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“Nothing in life is to be feared, it is only to be understood. Now is the 

time to understand more, so that we may fear less.“ 

Marie Curie 
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Summary 

Complex pulmonary in vitro models based on human cells and tissues are a potential 

alternative to animal testing, which could yield results with higher predictivity than current 

experimental models. Within this context, this thesis aimed to implement in vitro models 

of pulmonary epithelia, specifically cellular models of the human air-blood barrier, into a 

microfluidic platform to analyze aerosol transport and clearance. This primary goal evolved 

into three sub-objectives: 

1. Implementation of the polyclonal hAELVi and differentiated THP-1 co-culture model 

into a morphologically inspired microfluidic platform. 

2. Development of a novel perfusable platform (“PerfuPul”). 

3. Generation of a monoclonal human alveolar epithelial cell line named “Arlo” with 

pronounced barrier functions. 

The work conducted during this thesis led to the identification of practical issues with 

existing in vitro models as well as technologies. The critical lessons learned from these 

studies resulted in the generation and characterization of the perfusable platform 

“PerfuPul” as well as the monoclonal alveolar epithelial cell line “Arlo”, which both 

represent important building blocks to create complex pulmonary in vitro models in the 

future. 
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Zusammenfassung 

Komplexe pulmonale in vitro Modelle auf Basis menschlicher Zellen und Gewebe, stellen 

eine mögliche Alternative zum Tierversuch dar, welche zu Ergebnissen mit höherer 

Vorhersagekraft im Vergleich zu aktuellen experimentellen Modellen führen könnten. Das 

übergelagerte Ziel dieser Arbeit war es, in vitro Modelle pulmonaler Epithelien, 

insbesondere zelluläre Modelle der menschlichen Luft-Blut-Schranke der tiefen Lunge, in 

eine mikrofluidische Plattform zur Untersuchung des Aerosoltransports und –abbaus zu 

implementieren. Dieses Hauptziel entwickelte sich in drei Unterziele: 

1. Die Implementierung eines Ko-Kultur Modells bestehend aus einer Zelllinie des 

Alveolarepithels (hAELVi-Zellen) und differenzierten THP-1-Zellen in eine anatomisch-

inspirierte mikrofluidische Plattform. 

2. Die Entwicklung einer neuartigen perfundierbaren Plattform für die Kultur von 

Lungenepithelzellen an einer Luft-Flüssigkeits-Grenzfläche („PerfuPul“). 

3. Die Generierung einer monoklonalen humanen Alveolarepithelzelllinie namens „Arlo“, 

die ausgeprägte Barrierefunktionen aufweist. 

Im Zuge dieser Arbeit wurden praktische Probleme in der Handhabung von etablierten 

in vitro Modellen und Technologien festgestellt. Die aus diesen Experimenten gewonnenen 

Erkenntnisse, führten zur Entwicklung und Charakterisierung der perfundierbaren in vitro 

Platform „PerfuPul“ und der monoklonalen alveolaren Epithelzelllinie “Arlo”. Beide 

Erfindungen stellen wichtige Bausteine zur zukünftigen Entwicklung komplexer pulmonaler 

in vitro Modelle dar. 
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Introductory remarks & scientific output 

 

The ideas as well as the data from the following three publications constitute the core of 

this cumulative thesis: 

 

1. Artzy‐Schnirman, Arbel; Zidan, Hikaia; Elias‐Kirma, Shani; Ben‐Porat, Lee; Tenenbaum‐

Katan, Janna; Carius, Patrick; Fishler, Ramy; Schneider-Daum, Nicole; Lehr, Claus-Michael; 

Sznitman, Josué (2019): Capturing the Onset of Bacterial Pulmonary Infection in Acini‐On‐Chips. In 

Advanced Biosystems. 45, p. 1900026. 

DOI: 10.1002/adbi.201900026. 

 

2. Carius, Patrick; Dubois, Aurélie; Ajdarirad, Morvarid; Artzy-Schnirman, Arbel; Sznitman, 

Josué; Schneider-Daum, Nicole; Lehr, Claus-Michael (2021): PerfuPul-A Versatile Perfusable 

Platform to Assess Permeability and Barrier Function of Air Exposed Pulmonary Epithelia. In 

Frontiers in bioengineering and biotechnology 9, p. 743236.  

DOI: 10.3389/fbioe.2021.743236. 

 

3. Carius, Patrick; Jungmann, Annemarie; Bechtel, Marco; Grißmer, Alexander; Boese, 

Annette; Gasparoni, Gilles; Salhab, Abdulrahman; Seipelt, Ralf; Urbschat, Klaus; Richter, 

Clémentine; Meier, Carola; Bojkova, Denisa; Cinatl, Jindrich; Walter, Jörn; Schneider-Daum, Nicole; 

Lehr, Claus-Michael (2023): A Monoclonal Human Alveolar Epithelial Cell Line ("Arlo") with 

Pronounced Barrier Function for Studying Drug Permeability and Viral Infections. In Advanced 

science (Weinheim, Baden-Wurttemberg, Germany), e2207301. DOI: 10.1002/advs.202207301. 
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Other central ideas underlying the description of the state-of-the-art of the research 

presented in this thesis have already been described in more detail in the following two 

book chapters: 

 

Carius, Patrick; Horstmann, Justus C.; Souza Carvalho-Wodarz, Cristiane de; Lehr, Claus-Michael 

(2021): Disease Models: Lung Models for Testing Drugs Against Inflammation and Infection. In 

Monika Schäfer-Korting, Silvya Stuchi Maria-Engler, Robert Landsiedel (Eds.): Organotypic models 

in drug development, vol. 265. Cham, Switzerland: Springer (Handbook of experimental 

pharmacology, 0171-2004, 265), pp. 157–186.  

 

Schneider-Daum, Nicole; Carius, Patrick; Horstmann, Justus C.; Lehr, Claus-Michael (2019): 

Reconstituted 2D Cell and Tissue Models. In Hickey, Anthony J.; Da Rocha, Sandro R. (Eds.): 

Pharmaceutical inhalation aerosol technology. Third edition. Boca Raton: CRC Press/Taylor & 

Francis Group (Drugs and the pharmaceutical sciences), pp. 627–651. 

 

In addition, the work related to this thesis was kindly supported by the German-Israeli 

Foundation for Scientific Research and Development (GIF) (Grant: I-101-409.8-2015) as 

well as by the German Federal Ministry of Education and Research as part of the COVID-

protect project (Grant: 01KI20143C & 01KI20143A). 

 

Other publications related to this thesis: 

2022 

Sengupta, A., Roldan, N., Kiener, M., Froment, L., Raggi, G., Imler, T., Maddalena, L., Rapet, A., May, 

T., Carius, P., Schneider-Daum, N., Lehr, C. M., Kruithof-de Julio, M., Geiser, T., Marti, T. M., Stucki, 

J.D., Hobi, N., & Guenat, O. T. (2022). A new immortalized human alveolar epithelial cell model to 

study lung injury and toxicity on a breathing lung-On-Chip system. Frontiers in toxicology, 4. 
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2021 

Huck, B., Hidalgo, A., Waldow, F., Schwudke, D., Gaede, K. I., Feldmann, C., Carius, P., Autilio, C., 

Pérez-Gil, J., Schwarzkopf, K., Murgia, X., Loretz, B., Lehr, C.M. (2021). Systematic Analysis of 

Composition, Interfacial Performance and Effects of Pulmonary Surfactant Preparations on Cellular 

Uptake and Cytotoxicity of Aerosolized Nanomaterials. Small Science, 1(12), 2100067. 

 

Horstmann, J. C., Thorn, C. R., Carius, P., Graef, F., Murgia, X., de Souza Carvalho-Wodarz, C., & 

Lehr, C. M. (2021). A custom-made device for reproducibly depositing pre-metered doses of 

nebulized drugs on pulmonary cells in vitro. Frontiers in Bioengineering and Biotechnology, 9, 

643491. 

 

Awards 

Ted Martonen Student Research Award (2021) - for outstanding independent research in 

the field of aerosols in medicine received at the 23rd Congress of the International Society 

for Aerosols in Medicine. Boise, United States of America. 
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1. General introduction –  

the role of in vitro models in the context of inhalation drug products 

A multi-stage process ensures that new drugs are safe and effective for patients (FDA 

2018). In a simple depiction, this process often starts with an extensive exploratory 

research phase to identify and characterize potential targets, mostly proteins (Figure 1). 

Throughout the following drug discovery phase, thousands to millions of structures are 

often screened for the most favorable and selective interaction with the target until the 

most promising compounds are identified. During the preclinical research phase, selected 

lead compounds are chemically optimized for absorption, distribution, metabolism, and 

excretion (ADME) related properties, while potentially carcinogenic compounds are 

disqualified. Preclinical development begins if the preclinical research data indicate that a 

candidate compound is safe and shows a potential therapeutic efficacy.  

 

Figure 1: Schematic depiction of the different stages involved in drug development. Possible use 

cases for the application of novel human-relevant in vitro models are highlighted. Based on 

information from FDA (2018) and numbers from Ching et al. (2021).  
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During preclinical development, the active pharmaceutical ingredient (API) is united with 

selected excipients as part of the formulation process to derive an interim drug product. 

The development phase ensures that the API, in the predicted dose for the administration 

in the upcoming human clinical trial, remains stable and effective after administration as 

well as that it shows a favorable pharmacokinetic profile. Human clinical trials are then 

classically performed in three phases, where it is ensured that the drug is safe, effective, 

and applied at the correct dose. These phases are conducted with an increasing number 

of study participants from Phase I to Phase III to gather detailed information about the 

effects of the drug in a broad study population. As part of clinical development, the drug 

formulation is further refined during the clinical trial to enhance the efficacy of the final 

drug product by, e.g., optimizing the pharmacokinetic properties based on the gathered 

human data. Once these three phases are successfully completed, the regulatory 

authorities that chaperoned the clinical trial, such as the United States Food and Drug 

Administration (FDA) or the European Medicines Agency (EMA), review the data and finally 

evaluate whether the drug is safe and effective. After a positive review outcome, the drug 

is approved for marketing. A post-market safety monitoring ensures that rare side effects 

of the drug are also identified and reported to the authorities after the drug is released for 

marketing.  

1.1 Animal testing and the “valley of death” 

The preclinical research phase (Figure 1) aims to mainly provide sufficient data that would 

allow predicting the pharmacological, pharmacokinetic, pharmacodynamic and potential 

toxic effects of a new drug before first-in-men studies. While in the drug discovery as well 

as exploratory research phase mainly in vitro and in silico data are generated, the 

preclinical research phase is mainly characterized by the generation of data from in vivo 

experiments, although in silico, in vitro and in vivo experiments are performed during all 

phases. A mandatory reliance on animal experiments to test for safety and efficacy further 
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stems from current regulatory guidelines. The ICHM3 (R2) guideline for small molecule new 

chemical entities, for example, requires to conduct experiments on a rodent (such as 

mouse or rat) as well as a non-rodent species (e.g., dog, mini-pig, or non-human primates) 

for assessing the potential toxicity of a new drug (Committee for Medicinal Products for 

Human Use - EMA 2009; Prior et al. 2020). 

The experimental use of mammal model organisms that share many of their gene and 

organ functions with humans, historically, has tremendously influenced basic biomedical 

and biopharmaceutical research. Data from animal models have elucidated disease-

related pathways and helped to identify new drug targets as well as new treatments 

(Bonniaud et al. 2018). Furthermore, living organisms possess interconnected organ 

systems, which allow the simultaneous monitoring of pharmacokinetic as well as 

pharmacodynamic processes after drug administration, such as the relationship between 

serum and tissue concentrations for example (Andes and Craig 2002).  

There are, however, also obvious ethical concerns associated with sacrificing laboratory 

animals for biopharmaceutical and biomedical research. This is why every experiment that 

includes animals should be questioned according to the refine, reduce or replace (3R’s) 

principles introduced by Russel and Burch more than 60 years ago (Russel and Burch 

1959). In an example from another research area, such ethical concerns were raised by 

the public and led the European Parliament to introduce a phased-out ban on in vivo safety 

testing of cosmetic products as well as their ingredients, complementing focused efforts 

by animal welfare organizations (Knight et al. 2021). The ban partly took effect in 2009 for 

local health effects and finally in 2013 for systemic health effects (Buzek and Ask 2009). 

More recently, such considerations also resulted in the acceptance of the “FDA 

Modernization Act 2.0” by the United States Senate (Congress of the United States of 

America 2022). For the first time, this law legally authorized the use of validated human-
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based models (in vitro or in silico) instead of animal models to investigate the safety and 

efficacy of a drug.  

Apart from such ethical concerns, using animal models also comes with other 

disadvantages. Small molecules, for example, are known to be metabolized in a species-

specific manner, resulting in the activation of different enzymatic pathways, changing 

metabolic rates as well as differently formed metabolites that all need to be individually 

assessed for each species of interest (Lin 1995; Hurst et al. 2007). Species-specific 

differences in the expression levels and physiological activities of efflux as well as uptake 

transporters between different animal models (e.g., rodents, dogs, or non-human primates) 

further aggravate the prediction of human ADME characteristics (Chu et al. 2013). More 

fundamentally, however, are scientific concerns about the general hypothesis that 

experimental data from animals are predictive for humans, since it has never been 

scientifically confirmed (Shanks et al. 2009; Pound and Ritskes-Hoitinga 2018; Leenaars 

et al. 2019). 

In the specific case of respiratory diseases, these concerns are inter alia fueled by data 

from the pharmaceutical industry. Novel therapeutic drugs acting against respiratory 

diseases entering clinical trials were only successful in 7% of the cases during Phase I and 

only 15% successful during Phase II, with an overall success rate during all clinical trial 

phases smaller than 7% (Dowden and Munro 2019; Yaqub et al. 2022). By contrast, 

respiratory diseases are among the most common causes of serious disease and death 

worldwide (Vos et al. 2020; World Health Organization 2020; Forum of International 

Respiratory Societies 2021). This includes inflammatory diseases like asthma or chronic 

obstructive pulmonary disease (COPD) and infectious respiratory diseases caused by 

pathogenic microorganisms or viruses, such as severe acute respiratory syndrome 

coronavirus type 2 (SARS-CoV-2). While the reasons for the high attrition rate of pulmonary 

therapeutics during costly clinical trials – often referred to as the “valley of death” - are 
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multidimensional, a lack of preclinical models predictive for the human situation was often 

identified as a major reason in the recent literature of inhalation research (Fröhlich 2019; 

Seyhan 2019; Artzy-Schnirman et al. 2020; Ingber 2020). Such concerns are often linked 

to species-specific differences between the lungs of humans and the respective animal 

models, which encompass alterations in anatomical, functional as well as cellular 

properties. Rodents are, for example, obligatory nose-breathers, whereas humans can 

breathe through the oral or nasal cavity (Gautam and Verhagen 2012). Further, the airways 

of the lungs of mice and rats follow a monopodial architecture (Schittny 2017). This means 

that ramifications branch off asymmetrically from a central airway. In humans, however, 

the airways follow a dichotomous branching pattern, where each airway diverts into two 

roughly symmetrical daughter branches in each generation (Weibel et al. 1963; Labode et 

al. 2022). Particles within human lungs thus more often deposit at the bifurcations of the 

airways (Fröhlich 2021). Rats and mice further lack distinct respiratory bronchioles, a 

specialized human lung structure (Tyler and Julian 1992). 

Being influenced also by other factors, such as the advances in the generation of in vitro 

models in the cosmetic industry after the ban on animal experimentation in 2013, complex 

in vitro models based on human cells and tissues were seen as a promising alternative to 

overcome some of the limitations imposed by animal models (European Commission, Joint 

Research Centre 2021). Figure 1 highlights such additional opportunities for the use of 

complex in vitro models in biopharmaceutical as well as biomedical research. As part of 

the generation of such predictive complex in vitro models for pulmonary research in the 

near future, however, reliable cell sources and robust technical platforms would be needed 

as essential building blocks to generate consistent experimental readouts (Carius et al. 

2023; Carius et al. 2021a). 
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1.2 Fundamentals of lung biology 

 

When comparing the human lung to other organs that give rise to major external epithelia, 

such as the skin or the gastrointestinal tract, one notices that the most proximal part of 

the trachea serves as a central in- as well as output. Using an allegorical simplification, the 

lung can thus be depicted as a sophisticated biological version of a balloon, which relies 

on elasticity, expansion and contraction to carry out its functions. In essence, these 

functions are effective gas exchange and protection from external noxae. 
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Figure 2: Epithelial barriers of the human respiratory tract. Cell composition of epithelial linings in the lungs 

varies in different segments. The pseudo-stratified, columnar epithelium in the bronchial and bronchiolar 

region is composed of ciliated, club, goblet, basal and neuroendocrine cells. A thin layer of periciliary fluid 

and mucus covers the cell layer. The alveolar epithelium is squamous in nature and comprises predominantly 

the extremely thin (for efficient gas exchange) AT-1 and the cuboidal AT-2 cells (responsible for the 

production, secretion and recycling of surfactant-(proteins)). Alveolar macrophages are also present.  

Figure was taken from Selo et al. (2021) with slight modifications. Copyright © 2021 Mohammed Ali Selo, 

Johannes A. Sake, Kwang-Jin Kim, Carsten Ehrhardt. Distributed under the terms of the Creative Commons 

Attribution 4.0 International (CC BY 4.0). 
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The upper airways begin with the nasal or oral cavity and extend towards the larynx, thereby 

already starting to filter, moisten and warm the air we breathe. Distally from the larynx, the 

lower airways start to ramify. Following a dichotomous branching pattern, the airways 

branch into roughly two symmetrical daughter branches with each generation. The ~23 

airway generations of the human lung can be roughly divided into the tracheo-bronchial 

airways (generation 0-10), the small to terminal bronchioles (generation 11-16), as well as 

the pulmonary acinar airways (generation >16) of the respiratory region of the peripheral 

lung (alveoli) (Haefeli-Bleuer and Weibel 1988; Koullapis et al. 2019). The tissue that lines 

the airways has evolved endoderm-derived epithelial cells that are part of the mucosa of 

the airways as well as of the respiratory region of the alveoli. In addition, cartilage, airway 

smooth muscle, fibroblasts, and vascular endothelium developed from mesenchymal 

derivatives (Kadzik and Morrisey 2012). Seen in the context of aerosol therapy or 

inhalation toxicology, the cellular epithelium but also non-cellular barriers, such as e.g. 

pulmonary mucus or surfactant, are the first structures with which an aerosol particle 

interacts (Ruge et al. 2013; Murgia et al. 2018). This makes them also potential barriers, 

which would need to be traversed if systemic drug delivery via the lungs is anticipated. It 

thus makes a difference whether particles initially deposit in the central or peripheral lung 

since these barriers will interact differently with particles based on their specific anatomical 

location and associated function. 

The partially ciliated pseudo-stratified epithelial lining of the bronchial airways can reach a 

thickness of 50 µm and is composed of columnar epithelial cells, club cells, mucus-

secreting goblet cells, and interspersed basal cells, which serve as stem cells for the 

majority of airway epithelial cells (Rock et al. 2010). The bronchial epithelial lining is 

additionally protected by a mesh-forming hydrogel, the pulmonary mucus, which mainly 

consists of water (~95%), the glycoprotein mucin (2-5%) as well as of lipids in low 

concentrations (Boegh and Nielsen 2015). External noxae, such as particulate matter or 
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microorganisms, are often immobilized in the mucus and then subsequently transported 

out of the lung via the pharynx. This happens through a coordinated movement of the cilia 

of the epithelial lining termed “mucociliary clearance”. All non-cartilaginous airways are 

called bronchioles and are characterized by a pseudo-stratified epithelium with a similar 

cellular composition as observed in the bronchi (Rock et al. 2010). Yet, the number of basal 

cells as well as the airway diameter substantially decline from the early to the late airway 

generations, to less than 1 mm in the terminal bronchioles (van Michael J. Evans 2001). 

Distally, the terminal bronchioles develop into respiratory bronchioles, a structure 

exclusively found in the human lung and lined by a simple cuboidal epithelium (Have-

Opbroek et al. 1991; Tyler and Julian 1992). The respiratory bronchioles fluently develop 

into pulmonary acini, which in turn extend into multiple alveolar sacs per acinus (Haefeli-

Bleuer and Weibel 1988). Differing numbers of alveoli form a single alveolar sac; however, 

single alveoli represent the functional unit of gas exchange in the deep lung. In contrast to 

the decreasing luminal diameter of the airways from proximal to distal, the surface area 

coated by the epithelial lining increases from around 4 m² in the two bronchi to about 

100 m² opened up by the, on average, 480 million alveoli within the two lobes of a human 

lung (Gehr et al. 1978; Ochs et al. 2004; Dombu and Betbeder 2013). Here, in the 

respiratory region of the peripheral lung, the epithelium is closely connected to the 

underlying endothelium. At the thinnest parts (<1 µm) of this interface, a structure also 

called the “air-blood barrier”, epi- and endothelial cells share a common basal lamina 

which reduces the distance for the diffusion of gases to the greatest possible extent 

(Weibel 1973; Knudsen and Ochs 2018). Unlike the bronchial tissue, which is connected 

to the systemic circulation, the highly perfused respiratory region of the peripheral lung is 

vascularized by the pulmonary circulatory system. This separate connection ensures the 

transport of oxygenated blood directly to the heart.  
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Two types of pneumocytes, alveolar type-1 (AT-1) and alveolar type-2 (AT-2), constitute the 

alveolar epithelium. AT-1 pneumocytes, which only account for around 8% of all lung cells, 

develop a squamous epithelial layer that has a share of 95-98% of the alveolar epithelium’s 

total surface area, enabled by a surface area of ~5000 µm² per cell (Gehr et al. 1978; 

Crapo et al. 1982). To withstand the fluid pressure stemming from the pulmonary 

circulatory system, which is directed towards the air-filled alveolar lumen, the flat AT-1 cells 

further evolved tight cell-to-cell connections to neighboring epithelial cells. At these 

intercellular junctions, adhesive transmembrane proteins that belong to the claudin family 

of tight junction proteins, in concert with other structural and tight junction proteins such 

as tight junction protein 1 (also known as zona occludens-1 (ZO-1)) and Occludin, play an 

essential role in regulating the paracellular permeability of ions and small hydrophilic 

molecules (Brune et al. 2015; Schlingmann et al. 2015). Particularly Claudin-18.1, which 

represents one of the two splice variants of the CLDN18 gene, is exclusively expressed in 

the lung and is the most abundant claudin found in AT-1 cells (Niimi et al. 2001; LaFemina 

et al. 2010; Brune et al. 2015). The tight barrier formed between the cells of the alveolar 

epithelium also allows for effective fluid homeostasis facilitated by active transporters, 

carrier or channel proteins that transport water, ions but also small molecules as well as 

macromolecules (Brune et al. 2015; Schlingmann et al. 2015; Wittekindt and Dietl 2019).  

As the most prevalent cell type, the cuboidal AT-2 cells account for ~18% of the cells of the 

alveolar epithelium; however, their surface area contributes only 2-5% to the total epithelial 

surface area due to their cuboidal shape and positioning at the corners of the alveoli (Crapo 

et al. 1982; Perlman and Bhattacharya 2007; Herzog et al. 2008). On the contrary, they 

represent conditionally proliferative facultative progenitors, able to differentiate into AT-1 

cells during epithelial growth or upon epithelial damage (Evans and Lee 2020). Another 

elementary function of AT-2 cells is their ability to secrete and recycle pulmonary 

surfactant, which acts as a non-cellular barrier composed of lipids as well as bioactive 
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proteins, which biophysically prevents the alveoli from collapsing by reducing the surface 

tension at the air-blood barrier (S. R. Bates et al. 1994; Knudsen and Ochs 2018; Garcia-

Mouton et al. 2019). In addition, AT-2 cells contribute to immunological responses and 

immune signaling, e.g., by the secretion of antimicrobial peptides or the expression of 

major histocompatibility complex (MHC) II surface antigens, thereby assisting alveolar 

macrophages scavenging the lumen of the alveoli (Cunningham et al. 1994; Mieke A. 

Dentener et al. 2000; Hasegawa et al. 2017). 

 

1.3 Transforming in vivo complexity into in vitro controllability 

 

As outlined in the previous section, reproducing all dimensions of complexity (e.g., 

anatomical, biophysical, biochemical, and physiological) observed in the human lung can 

be deemed virtually impossible within a single experimental model and would thus not yield 

an effective assay for biopharmaceutical research. Utilizing animal models, however, 

comes with certain disadvantages, including species-specific differences in anatomical 

structures, cell types or enzymatic activities outlined in more detail in paragraph 1.2. Within 

this context, complex pulmonary in vitro models (in particular when based on human cells 

and tissues) were proposed as an imaginable alternative to animal testing (Artzy-

Schnirman et al. 2020; Carius et al. 2021a). By isolating key elements, these models offer 

the possibility to unravel the multidimensionality of (patho- ) physiological conditions 

observed in the human lung, which then could be individually controlled within an in vitro 

environment (Carius et al. 2021b). 

Inspired by a useful comparison introduced by Artzy-Schnirman et al. (2019a), the building 

blocks needed to generate complex pulmonary in vitro models could be, in compliance with 

the basic design of computer systems, divided into two broad categories: ”software” and 

“hardware”. The “software” category would include biological factors, such as the different 
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cellular models or the cell culture medium needed to grow cells in vitro. The “hardware” 

category would thereby refer to all the technical accessories that constitute the 

(biomimetic) in vitro cell culture environment, such as traditional well-based permeable 

growth supports (e.g., Transwell®) or sophisticated microphysiological systems. This 

category would also include additional devices, e.g., for the generation and/or in vitro 

deposition of aerosols. Ideally, novel “software” could be combined interchangeably with 

state-of-the-art “hardware” to form predictive complex pulmonary in vitro models, which 

would resemble “higher-level anatomical and physiological aspects of human biology in 

practical experimental setups and are often referred to as 3D cell cultures, spheroids, 

bioprinted tissues, bioreactor cultures or microphysiological systems (e.g., tissue-/organ-

/human-on-chip)” (European Commission, Joint Research Centre 2021).
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 “Software” – state-of-the-art cellular models 

As essential requirements, cellular models of pulmonary epithelia should be cultured under 

air-liquid interface (ALI) conditions as well as develop tissue-specific barrier integrity, when 

they are selected for conducting in vitro biopharmaceutical or toxicological inhalation 

experiments (Bonniaud et al. 2018; Lacroix et al. 2018; Movia et al. 2020). Especially ALI 

conditions, which expose the apical cell surface to air, serve as an important biophysical 

stimulus that activates specific pathways involved in cellular differentiation and 

polarization (WU et al. 1986; Whitcutt et al. 1988; Jong et al. 1993; Dvorak et al. 2011). 

Primary bronchial epithelial cells fulfill these criteria and also differentiate into the cell 

types observed in vivo when cultured in a cell culture medium supplemented with retinoic 

acid for at least 14 days on collagen-coated Transwell®(-like) growth supports under ALI 

conditions (Karp et al. 2002). They are available from different clinical sources, such as 

patient-derived biobanks or via various commercial vendors. The latter, for instance, the 

American Type Culture Collection (ATCC) (USA), further distribute continuous cell lines such 

as the bronchial carcinoma cell line Calu-3, which also fulfills the needed basic criteria to 

perform transport experiments (Bosquillon et al. 2017). Other sources of in vitro models 

for the bronchial epithelium have been comprehensively discussed elsewhere (Gordon et 

al. 2015; Hittinger et al. 2017; Hiemstra et al. 2018; Selo et al. 2021). 

In contrast to the bronchial cellular in vitro models described above, a substantially smaller 

fraction of cellular models is available to model the basic functional particularities of the 

alveolar epithelium in vitro. So far, primary human alveolar epithelial cells (hAEpCs) are the 

present gold standard when assessing permeability in biopharmaceutical in vitro 

experiments (Selo et al. 2021). After isolation from resected lung tissue and seeded on 

porous growth supports, hAEpCs reconstitute a polarized monolayer with functional tight 

junctional complexes under ALI conditions after a few days (Elbert et al. 1999; Kim et al. 

2001; Fuchs et al. 2003; Bur et al. 2006; Daum et al. 2012). Unfortunately, however, after 
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the majority of AT-2 cells spontaneously differentiated into AT-1 cells, which is also 

indicated by changes in cellular morphology and accompanied by a peak in the 

transepithelial electrical resistance (TEER) reaching values >1000 Ω*cm², the cells further 

de-differentiate eventually losing barrier properties, which limits the experimental time 

scale to a few days (Dobbs et al. 1985; Foster et al. 2007; Bove et al. 2014; Hittinger et 

al. 2016; Carius et al. 2023). Yet the de-differentiation is only one of the disadvantages 

when working with hAEpCs, which can hardly be passaged and thus not expanded after the 

isolation procedure. The cell isolations only yield a modest number of cells, consume a 

considerable amount of working time as well as labor costs and donor-to-donor variations 

hamper the successful establishment of barrier properties, thus introducing difficult-to-

control experimental variability. 

A promising development over recent years was the generation of cellular models that are 

based on induced pluripotent or adult stem cells. By now, experimental protocols are 

available to maintain the proliferative capacity of these stem cells in vitro but also to further 

differentiate them into multi-cellular, self-organizing organoid cultures, which resemble 

some morphological hallmarks of in vivo tissues (Kratochvil et al. 2019). In expansion 

culture, organoids are usually cultured in submerged cell culture conditions on titer plates 

to retain their stemness, where they form multiple micron-sized spherical in vitro tissues 

that are embedded in hydrogel domes. To achieve differentiation under ALI conditions, the 

organoids from the proliferative expansion culture need to be extracted from the hydrogel 

domes, and are then dissociated into smaller fragments, before seeding them on 

Transwell® inserts or other growth supports. Such procedures yielded cellular models of 

the alveolar epithelium that expressed AT-1 associated markers such as aquaporin 5 

(AQP5) or podoplanin (PDPN) but also AT-2 markers, for example surfactant protein c 

(SFTPC) (Jacob et al. 2017; van Riet et al. 2020; van Riet et al. 2022; Tindle et al. 2021; 

Yang et al. 2022). Currently, however, such models have not been characterized to be used 



“Software” – state-of-the-art cellular models  

18 

 

in biopharmaceutical permeability experiments, or are unsuitable for such studies. 

Reasons include the lack of tissue-specific barrier properties (He et al. 2022; Yang et al. 

2022; Tindle et al. 2021; van Riet et al. 2020), formation of stratified epithelia (Lamers et 

al. 2021) or their exclusive culture as closed alveospheres (Jacob et al. 2017; Katsura et 

al. 2020). 

Another alternative to using primary cells was, and still is, the generation and steady 

advancement of continuous cell lines of alveolar epithelial cells. These cellular models 

have been isolated from resections of cancerous lung tissue or were genetically modified 

to retain their proliferative capacity in vitro. A key example in this regard are A549 cells, 

which are a patient-derived AT-2-like cell line isolated from an adenocarcinoma (Giard et 

al. 1973). Cultured for several weeks in a modified cell culture medium, these cells contain 

cytoplasmic lamellar inclusions and show gene expression signatures similar to primary AT-

2 cells (Cooper et al. 2016). Their use as a reliable cellular model to perform 

biopharmaceutical permeability experiments involving small molecules, however, is limited 

by the lack of functional tight junctions (Winton et al. 1998). A recent report further 

identified three sub-clones within A549 in vitro cultures, which hampers experimental 

robustness and might be an explanation for contradictory results that described either the 

secretion or the lack of functional surfactant proteins within A549 cultures (Mahto et al. 

2014; Tièche et al. 2019). Alternatively, immortalized cell lines can be generated by 

inserting transgenes or additional genes, which all should influence essential cellular 

mechanisms regulating proliferation, into the genome of primary cell cultures using, e.g., 

(lenti-) viral vectors (Lipps et al. 2018). 

Although continuous cell lines can develop genetic instabilities or yield phenotypes that 

divert from in vivo, an immortalized cell line, the human alveolar epithelium lentivirus 

immortalized (hAELVi) cell line, as well as the adenocarcinoma-derived NCI-H441 cell line, 

have been recently proposed as useful cellular models to reconstitute the alveolar 
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epithelium in vitro (Kuehn et al. 2016; Hiemstra et al. 2019; Selo et al. 2021). By forming 

electrically tight monolayers that ensure tissue-specific barrier integrity under ALI 

conditions together with the expression of markers relevant for alveolar epithelial cells, 

these two cell lines principally fulfill the requirements to perform biopharmaceutical or 

toxicological inhalation experiments (Kuehn et al. 2016; Lochbaum et al. 2020). 

Nevertheless, they were also reported to cause experimental inconsistencies that might be 

inter alia linked to their polyclonality, which is more extensively discussed as part of this 

thesis in Carius et al. (2023). 

 

“Hardware” – state-of-the-art in vitro devices 

Permeable growth supports (e.g., Transwell® inserts) including a microporous membrane, 

can be inserted into multi-well cell culture plates and are the prevailing standard for 

culturing pulmonary cellular in vitro models. As a key feature, these technical accessories 

allow the spatial separation of the cell culture environment into an apical and basolateral 

compartment. This separation enables the culture of different cell types (e.g., epi- vs. 

endothelial cells) on opposite sides of a membrane, but more importantly, also allows to 

expose the cells to air at the apical surface. Biologically, the establishment of ALI conditions 

enabled by these growth supports leads to the enhanced differentiation and polarization 

of pulmonary epithelial cells in vitro (Hiemstra et al. 2018; Lacroix et al. 2018). Technically, 

they further allow the measurement of electrophysiological metrics, such as the epithelial 

potential difference as well as TEER, but also the deposition of nebulized aerosols or 

aerosolized dry powders (Lenz et al. 2014; Horstmann et al. 2021; Metz et al. 2018). Even 

though these growth supports have additional advantages, such as the possibility to 

perform high throughput experiments due to their compatibility with lab-automation 

systems, they also face significant disadvantages, namely the stiffness of the growth 

supports as well as their static culture conditions. 
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In order to overcome the disadvantages posed by cells cultured on static Transwell®-like 

growth supports, research efforts that shaped the field of microphysiological systems 

introduced devices that allow to culture cells in organ-specific biomimetic in vitro 

environments (Low et al. 2021). In particular, lung-on-chip systems introduced 

physiologically relevant biophysical stimuli into pulmonary in vitro cultures, such as 

continuous perfusion or stretch, which more realistically mimic certain features of the 

complex biological environment as it is observed in the human lung (described in section 

1.2) (Artzy-Schnirman et al. 2019a). 

In one of the earliest lung-on-chip studies described, the AT-2-like continuous cell line A549 

could be cultured under ALI conditions and constant perfusion for up to 21 days in a simple 

polydimethylsiloxane (PDMS)-based lung-on-chip (Nayalanda, 2009). Shortly after, the 

seminal work by Huh et al. (2010) introduced a sophisticated PDMS-based lung-on-chip, 

which enabled the co-culture of primary alveolar epithelial cells under ALI conditions (apical 

channel) in close contact with primary human microvasculature cells (basolateral channel) 

to mimic the air-blood barrier in vitro. The device, which is by now in a similar version 

commercially distributed by Emulate Inc. (USA) as Chip-S1®, for the first time, enabled the 

implementation of cyclic stretch as well as perfusion-like continuous fluid flow in a 

pulmonary in vitro system (Emulate 05.04.23). Recently, this system has been used to 

demonstrate that breathing motions suppress innate immune responses in primary 

epithelial as well as endothelial cells, partly orchestrated by stimulation of the 

mechanosensitive ion channel transient receptor potential cation channel subfamily V 

member 4 (TRPV4) and the receptor for advanced glycation end products (RAGE) (Bai et al. 

2022).  

Implementing continuous fluid flow into an inflammation lung model based on a 

Transwell®-like device, for example, has further been shown to positively influence the 

transmigration of fibrocytes by creating a concentration gradient as a guide (Punde et al. 
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2015). Another important contribution to the field was the lung-on-chip device by Stucki et 

al. (2015), which introduced a thin PDMS-based permeable membrane that is passively 

deflected by the movement of a biomimetic micro-diaphragm. This lung-on-chip enabled 

cyclical three-dimensional stretch of hAEpCs grown on the apical side as well as the culture 

of primary human umbilical vein endothelial cells (HUVEC) grown on the basolateral side 

of the membrane (Stucki et al. 2015). A medium-throughput version of this breathing lung-

on-chip harboring 12 separate culture wells (Stucki et al. 2018), distributed by the 

company Alveolix AG (Switzerland) under the name AX12 (AlveoliX 24.03.23), was also 

recently combined with an AX12-compatible exposure chamber (Vitrocell Systems GmbH 

(Germany)). This setup was used to deposit different nebulized aerosols as fine mist on a 

cell line based model of the air-blood barrier cultured under ALI conditions (Sengupta et al. 

2022; Sengupta et al. 2023).  

As another promising system, the moving air-liquid interface (MALI) bioreactor also allows 

the culture of epithelial cells grown in monoculture on a flexible membrane under the 

influence of ALI conditions and three-dimensional biodynamic stretch. However, the system 

additionally adds perfusion as another physiologically relevant stimulus and clearance 

mechanism (Cei et al. 2021). In contrast to the breathing lung-on-chip introduced by Stucki 

et al. (2015), the membrane of the MALI bioreactor is deflected by above-ambient positive 

air pressure in the apical chamber and only yields a single experiment per unit. The design 

of the MALI bioreactor moreover includes the direct integration of a clinically relevant 

nebulizer for the direct deposition of aerosols onto the epithelial cells grown in the apical 

chamber. A further developed version of the MALI bioreactor, the Cyclic In vitro Cell-stretch 

(CIVIC) system, which includes a thinner and optimized Biphasic Elastic Thin for Air-liquid 

culture conditions (BETA) stretchable membrane, showed the establishment of tissue-

specific barrier integrity determined by TEER measurements for the bronchial epithelial cell 

line 16HBE14o- (Doryab et al. 2021; Doryab and Schmid 2022). Recently, this system was 
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used to demonstrate the anti-fibrotic effects of the drug nintedanib (inhaled vs. systemic 

dosing) in an in vitro model of idiopathic pulmonary fibrosis, where a triple co-culture 

consisting of A549 cells and primary fibroblasts in the apical compartment and an 

endothelial cell line (EA.hy926) in the basolateral compartment, was induced via a pro-

fibrotic cocktail (Doryab et al. 2023). 

Other developments in the field focused on culturing pulmonary cellular models on 

biomimetic extracellular matrices resembling curved micro-alveoli. This includes a porous 

hydrogel made of gelatin methacryloyl in a breathing lung-on-chip (Di Huang et al. 2021), 

micro-curved track-etched membranes in a PDMS-based lung-on-chip (Baptista et al. 

2022) or a reconstituted basal membrane on a hexagonally structured grid in static culture 

(He et al. 2022). A hexagonally structured gold grid was also implemented in the next 

generation of the breathing lung-on-chip originally introduced by Stucki et al. (2015), 

allowing the culture of hAEpCs and endothelial cells on opposite sides of a biodegradable 

collagen-elastin membrane (Zamprogno et al. 2021).  

The polyclonal hAELVi cell line was co-cultured with THP-1 macrophage-like cells in an 

anatomically inspired acini-on-chip that aimed to mimic the airflows observed in the acinar 

airways of the human lung, as a part of this thesis (Artzy‐Schnirman et al. 2019b). The 

branching apical channel of the platform possesses micron-sized true-scale acinar 

dimensions and could be used to expose the co-cultured cells to an aerosolized 

lipopolysaccharide (LPS) suspension. Recently the same lab also created an anatomically 

inspired multi-compartment airways-on-chip platform, which interconnected a nasal-chip, 

a bronchial airway-on-chip, as well as the aforementioned acini-on-chip in an effort to 

replicate the viral transmission of, e.g. SARS-CoV-2, from the nose to the pulmonary acini 

(Nof et al. 2022). 

 All of the aforementioned devices, however, demand a vast amount of labor and/or cost 

investment to be set up and used in routine experiments. The devices stemming from 
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academic labs additionally often demand a high level of engineering expertise. As another 

part of this thesis, we thus described and discussed a minimalistic perfusable platform 

that non-experts could produce in any lab by (Carius et al. 2021a). 

 

With a strong focus on in vitro models of the alveolar epithelium, the present thesis 

includes an early example of combining “software” and “hardware” (Artzy‐Schnirman et al. 

2019b) as well as individual contributions to both categories: “hardware” (Carius et al. 

2021a) and “software” (Carius et al. 2023).
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2. Aims of the thesis & extended summary 

The overall goal of this thesis was to implement prevailing in vitro models of pulmonary 

epithelia, in particular cellular models of the human air-blood barrier, into a novel 

microfluidic platform in order to robustly analyze the transport and clearance of established 

or newly engineered aerosols within a complex pulmonary in vitro model. Based on the 

learnings that were generated during the course of the current thesis, this primary goal 

evolved into three sub-objectives: 

 

1. Implementation of the polyclonal hAELVi and differentiated THP-1 co-culture model 

into a morphologically inspired microfluidic platform. 

 

2. Development of a novel perfusable platform (“PerfuPul”).  

 

3. Generation of a monoclonal human alveolar epithelial cell line named “Arlo” with 

pronounced barrier functions.
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1.  Implementation of the polyclonal hAELVi and differentiated THP-1 co-culture 

model into a novel microfluidic platform 

 

The results described in Artzy‐Schnirman et al. (2019b) emerged as the first research 

contribution from the current thesis and could be seen as a fulfillment of the overall project 

goal. As part of the study mentioned above, the polyclonal hAELVi cell line was cultured in 

co-culture with human macrophage-like differentiated THP-1 cells in an anatomically 

inspired acini-on-chip platform. As the first of its kind, this in vitro platform allowed to 

culture an immuno-competent cell line based model of the alveolar epithelium within a 

morphologically relevant cell culture environment. The platform was furthermore 

connected to a standard mini compressor nebulizer, which allowed to expose the epithelial 

mono- and the co-culture to droplets from an aerosolized solution of LPS in phosphate 

buffered saline (PBS). The acinar structures thereby led to the formation of in vivo-like 

micro-airflows, as typically observed in human respiratory airways. While exposure to LPS 

generally caused a higher secretion of interleukin 8 compared to unstimulated controls, 

this effect was significantly higher in the epithelial co-culture with differentiated THP-1 cells 

than in the epithelial monocultures.  

Additionally, this study represented the first time that the polyclonal hAELVi cell line was 

successfully integrated into a microfluidic platform. Even more, the polyclonal hAELVi cell 

line formed a dense network of tight junction protein 1 (also known as ZO-1) as well as 

Occludin, both representative for functional tight junctions. Based on these encouraging 

results, we adjusted our strategy to create a novel platform that could be used and, more 

importantly, reproduced within any bio-/pharmaceutical laboratory as a widespread as well 

as robust tool for biopharmaceutical studies.
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2. Development of a novel perfusable platform (“PerfuPul”) 

 

Working with the acini-on-chip platform described above, as well as with other lung-on-chip 

platforms, it became clear to us that these devices are challenging to manufacture and/or 

to maintain within standard bio-/pharmaceutical laboratories because the routine 

production as well as maintenance demand specialized techniques and equipment. At the 

same time, the research underlying this thesis was additionally influenced by in vitro 

infection studies, which were conducted within the same department. In these studies, the 

establishment of long-term pulmonary in vitro models of chronic bacterial infections was 

limited by the short life span of the epithelial cell cultures (Montefusco-Pereira et al. 2020; 

Juntke et al. 2021; Horstmann et al. 2022). We thus hypothesized that continuous 

perfusion of cell culture medium would not only serve as a physiologically relevant 

clearance mechanism in the context of drug transport studies but could in addition, also 

enhance the survival time of the infected co-culture models through the elimination of 

bacterial toxins and virulence factors. Based on these considerations, we identified ALI 

conditions, aerosol deposition, TEER measurements, and especially perfusion, in contrast 

to the anatomical relevance in the case of the acini-on-chip platform, as needed 

prerequisites for a novel platform that could support the generation of such (infected) 

complex pulmonary in vitro models. 

In the second research article that emerged from this thesis, we thus introduced a blueprint 

as well as a technical proof-of-principle study for the versatile perfusable platform to assess 

permeability and barrier function of air-exposed pulmonary epithelia (PerfuPul) (Carius et 

al. 2021a). The perfusable platform maintains the principle design as well as the 

advantages of traditional Transwell®-based systems; however, also enables perfusion of 

the basolateral compartment. Among the platform’s advantages are the culture of 

pulmonary epithelial cells at an air-liquid interface with subsequent aerosol deposition and 
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the measurement of TEER - all within the same system. The development of barrier integrity 

of Calu-3 cells grown in the platform, which was measured via TEER, and the results from 

transport experiments using fluorescein sodium, matched well with results obtained from 

similar experiments performed on Transwell®-inserts. TEER measurements inside the 

perfusable platform were made possible via a custom-made electrode. The custom-made 

electrode thereby determined TEER values of Calu-3 cells grown on Transwell® inserts as 

precise as a chopstick electrode, which is the standard electrode for determining TEER on 

porous growth supports.  

Additionally, based on a design initially introduced by Horstmann et al. (2021), an adapted 

custom-made deposition chamber enabled the deposition of aerosols on the perfusable 

platform using a clinically relevant Aerogen lab nebulizer. As a technical proof-of-principle, 

we compared the transport of nebulized fluorescein sodium under static conditions and 

under the influence of perfusion; however, observing no apparent differences between the 

two conditions. In order to make the simple but versatile perfusable in vitro platform 

accessible to researchers unfamiliar with microfabrication techniques, we published the 

detailed protocols, construction drawings, and material lists needed to reproduce all of the 

parts of the platform so that it could be replicated in any bio-/pharmaceutical laboratory.
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3. Generation of a monoclonal human alveolar epithelial cell line named “Arlo” with 

pronounced barrier functions 

 

During the work with the polyclonal hAELVi cell line in the context of the acini-on-chip 

studies, we also already started to recognize inconsistencies in the development of barrier 

properties for some cell batches, which were notably different from the results described 

in Kuehn et al. (2016). Depending on which cell culture vial was taken out of the cryo 

storage and put into culture, cells from certain vials would show a strongly delayed 

formation of barrier properties or completely impaired barrier formation, as indicated by 

TEER value measurements. As a working hypothesis for the Carius et al. (2023) article, 

which emerged as a third paper from the current thesis, we initially assumed that the 

inconsistencies observed for the hAELVi cell line must be linked to a heterogeneous cell 

population. To support this hypothesis, we isolated single-cell clones via single-cell printing 

from a heterogeneous hAELVi population, which showed TEER value development in a 

previous passage. After the single-cell clones had been expanded to a high enough cellular 

yield, they were seeded on Transwell® inserts and characterized for developing barrier 

properties. Originating from such a single cell, the “Arlo” cell line reliably developed 

monolayers with functional tight junctions when exposed to an air interface. “Arlo” robustly 

developed TEER values >3000 Ω*cm² under ALI conditions and expressed gene signatures 

most probably representative of proliferating AT-2 cells. The human monoclonal cell line 

“Arlo”, in addition, showed high similarity to hAEpCs related to the expression of genes 

involved in the formation of the junctional barriers in the human lung and in the epithelial 

immune response. Further, we demonstrated that the cell line “Arlo” could be productively 

infected by different variants of SARS-CoV-2, which paves the way for various viral infection 

experiments. “Arlo” will be of direct experimental use to researchers from various 

disciplines seeking for a human alveolar epithelial cell line that maintains robust barrier 
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properties and grows in a polarized cellular monolayer. Moreover, the monoclonal “Arlo” 

cell line was made commercially available to all interested researchers via the company 

Inscreenex GmbH (Germany) (InSCREENex 07.05.23). 

 

During this thesis, we identified issues with the applicability of some of the cellular models 

and technologies described in the state-of-the-art section, which so far might have limited 

the widespread use of these technologies by a broader research community. In sum, the 

studies described in this thesis represent robust and reliable building blocks for developing 

future complex pulmonary in vitro models, which can be used to conduct 

biopharmaceutical permeability experiments.
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4. Discussion and future perspectives 

Ideally, results from preclinical or exploratory research models should well predict the 

various effects that a certain noxa could elicit in human subjects. Over recent years, rapid 

advances in novel in vitro technologies, such as organs-on-chip or the in vitro culture of 

human stem cells, led the scientific community to scrutinize the validity of the data 

stemming from animal models in terms of their predictivity for the effects observed in 

human subjects. Within this context, the FDA modernization act 2.0 marked a path-

breaking political decision and a promising opportunity in the history of human-relevant in 

vitro models. However, it will still be a long way ahead before a wealth of validated human 

complex pulmonary in vitro models will generally be available for biopharmaceutical 

inhalation research, as exemplified by the work performed during this thesis.  

In the coming years, biopharmaceutical research should focus on the development of 

technically accessible and reliable platforms with a higher throughput as well as a specific 

context of use in mind. Such ambitions should prioritize the inter-laboratory comparison of 

cell culture and other methodological protocols for better comparability as well as 

reproducibility. Examples of in vitro harmonization or standardization criteria have already 

been suggested in recent literature (Bonniaud et al. 2018; Movia et al. 2020; Rothen-

Rutishauser et al. 2023). Using chemically defined cell culture media without the addition 

of animal-based supplements will be an essential standard to establish within this context. 

Such efforts will not only serve to improve complex pulmonary in vitro models of healthy 

origin, but they will also form the basis for better complex pulmonary in vitro models of 

respiratory disease. Precise 3D bioprinting of bacterial biofilms, on top of infected 

immunocompetent co-culture models of pulmonary epithelia, for example, could be 

combined with a perfused in vitro platform, such as PerfuPul, to enhance the reproducibility 
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as well as the longevity of such a future complex pulmonary in vitro model of infectious 

disease (Aliyazdi et al. 2023).  

As suggested by Loewa et al. (2023), such complex in vitro models of human disease 

should among other things be benchmarked against human in vivo data and validated 

against robust as well as pre-defined performance criteria.  

The perfusable platform (“PerfuPul”) and the cell line “Arlo” were inspired by the idea of 

providing better technical accessibility to such technologies. So far, these two examples of 

in vitro “software” and “hardware” represent early building blocks for the creation of 

complex pulmonary in vitro models; however, many researchers in standard bio-

/pharmaceutical laboratories should be able to use, reproduce and further advance these 

tools in many areas of research. Through its reliable in vitro performance, especially the 

cell line “Arlo” could become an important in vitro tool to compare, for example, the 

performance of different lung-on-chip devices and thereby serve as a benchmark for barrier 

properties. Further, “Arlo” should be rigorously tested in bidirectional permeability 

experiments using specific substrates of drug-relevant transporters in the presence and 

absence of selective inhibitors. If successful, such experiments could be a valuable 

contribution not only to the biopharmaceutical field in general but also to initiatives like the 

inhalation-based biopharmaceutics classification system (iBCS), where standardized in 

vitro models to assess permeability in the lung are still missing (Hastedt et al. 2022).
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