, the models 

are considered suitable to simulate ELF concentration-time profiles. 

Clinical studies used to initially validate the established PBPK models, were assessing the 

plasma concentration profiles of moxifloxacin and telithromycin in healthy young male 

participants (overview provided in supplemental Table C1). In contrast, participants were 

typically elderly and had a medical indication for bronchoscopy in the clinical studies where 

ELF and plasma were sampled. However, the PBPK simulations in human were run using the 

default 30-years healthy male model, as during the PBPK model establishment no significant 

differences in profile shape and individual pharmacokinetic parameters (Cmax, tmax and AUC0-th) 

of both moxifloxacin and telithromycin were observed, when changing the model age to an 

elderly population (65 or 67 years, respectively). This is aligned with available literature, where 

it was reported that moxifloxacin and telithromycin showed a similar pharmacokinetic profile in 

elderly compared to a young population after an oral administration [360, 361]. 

 

3.3.4.2 Simulation of Plasma Concentration-Time Profiles 

The established PBPK models showed a good prediction of the observed plasma 

concentrations of moxifloxacin and telithromycin in human and rat.  

To obtain a good fit of moxifloxacin’s elimination kinetics, both hepatic and renal clearance was 

incorporated into the human and rat PBPK model. This is aligned with literature, where it has 

been described, that moxifloxacin mainly undergoes phase II metabolism by sulphation and 

glucuronidation and is excreted both via faeces and active secretion into urine [362, 363]. 

Moxifloxacin was reported to be a substrate of MDR1 efflux within the intestine of humans 

[345].  However, due to the high oral dose of Moxifloxacin typically given to humans (400 mg) 

and the high solubility of the drug [364], a potential saturation of intestinal MDR1 is likely and 

its impact on limiting intestinal absorption is negligible (i.e. assuming a complete dissolution of 

moxifloxacin in the concomitantly taken amount of 250 mL water to swallow the tablet). This 

would result in a local intestinal concentration of around 4000 µM, clearly exceeding the 

literature-retrieved Km value for moxifloxacin against MDR1 [345]. Therefore, intestinal MDR1 

efflux was not incorporated into the human PBPK model. The intestinal Mdr1 efflux was not 

applicable to the rat PBPK model, as the moxifloxacin was dosed by intravenous injections in 

the in vivo studies, thus bypassing intestinal absorption processes. 

Telithromycin has been described in literature to undergo hepatic, biliary and renal clearance 

in humans [365]. Therefore, in addition to the scaled hepatic clearance, both biliary and renal 

clearance were added to the human PBPK model to enable a good prediction of its elimination 
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profile. To capture the elimination profile of telithromycin in rats, only renal clearance was 

added to the scaled hepatic clearance and a good fit to the observed profile was received. 

However, literature indicated that biliary clearance mediated by Mdr1 and Mrp2 is likely 

contributing to its elimination in rats [366]. Moreover, telithromycin is known to undergo phase 

I metabolism, mainly mediated by CYP3A4 in human and Cyp3A1/2 in rats [346, 367]. 

Therefore, intestinal metabolism was incorporated into both human and rat PBPK models to 

improve the predicted absorption profile. Telithromycin was described to be a time-dependent 

inhibitor (TDI) of its own metabolism by CYP3A4 in human. However, a study that used PBPK 

modelling to estimate plasma concentration of telithromycin in humans, showed an acceptable 

prediction without accounting for the TDI effect, thus this factor was not taken into 

consideration [346]. In addition, telithromycin has been described to be a substrate of MDR1, 

which might impact its intestinal absorption. The contribution of MDR1 in limiting the intestinal 

absorption of telithromycin in humans appeared to negligible due to high oral give dose (800 

mg), which was shown to likely saturate MDR1-mediated efflux [346]. If assuming the drug is 

taken with 250 mL of water and accounting for the limited water solubility of telithromycin, this 

would result in an estimated intestinal concentration of ~ 1000 µM, thus clearly exceeding the 

reported Km of 15 µM [346]. Whereas in rats, Mdr1 appeared to limit the intestinal absorption 

of telithromycin due to the lower doses given. An in vivo study in Wistar rats showed that the 

non-metabolised, absorbed fraction in enterocytes increased by 17 % if co-dosing telithromycin 

with verapamil (Mdr1 inhibitor) [356]. To account for a potential contribution of Mdr1 in limiting 

the intestinal absorption of telithromycin in rats, the effective intestinal permeability (Peff) was 

reduced in the rat PBPK model by four-fold (as determined via parameter sensitivity analysis 

of Peff. This resulted in a good fit of the absorption profile, together with the incorporated 

intestinal metabolism of telithromycin by CYP3A in rats. 

As the available clinical studies dosed moxifloxacin and telithromycin via oral administration 

and the plasma exposure data for fasted and fed conditions were reported [347, 349], the 

plasma concentration-time profiles were simulated in the two scenarios. This comparison was 

run as food can impact drug absorption processes (‘food effect’). Concomitant intake of food 

while taking an oral medication can affect several physiological factors relevant for drug 

absorption processes, such as the gastric emptying time, gastric/intestinal pH and release of 

bile salts, thus potentially impacting the drug’s intestinal solubility and permeability. This can 

result in either ‘positive’ effect, where the absorption is increased or in a ‘negative’ effect, where 

the opposite is observed [368, 369].  For both antibiotics, a slightly higher Cmax and a slightly 

earlier tmax were observed when simulating the fasted condition. However, the calculated fasted 

and fed AUC values were close to each other, when comparing the fasted and fed state (within 

1.05-fold), indicating the absence of any food effect. This was also observed when running the 

population trial simulation, hinting to tiny differences in the absorption profile between fasted 
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and fed conditions, however almost identical elimination profiles were seen. Therefore, the 

intake of food does not seem to have any impact on plasma concentration levels of 

moxifloxacin and telithromycin in humans. This is aligned with literature, where it was reported 

that food did not have any significant effect on the observed plasma concentration-time profiles 

and resulting bioavailability of the two antibiotics in humans [347, 349]. 

To account for the complex composition of the gastric fluid, biorelevant media (FaSSIF, 

FeSSIF) were developed to mimic fasted and fed state (accounting for factors such pH and 

bile salts), which allows a more accurate estimation of a compound’s intestinal solubility [370, 

371]. Within the simulation of this study, the biorelevant solubilities values were predicted from 

GastroPlus™, as no experimentally derived values were available for the two antibiotics in 

these media. Therefore, it is possible that these values do not fully capture the physiological 

observed solubilities and could be an explanation why slightly different values in Cmax and tmax 

were predicted compared to observed values for the fasted and fed state. 

Despite the uncertainty due the use of mainly predicted parameters, the established PBPK 

models showed a good prediction of the observed plasma concentration profiles of 

moxifloxacin and telithromycin in human and rat. Therefore, they were used to simulate the 

ELF concentration-time profiles of both antibiotics. 

 

3.3.4.3 Sampling of ELF by Bronchoalveolar Lavage and Potential Limitations 

To quantify the amount of drug within the ELF, sampling by bronchoalveolar lavage (BAL) is 

typically performed [15]. The BAL procedure is often accompanied by a bronchoscopy. Patients 

receive local anaesthesia, followed by the insertion of the bronchoscope to the smaller airways. 

Physiological, sterile saline is instilled, thereby washing the airway surface, and saline is 

careful retrieved. Usually, aliquots of 50 mL saline are used with a maximal volume of 300 mL 

[372]. The first aliquot of aspirate is often discarded to avoid a potential sample contamination 

with cells and liquids of the upper airways. Following aliquots are pooled and then centrifuged 

to separate the ELF (supernatant) from the remaining cells [351].  

Overall, the ELF collection by BAL is a technically challenging procedure, which comes with 

some limitations [15]. Cells that are present in the ELF such as alveolar macrophages can lyse 

during the sample collection, through mechanical force. This might be a special concern for 

antibiotics, that are known to heavily accumulate within the alveolar macrophages such as 

telithromycin or moxifloxacin, as lysis of macrophages results in release of their intracellular 

content and thus could increase measured ELF concentrations. Therefore, it is of special 

importance that ELF samples are centrifuged before the analysis to separate the cells from the 

ELF [15, 351, 373]. Due to the instillation of saline for collecting the ELF, the total ELF volume 
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is diluted and thus needs to be corrected for this. For the correction, urea is often taken, which 

is a low-molecular endogenous marker, and assumed to have the same concentration across 

tissues, incl. plasma and ELF. It is a non-polar molecular marker, that is fast diffusing across 

membranes following a concentration gradient. The actual volume of sampled ELF can then 

be calculated from the urea concentration in the ELF sample and concomitantly taken plasma 

sample [4, 374]. As a limitation, the urea concentration within the ELF can be overestimated 

by contamination of blood during the collection procedure. Moreover, it was reported that 

additional urea can diffuse from the lung interstitial space into the ELF during the BAL collection 

if the ‘dwell time’ (time between saline instillation and aspiration) is too long (> 1 min) [15, 375]. 

A further limitation of clinical studies using BAL is that subjects usually provide only one sample 

of ELF at one time point due to the complexity of the procedure. This can contribute to seen 

high variability in reported ELF concentrations of antibiotics in clinical studies [4, 300]. 

Moreover, often a broad range of ELF to plasma ratios is reported for the same antibiotic across 

different clinical studies, i.e. for Clarithromycin, reported peak ratios range from 5 to 61, which 

emphasises the difficulty of receiving reproducible data, when measuring ELF concentrations 

by BAL [141]. 

As an alternative to BAL, the sampling of ELF can be performed by a bronchoscope 

microprobe that contains an absorptive tip for collecting the ELF. This method bears the 

advantage that the ELF is not diluted, and several samples can be taken from the same 

subject. In contrast to BAL, samples are taken from bronchial lung space [38]. A clinical study 

by Yamazaki and colleagues assessed the concentration of the fluoroquinolone levofloxacin in 

the ELF of healthy male volunteer after an oral administration comparing ELF concentration 

measured simultaneously by BAL and bronchoscopic microsampling (BMS). They reported an 

around two-fold higher ELF concentration in BAL samples. The authors concluded that the 

lower ELF concentration by BMS might arise from the sampling location (bronchial vs. alveolar 

for BAL) and as BAL sampled need to be corrected for the dilution, increasing the uncertainty 

in measured values by BAL [376]. 

All clinical studies, that were in scope of this in silico study, sampled the ELF via BAL. 

Therefore, the above limitations should be considered when interpreting measured ELF 

concentrations of these studies. 

 

3.3.4.4 Simulation of ELF Concentration-time Profiles – Based on KELF/p,u & fu,plasma 

The most accurate prediction of observed ELF concentration-time profiles was achieved when 

using the perfusion-limited model on basis of the ELF to free plasma partition coefficient 

(KELF/p,u). However, the simulated total ELF concentrations of moxifloxacin (human and rat) and 

telithromycin (human) were underpredicted more than three-fold, whereas the total ELF 
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concentration of telithromycin in rat was more than two-fold overestimated. The value of KELF/p,u 

for both moxifloxacin and telithromycin was predicted from their chemical structure using a 

quantitative structure activity relationship (QSAR) model by the ADMET Predictor® module 

within GastroPlus™. The QSAR regression model was trained based on the clinical ELF to 

free plasma ratios of 56 antibiotics from different classes and 12 antibiotics were used to test 

the performance of the model. Both moxifloxacin and telithromycin appeared to be part of the 

training set (GastroPlus™ user manual V 9.9, Dec 2023, [358, 377]).  

The ADMET Predictor® module predicted a KELF/p,u of 3.29 for Moxifloxacin and a value of 32.8 

for Telithromycin, which translates into a 3.29- or 32.8-fold higher simulated ELF concentration 

compared to the unbound plasma concentration, respectively. Therefore, if increasing or 

decreasing the KELF/p,u by two-fold, as performed in the parameter sensitivity analysis (PSA), 

the predicted ELF concentration of moxifloxacin and telithromycin increased or decreased by 

two-fold accordingly. As the clinical ELF and plasma concentrations as well as the protein 

binding data for moxifloxacin and telithromycin are available, one could calculate the individual 

KELF/p,u for each clinical study, using this value in predictions and likely receive an optimal 

prediction of the observed ELF concentration-time profiles. This approach does not answer the 

questions of this in silico study, however using ELF predictions based on KELF/p,u might be a 

starting point to simulate the ELF concentrations of antibiotics for which clinical ELF data are 

not yet available or to compare the potential ELF exposure of a series of structurally different 

antibiotics in early discovery phase. 

If taking the unbound fraction in plasma (fu,plasma) into account, the PSA showed that a reduction 

by 10-fold to the experimental values (< 5 % unbound) resulted in a reduced ELF 

concentration, which is to be expected as only the free fraction can cross biological membranes 

and thus the lower the free concentration in plasma, the lower the amount that can partition 

into the tissue [378]. As seen for moxifloxacin (human and rat) and telithromycin (rat), the 

shape of the ELF profile changed when decreasing the unbound fraction. This was to be 

expected, since lowering the unbound fraction in plasma impacts further pharmacokinetic 

processes such as the volume of distribution, half-life or clearance processes [302]. 

The ELF simulation of telithromycin in rats, when using the predicted  KELF/p,u resulted in more 

than two-fold higher prediction compared to the observed data. This might arise from the fact 

that the QSAR model for predicting the KELF/p,u is based on clinical data and was not trained for 

in vivo ELF predictions.  

Moreover, the approach based on KELF/p,u does not account for any binding to components of 

the ELF, as this was considered negligible due to the low abundance of proteins within the ELF 

[358]. However, recent studies have shown that the free fraction of antibiotics in ELF is rarely 

100 % as previously assumed [161]. 
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3.3.4.5 Simulation of ELF Concentration-time Profiles – Based on PStc & fu,ELF 

When using the perfusion limited model with an apical permeability surface area product 

(Ap PStc), an underestimation of the observed total ELF concentrations for both moxifloxacin 

(up to 10-fold) and telithromycin (more than 35-fold) was observed. In this scenario, the 

partition from the plasma into the lung tissue is limited only by the blood flow and the partition 

into the ELF is characterised by the Ap PStc. As only passive permeation processes are 

assumed, the free plasma concentration matches the free lung tissue concentration and 

equally the free ELF concentration.  

Since telithromycin is highly bound to proteins/lipids within the plasma (12 %), its predicted 

free plasma concentration peak is ~ 0.25 µg/mL in human. Therefore, the model takes the 

same free concentration within the lung tissue and ELF as it assumes that the compound 

crosses biological membrane by passive diffusion only. If accounting for the experimentally 

derived unbound fraction in sELF (65.4 %), this results in a simulated total ELF concentration 

of ~ 0.4 µg/mL. This explains the low predicted ELF concentration of telithromycin in human. 

The same assumptions were made by the model when simulating the total ELF concentrations 

of telithromycin in rats or for moxifloxacin in human and rat. It was decided to showcase the 

calculation for telithromycin in human, as the disconnect between observed and predicted ELF 

concentration was the greatest. 

The PStc is calculated by GastroPlus™ based on the hepatic passive diffusion rate. It assumes 

that the passive permeability through the cell membrane is the same across all tissues in the 

body. Therefore, the calculated PStc of the liver is used to scale the PStc of further tissues if 

accounting for their respective surface area. As the exact surface areas for the different tissues 

are not always known, the model performs the upscaling based on the total cell volume of a 

tissue [355]. A PSA was performed where the predicted lung PStc was increased or decreased 

by 10-fold compared to initially scaled PStc value. No change in predicted ELF concentration 

was observed for the two antibiotics in human and mouse. Both moxifloxacin and telithromycin 

were considered highly permeable in vitro (in LLC-PK1 WT and Caco-2 cells, as shown in 

supplemental Table B3 & B4). Therefore, a 10-fold reduction in PStc does not seem to affect 

total ELF concentrations. 

Within the scope of this thesis, it was observed that antibiotics tend to show a lower 

permeability in cell lines derived from the human lung epithelium (Calu-3 and hAELVi) 

compared to cells, that are typically used in permeability testing such as the porcine kidney 

epithelial cell line LLC-PK1 or the human intestinal epithelial cell line Caco-2 (see chapter 3.2). 

As the modelling software assumes passive permeation is the same across tissues, it might 

be argued that the passive hepatic clearance is not accurately capturing passive diffusion 

processes in the lung. Therefore, the human passive pulmonary diffusion clearance was 
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calculated based on the in vitro apparent permeability (measured in hAELVi, a human alveolar 

epithelial cell line derived from alveolar type I epithelial cells  [105]) and if accounting for the 

reported surface area of human alveolar type I epithelial cells [379]. The calculations can be 

found in the supplemental material in Section C5. The lung PStc value for moxifloxacin was 

1.5-fold lower compared the PStc estimated by the passive hepatic clearance (28.7 vs 45.5 

mL/s), whereas for telithromycin an around eight-fold lower PStc was calculated (17.9 vs 142.5 

mL/s), when using the estimated pulmonary passive diffusion clearance. The estimated lung 

PStc values for moxifloxacin and telithromycin were within 10-fold of the PStc estimated via 

the hepatic diffusion clearance and thus covered by the respective PSA, showing that a 

lowered lung PStc within this order of magnitude did not result in a change of predicted total 

ELF concentration. Thus, a potential underestimation of antibiotics pulmonary passive 

permeability is likely not the reason for the observed disconnect in simulated and observed 

ELF profiles. 

In terms of the rodent lung, no report in literature was found where the permeability of drugs 

across the rodent pulmonary epithelium was assessed in an in vitro setting. A study by Sapich 

and colleagues reported that primary alveolar murine epithelial cells form a tight barrier with a 

reported transepithelial electric resistance of ~ 1800 Ω x cm² and a low permeability of 

paracellular marker sodium fluorescein (< 25 nm/s) [380]. Thus, it is plausible to speculate that 

passive permeability of drugs is likely similar to that in human alveolar epithelial cells. 

A further factor to consider is the binding of antibiotics to components of the ELF. The PBPK 

model assumes that the unbound concentration in the ELF equals the unbound concentration 

in the lung tissue, as partition from lung tissue into ELF is driven by passive diffusion only. 

Therefore, the drug binding to ELF components plays a pivotal role in driving total ELF 

concentrations. If a drug shows strong binding to ELF components, this results in lower free 

ELF concentration levels and due to the passive diffusion, following a concentration gradient, 

resulting in an increased total ELF concentration over time.  

Due to the low abundance of proteins within the ELF, it was previously assumed that the free 

fraction within ELF is 100 % [161]. However, recent studies have shown that compounds can 

strongly bind to lipids and proteins within the ELF [156, 162]. A novel fluoroquinolone, 

lascufloxacin, showed an extremely high ELF to unbound plasma ratio (> 60) in clinic. An in 

vitro study elucidated that the compound showed strong binding to the phospholipid 

phosphatidylserine, which is present in the surfactant and thus likely driving the high ELF 

concentration [163, 235]. It was proposed in literature that the ELF-bound drug can be 

extracted during the BAL washing process and thus result in high measured total ELF 

concentrations, that do not reflect local free concentrations. This was described for basic, 

positively charged compounds [162]. Antibiotics often carry a positive charge due to the 
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increased effectiveness against Gram-negative bacteria [164]. Therefore, a strong binding to 

components of the ELF could contribute to the observed high ELF to plasma ratios of 

fluoroquinolones and macrolides (as they carry a basic group) [4, 381, 382]. 

This hypothesis was confirmed when running the PSA while changing the unbound ELF 

fraction (fu,ELF) - the lower the fu,ELF, the higher the predicted total ELF concentration. When 

lowering the experimentally measured fu,ELF by 10-fold to 7.82 % unbound for moxifloxacin, the 

observed ELF concentration-time profile was well predicted in human and rat. For 

telithromycin, lowering the experimentally derived fu,ELF by 10-fold resulted in a better capture 

of  observed ELF profiles. This emphasises that strong binding of drugs to ELF components 

can result in high total ELF concentrations. Using the experimental value for fu,ELF as input 

parameters, determined by the simulated ELF binding assay did not result in improved 

predictions of observed ELF concentrations for both moxifloxacin and telithromycin. It is 

possible that measured fu,ELF values are overpredicted as the sELF consists of the main nine 

components of ELF, but further ELF components are likely contributing to binding in situ. 

Moreover, the sELF was designed to mimic the human ELF and might thus not necessarily 

being representative of the rodent ELF, further investigation would be needed to assess its 

relevance for preclinical species [156]. Future research should therefore focus on developing 

a simulated ELF fluid, that represents the physiological human ELF more closely with regards 

to its numerous components to allow a more accurate estimation of the unbound fraction in 

ELF in vitro. A further point to consider is the establishment of a simulated ELF fluid, which 

takes disease-related aspects into account. It was reported in literature, that patients suffering 

from a bronchiolitis showed increased concentrations of albumin within the ELF [383].  

The same observations, as described in this chapter, regarding PStc and fu,ELF were made 

when using the permeability limited model, where the ELF concentration-time profiles were 

defined by the basolateral and apical PStc (Ba/Ap PStc). 

 

3.3.4.6 Expression of MDR1 within the Pulmonary Epithelium  

In a further step, pulmonary MDR1 expression was incorporated into the PBPK models to 

investigate the potential impact of active efflux on the simulated ELF concentration-time 

profiles of moxifloxacin and telithromycin. MDR1 was described to be expressed on the apical 

side of the lung epithelium [177]. The focus in this in silico study was on MDR1, as literature 

reported moxifloxacin and telithromycin being substrates of MDR1 and due to availability of 

human MDR1 Michaelis-Menten-kinetics (Km and Vmax) for both antibiotics [16, 232, 345]. 

Within the scope of this thesis project, the two antibiotics were tested in bidirectional transport 

studies, using cells overexpressing either human MDR1 or mouse Mdr1 (see chapter 3.2). 
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An efflux ratio (ER) ≥ 2 typically classifies a compound as substrate of MDR1 [18]. 

Telithromycin was classified as substrate of both human and mouse (ER of 54.7 for mouse and 

11.9 for human), whereas moxifloxacin was found to be a substrate of rodent Mdr1 (ER of 7.1) 

but not of human MDR1 (ER of 1.4).  

Within the default lung PBPK tissue in GastroPlus™, no transporter expression was defined. 

The pulmonary expression levels of MDR1/Mdr1 were estimated based on gene expression 

data and set relative to already defined MDR1/Mdr1 protein expression levels of other organs 

within GastroPlus™ (i.e. relative to the kidney expression of MDR1/Mdr1). This approach 

comes with some uncertainty as gene expression levels do not necessarily correlate with 

protein expression levels [384]. Moreover, the gene expression studies, based on which the 

pulmonary MDR1/Mdr1 expression levels were estimated from, assessed the lung as a whole, 

not taking the different cell types into account [193, 203]. The transporter does not seem to be 

expressed only in the pulmonary epithelium, as studies reported its expression as well as in 

the pulmonary endothelium and immune cells [206, 385, 386]. Therefore, reported total 

MDR1/Mdr1 expression levels might not necessarily capture those within the lung epithelium. 

A further point to consider is, that the human gene expression data is based on pooled RNA 

from three individuals (Caucasian male & female) and for the rat expression data, the RNA 

was measured from five male Sprague-Dawley rats [193, 203]. A study by Sakamoto and 

colleagues reported that MDR1 protein expression levels varied up to 44 % across human 

subjects [187]. As the mentioned gene expression study pooled human lung RNA from the 

three donors, no variability across subjects was considered [193]. This approach was taken 

due to the unavailability of measured protein concentrations of MDR1/Mdr1 in the human or 

rodent lung epithelium, respectively. 

 

3.3.4.7 Simulation of ELF Concentration-time Profiles – Incorporation of MDR1/Mdr1 

Efflux on Apical Side of the Lung Epithelium 

The active efflux transporter MDR1/Mdr1 was incorporated to the PBPK model on the apical, 

ELF-facing side of the lung tissue. Both the perfusion and permeability limited model were 

used. The addition of active efflux to the lung tissue had no impact on predicted ELF 

concentrations of both moxifloxacin and telithromycin in human and rat. The simulated ELF 

concentration-time profiles were almost identical to those when running the simulations without 

MDR1 expression within the lung tissue. Based on this simulation data, MDR1/Mdr1 does 

rather not play a role in driving elevated ELF concentrations of moxifloxacin and telithromycin 

in the two species. 

However, it needs to be noted that pulmonary MDR1/Mdr1 protein expression levels were 

estimated based on gene expression data and thus are subject to uncertainty. A PSA was 
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performed where pulmonary protein expression levels of MDR1/Mdr1 were either 10-fold 

decreased or increased compared to initially estimated expression level. For moxifloxacin in 

rat and human and telithromycin in human, a change in MDR1/Mdr1 expression did not result 

in any significant change of the predicted ELF concentration-time profile, whereas for 

telithromycin in rat a 10-fold increase of Mdr1 pulmonary expression levels resulted in overall 

good capture of the in vivo ELF concentrations. This observation could arise from the fact that 

the estimated human pulmonary MDR1 expression levels were 10-fold lower than those of the 

rat and due to an around 13-fold higher affinity of telithromycin to MDR1, than moxifloxacin (as 

defined by the Michaelis-Menten constant (Km)). 

In a further step, several sensitivity analyses were performed by taking the key parameters, 

assessing MDR1 transport kinetics into account: Km and the maximal velocity (Vmax). The Km 

gives an idea of the affinity of the substrate (drug) to the transporter (i.e. the lower Km, the 

higher the affinity to the transporter protein), whereas the Vmax is a reflection of the transporter 

capacity [387]. The PSA showed that lowering the Km 100-fold to the experimental derived one 

had no impact on predicted moxifloxacin ELF concentration in human, and only minor on 

human telithromycin ELF concentration. In contrast, lowering the Km of moxifloxacin 100-fold 

in rat, resulted in well capturing the observed ELF profile, apart from the first sampling time 

point. For telithromycin, a 10-fold lower Km gave a good estimation of the observed data in rat. 

In terms of Vmax, only the condition, where the Vmax of telithromycin was increased by 10-fold in 

the rat model, resulted in a good prediction of observed ELF data. Taken together, the results 

from the sensitivity analyses showed that Mdr1 could contribute, as active efflux transporter, 

to drive higher ELF concentrations (compared to plasma) of both moxifloxacin and 

telithromycin in rat, whereas its contribution in the human lung epithelium appears to be 

negligible based on the simulated ELF data of this study. As a potential limitation, only two 

antibiotics were in scope of this in silico study. 

Further, the literature Km and Vmax were assessed in human MDR1 overexpression cells 

(moxifloxacin [345]) or in human MDR1 overexpressing membranes (telithromycin [16]). 

Therefore, these values might not necessarily reflect those in rodent Mdr1 overexpressing 

cells. Especially, the Km values are likely to be lower, as both Moxifloxacin and Telithromycin 

showed stronger efflux in mouse Mdr1 overexpressing cells compared to human MDR1 

overexpressing cells (4.6-fold for Telithromycin and 4.8-fold for Moxifloxacin, see chapter 3.2). 

Both antibiotics have likely a higher affinity to the mouse Mdr1 than the human MDR1. Thus, 

it is reasonable to speculate that efflux transporters might have a more pronounced impact in 

driving ELF exposure of these two antibiotics in rodents compared to humans. This is aligned 

with findings from other organs, where literature reported for instance that the brain exposure 
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of MDR1/Mdr1 substrates is likely more restricted in rodents than in humans, thus highlighting 

potential species differences [338]. 

In this context, it is worth mentioning that extrapolating drug transporter mechanisms from in 

vitro to in vivo is challenging. Reasons for this are manifold. The transporter expression levels 

within the chosen in vitro model do often not capture those of the respective tissue in vivo, 

passive permeability processes may differ between in vitro and in vivo. Moreover, free tissue 

intracellular concentrations are often not known (i.e. amount of drug being available for active 

transport processes) and thus chosen test concentrations in vitro might over- or underestimate 

transporter’s contribution [388]. Further difficulties arise when exact transporter tissues 

expression levels are not known and if multiple transporter proteins are involved in distribution 

processes [135]. As the human lung epithelium was described to be rich in the expression of 

further ABC transporter such as MRPs, and uptake transporters from the solute carrier (SLC) 

family like OCTs, it is possible that antibiotics interact with these proteins, potentially impacting 

their permeability across the lung epithelium in situ [177].  

 

3.3.4.8 Further Aspects to Consider when Estimating ELF Concentrations 

Further factors can be taken into consideration when estimating drug concentrations within the 

ELF. One of these is the mucociliary clearance (MCL). This process is a defence mechanism 

of pulmonary epithelium to protect against pathogens and particles. The mucus is produced 

by secretory cells and by beating of ciliated cells, it gets transported from conducting airways 

in direction of the throat to be either expectorated or swallowed [389, 390]. This is mainly 

considered, when administering a drug via the inhalation or nasal route [391]. In GastroPlus™, 

the MCL refers to the removal of a drug from the airways via flow of the ELF and is defined as 

2.75 nL/s or 6.67 nL/s by default for human and rat, respectively. This default value was not 

adjusted during all simulations of this study and kept at its default value. 

A further point to consider is the pH of the ELF. An average pH of the ‘healthy’ ELF of around 

6.6 was reported, being slightly acidic compared to physiological pH of the blood with pH 7.4 

[139]. In GastroPlus™, the pH was set to 6.69 by default within the ELF of both human and 

rat. It was shown by PBPK sensitivity simulations in literature that a reduction in the pH of the 

ELF can increase the ELF exposure of antibiotics (e.g. lowering the ELF pH down to 6.0 

resulted in a 2.7-fold higher predicted ELF concentration for the macrolide azithromycin) [139]. 

Similar observations were made when lowering the pH in ELF-PBPK simulations for 

clarithromycin [141]. In case of a severe lung injury, the pH of the ELF can be reduced down 

to ~ 5.5, as measured in the exhaled breath condensate of patients [392]. Since antibiotics are 

typically administered to patients suffering from a bacterial infection, a lowered pH in ELF 
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should be considered. A drop in pH can affect the ionisation charge of antibiotics within the 

ELF (depending on their pKa) and thus potentially impacting the binding to components of the 

ELF. This might be likely observed for antibiotics that carry a strong basic group (pKa of ~ 7.0), 

as a drop in pH would result in a higher proportion of ionised species and thus likely enhanced 

binding to e.g. acidic lipids within the ELF  [141, 156, 319]. 

A limitation of this in silico study is that ELF concentrations were predicted within a healthy 

subject population, whereas the observed ELF concentrations were measured in patients that 

underwent a diagnostic bronchoscopy (see Supplemental Table C1). However, it was not 

clearly specified in the clinical studies what individual diagnosis the subjects had. The plasma 

concentrations of respective clinical studies were reasonably captured by the established 

PBPK models without taking disease-related mechanisms into account. Thus, the PBPK 

models are likely a solid base to predict ELF concentration-time profiles and compare to 

observed data of the respective clinical studies. 

It is reported that severe illness can affect several pharmacokinetic parameters of absorption, 

distribution, metabolism and elimination processes. This can result in a change of volume of 

distribution, protein concentration within the plasma, clearance mechanism and beyond, which 

would have a direct impact on observed plasma concentration profiles and thus also resulting 

ELF concentrations [393]. It was further reported that severe pneumonia can result in alveolar 

damage and alveolar cells losing their barrier functions, thus becoming leaky [394]. This 

phenomenon likely affects local drug concentration within the ELF. As this was not considered 

in this study, the established PBPK model within this in silico study are likely not suitable to 

predict ELF concentrations of antibiotics within a severely ill population.  

 

3.3.5 Conclusion 

This in silico study aimed to simulate the concentrations of moxifloxacin and telithromycin in 

the ELF of both human and rat, using a PBPK modelling approach. The ELF concentration-time 

profiles were predicted after a drug administration via the systemic circulation and compared 

to observed data from clinical and in vivo studies. 

Overall, an underestimation of the measured ELF concentrations was observed for both 

antibiotics in the two species. Parameter sensitivity analysis revealed that closer predictions 

of ELF concentration-time profiles were received once lowering the unbound drug fraction 

within the ELF, whereas a change in the passive pulmonary permeability did not affect 

predicted ELF concentrations. The incorporation of MDR1/Mdr1 as active efflux transporter on 

the apical side of the lung tissue did not result in more accurate predictions of observed ELF 

concentrations. However, following sensitivity analysis showed that a change in MDR1/Mdr1 
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interaction parameters improved ELF predictions of moxifloxacin and telithromycin in rat, 

without any significant change in the human simulations. 

This PBPK approach is a first step to a better mechanistic understanding of the 

pharmacokinetic parameters driving drug’s exposure into the ELF, while pinpointing to potential 

species differences in the contribution of active efflux transporters (MDR1/Mdr1) at the level of 

the lung epithelium. 

Further, this study highlights the fact that drug binding to components of the ELF can 

significantly increase total ELF concentrations in both human and rat, a parameter being often 

ignored due to the previous assumption that binding of antibiotics to ELF components is 

negligible.  
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4. Summary and Outlook 

The overall aim of this thesis was to deepen the mechanistic understanding on the role of ABC 

efflux transporters at the human lung epithelium and their potential impact on the pulmonary 

bioavailability of antibiotics after an administration via the systemic circulation. The 

experimental approach employed a combination of in vitro and in silico methods and was 

described in Chapters 3.1, 3.2 and 3.3. 

 

4.1 Characterising the Expression and Functional Activity of MDR1, MRP1 and BCRP in 

Cell Lines and Primary Cells of the Human Upper and Lower Airways 

In the first manuscript (Chapter 3.1), the expression and functional activity of MDR1, MRP1 

and BCRP was characterised in several cell lines and primary cells that were derived from the 

human upper and lower airway epithelium. The focus was on MDR1 and BCRP due to their 

clinically relevant impact on the pharmacokinetics of their substrates in tissues like the 

intestine, kidney or liver [173]. Further, MRP1 was included due to its reported high expression 

levels within the human pulmonary epithelium [187]. The following cell lines were investigated: 

16HBE14o-, Calu-3, NCI-H441, A549, hAELVi and Arlo and the respective primary cells of 

bronchial (NHBE) and alveolar (hAEpC) origin, allowing a direct comparison in terms of ABC 

transporters’ expression and mediated efflux.  

MRP1 showed ubiquitous expression, being well aligned with literature findings [177]. 

In contrast, MDR1 was only expressed in Calu-3 cells, whereas literature reported its 

expression also in the 16HBE14o-, NCI-H441 and A549 cell lines [94, 195]. The absence of 

widely standardised culture conditions and protocols across labs, the use different reagents 

and potential selective agents or the formation of subclones (which often possess different 

properties compared to the parent cell line) may result in variability of transporter expression 

levels across studies [79, 395, 396]. Further factors like the passage number, cultivation time 

on membrane inserts or the culture interface (ALI vs. LCC) have been described to impact the 

MDR1 expression levels in Calu-3 [79, 87, 201]. Findings from this thesis have revealed that 

culturing lung epithelial cells at ALI versus LCC resulted only for Calu-3 in significant 

differences in the expression of MDR1 and MRP1 at protein level, whereas this was not 

observed for the other cell lines. Future research would be needed to investigate to what extent 

additional factors, like the culture time or passage number affect transporters’ expression in 

lung epithelial cell lines other than Calu-3. This might contribute to a better understanding of 

the inconsistent findings in terms of ABC transporters expression patterns in pulmonary in vitro 

models across literature [19]. In contrast to existing reports [89, 111], MDR1 was also not 

detected in the primary NHBE and hAEpC cells characterised in this study. Overall, there is 

still little known about the expression levels of ABC transporters within the human pulmonary 
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tissue [177]. Sakamoto and colleagues reported that factors like gender might influence total 

transporters’ expression levels within the human lung. However, further studies with a larger 

number of donors would be needed to investigate this further [187]. Moreover, the potential 

influence of age and disease state on ABC transporters’ expression is likely contributing to 

observed donor to donor variability of primary cells [397]. In the context of hAEpC cells isolated 

in this study, no information regarding the donors’ age, gender and disease state was received 

to ensure patients’ data protection. Considering the absence of MDR1 in each three 

independent donors of primary NHBE and hAEpC cells, as well as in the majority of pulmonary 

cell lines, this questions the relevance of MDR1 on pulmonary drug disposition processes in 

situ.  

The expression of BCRP was mainly observed in cells derived from the bronchial and 

bronchiolar epithelium [87, 221], whereas its expression was less pronounced or absent in 

alveolar-derived hAEpC, hAELVi and Arlo, being aligned with literature findings [107, 108]. This 

may point to a potential lung regional-specific expression of BCRP. Given that the alveolar 

epithelial surface area is up to 140-fold larger than the bronchial epithelial surface area [27], it 

raises the question how relevant the expression of BCRP in the bronchial epithelium is to 

overall pulmonary drug disposition in the context of a systemic drug administration. 

Nevertheless, more important than the mere expression of drug transporters is to evaluate 

whether they are functionally active. This is typically assessed by measuring the efflux of 

transporter substrates in absence and presence of transporter inhibitors [18]. In literature, the 

functional activity of pulmonary expressed MDR1, MRP1 and BCRP was often assessed by 

using fluorophores as probe substrates [74, 111, 222]. In this study, fluorescent Rh123, 5,6-CF 

and H33342 were used as substrates for MDR1, MRP1 and BCRP, respectively. The observed 

efflux was well aligned with the expression profiles of MDR1, MRP1 and BCRP in the different 

lung cells. However, none of these fluorophores is selective for the respective ABC transporter 

and an interplay with further expressed ABC and SLC transporter proteins cannot be excluded 

[197, 215, 224]. This is especially a concern for lung epithelial cells, which are described to 

express a variety of active drug transporters, including members from the SLC family [177, 

271]. To confirm the presence of active efflux within the lung epithelial cells in this study, 

bidirectional transport studies using drugs that are known substrates of the individual ABC 

transporters, were performed. In contrast to fluorophore experiments, no efflux mediated by 

MRP1 and BCRP was observed across all the lung epithelial cells (but being present in the 

Caco-2 cells, which served as positive control). Only for MDR1, efflux was shown in Calu-3 in 

this type of experiments. It was hypothesised that the fluorophores are more prone to be 

affected by active transporters, since they are more lipophilic (AlogP >~ 3) and showed an 

extremely low membrane permeability (Papp < 2 nm/s) across lung epithelial cells, if comparing 
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to the used drug substrates. Due to the distinct physicochemical properties of fluorophores and 

their non-selectivity for a specific ABC transporter, their use should be avoided, when aiming 

to assess the contribution of a single transporter protein on overall pulmonary drug disposition. 

In bidirectional transport studies conducted within the scope of this thesis, the presence of 

active efflux was considered if there was a more than two-fold difference in net flux ratio across 

polarised epithelial cells, which had to decrease at least 50 % in presence of a 

transporter-specific inhibitor. This is in accordance with the recommendations from the health 

authorities [18]. However, these acceptance criteria have so far not been applied in literature, 

when assessing active efflux in pulmonary epithelial cell models, where efflux was typically 

considered if there was a statistically significant difference in permeability (absorptive versus 

secretory) [87]. To standardise the readout (i.e. presence of active efflux), it is worth to debate, 

whether these guidance criteria from health authorities should also be applied in future 

bidirectional transport studies using pulmonary epithelial cells [182]. 

Overall, the results indicate that ABC transporters may rather not play a pivotal role in 

pulmonary drug disposition processes, which is in contrast to their contribution in the epithelia 

of other organs like the intestine, liver or kidney [18]. Further drugs, which are known ABC 

transporter substrates, should be tested in bidirectional transport studies across pulmonary 

epithelial cells to confirm this finding. The use of primary cells has often been described as 

benchmark, especially when focussing on pulmonary drug disposition across the alveolar 

airways [20]. However, in terms of ABC transporters expression and functional efflux, similar 

findings were made in cell lines, when comparing data from primary cells to cell lines of the 

respective region. Calu-3 cells appear to be an exception (due to the presence of MDR1 efflux), 

which might arise from their cancer phenotype [332]. 

 

4.2 Investigating the Transport of 20 marketed Antibiotics across the Human Lung 

Epithelium in vitro 

The aim of the second manuscript (Chapter 3.2) was to gain a deeper mechanistic 

understanding on the processes driving the transport of antibiotics across the pulmonary 

epithelium into the ELF after an administration via the systemic circulation. The following 

pharmacokinetic parameters were investigated: permeability, active efflux by ABC transporters 

and the degree of binding to plasma proteins and components of a simulated ELF. A diverse 

compound set of 20 marketed antibiotics was investigated. 

The basolateral to apical permeability (i.e. mimicking the drug permeation from plasma into 

ELF) was measured in human tracheo-bronchial Calu-3 and alveolar hAELVi epithelial cells 

and compared to analogous values in LLC-PK1 WT (porcine kidney epithelial) and Caco-2 
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(human intestinal epithelial) cells, which are typically used for permeability profiling in early 

drug development [58, 290]. On average, a two- to three-fold lower permeability was measured 

in the lung cell lines, which was mainly pronounced for antibiotics, that were classified as highly 

permeable (> 100 nm/s) in LLC-PK1 WT and Caco-2 cells. Since the majority of antibiotics 

carries a moderate to strong basic group (pKa ≥ 7), it was hypothesised that enhanced binding 

to acidic phospholipids like phosphatidylserine (PS) within the membrane of lung epithelial 

cells could contribute to their reduced permeability in vitro [319, 320]. This process is well 

known in rats, where a high expression of PS was found in the lung, directly correlating with 

increased lung tissue retention of basic drugs [324]. Further studies would be needed to 

quantify the content of acidic phospholipids like PS within the cell membrane of different human 

organs including the lung, to understand the significance of this process on the tissue 

distribution of basic drugs in humans and whether there are significant differences across 

organs, which could impact local drug distribution [398]. To date, there are no studies available 

that conducted a lipidomic characterisation of the membrane phospholipid composition of 

Calu-3 and hAELVi, which would provide an estimation of their content of acidic phospholipids 

compared to other cells lines like LLC-PK1 WT and Caco-2.  

Based on the measured extremely low permeability (< 10 nm/s) and recovery values (< 50 %) 

for hydroxychloroquine in Calu-3 and hAELVi (but not observed in LLC-PK1 WT and Caco-2), 

the presence of lysosomal drug sequestration in vitro was suggested [241]. In presence of 

Bafilomycin A1, a disruptor of the lysosomal acidification [303], both permeability and recovery 

of hydroxychloroquine significantly increased. This pointed to the relevance of lysosomal 

sequestration in Calu-3 and hAELVi cells, when aiming to determine an accurate estimate of 

the permeability of lipophilic and weakly basic drugs (like hydroxychloroquine). Future studies 

should be conducted to quantify the amount of lysosomes within Calu-3 and hAELVi to 

investigate, whether they possess a significantly higher cellular lysosomal concentration than 

LLC-PK1 WT or Caco-2 cells, as the presence of lysosomal trapping appeared to be less 

pronounced in these renal and intestinal epithelial cells. This could be assessed by staining 

lysosomes with fluorophores like ‘LysoTracker™ deep red’ and using a flow cytometrical 

readout [399]. 

Only few antibiotics, i.e. macrolides, ketolides and rifampicin, showed active efflux within the 

Calu-3 cells, which was likely mediated by MDR1, as all these compounds were classified as 

substrates of human MDR1 in MDR1-overexpressing cells and as Calu-3 was shown to 

express functionally active MDR1. No active efflux of antibiotics mediated by ABC transporters 

was observed within the hAELVi cells. This may hint to potential lung-regional differences, as 

Calu-3 were derived from the tracheo-bronchial epithelium and hAELVi from the alveolar 

epithelium [77]. If accounting for the significantly larger surface area for drug permeation in the 
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alveolar region [27], this might render the potential presence of active efflux within the bronchial 

region in situ negligible, especially in the context of a systemic drug administration. 

Furthermore, Calu-3 cells were derived from a lung adenocarcinoma patient, thus potentially 

overexpressing MDR1, as part of tumours’ chemoresistance, and thus not necessarily 

representing the naïve human epithelium [60, 332]. 

Since macrolides and fluoroquinolones have shown increased ELF to plasma concentrations 

(>> 1) in clinics and in vivo, it has been discussed whether the presence of active efflux at the 

apical side of the lung epithelium is responsible for this observation [4, 288, 289, 297]. The 

respective antibiotics were therefore tested in human MDR1 or BCRP and in mouse Mdr1a or 

Bcrp1 overexpressing cells. Due to the higher efflux observed for these antibiotics in the mouse 

ABC transporter-overexpressing cells and thus likely higher affinity to mouse transporter 

proteins compared to analogous human proteins, this may point to potential species 

differences with regards to the transporters’ impact on drug distribution processes, as 

described for other biological barriers like the blood-brain-barrier [338]. Therefore, the 

contribution of ABC transporter on pulmonary drug disposition of antibiotics may be more 

pronounced in rodents than in human. Further research would be needed to investigate this 

hypothesis, i.e. by comparing the lung exposure of macrolides and fluoroquinolones in 

transporter-knockout versus wild type animals [124]. 

There has been growing evidence that binding of antibiotics to lipids and proteins of the ELF 

can significantly reduce their local free ELF concentrations, whereas previously an unbound 

fraction of 100 % in ELF was assumed due to the lower abundance of proteins in ELF 

compared to plasma [156, 161, 163]. Literature has reported that especially basic antibiotics 

tend to show a stronger binding to lipids present in ELF compared to plasma proteins [156]. 

This was not observed for the compound set in this study, although still highlighting, that 

unbound fraction of most antibiotics in ELF is likely less than 100 % free and thus needs to be 

considered when investigating pulmonary pharmacokinetic processes. As a caveat of the 

simulated ELF used in this study, only the nine major components of human ELF were 

included, but additional components like surfactant-associated proteins or additional 

phospholipids like PS could contribute to drug binding in ELF and thus lower the free local 

concentrations [156, 163, 304, 305]. Future research would also be needed to evaluate 

whether there are species differences in ELF composition between human and rodents, which 

would need to be accounted for. 
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4.3 Employ PBPK Modelling to Quantitatively Simulate the ELF Concentration-Time 

Profiles of Moxifloxacin and Telithromycin in Human and Rat 

In the third part (Chapter 3.3), PBPK modelling was used to simulate the ELF 

concentration-time profiles of moxifloxacin and telithromycin in both human and rat. The 

predictions were compared to the observed ELF concentration-time profiles from clinical and 

in vivo studies. The established PBPK models showed a good prediction of the observed 

plasma-time profiles for both antibiotics in the two species and were therefore considered 

suitable for predicting the respective ELF concentrations. 

The simulated ELF concentration-time profiles of moxifloxacin and telithromycin were generally 

underestimating the observed values in human and rat. Incorporating MDR1 efflux on the 

apical side of the lung epithelium did not result in any significant changes in predicted ELF 

concentrations of moxifloxacin and telithromycin in both species.  

The conducted parameter sensitivity analyses revealed that a change in MDR1 interaction 

parameters, either the Michaelis-Menten constant (Km) and/or the maximal transport velocity 

(Vmax) resulted in closer prediction of observed ELF concentrations for the two antibiotics in rat 

but had no significant impact on ELF predictions in human. This observation hinted to potential 

species differences in terms of the contribution of active efflux at the pulmonary epithelium, 

emphasising that ABC transporters could potentially play a role in driving ELF exposure in 

rodents. Having  a more quantitative understanding of  MDR1 protein expression levels in the 

pulmonary epithelium of humans and rodents in situ would contribute to a deeper 

understanding of potential species differences, especially as significant differences in MDR1 

expression levels were reported for human, mouse and rat lung microvessels [400]. Further, 

the incorporation of experimentally derived Km and Vmax values of antibiotics with the rodent 

Mdr1 into the PBPK model would be beneficial to further improve the predictions. 

Additional PBPK simulations have shown that the degree of the unbound fraction in the ELF 

can have a tremendous impact on total ELF concentrations of moxifloxacin and telithromycin 

in human and rat – the smaller the unbound fraction, the higher the total ELF concentration 

over time. Since literature reported a strong binding of basic drugs to lipids and proteins within 

the ELF [156, 163], it is reasonable to speculate that enhanced binding to components of the 

ELF could contribute to observed elevated ELF to plasma ratios of macrolides and 

fluoroquinolones in human and rodent, given that these molecules possess basic groups. 

Future research should focus on further elucidating, which individual components of the ELF 

contribute to enhanced binding of drugs like macrolides and fluoroquinolones in this matrix.  
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4.4 Final Conclusion  

The in vitro and in silico results of this thesis have provided evidence that ABC transporters 

play a rather minor role in affecting the pulmonary bioavailability of antibiotics after a systemic 

administration. The data from the PBPK modelling revealed that additional pharmacokinetic 

parameters, such as the unbound drug fraction in ELF, are potentially contributing to elevated 

ELF to plasma ratios observed in clinics for macrolides and fluoroquinolones, rather than active 

efflux by ABC transporters at the apical side of the lung epithelium. 

Overall, the findings of this thesis provided a deeper mechanistic understanding on the role of 

ABC efflux transporters within the human pulmonary epithelium, pointing to a negligible 

contribution, which contrasts their role in other tissues of the human body like the intestinal 

mucosa or the blood brain barrier [18]. These findings can be used as foundation for future 

studies, when aiming to translate relevant pharmacokinetic parameters of pulmonary drug 

disposition, like epithelial permeability and the unbound fraction in ELF to a disease state such 

as pneumonia.  
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10. Appendix 

A. Supplemental Material to Chapter 3.1 

A1. Details on LC-MS/MS Analytics 

Table A1: Setting of the mass spectrometer source parameters. 

Parameter Setting 

Curtain gas [psi] 30 

Collision gas [psi] 12 

Ion spray voltage [V] 5500 

Temperature [°C] 500 

Ion source gas 1 [psi] 40 

Ion source gas 2 [psi] 50 

Table A2: Details of the mass spectrometer transition parameters with mass-to-charge ratio (m/z), declustering 
potential (DP) and collision energy (CE). 

Compound m/z for 
parent 

m/z for 
fragment 

DP [V] CE [eV] 

Edoxaban 548.1 366.2 171 26 

Doxorubicin 544.2 397.1 126 17 

Prazosin 384.2 95.1 141 77 

Atenolol 267.2 190.2 66 25 

Carbamazepine 237.1 194.1 90 20 

Budesonide 431.1 147.2 50 40 

Oxazepam (Internal Standard) 287.1 241.1 51 31 

Table A3: Details of the liquid chromatography gradient. 

Time [min] Mobile phase B [%] 

0.00 0 

0.26 0 

0.90 95 

1.23 95 

1.33 0 

1.40 0 
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A2. Western Blot - Bands of MDR1, MRP1 and BCRP  

Representative Western Blots showing the bands for MDR1, MRP1 and BCRP in lung 

epithelial cells and Caco-2. Transporter proteins bands were visualized via chemiluminescence 

and β-actin bands via near-infrared fluorescence. For cell lines, the Western Blot was 

performed three times with comparable results (Figure A1-A7). For primary cells (NHBE and 

hAEpC), each three donors were compared (Figure A8 & A9). 

 

Figure A1: MDR1, MRP1, BCRP and β-actin expression in 16HBE14o- cells, cultured either in flask, air-liquid 

interface (ALI) or liquid-covered condition (LCC) with n = 1. 

 

Figure A2: MDR1, MRP1, BCRP and β-actin expression in Calu-3 cells, cultured either in flask, air liquid interface 

(ALI) or liquid-covered condition (LCC) with n = 1. 
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Figure A3: MDR1, MRP1, BCRP and β-actin expression in NCI-H441 cells, cultured either in flask, air-liquid 

interface (ALI) or liquid-covered condition (LCC) with n = 1. 

 

Figure A4: MDR1, MRP1, BCRP and β-actin expression in A549 cells, cultured either in flask, air-liquid interface 

(ALI) or liquid-covered condition (LCC) with n = 1. 
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Figure A5: MDR1, MRP1, BCRP and β-actin expression in hAELVi cells, cultured either in flask, air-liquid interface 

(ALI) or liquid-covered condition (LCC) with n = 1. 

 

Figure A6: MDR1, MRP1, BCRP and β-actin expression in Arlo cells, cultured either in flask, air-liquid interface 

(ALI) or liquid-covered condition (LCC) with n = 1. 
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Figure A7: MDR1, MRP1, BCRP and β-actin expression in Caco-2 cells, cultured either in flask or liquid-covered 

condition (LCC) with n = 1. 

 

 

 

 

Figure A8: MDR1, MRP1, BCRP and β-actin expression in three donors of NHBE cells, cultured either in flask or 

air-liquid interface (ALI) with n = 1. 
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Figure A9: MDR1, MRP1, BCRP and β-actin expression in three donors of hAEpC cells, cultured either in flask or 

air-liquid interface (ALI) with n = 1.The flask condition refers to cells in suspension after the isolation and before the 

seeding (i.e. alveolar type II cells). 

 

A3. Permeability of High Permeability Markers in Lung Epithelial cells 

Figure A10 shows measured apparent permeability values for carbamazepine in lung epithelial 

cells and Caco-2. Values exceed the threshold of 100 nm/s (that classifies compounds as 

highly permeable [260]) and are comparable across all cell lines and between ALI and LCC 

cultured cells.  

High permeability marker budesonide was measured in each three donors of NHBE and 

hAEpC. Measured values in NHBE did not exceed the threshold of 100 nm/s (that typically 

classifies compounds as high permeable). In comparison, budesonide shows a slightly higher 

permeability in hAEpC, as shown in Figure A11. 

 

 



198 
 

 

Figure A10:  Average apparent permeability (Papp) of high permeability marker Carbamazepine in lung epithelial 

cells measured at air-liquid interface (ALI) and liquid-covered condition (LCC) and in Caco-2 at LCC. Dashed line 

at 100 nm/s represents threshold for high permeability. Values are shown as mean ± SD with n= 6. Papp values are 

shown as average of Papp AB and Papp BA. 

 

 

Figure A11: Average apparent permeability (Papp) of high permeability marker budesonide in each three donors of 

human bronchial (NHBE) and alveolar (hAEpC) primary lung epithelial cells at air-liquid interface (ALI). Dashed line 

at 100 nm/s represents threshold for high permeability. Values are shown as mean ± SD with n= 6. Papp values are 

shown as average of Papp AB and Papp BA. 

 

A4. Calculation of the Uptake Ratio (UR) for Doxorubicin  

As MRP1 was described to be expressed at the basolateral side of the cell membrane in the 

human lung epithelium, the inverse of the efflux ratio has been reported: the so-called uptake 

(UR) to assess active efflux at the basolateral side. UR is calculated as described in equation 

A1 [87]. 

𝑈𝑅 =  
𝑃𝑎𝑝𝑝 𝐴𝐵

𝑃𝑎𝑝𝑝 𝐵𝐴
 

Equation A1: Formula to calculate the uptake ratio (UR). The permeability from apical to basolateral side (Papp AB) 

is divided by the permeability from basolateral to apical side (Papp BA).  
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If applying the threshold for active efflux based on the ER concept (see [18]), the UR would 

need to exceed the value of two (UR > 2) to confirm the presence of active efflux at the 

basolateral side. The UR was calculated for doxorubicin, which served as model substrate for 

MRP1 in this study. The UR was also calculated based on the permeability values measured 

in presence of MRP1 inhibitor MK-571 (UR,i). The results are depicted in Figure A12. 

 

Figure A12: Calculated uptake ratios of ABC substrates in lung epithelial cells and Caco-2 in absence (UR) and 

presence (UR,i) of MRP1-specific inhibitor MK-571. Efflux in lung epithelial cell lines was compared at both air-liquid 

interface (ALI) and liquid-covered condition (LCC), but due to monolayer leakiness, no UR values are reported for 

16HBE14o-/NCI-H441 at ALI and for A549 at ALI and LCC. In primary lung epithelial cells, UR was only assessed 

at ALI and Caco-2 at LCC. If UR > 2, this indicates active efflux present at the basolateral side of the cell membrane 

(indicated with dashed line). Data is presented as mean ± SD with n = 3 from three independent experiments. 

Doxorubicin showed an average UR < 2 in all lung epithelial cells and in Caco-2, claiming the 

absence of functional active MRP1 at the basolateral side of the cell membrane.  

 

A5. qPCR Analysis of MRPs Expression in Lung Epithelial Cells 

A qPCR was conducted to measure the expression levels of MRPs in lung epithelial cells and 

compare it to MRP1 expression levels (as described in 3.2.2). This was conducted as no efflux 

of the MRP1 substrate doxorubicin was observed in the lung epithelial cells in bidirectional 

transport studies (see 3.3.5). This could be potentially explained by the presence of other 

MRPs in the lung epithelium. Further, doxorubicin was described in literature to be no specific 

substrate of MRP1 but appears to be transported as well by other MRPs like MRP2 [211, 283]. 

Sakamoto and colleagues had conducted a quantitative assessment of MRP1-9 protein 

expression in cell lines and primary cells derived from the human lung epithelium. They 

reported high expression levels of MRP1 compared to other MRPs. Interestingly, no MRP3, 

MRP5 and MRP6 was detected in Calu-3, NCI-H441 and A549, whereas it was detected in 

bronchial and alveolar primary cells [187, 194]. In contrast, at gene level, the expression of 

MRP1-9 was reported in the majority of human lung epithelial cell lines and primary cells [195]. 



200 
 

In a recent review paper by Galetin and colleagues (2024), MRP2, MRP3 and MRP4 were 

described to transport a variety of different drugs, however there is only limited clinical 

evidence for their involvement in drug-drug interactions. Both MRP5 & MRP6 were found to 

transport rather endogenous substrates and only a small number of xenobiotics, however their 

potential contribution to clinically relevant drug-drug interactions is largely unknown [170].  

Therefore, this study focussed on measuring the gene expression of MRP2, MRP3, MRP4, 

MRP5 and MRP6 in the lung epithelial cells and in Caco-2, comparing flask-cultured cells 

against cells grown on Transwell® inserts (ALI or LCC). Table A4 provides an overview of the 

TaqMan™ gene expression FAM assays used to determine the gene expression of MRPs. 

Table A4: Overview of MRP2-6 primers used in qPCR. 

Gene Protein 
TaqMan® Gene Expression 

Assay ID 

ABCC2 MRP2 Hs00166123_m1 

ABCC3 MRP3 Hs00978452_m1 

ABCC4 MRP4 Hs00195260_m1 

ABCC5 MRP5 Hs00981089_m1 

ABCC6 MRP6 Hs01077866_m1 

 

As shown in Figure A13 and Figure A14, there are differences in the gene expression levels of 

MRPs in the lung epithelial cells and the measured expression levels were partially comparable 

to those of MRP1. Moreover, several statically relevant differences in the expression of MRPs 

in flask vs ALI vs LCC cultured cells were found. Further research would be needed to 

investigate whether these expression levels are also comparable at protein level and to further 

elucidate the spatial expression of MRPs within the human lung epithelium [177]. 
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Figure A13. Gene expression of MRP1, MRP2, MRP3, MRP4, MRP5 and MRP6 in human lung epithelial cell lines 

and human primary epithelial cells derived from the upper airways and Caco-2 cells, analysed by qPCR and 

depicted as relative expression to housekeeping gene β-actin. Expression levels of ABC transporters in cells 

cultured in flasks or on Transwell® inserts at air liquid interface (ALI) or liquid covered condition (LCC) were 

compared. Whereas Caco-2, which serve as positive control, were cultured in flasks and at LCC on Transwell® 

inserts. Data are presented as mean ± SD with n = 3 and N = 3 for primary cells. MRP1 data are presented as 

reference and as a mean ± SD with n = 3 from three independent isolations (as depicted Figure 1). n.d. stands for 

non-detected. Differences in mean of three groups were analysed by One-way ANOVA followed by Tukey’s multiple 

comparison test. Differences between two groups were analysed by un-paired two-sided t-test. *p ≤ 0.05, **p ≤ 

0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 

 

Given the expression of MRP2, MRP3 and MRP4 in lung epithelial cells and their known 

involvement of transporting drugs across biological barriers [170], it is plausible to speculate 

that these efflux transporters might be involved in transporting compounds like doxorubicin 

across the lung epithelium. Therefore, the presence of functionally active MRPs on both sides 

of the pulmonary epithelium (i.e. apical and basolateral) could be a potential reason for the 

absence of active efflux of doxorubicin. Nevertheless, this hypothesis requires further 

investigation.  
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Figure A14. Gene expression of MRP1, MRP2, MRP3, MRP4, MRP5 and MRP6 in human lung epithelial cell lines 

and human primary epithelial cells derived from the lower airways, analysed by qPCR and depicted as relative 

expression to housekeeping gene β-actin. Expression levels of ABC transporters in cells cultured in flasks or on 

Transwell® inserts at air liquid interface (ALI) or liquid covered condition (LCC) were compared. For hAEpC, the 

flask condition refers to cells in suspension after the isolation and prior the seeding (i.e. alveolar type II cells). Data 

are presented as mean ± SD with n = 3 . Data are presented as mean ± SD with n = 3 and N = 3 for primary cells. 

MRP1 data are presented as reference ± SD with n = 3 from three independent isolations (as depicted in Figure 2). 

n.d. stands for non-detected. Differences in mean of three groups were analysed by One-way ANOVA followed by 

Tukey’s multiple comparison test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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B. Supplemental Material to Chapter 3.2 

B1. Details on LC-MS/MS Analytics 

Table B1: Details of Mass spectrometer transition parameters: mass-to-charge ratio (m/z), declustering potential 
(DP), collision energy (CE) and chromatographic conditions. 
 

Compound 
m/z for 
parent 

m/z for 
fragment 

DP 
[V] 

CE 
[eV] 

Injection 
volume  

µL 

Mobile 
phase 

Column 

Amoxicillin 366.2 114.0 70 35 2 A1 / B1 2 

Tazobactam 299.0 138.0 -30 -15 2 A1 / B1 1 

Cefdinir 396.1 227.1 50 25 1 A1 / B1 2 

Cefepime 481.0 125.0 50 75 1 A2 / B2 2 

Imipenem 300.1 142.1 80 35 2 A1 / B1 2 

Erythromycin 734.5 576.4 130 25 1 A1 / B1 2 

Clarithromycin 748.5 158.2 130 35 1 A1 / B1 2 

Azithromycin 749.5 591.5 90 45 1 A1 / B1 2 

Telithromycin 812.4 655.4 100 45 1 A2 / B2 2 

Ciprofloxacin 332.1 288.1 90 25 2 A1 / B1 1 

Moxifloxacin 402.0 358.2 100 35 1 A1 / B1 2 

Levofloxacin 362.1 318.1 90 25 1 A1 / B1 2 

Lascufloxacin 440.3 317.2 100 45 1 A1 / B1 1 

Gentamicin 478.2 322.0 80 20 2 A1 / B1 2 

Vancomycin 725.3 144.1 116 23 1 A1 / B1 2 

Linezolid 338.2 296.2 60 25 1 A1 / B1 2 

Omadacycline 279.1 270.7 20 15 1 A2 / B2 2 

Dapson 249.0 156.0 50 25 1 A2 / B2 2 

Isoniazid 138.1 121.2 50 20 1 A1 / B1 2 

Rifampicin 823.4 791.5 130 25 2 A1 / B1 2 

Hydroxychloroquine 336.2 247.1 50 25 1 A1 / B1 2 

Voriconazole 350.1 281.1 40 25 2 A1 / B1 2 

Edoxaban 548.0 366.2 171 29 2 A1 / B1 2 

Atenolol 267.2 190.2 66 25 2 A1 / B1 1 

Propranolol 260.1 116.1 61 25 2 A1 / B1 2 

Oxazepam (Internal 
standard for positive 

mode) 

287.1 241.1 51 31 1 or 2 A1 / B1 
A2 / B2 

1 or 2 

Roche internal 
compound 

(Internal standard for 
negative mode) 

312.1 242.2 -80 -22 1 or 2 A1 / B1 
A2 / B2 

1 or 2 

 

The details of the mass spectrometer and the liquid chromatography gradient were the same 

as described in Supplemental Tables A1 & A3. For compounds analysed in negative mode, the 

ion spray voltage was set to - 4500 V. 

 

 

 



204 
 

B2. Predicted pKa Values for Antibiotics 

Table B2. Overview of predicted pKa values for antibiotics and permeability control markers. If several acidic (ApKa) 

and basic (BpKa) were predicted, all are reported.  

Compound ApKa 1 ApKa 2 ApKa 3 BpKa 1 BpKa 2 BpKa 3 
Ionisation 
category 
at pH 7.4 

Amoxicillin 3.10 10 - 6.95 - - Zwitter 

Tazobactam 2.76 - - 1.02 -2.59 - Acidic 

Cefdinir 2.62 7.20 10.9 3.66 -0.970 -2.35 Acidic 

Cefepime 2.66 10.8 - 3.99 -1.12 -4.03 Zwitter 

Erythromycin - - - 8.23 - - Basic 

Clarithromycin - - - 8.21 - - Basic 

Azithromycin - - - 8.24 6.80 - Basic 

Telithromycin 7.43 - - 8.47 5.28 2.84 Zwitter 

Ciprofloxacin 5.88 - - 8.89 0.160 - Zwitter 

Moxifloxacin 6.09 - - 9.14 1.51 - Zwitter 

Levofloxacin 5.89 - - 8.06 0.640 - Zwitter 

Lascufloxacin 6.01 - - 8.15 2.43 - Zwitter 

Vancomycin 2.92 8.19 10.1 9.13 8.53 - Zwitter 

Linezolid - - - 2.30 - - Neutral 

Omadacycline 2.89 7.08 8.19 10.5 9.46 3.71 Zwitter 

Dapsone - - - 2.89 1.84 - Neutral 

Isoniazid 11.6 - - 3.52 1.80 - Neutral 

Rifampicin 6.37 7.43 9.45 10.7 0.620 -3.46 Zwitter 

Hydroxychloroquine - - - 9.18 6.98 1.34 Basic 

Voriconazole - - - 2.42 0.820 -2.96 Neutral 

Atenolol - - - 9.60 - - Basic 

Propranolol - - - 9.47 - - Basic 

Edoxaban 10.7 11.9 12.5 6.97 1.56 0.82 Basic 

 

B3. The Impact of Physico-chemical Properties on Binding of Antibiotics to Human 

Plasma proteins and Components of a Human Simulated ELF  

Bases were reported to show a stronger binding to components of the sELF than neutral or 

acidic compounds [156]. Although the compound set in this study consisted predominantly of 

zwitterionic compounds at 7.4, it was investigated what impact the ionisation category had an 

average unbound fraction in human plasma and sELF, as seen in Figure B1. 

Data showed that the average unbound fraction for both sELF and plasma was lowest for basic 

compounds. Unbound values for zwitterions showed a broad range from 0.16 to 1.15 for 

human plasma and from 0.19 to 1.16 for sELF. 

If taking further physico-chemical properties of the antibiotics into account, the unbound 

fraction in both plasma and sELF appeared to decrease with increasing AlogP and logD, see 

Figure B2. 
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Figure B1. Average unbound fraction of antibiotics in human sELF (fu,sELF) (A) or human plasma (fu,plasma) (B) 
according to their ionisation category at pH 7.4. Data shown as mean ± SD with n = 2 for acidic, n = 4 for basic and 
neutral and n = 10 for zwitterions. 

Figure B2 shows the increase in binding of antibiotics to human plasma proteins as well as to 

sELF with increasing lipophilicity (AlogP and ML_logD). This observation is aligned with 

previously published data [156, 401]. 

 

Figure B2. Comparison of unbound fraction of antibiotics in human sELF or plasma against AlogP (A & B) or 
ML_logD at pH 7.4 (C & D). Fraction unbound values are shown as mean ± SD with n =3 from three independent 
experiments, unless stated in Supporting Table B3. 
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B4. Binding of Fluoroquinolone, Ketolide and Macrolide Antibiotics to Rodent Plasma 

Proteins 

In addition, a smaller compound test set, consisting of macrolide, ketolide and fluroquinolone 

antibiotics, was tested for their binding to rodent plasma proteins (mouse and rat), as shown 

in Figure B3. Measured values can be found in Table B3. 

 

Figure B3. Comparison of unbound fraction of macrolide and fluoroquinolone antibiotics in human, mouse and rat 
plasma (fu,plasma). Data is shown as mean ± SD with n =3 from three independent experiments. 

For the majority of macrolide and fluoroquinolone antibiotics, a similar unbound fraction was 

observed across all three species (with rat fu,plasma being within 0.63 to 1.33-fold of respective 

human fu,plasma and mouse fu,plasma within 0.815 to 1.19-fold of respective human fu,plasma).The 

only exception is telithromycin, which showed up to 4.5-fold stronger binding to mouse plasma 

proteins (fu,plasma  of 0.076) than rat (0.251) or human (0.342).  
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B5. Measured Fraction Unbound of Antibiotics in Human & Rodent Plasma and in sELF 

Table B3. Measured unbound fraction of antibiotics in human plasma (fu,plasma) and human sELF (fu,sELF). Data is 

shown as mean ± SD with n = 3 and N= 3. a Value taken from literature [156] b Value taken from literature, where a 

bound range of 0.60 to 0.73 was reported [402]. c For Cefepime, an unbound fraction > 1 was reported in sELF and 

plasma, likely arising from experimental variability. An unbound fraction of 1 indicates that whole compound is 

unbound. d Value taken from literature [403]. e Value taken from literature [156]. 

Compound fu,plasma fu,sELF 

Amoxicillin 0.844 ± 0.05 0.893 ± 0.066 

Tazobactam 0.865a 1.07 ± 0.06 

Cefdinir 0.270b 0.607 ± 0.006 

Cefepime 1.15 ± 0.23c 1.16 ± 0.12c 

Erythromycin 0.355 ± 0.035 0.571 ± 0.070 

Clarithromycin 0.332 ± 0.035 0.331 ± 0.083 

Azithromycin 0.536 ± 0.030 0.553 ± 0.010 

Telithromycin 0.342 ± 0.002 0.654 ± 0.019 

Ciprofloxacin 0.630 ± 0.010 0.795 ± 0.042 

Moxifloxacin 0.673 ± 0.039 0.782 ± 0.034 

Levofloxacin 0.610 ± 0.022 0.724 ± 0.096 

Lascufloxacin 0.424 ± 0.019 0.563 ± 0.026 

Vancomycin 0.399 ± 0.024 0.627 ± 0.041 

Linezolid 0.698 ± 0.035 0.677 ± 0.072 

Omadacycline 0.697 ± 0.106 0.796 ± 0.027 

Dapsone 0.274 ± 0.013 0.360 ± 0.039 

Isoniazid 0.862d 0.964e 

Rifampicin 0.161 ± 0.025 0.190 ± 0.022 

Hydroxychloroquine 0.538 ± 0.027 0.612 ± 0.061 

Voriconazole 0.475 ± 0.016 0.745 ± 0.024 

 

Table B4. Measured unbound fraction of macrolide, ketolide and fluoroquinolone antibiotics in Wistar rat plasma 

(fu,plasma rat) and mouse C57BL/6J mouse plasma (fu,plasma mouse). Data is shown as mean ± SD with n = 3 and N= 

3. 

Compound fu,plasma rat fu,plasma mouse 
Erythromycin 0.473 ± 0.059 0.404 ± 0.035 

Clarithromycin 0.401 ± 0.55 0.344 ± 0.037 

Azithromycin 0.336 ± 0.073 0.437 ± 0.079 

Telithromycin 0.251 ± 0.059 0.076 ± 0.008 

Ciprofloxacin 0.727 ± 0.017 0.741 ± 0.087 

Moxifloxacin 0.692 ± 0.013 0.675 ± 0.029 

Levofloxacin 0.711 ± 0.014 0.723 ± 0.111 

Lascufloxacin 0.372 ± 0.026 0.409 ± 0.014 

 

B6. Correlation of Antibiotics Permeability in Lung Epithelial Cells versus LLC-PK1 WT 

cells 

Figure B4 shows the Papp BA and Papp,inh BA of antibiotics in lung epithelial cells (Calu-3 and 

hAELVi) compared to LLC-PK1 WT. The majority of antibiotics showed a reduced permeability 

in the lung epithelial cells, especially those being classified as high permeable in LLC-PK1 WT 

(> 100 nm/s). 
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Figure B4. Comparison of basolateral to apical permeability of antibiotics and permeability markers in absence 

(Papp BA) or presence of ABC transporter inhibitor cocktail (Papp,inh BA) in Calu-3 vs. LLC-Pk1 WT (A & B) or in 

hAELVi vs. LLC-Pk1 WT (C & D). Compounds were color-coded in violet if low permeable in both cell lines (< 25 

nm/s), in blue if moderately permeable in both cell lines (25 -100 nm/s) or in green if high permeable in both cell 

lines (> 100 nm/s). The straight line represents the line of unity. Values are shown as mean ± SD with n =3 and N 

= 3. The R2 values were calculated by a simple linear regression with R2 = 0.483 (A) , R2 = 0.546 (B), R2 = 0.362 

(C) and R2 = 0.561 (D). w/o stands for without. 

 

B7. Permeability of Paracellular markers  

Figure B5 shows the apparent basolateral to apical permeability (Papp BA)  and the apical to 

basolateral permeability (Papp AB) of the paracellular marker Lucifer Yellow in presence and 

absence of Bafilomycin A1 (1 µM), a disruptor of lysosomal acidification. For both Calu-3 and 

hAELVi cells, no statistically significant difference in permeability was observed across both 

conditions. Furthermore, the measured permeability values were below the threshold of 

25 nm/s, which indicates the presence of a tight cell barrier under both conditions [78]. 

Figure B6 shows the average apparent basolateral to apical permeability (Papp BA) of atenolol 

in lung epithelial cell lines Calu-3 and hAELVi, as well as the reference cell lines Caco-2 and 

LLC-PK1 WT. No statically significant difference between the four cell lines were observed. 

 



209 
 

 

Figure B5. Apparent Permeability (Papp) of Lucifer Yellow in lung epithelial cells Calu-3 and hAELVi in the absence 

and presence of lysosomal trapping inhibitor Bafilomycin A1 (1 µM). Both permeability from apical to basolateral 

(Papp AB) and permeability from basolateral to apical side (Papp BA) are shown. Data is shown as mean ± SD with 

n = 3 and N = 3. The dotted line at 25 nm/s indicates the acceptance threshold for the paracellular markers Lucifer 

Yellow, that is typically confirmative of a tight monolayer [78]. 

 

 

Figure B6. Comparison of average basolateral to apical permeability (Papp BA) of Atenolol in LLC-PK1 WT, Caco-2, 

Calu-3 and hAELVi. Data is shown as mean ± SD with n =3 and N = 3. 
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B8. Measured Papp of Antibiotics in LLC-PK1 WT, Caco-2, Calu-3 and hAELVi Cells 

Table B5. Measured permeability values (Papp) and resulting efflux ratios (ER) of antibiotics and permeability control 

markers in absence and presence of ABC transporter inhibitor cocktail in LLC-PK1 WT cells. Values are shown as 

mean ± SD with n = 3 and N= 3. 

Compound 
Papp AB 
[nm/s] 

Papp BA 
[nm/s] 

Papp,inh 
AB 

[nm/s] 

Papp,inh 
BA 

[nm/s] 
ER ERi 

Amoxicillin 5.00 ± 2.65 6.00 ± 3.61 3.67 ± 2.08 5.67 ± 4.62 1.27 ± 0.45 1.50 ± 0.36 

Tazobactam 10.7 ± 9.9 13.3 ± 7.5 10.0 ± 11.3 15.0 ± 11.8 1.67 ± 0.64 1.80 ± 1.25 

Cefdinir 8.67 ± 5.86 16.0 ± 15.4 17.0 ± 14.5 11.7 ± 6.7 1.60 ± 0.78 0.967 ± 0.451 

Cefepime 9.33 ± 2.08 18.7 ± 14.5 13.3 ± 6.0 10.0 ± 4.6 1.90 ± 1.30 0.800 ± 0 

Erythromycin 6.33 ± 1.15 40.3 ± 11.8 11.0 ± 1.0 17.0 ± 6.9 6.70 ± 3.04 1.50 ± 0.44 

Clarithromycin 124 ± 5 181 ± 14 145 ± 16.9 190 ± 23 1.47 ± 0.12 1.30 ± 0.10 

Azithromycin 10.0 ± 0 33.3 ± 4.9 9.67 ± 1.15 24.0 ± 8.7 3.43 ± 0.51 2.47 ± 0.55 

Telithromycin 80.3 ± 23.5 104 ± 9 87.3 ± 11.0 107 ± 13 1.37 ± 0.31 1.23 ± 0.06 

Ciprofloxacin 14.3 ± 0.6 39.3 ± 9.0 14.3 ± 3.2 50.0 ± 14.1 2.77 ± 0.61 3.53 ± 1.36 

Moxifloxacin 187 ± 48 182 ± 6 165 ± 17 191 ± 7 1.00 ± 0.17 1.17 ± 0.12 

Levofloxacin 45.0 ± 3.5 122 ± 12 58.0 ± 5.6 120 ± 5 2.73 ± 0.32 2.10 ± 0.10 

Lascufloxacin 156 ± 6 236 ± 8 165 ± 4 204 ± 7 1.50 ± 0.10 1.20 ± 0 

Vancomycin 2.67 ± 2.08 4.00 ± 3.46 3.00 ± 2.65 3.00 ± 1.73 1.30 ± 0.26 1.13 ± 0.38 

Linezolid 127 ± 9 176 ± 10 154 ± 15 159 ± 8 1.40 ± 0.10 1.03 ± 0.15 

Omadacycline 12.7 ± 6.0 7.33 ± 1.53 10.0 ± 4.6 7.67 ± 1.53 0.607 ± 0.21 0.867 ± 0.252 

Dapsone 216 ± 4 235 ± 6 228 ± 6 254 ± 10 1.10 ± 0 1.10 ± 0 

Isoniazid 128 ± 10 134 ± 8 132 ± 11 136 ± 12 1.07 ± 0.15 1.03 ± 0.06 

Rifampicin 33.3 ± 3.5 49.7 ± 7.2 32.3 ± 3.1 52.0 ± 13.5 1.50 ± 0.30 1.83 ± 0.06 

Hydroxychloroquine 120 ± 22 156 ± 15 116 ± 27 146 ± 21 1.33 ± 0.42 1.30 ± 0.17 

Voriconazole 255 ± 12 255 ± 20 247 ± 11 258 ± 9 1.07 ± 0.06 1.03 ± 0.06 

Atenolol 4.67 ± 2.08 7.67 ± 2.52 4.33 ± 2.31 7.33 ± 2.52 1.67 ± 0.72 1.87 ± 0.64 

Propranolol 232 ± 32 269 ± 34 277 ± 83 263 ± 14 1.17 ± 0.25 1.00 ± 0.26 

Edoxaban 122 ± 10 224 ± 15 155 ± 27 151 ± 3 1.87 ± 0.29 0.967 ± 0.208 

 

Table B6. Measured permeability values (Papp) and resulting efflux ratios (ER) of antibiotics and permeability control 

markers in absence and presence of ABC transporter inhibitor cocktail in Caco-2 cells. Values are shown as mean 

± SD with n = 3 and N= 3. 

Compound 
Papp AB 
[nm/s] 

Papp BA 
[nm/s] 

Papp,inh 
AB 

[nm/s] 

Papp,inh 
BA 

[nm/s] 
ER ERi 

Amoxicillin 3.00 ± 1.00 1.00 ± 0 2.67 ± 0.58 2.00 ± 0 0.367 ± 0.058 0.733 ± 0.058 

Tazobactam 6.50 ± 0.71 3.33 ± 0.58 4.67 ± 2.08 3.67 ± 2.08 0.450 ± 0.071 0.600 ± 0.173 

Cefdinir 4.07 ± 4.50 0.93 ± 0.12 1.10 ± 0.85 0.933 ± 0.112 1.27 ± 1.69 1.40 ± 0.70 

Cefepime 0.533 ± 0.493 0.267 ± 0.153 0.500 ± 0.436 0.433 ± 0.322 1.01 ± 0.76 0.900 ± 0.265 

Erythromycin 4.00 ± 1.00 85.7 ± 18.9 10.0 ± 1.0 18.3 ± 1.5 23.0 ± 8.6 1.83 ± 0.40 

Clarithromycin 66.7 ± 7.0 245 ± 37 99.7 ± 9.2 129 ± 6 3.73 ± 0.81 1.33 ± 0.06 

Azithromycin 5.77 ± 0.58 87.7 ± 16.6 11.0 ± 1.0 22.7 ± 0.6 15.4 ± 2.5 2.03 ± 0.12 

Telithromycin 30.7 ± 1.2 196 ± 15 49.3 ± 7.0 132 ± 6 6.50 ± 0.70 2.73 ± 0.45 

Ciprofloxacin 15.0 ± 3.6 66.0 ± 6.6 17.3 ± 5.9 34.7 ± 2.1 4.47 ± 1.08 2.12 ± 0.70 

Moxifloxacin 119 ± 10 148 ± 11 133 ± 6 149 ± 6 1.27 ± 0.06 1.10 ± 0.10 

Levofloxacin 49.3 ± 19.1 83.3 ± 4.0 65.7 ± 15.0 75.7 ± 11.9 1.93 ± 0.85 1.17 ± 0.12 

Lascufloxacin 132 ± 14 191 ± 22 139 ± 17 170 ± 4 1.43 ± 0.06 1.17 ± 0.12 

Vancomycin 0.967 ± 0.764 0.433 ± 0.288 0.767 ± 0.503 0.567 ± 0.377 0.567 ± 0.208 0.733 ± 0.115 

Linezolid 128 ± 18 180 ± 9 142 ± 20 140 ± 5 1.43 ± 0.15 1.00 ± 0.17 

Omadacycline 18.7 ± 4.7 24.0 ± 10.5 17.0 ± 6.2 18.0 ± 6.2 1.40 ± 0.79 1.13 ± 0.51 

Dapsone 230 ± 21 224 ± 8.0 217 ± 13 240 ± 13 0.967 ± 0.058 1.10 ± 0 

Isoniazid 203 ± 83 147 ± 10 208 ± 99 165 ± 1 0.833 ± 0.306 0.900 ± 0.346 

Rifampicin 15.7 ± 5.5 109 ± 67 16.7 ± 3.8 111 ± 35 6.57 ± 2.49 6.53 ± 0.81 

Hydroxychloroquine 34.3 ± 13.5 93.0 ± 9.8 60.7 ± 5.7 78.3 ± 10.5 2.97 ± 0.95 1.30 ± 0.10 

Voriconazole 216 ± 10 239 ± 8 213 ± 31 247 ± 14 1.10 ± 0 1.17 ± 0.12 

Atenolol 3.00 ± 2.00 4.33 ± 1.15 3.00 ± 2.00 2.67 ± 0.58 1.63 ± 0.75 1.23 ± 0.78 

Propranolol 139 ± 27 179 ± 14 148 ± 22 169 ± 13 1.30 ± 0.17 1.17 ± 0.12 

Edoxaban 58.7 ± 9.5 272 ± 37 106 ± 15 125 ± 12 4.60 ± 0.56 1.17 ± 0.12 
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Table B7. Measured permeability values (Papp) and resulting efflux ratios (ER) of antibiotics and permeability control 

markers in absence and presence of ABC transporter inhibitor cocktail in Calu-3 cells. Values are shown as mean 

± SD with n = 3 and N= 3. 

Compound 
Papp AB 
[nm/s] 

Papp BA 
[nm/s] 

Papp,inh 
AB 

[nm/s] 

Papp,inh 
BA 

[nm/s] 
ER ERi 

Amoxicillin 3.67 ± 3.79 3.67 ± 2.08 3.00 ± 2.65 3.67 ± 2.08 1.70 ± 1.30 1.67 ± 1.11 

Tazobactam 3.33 ± 1.53 8.00 ± 2.00 4.33 ± 3.21 8.33 ± 4.16 2.87 ± 1.03 2.10 ± 0.46 

Cefdinir 2.67 ± 1.53 9.67 ± 5.51 3.67 ± 1.15 10.3 ± 6.1 3.53 ± 0.55 2.90 ± 1.15 

Cefepime 3.33 ± 2.08 10.7 ± 7.1 5.00 ± 3.61 11.0 ± 7.0 3.10 ± 0.50 2.60 ± 0.80 

Erythromycin 1.67 ± 0.58 42.0 ± 4.4 3.67 ± 0.58 18.3 ± 5.5 27.2 ± 3.8 5.53 ± 2.75 

Clarithromycin 4.00 ± 1.00 69.3 ± 8.4 15.0 ± 4.4 39.7 ± 3.2 18.2 ± 6.8 2.90 ± 1.15 

Azithromycin 2.67 ± 1.15 30.0 ± 5.0 4.33 ± 1.15 17.0 ± 4.0 13.1 ± 8.7 4.57 ± 2.07 

Telithromycin 2.67 ± 0.58 61.0 ± 7.5 8.00 ± 2.00 47.3 ± 8.6 23.8 ± 4.8 6.17 ± 2.54 

Ciprofloxacin 16.0 ± 1.7 21.3 ± 2.9 17.7 ± 2.1 16.3 ± 1.5 1.33 ± 0.15 0.93 ± 0.06 

Moxifloxacin 57.3 ± 22.3 85.3 ± 15.5 72.3 ± 22.2 82.7 ± 11.9 1.57 ± 0.32 1.17 ± 0.15 

Levofloxacin 50.0 ± 27.1 59.7 ± 20.6 53.7 ± 21.1 58.7 ± 12.5 1.30 ± 0.36 1.10 ± 0.17 

Lascufloxacin 51.3 ± 11.0 68.3 ± 17.7 61.3 ± 18.3 64.0 ± 14.9 1.33 ± 0.42 1.07 ± 0.21 

Vancomycin 1.00 ± 0 5.33 ± 3.06 1.00 ± 0 5.33 ± 3.79 5.63 ± 2.85 5.60 ± 3.3 

Linezolid 70.3 ± 26.7 90.7 ± 13.0 81.0 ± 22.3 83.0 ± 9.5 1.33 ± 0.34 1.03 ± 0.15 

Omadacycline 8.67 ± 5.51 11.3 ± 4.0 10.0 ± 4.0 9.67 ± 3.51 1.63 ± 0.76 0.933 ± 0.058 

Dapsone 130 ± 38 109 ± 23 122 ± 35 114 ± 21 0.83 ± 0.06 0.967 ± 0.115 

Isoniazid 89.7 ± 9.8 89.3 ± 21.0 101 ± 14 89.7 ± 12.0 1.00 ± 0.26 0.900 ± 0.200 

Rifampicin 12.7 ± 2.1 62.0 ± 11.4 13.3 ± 8.5 31.3 ± 19.1 4.90 ± 0.70 2.30 ± 0.26 

Hydroxychloroquine 2.33 ± 0.58 4.67 ± 0.58 6.67 ± 0.58 6.00 ± 1.00 2.13 ± 0.67 0.900 ± 0.173 

Voriconazole 135 ± 15 117 ± 12 134 ± 18 117 ± 8 0.867 ± 0.058 0.867 ± 0.115 

Atenolol 2.67 ± 1.53 7.33 ± 6.03 4.67 ± 3.51 6.67 ± 6.66 2.60 ± 1.95 1.37 ± 0.35 

Propranolol 20.3 ± 7.6 13.7 ± 4.9 15.3 ± 9.9 18.3 ± 2.5 0.667 ± 0.115 2.00 ± 1.82 

Edoxaban 14.3 ± 9.2 102 ± 11 41.3 ± 24.2 72.7 ± 14.5 8.60 ± 3.69 2.07 ± 0.86 

Hydroxychloroquine 
+ 1 µM Bafilomycin 

A1 

74.3 ± 1.2 55.0 ± 3.6 78.0 ± 5.3 78.3 ± 1.5 0.733 ± 0.058 1.03 ± 0.06 

Propranolol + 1 µM 
Bafilomycin A1 

133 ± 3 108 ± 6 145 ± 6 142 ± 2 0.800 ± 0 0.967 ± 0.058 
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Table B8. Measured permeability values (Papp) and resulting efflux ratios (ER) of antibiotics and permeability control 

markers in absence and presence of ABC transporter inhibitor cocktail in hAELVi cells. Values are shown as mean 

± SD with n = 3 and N= 3. 

Compound 
Papp AB 
[nm/s] 

Papp BA 
[nm/s] 

Papp,inh 
AB 

[nm/s] 

Papp,inh 
BA 

[nm/s] 
ER ERi 

Amoxicillin 1.33 ± 0.58 2.32 ± 1.53 1.67 ± 1.16 1.73 ± 2.00 1.93 ± 0.06 1.07 ± 0.61 

Tazobactam 4.00 ± 2.65 6.67 ± 5.03 6.33 ± 6.66 5.67 ± 4.04 1.70 ± 0.52 1.13 ± 0.59 

Cefdinir 3.93 ± 6.12 4.33 ± 5.77 4.43 ± 6.56 5.07 ± 7.75 2.37 ± 1.40 1.07 ± 0.23 

Cefepime 1.00 ± 0 2.33 ± 1.16 1.67 ± 0.58 2.32 ± 0.58 2.10 ± 0.61 2.10 ± 1.15 

Erythromycin 15.7 ± 8.5 17.3 ± 7.0 19.7 ± 9.2 23.7 ± 13.8 1.17 ± 0.21 1.17 ± 0.25 

Clarithromycin 47.7 ± 4.2 66.3 ± 10.3 57.3 ± 2.3 72.0 ± 12.1 1.40 ± 0.10 1.27 ± 0.12 

Azithromycin 5.00 ± 5.29 12.0 ± 5.6 6.00 ± 4.36 14.3 ± 5.5 3.33 ± 1.51 2.87 ± 0.95 

Telithromycin 31.0 ± 4.6 40.3 ± 9.3 33.3 ± 6.8 49.0 ± 11.5 1.30 ± 0.30 1.47 ± 0.15 

Ciprofloxacin 17.7 ± 3.2 19.7 ± 6.0 19.7 ± 3.2 24.3 ± 7.5 1.10 ± 0.17 1.20 ± 0.27 

Moxifloxacin 96.7 ± 17.2 82.3 ± 15.0 86.3 ± 26.3 80.7 ± 24.4 0.867 ± 0.058 0.933 ± 0.208 

Levofloxacin 28.0 ± 2.0 28.2 ± 3.2 27.7 ± 2.5 32.0 ± 7.0 1.03 ± 0.06 1.20 ± 0.30 

Lascufloxacin 83.3 ± 25.1 74.0 ± 12.2 77.7 ± 16.7 79.7 ± 18.9 0.933 ± 0.153 1.03 ± 0.25 

Vancomycin 0.833 ± 1.012 2.33 ± 2.31 2.87 ± 4.45 2.33 ± 2.31 3.87 ± 2.50 3.80 ± 4.31 

Linezolid 57.7 ± 16.2 57.0 ± 14.5 64.3 ± 12.7 60.0 ± 18.7 1.00 ± 0.10 0.900 ± 0.173 

Omadacycline 17.3 ± 11.0 17.0 ± 9.2 19.0 ± 13.5 19.3 ± 8.5 1.03 ± 0.32 1.27 ± 0.72 

Dapsone 98.3 ± 32.5 116 ± 17 98.3 ± 30.9 130 ± 26 1.33 ± 0.59 1.47 ± 0.67 

Isoniazid 396.0 ± 289.1 148 ± 134 325 ± 154 114 ± 71 0.467 ± 0.404 0.400 ± 0.300 

Rifampicin 25.0 ± 7.9 42.0 ± 14.4 29.3 ± 5.9 43.7 ± 15.5 1.67 ± 0.06 1.47 ± 0.42 

Hydroxychloroquine 3.00 ± 2.65 1.33 ± 0.58 5.00 ± 2.00 8.67 ± 3.51 0.500 ± 0.173 2.10 ± 1.28 

Voriconazole 152 ± 3 133 ± 27 155 ± 20 151 ± 32 0.867 ± 0.153 0.967 ± 0.115 

Atenolol 0.567 ± 0.379 1.33 ± 0.58 0.600 ± 0.346 1.17 ± 0.76 2.80 ± 0.95 1.33 ± 0.12 

Propranolol 39.3 ± 10.2 31.0 ± 7.9 45.7 ± 6.8 40.3 ± 11.0 0.867 ± 0.404 0.767 ± 0.153 

Edoxaban 48.3 ± 12.4 47.7 ± 14.5 49.3 ± 16.3 50.0 ± 10.6 0.967 ± 0.058 1.07 ± 0.15 

Hydroxychloroquine 
+ 1 µM Bafilomycin 

A1 

85.7 ± 12.2 64.7 ± 5.8 89.0 ± 11.1 94.0 ± 5.6 0.767 ± 0.058 1.03 ± 0.15 

Propranolol + 1 µM 
Bafilomycin A1 

132 ± 11 109 ± 6 144 ± 9 140 ± 3 0.833 ± 0.115 0.967 ± 0.058 
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C. Supplemental Material to Chapter 3.3 

C1. Details on Clinical and in vivo Studies 

The Tables C1 and C2 provide an overview of all clinical and in vivo studies that were used 

within the scope of this in silico study to compare the observed concentration-time profiles of 

moxifloxacin and telithromycin in plasma and epithelial lining fluid (ELF) of human and rat to 

the simulated profiles. 

Table C1. Overview of clinical studies characteristics used as observed plasma & epithelial lining fluid (ELF) data 
in the scope of this in silico study. BAL stands for bronchoalveolar lavage. 

Drug Health state 

Total 
Number 

of 
subjects 

Percentage 
of male 

[%] 

Age 
[year] 

Dose 
[mg] 

Frequency 
Administration 

route 

ELF 
collection 
method 

Source 

Moxifloxacin 

Healthy 18 100 
18 - 
40 

400 Single dose oral - [347] 

Patients with 
diagnostic 

bronchoscopy 

19 73.4 > 18 400 Single dose oral BAL [351] 

16 81.3 
67 ± 
10 

400 5 x 24 h oral BAL [352] 

Telithromycin 

Healthy 18 100 18 -45 800 Single dose oral - [349] 

Patients with 
diagnostic 

bronchoscopy 

27 59.3 > 18 800 Single dose oral BAL [353] 

17 52.9 
65 ± 
13 

800 5 x 24 h oral BAL [354] 

 

Table C2. Overview of in vivo studies characteristics used as observed plasma & epithelial lining fluid (ELF) data 
in the scope of this in silico study. i.v. stands for intravenous and BAL for bronchoalveolar lavage. 

Drug Strain 

Number 
of animals 
per time 

point 

Gender Dose Frequency 
Administration 

route 

ELF 
collection 
method 

Source 

Moxifloxacin 

Wistar 3 male 9.2 mg/kg 
Single 
dose 

i.v. - [348] 

Sprague-
Dawley 

6 male 5mg/kg 
Single 
dose 

i.v. BAL [297] 

Telithromycin 

Sprague-
Dawley 

8 male 50 mg/kg 
Single 
dose 

oral - [350] 

Sprague-
Dawley 

7 male 50 mg/kg 
Single 
dose 

oral BAL [289] 

 

 

C2. Input Parameters for PBPK Models 

The physicochemical and pharmacokinetic parameters not stated in Table C3 and C4 were 

used as predicted by GastroPlus™ based on the compound’s chemical structure. 
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Table C3. Overview of input parameters for the Moxifloxacin PBPK model summarising in vitro, in vivo and clinical 
data. 

Parameter Value Source 

Physicochemical properties   

logD at pH 7.4 0.01 Inhouse prediction by machine learning model 

Solubility [mg/mL] at pH 6.4 37.6 [364] 

   

Absorption   

Peff [10-4 cm/s] 2.8 
Predicted by an inhouse developed 
conversion tool based on a correlation of in 
vitro Papp and Peff by [404] 

Papp Moxifloxacin in LLC-PK1 [nm/s] 148 Inhouse determination 

Papp Propranolol in LLC-PK1 [nm/s] 232 Inhouse determination 

   

Binding   

fu,plasma human 0.673 Inhouse determination 

Adjusted fu,plasma human 0.670 
Predicted by GastroPlus™ from fu,plasma taking 
plasma lipid binding into account 

fu,plasma rat 0.699 Inhouse determination 

Adjusted fu,plasma rat 0.698 
Predicted by GastroPlus™ from fu,plasma taking 
plasma lipid binding into account 

fu,sELF 0.782 Inhouse determination 

   

Distribution   

Vss human [L/kg] 1.62a Estimated by GastroPlus™ 

Vss rat [L/kg] 2.21a Estimated by GastroPlus™ 

t1/2 human [h] 9.00b Estimated by GastroPlus™ 

t1/2 rat [h] 1.18b Estimated by GastroPlus™ 

   

Transport   

Km MDR1 [µM] 200c [345] 

Vmax MDR1 [nmol/min/mg protein] 12c [345] 

CLdiff [µL/min/million hepatocytes] 32 [345] 

   

Elimination   

CLint,hep human [µL/min/million hepatocytes] 1.00 Inhouse determination 

CLhepatic human [L/h] 8 
Scaled from in vitro hepatic intrinsic clearance 
by using the conversion module in 
GastroPlus™ 

CLrenal human [L/h] 2.6 [405] 

CLsys human [L/h] 10.6 Calculated by GastroPlus™ 

CLint,hep rat [µL/min/million hepatocytes] 4.22 Inhouse determination 

CLhepatic rat [L/h] 0.172 
Scaled from in vitro hepatic intrinsic clearance 
by using the conversion module in 
GastroPlus™ 

CLrenal mouse [L/h] 0.154d [348] 

CLsys rat [L/h] 0.326 Calculated by GastroPlus™ 
a Literature reported a mean Vss of 2.0 L/kg in human and a mean Vss of 3.6 L/kg in rats [348]. 

b Literature reported a mean t1/2 of 12.0 h in human and a mean t1/2  of 1.2 h in rats [348]. 

c The values were estimated from available graphics within the publication. The Vmax was converted to [nmol/min/mg 
protein] by assuming that 1.2 x 107 MDCK cells correspond to 1 mg of protein [406]. 

d Using the reported CLrenal rat (0.054 L/h) resulted in an overestimation of predicted plasma concentrations of 

Moxifloxacin in rats, therefore the reported CLrenal mouse was taken, as a better fit to observed data was seen. 
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Table C4. Overview of input parameters for Telithromycin PBPK model summarising in vitro, in vivo and clinical 
data. 

Parameter Value Source 

Physicochemical properties   

logP 3.00 
Extracted from Certara Drug Interaction Data 
Base (DIDB) 

Solubility [mg/mL] at pH 6.5 0.81 Inhouse determination 

   

Absorption   

Peff [10-4 cm/s] 1.99 
Predicted by an inhouse developed 
conversion tool based on a correlation of in 
vitro Papp and Peff by [404]  

Papp Telithromycin in LLC-PK1 [nm/s] 80.3 Inhouse determination 

Papp Propranolol in LLC-PK1 [nm/s] 232 Inhouse determination 

   

Binding    

fu,plasma human 0.342 Inhouse determination 

Adjusted fu,plasma human 0.120 
Predicted by GastroPlus™ from fu,plasma taking 
plasma lipid binding into account 

fu,plasma rat 0.285 Inhouse determination 

Adjusted fu,plasma rat 0.178 
Predicted by GastroPlus™ from fu,plasma taking 
plasma lipid binding into account 

fu,sELF 0.654 Inhouse determination 

   

Distribution   

Vss human [L/kg] 5.21 Estimated by GastroPlus™ 

Vss rat [L/kg] 3.00 Estimated by GastroPlus™ 

t1/2 human [h] 6.56 Estimated by GastroPlus™ 

t1/2 rat [h] 2.13 Estimated by GastroPlus™ 

   

Transport    

Km MDR1 [µM] 15 [16] 

Vmax MDR1 [nmol/min/mg protein] 20.8 [16] 

CLdiff [µL/min/million hepatocytes] 100 [346] 

   

Enzymes   

Km Human CYP3A4 [µM] 58 [346] 

Vmax Human CYP3A4 [pmol/min/pmol of 
isoform] 

7.3 [346] 

Km rat intestinal microsomes [µM] 7.10 [357] 

Vmax rat intestinal microsomes [nmol/min/mg 
protein] 

0.0992 [357] 

   

Elimination   

CLint,hep human [µL/min/million hepatocytes] 11.0 Inhouse determination 

CLhepatic human [L/h] 26.0 
Scaled from in vitro hepatic intrinsic clearance 
by using the conversion module in 
GastroPlus™. 

CLbiliary human [L/h] 7.0 [346] 

CLrenal human [L/h] 14.0 [349] 

CLsys human [L/h] 47.0 Calculated by GastroPlus™ 

CLint,hep rat [µL/min/million hepatocytes] 10.4 Inhouse determination 

CLhepatic rat [L/h] 0.149 
Scaled from in vitro hepatic intrinsic clearance 
by using the conversion module in 
GastroPlus™. 

CLrenal rat [L/h] 0.102 [350] 

CLsys rat [L/h] 0.251 Calculated by GastroPlus™ 
a Literature reported a mean Vss of 2.9 L/kg in human and a mean Vss of 3.5 L/kg in rats [350, 365]. 

b Literature reported a mean t1/2  of 10.0 h in human and a mean t1/2  of 2.2 h in rats [350, 365]. 
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C3. Prediction of Human ELF Concentration-time Profiles for Moxifloxacin and 
Telithromycin and Comparison to Observed Values from a Further Clinical Study 

The measured ELF concentration-time profiles of each one further clinical study of 

moxifloxacin and telithromycin were compared to simulated ELF concentration-time profiles, 

using the perfusion and permeability limited model, as described in 3.3.2.5. In summary, 

predicted ELF concentrations are underestimated compared to observed values for both 

moxifloxacin and telithromycin. The closest prediction was seen when using the 

perfusion-limited model based on KELF/p,u. This is well aligned with findings that were described 

in 3.3.3.3. 

C3.1 Perfusion limited model – Simulation of the ELF concentration based on KELF/p,u 

Figure C1 shows the estimated ELF concentration-time profiles of moxifloxacin and 

telithromycin in human, when using the perfusion limited model based on the ELF to unbound 

plasma partition coefficient (KELF/p,u). 

 

Figure C1. Simulated and observed ELF concentration-time profiles of Moxifloxacin (A) and Telithromycin (B) in 
human using the perfusion limited model based on the ELF to unbound plasma partition coefficient (KELF/p,u). 
Moxifloxacin was given as multiple oral dose of 400 mg (q24h x 5 doses) and Telithromycin as multiple dose of 800 
mg (q24h x 5 doses) [352, 354]. The predicted ELF profiles are depicted as solid line (-) and observed profiles are 
shown as dotted line with measured means ± SD as dots (--·--). 

The predicted ELF concentrations of moxifloxacin are within the standard deviation of 

observed values, however underpredicting the observed mean ELF concentrations by more 

than two-fold. For telithromycin, a good capture of clinical ELF data was seen for two sampling 

time points (96 and 120 h), whereas for the second time point (104 h), an underestimation of 

two-fold was seen compared to observed data, but within the reported standard deviation. 

 

C3.2 Perfusion-limited Model – Simulation of the ELF concentration based on Ap PStc 

Figure C2 shows the predictions of the ELF concentration-time profiles for moxifloxacin and 

telithromycin if using the perfusion-limited model and a slowed diffusion process on the apical 

side, defined by Ap PStc that was estimated from the hepatic passive diffusion clearance. 
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The simulated ELF concentration profiles were underestimating the observed concentrations 

for moxifloxacin (six-fold) and especially pronounced for telithromycin (more than 20-fold).  

 

Figure C2. Simulated and observed ELF concentration-time profiles of Moxifloxacin (A) and Telithromycin (B) in 
human using the perfusion limited model with a scaled permeability surface area product on the apical side 
(Ap PStc). Moxifloxacin was given as multiple oral dose of 400 mg (q24h x 5 doses) and Telithromycin as multiple 
dose of 800 mg (q24h x 5 doses) [352, 354]. The predicted ELF profiles are depicted as solid line (-) and observed 
profiles are shown as dotted line with measured means ± SD as dots (--·--). 

 

C3.3 Perfusion-limited Model – Effect of Pulmonary MDR1 Efflux on the Simulation of 

the ELF concentration  

In addition to the Ap PStc, the active efflux transporter MDR1 was added to the 

perfusion-limited model within the lung tissue on the ELF-facing apical side.  

 

Figure C3. Simulated and observed ELF concentration-time profiles of Moxifloxacin (A) and Telithromycin (B) in 
human using the perfusion limited model with a scaled permeability surface area product on the apical side 
(Ap PStc) and active efflux by MDR1 on the apical side of the lung tissue. Moxifloxacin was given as multiple oral 
dose of 400 mg (q24h x 5 doses) and Telithromycin as multiple dose of 800 mg (q24h x 5 doses) [352, 354]. The 
predicted ELF profiles are depicted as solid line (-) and observed profiles are shown as dotted line with measured 
means ± SD as dots (--·--). 

As shown in Figure C3, the predicted ELF concentration-time profiles did not change for both 

moxifloxacin and telithromycin, when incorporating MDR1 efflux into the PBPK model (see 

Figure C2 as comparison). The Predicted ELF concentrations for moxifloxacin are within or 

close to seen standard deviation of observed values, nevertheless the observed mean is more 

than six-fold underestimated. 
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C3.4 Permeability-limited Model – Simulation of the ELF concentration based on 

Ap & Ba PStc 

In the permeability-limited model, the partition of a compound from the extracellular space via 

the lung tissue into the ELF is characterised by a passive diffusion. This value was estimated 

based on the passive hepatic clearance and upscaled by GastroPlus™ to the lung permeability 

surface area product (PStc). The same value was taken for the apical and basolateral PStc 

(Ap/Ba PStc). 

 

Figure C4. Simulated and observed ELF concentration-time profiles of Moxifloxacin (A) and Telithromycin (B) in 
human using the permeability limited model with a scaled permeability surface area product on the apical side 
(Ap PStc) and basolateral side (Ba PStc). Moxifloxacin was given as multiple oral dose of 400 mg (q24h x 5 doses) 
and Telithromycin as multiple dose of 800 mg (q24h x 5 doses) [352, 354]. The predicted ELF profiles are depicted 
as solid line (-) and observed profiles are shown as dotted line with measured means ± SD as dots (--·--). 

Figure C4 shows the predicted ELF concentration-time profiles of moxifloxacin and 

telithromycin when using the permeability-limited model. Simulated values were similar to 

those received with the perfusion limited model, defined by PStc on the apical side only (see 

Figure C2). The simulated ELF concentrations underestimated the observed ones by around 

six-fold for moxifloxacin and 24-fold for telithromycin. 

 

C3.5 Permeability-limited Model – Effect of Pulmonary MDR1 Efflux on the Simulation 

of the ELF concentration  

In this simulation, the permeability-limited model was adapted to include MDR1 as efflux 

transporter on the apical side of the lung tissue. As shown in Figure C5, the predicted ELF 

concentration-time profiles were underestimated for both antibiotics and values were 

comparable to those predicted by the permeability-limited model without the incorporation of 

MDR1 (see Figure C3). 
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Figure C5. Simulated and observed ELF concentration-time profiles of Moxifloxacin (A) and Telithromycin (B) in 
human using the permeability limited model with a scaled permeability surface area product on the apical side 
(Ap PStc) and basolateral side (Ba PStc) and MDR1 efflux at the apical side of the lung tissue. Moxifloxacin was 
given as multiple oral dose of 400 mg (q24h x 5 doses) and Telithromycin as multiple dose of 800 mg (q24h x 5 
doses) [352, 354]. The predicted ELF profiles are depicted as solid line (-) and observed profiles are shown as 
dotted line with measured means ± SD as dots (--·--). 
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C4. Parameter sensitivity analysis (PSA) of ELF Concentration-time Profiles of 

Moxifloxacin and Telithromycin when Using the Permeability-limited Model 

As described in chapter 5.3.3, parameter sensitivity analyses (PSA) were performed to assess 

what impact a change in lung-specific Ap/Ba PStc, f,uELF, MDR1 pulmonary expression levels 

or antibiotics interaction kinetics with MDR1 (defined by Km & Vmax) have on simulated ELF 

concentration-time profiles when using the permeability-limited model of GastroPlus™. The 

observed findings were basically identical to those, when running the PSA of these parameters 

in the perfusion-limited model. 

C4.1 Permeability-limited Model – Simulation of the ELF concentration based on 

Ap & Ba PStc & fu,ELF 

The PSA evaluating the impact of a change in Ap/Ba PStc and fu,ELF on ELF concentration-time 

profiles were performed using the permeability-limited model without the incorporation of 

MDR1 efflux into the lung tissue. The lung-specific PStc was scaled from GastroPlus™ based 

on the passive hepatic clearance. The results are summarised in Figure C6 – C9. 

  

Figure C6. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Moxifloxacin 

in human (A) and rat (B) if changing the apical/basolateral permeability surface area product (Ap/Ba PStc) and 

using the permeability-limited model. The simulated ELF concentration using the experimental Ap PStc is shown a 

solid red line, with a 10-fold lower Ap PStc as dashed line (---) and with a 10-fold higher Ap PStc as dotted line (···). 

Observed ELF concentrations are shown as measured means ± SD as dots (·) [297, 347]. 

As seen in Figure C6 and C7, a change in the Ap/Ba PStc (either 10-fold increase or decrease 

of initial scaled PStc) had no impact on predicted ELF concentrations of moxifloxacin and 

telithromycin in both human and rat. 

 

 

 

 



221 
 

 

 

Figure C7. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Telithromycin 

in human (A) and rat (B) if changing the apical/basolateral permeability surface area product (Ap/Ba PStc) and 

using the permeability-limited model. The simulated ELF concentration using the scaled Ap PStc is shown a solid 

red line, with a 10-fold lower Ap PStc as dashed line (---) and with a 10-fold higher Ap PStc as dotted line (···). 

Observed ELF concentrations are shown as measured means ± SD as dots (·) [289, 353]. 

The Figures C8 & C9 show the differences in predicted ELF concentration-time profiles of 

moxifloxacin and telithromycin when lowering the experimentally derived fu,ELF by 10-fold and 

when using the predicted value for fu,ELF by GastroPlus™. 

Taking a 10-fold lower fu,ELF than the experimental value for moxifloxacin resulted in a great 

prediction of observed ELF concentration. For telithromycin, lowering the fu,ELF to the value 

predicted by GastroPlus™ resulted in a better capture of the observed ELF profile in human, 

whereas in rat an overestimation of observed values was seen. 

 

 

Figure C8. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-times profiles of Moxifloxacin 
in human (A) and rat (B) if changing the unbound fraction in ELF (fu,ELF) and using the permeability-limited model. 
The simulated ELF concentration using the experimental fu,ELF is shown a solid red line, with a 10-fold lower fu,ELF 

as dashed line (---) and with the predicted fu,ELF from GastroPlus™ as dotted line (···). Observed ELF concentrations 
are shown as measured means ± SD as dots (·) [297, 347]. 
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Figure C9. Parameter sensitivity analysis (PSA) of the predicted ELF concentration-time profiles of Telithromycin 
in human (A) and rat (B) if changing the unbound fraction in ELF (fu,ELF) and using the permeability-limited model. 
The simulated ELF concentration using the experimental fu,ELF is shown a solid red, with a 10-fold lower fu,ELF as 
dashed line (---) and with the predicted fu,ELF from GastroPlus™ as dotted line (···). Observed ELF concentrations 
are shown as measured means ± SD as dots (·) [289, 353]. 

 

C4.2 Permeability-limited Model – Effect of Pulmonary MDR1 Efflux on the Simulation 

of the ELF concentration  

In a last scenario, the PSA was performed to investigate how the predicted ELF concentrations 

change if MDR1 expression levels or antibiotics interaction kinetics with MDR1 (i.e. Km and 

Vmax) vary.  

 

Figure C10. Parameter sensitivity analysis (PSA) of the predicted ELF concentration of Moxifloxacin in human (A) 
and rat (B) if changing the MDR1 expression level in the lung and using the permeability-limited model. The 
simulated ELF concentration using the estimated MDR1 expression is shown as solid red line, with a ten-fold lower 
MDR1 expression as dashed line (---) and with a ten-fold higher MDR1 expression as dotted line (···). Observed 
ELF concentrations are shown as individual measured means ± SD as dots (·) [297, 347]. 

As seen in Figure C10, a change in expression level of MDR1 had no impact on predicted ELF 

concentrations of moxifloxacin for both human and rat. The similar observation was made for 

telithromycin in human, however if increasing the pulmonary MDR1 expression level by 10-fold 

to the estimated level in rat, this resulted in a good capture of the observed profile (Figure 

C11). 
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Figure C11. Parameter sensitivity analysis (PSA) of the predicted ELF concentration of Telithromycin in human 
(A) and rat (B) if changing the MDR1 expression level in the lung and using the permeability-limited model. The 
simulated ELF concentration using the estimated MDR1 expression is shown as solid red line, with a 10-fold lower 
MDR1 expression as dashed line (---) and with a 10-fold higher MDR1 expression as dotted line (···).  Observed 
ELF concentrations are shown as individual measured means ± SD as dots (·) [289, 353]. 

Next, it was assessed where a change in Km has an impact on simulated ELF concentrations. 

This was not observed for moxifloxacin in human, whereas decreasing the experimental Km by  

100-fold resulted in an increase of predicted ELF concentration in rat, being close or within 

standard deviation of observed data (as Figure C12). 

 

 

Figure C12. Parameter sensitivity analysis (PSA) of the predicted ELF concentration of Moxifloxacin in human (A) 
and rat (B) if changing the Michaelis-Menten constant (Km) of MDR1 interaction and using the permeability-limited 
model. The simulated ELF concentration using the literature-retrieved Km is shown as solid red line, with a 100-fold 
lower Km as patterned line (-·-), with a 10-fold lower Km as dashed line (---) and with a 10-fold higher Km as dotted 
line (···). Observed ELF concentrations are shown as individual measured means ± SD as dots (·) [297, 347]. 

A slight increase in predicted ELF concentration of telithromycin was observed when 

decreasing the Km by 100-fold in human, whereas a 10-fold reduction of the literature-retrieved 

Km resulted in a good ELF prediction in rat (Figure C13). 
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Figure C13. Parameter sensitivity analysis (PSA) of the predicted ELF concentration of Telithromycin in human 
(A) and rat (B) if changing the Michaelis-Menten constant (Km) of MDR1 interaction and using the 
permeability-limited model. The simulated ELF concentration using the literature-retrieved Km is shown as solid red 
line, with a 1000-fold lower Km as black solid line, with a 100-fold lower Km as patterned line (-·-), with a 10-fold lower 
Km as dashed line (---) and with a 10-fold higher Km as dotted line (···). Observed ELF concentrations are shown as 
individual measured means ± SD as dots (·) [289, 353]. 

As shown in Figure C14, a change in Vmax did not impact the predicted ELF concentration 

profile for moxifloxacin in human and rat. The same was observed for the simulated ELF 

concentration of telithromycin in human, whereas a 10-fold increase of literature-retrieved Vmax 

resulted in a more than three-fold higher predicted ELF concentration of telithromycin in rat, 

with values being close or within the standard deviation of observed numbers (Figure C15). 

 

 

Figure C14. Parameter sensitivity analysis (PSA) of the predicted ELF concentration of Moxifloxacin in human (A) 
and rat (B if changing the maximal velocity (Vmax) of MDR1 interaction and using the permeability-limited model. 
The simulated ELF concentration using the literature-retrieved Vmax is shown as solid red line, with a 10-fold lower 
Vmax as dashed line (---), with a 10-fold higher Vmax as dotted line (···). Observed ELF concentrations are shown as 
individual measured means ± SD as dots (·) [297, 347]. 

 

 

Figure C15. Parameter sensitivity analysis (PSA) of the predicted ELF concentration of Telithromycin in human 
(A) and rat (B) if changing the maximal velocity (Vmax) of MDR1 interaction and using the permeability-limited model. 
The simulated ELF concentration using the literature-retrieved Vmax is shown as solid red line, with a 10-fold lower 
Vmax as dashed line (---), with a 10-fold higher Vmax as dotted line (···). Observed ELF concentrations are shown as 
individual measured means ± SD as dots (·) [289, 353]. 
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C5. Estimation of the Pulmonary Passive Diffusion Clearance 

GastroPlus™  assumes that the passive permeability is the same across the different tissues. 

Therefore, the passive hepatic clearance (CLdiff) is typically used to scale the permeability 

surface area product (PStc) and if taking the tissue volume into account, to estimate tissue 

specific PStc values (GastroPlus™ user manual V 9.9, Dec 2023).  

As a reduced Papp of antibiotics was observed in vitro (see Chapter 4), when using human lung 

epithelial cell lines (Calu-3 and hAELVi), compared to established LLC-PK1 WT (porcine 

kidney epithelial) and Caco-2 cells (human intestinal epithelial) cell lines, the question arose 

whether the scaled passive hepatic clearance adequately captures the passive pulmonary 

clearance of moxifloxacin and telithromycin. Therefore, an attempt to derive an estimate of the 

passive pulmonary clearance (CLdiff,pul). 

The apparent permeability (Papp) values of Moxifloxacin and Telithromycin measured across 

the hAELVi cell line were taken. The hAELVi cells are an immortalised cell line, derived from 

human primary alveolar epithelial cells [105]. The Papp measured from basolateral to apical 

side in presence of ABC transporter inhibitor cocktail was taken (i.e. mimicking the passive 

diffusion from the blood vessel-facing side of the lung epithelium into ELF). A mean Papp BA of 

80.7 and 49.0 nm/s was measured for Moxifloxacin and Telithromycin, respectively (see 

Supplemental Material B). The surface area of a single human alveolar pneumocytes type I 

that covers the pulmonary basement membrane was reported to be 5098 µm² in a study by 

Crapo and colleagues and taken as an estimate [379]. The calculations were made according 

to the following equation C1: 

𝐶𝐿𝑑𝑖𝑓𝑓,𝑝𝑢𝑙 [
𝑚𝐿

𝑚𝑖𝑛
 𝑝𝑒𝑟 106𝑐𝑒𝑙𝑙𝑠] =  𝑃𝑎𝑝𝑝 [𝑥 10−6

𝑐𝑚

𝑠
] ∗ 𝐴𝑝𝑛𝑒𝑢𝑚𝑜𝑐𝑦𝑡𝑒 𝑡𝑦𝑝𝑒 𝐼 [𝜇𝑚2] ∗  106 𝑐𝑒𝑙𝑙𝑠 ∗ 60 

Equation C1: Formula to calculate the passive pulmonary diffusion clearance (CLdiff,pul) based on the in vitro 

determined apparent permeability (Papp) and the surface area of an alveolar pneumocyte type I (A) corrected for a 

total of one million cells. The received number is then multiplied by 60 to convert from mL/s into mL/min. 

Table C5 summarises the calculated CLdiff,pul for moxifloxacin and telithromycin based on 

Equation C1. The received CLdiff,pul was then incorporated into GastroPlus™ to estimate the 

human lung PStc considering the total lung cell volume of 700.4 mL (default value by 

GastroPlus™). 

Table C5: Overview of measured in vitro apparent permeability from basolateral to apical side (Papp BA), estimated 
human pulmonary passive diffusion clearance (CLdiff,pul) and human lung permeability surface area product (PStc) 
for moxifloxacin and telithromycin. 

Compound Papp BA [nm/s] 
CLdiff,pul [mL/min 

per 106 cells] 
Lung PStc Human 

[mL/s] 

Moxifloxacin 80.7 0.024 28.7 

Telithromycin 49.0 0.015 17.9 

 


