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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 @ 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.



Zusammenfassung

Komplexe pulmonale in vitro Modelle auf Basis menschlicher Zellen und Gewebe, stellen
eine mogliche Alternative zum Tierversuch dar, welche zu Ergebnissen mit hoherer
Vorhersagekraft im Vergleich zu aktuellen experimentellen Modellen fihren kdnnten. Das
Ubergelagerte Ziel dieser Arbeit war es, in vitro Modelle pulmonaler Epithelien,
insbesondere zellulare 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 fir die Kultur von
Lungenepithelzellen an einer Luft-Flussigkeits-Grenzflache (,PerfuPul®).

3. Die Generierung einer monoklonalen humanen Alveolarepithelzelllinie namens ,Arlo“,
die ausgepragte 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, fuhrten zur Entwicklung und Charakterisierung der perfundierbaren in vitro
Platform ,PerfuPul“ und der monoklonalen alveolaren Epithelzelllinie “Arlo”. Beide
Erfindungen stellen wichtige Bausteine zur zuklUnftigen Entwicklung komplexer pulmonaler

in vitro Modelle dar.
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Introductory remarks & scientific output

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 Schafer-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: [-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.



Introductory remarks & scientific output

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 231 Congress of the International Society

for Aerosols in Medicine. Boise, United States of America.



General introduction -
the role of in vitro models in the context of inhalation drug products

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.
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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).



General introduction -
the role of in vitro models in the context of inhalation drug products

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 | to Phase lll 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
5



Animal testing and the “valley of death”

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-



Animal testing and the “valley of death”

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 | and
only 15% successful during Phase Il, 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

7



Animal testing and the “valley of death”

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 (Frohlich 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 (Frohlich 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).



Fundamentals of lung biology

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.



Fundamentals of lung biology
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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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Fundamentals of lung biology

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 um 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

11



Fundamentals of lung biology

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 ym) 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.

12



Fundamentals of lung biology

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 umz2 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 (Z0-1)) 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

13



Transforming in vivo complexity into in vitro controllability

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) Il 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 (ALl) 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 Q*cm?2, 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 ¢
(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
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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; Tieche 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 16HBE140- (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 Z0-1) 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 Q*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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Bacterial invasion of the respiratory system leads to complex immune
responses. In the deep alveolar regions, the first line of defense includes
foremost the alveolar epithelium, the surfactant-rich liquid lining, and
alveolar macrophages. Typical in vitro models come short of mimicking

the complexity of the airway environment in the onset of airway infection;
among others, they neither capture the relevant anatomical features nor the
physiological flows innate of the acinar milieu. Here, novel microfluidic-based
acini-on-chips that mimic more closely the native acinar airways at a true scale
with an anatomically inspired, multigeneration alveolated tree are presented
and an inhalation-like maneuver is delivered. Composed of human alveolar
epithelial lentivirus immortalized cells and macrophages-like human THP-1
cells at an air-liquid interface, the models maintain critically an epithelial
barrier with immune function. To demonstrate, the usability and versatility

of the platforms, a realistic inhalation exposure assay mimicking bacterial
infection is recapitulated, whereby the alveolar epithelium is exposed to

1. Introduction

Lung inflammation plays a critical role in
many respiratory diseases including acute
respiratory distress syndrome (ARDS),
chronic obstructive pulmonary disease
(COPD), asthma, and cystic fibrosis (CF)
amongst others.[!l Traditionally, the immu-
nological mechanisms underlying such
conditions have been studied using animal
models and/or in vitro models. While
animal models of lung inflammation
remain an invaluable tool for both basic
research and preclinical trials, their use
is known to be limited by the underlying
differences between such in vivo models
and the human body.>* Concurrently,
in vitro models,’! most commonly cen

lipopolysaccharides droplets directly aerosolized and the innate immune
response is assessed by monitoring the secretion of IL8 cytokines. These
efforts underscore the potential to deliver advanced in vitro biosystems that
can provide new insights into drug screening as well as acute and subacute

toxicity assays.
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sisting of submerged cell cultures seeded
in well plates or grown on transmembrane
well inserts, are not only limited in their
ability to faithfully recapitulate critical bio
logical functions of the innate organ, they
also lack essential phenotypes that range
from anatomical traits to physiological
flows and mechanical stresses applied
in vivo. To overcome the aforementioned shortcomings, there
is a growing need for alternative in vitro platforms that better
mimic the pulmonary milieu.[®!

In the last decade microfluidics, and so-called organ-on-chips
in particular, have gained significant momentum in laying the
foundations for constructing advanced in vitro models that can
mimic more faithfully physiologically relevant organ functions.
This includes, for example, the critical role played by (air and
blood) flows in the respiratory zone (i.e., pulmonary acinus).
Multiple groups have leveraged lung-on-chip models to recreate
breathing phenomena; yet, the bulk of such efforts has relied
on single channels or isolated airsacs,”? thereby neglecting
important anatomical features of the deep lung environment
that lead to acinar-specific aerosol deposition outcomes and
may play a significant role in drug distribution.'% A faithful
reconstitution of the underlying lung architecture, and in
particular the intricate foam-like structure of deep alveolated
airways, remains technically challenging and is still widely
beyond reach.l! Although the aforementioned studies as well
as others represent major advances in investigating alveolar
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physiology,”#11-14 they come short in both mimicking aecu
rately the morphology and ensuring respiratory airflow distri
butions pertinent to acinar airways in vivo.[%!%] This latter aspect
is critical when considering that by and large in vitro inhala
tion exposure assays on airway barriers have relied on instilling
liquid suspensions directly onto cell cultures. More recent
efforts have pushed to deliver aerosols via direct spraying,[1®-8l
yet there is still a gap in capturing physically realistic aerosol
transport at an air liquid interface (ALI) in mimicking more
truthfully the fate of aerosols depositing on the airway lumen.

Beyond the anatomical and physiological flow determinants
of the acinar regions, three main cell types line the lumen of
the deep lungs in vivo. These include alveolar epithelial cells
type 1 (AT1) that enable gas exchange and barrier function,
alveolar epithelial cells type 2 (AT2) responsible for surfactant-
secretion, and alveolar macrophages that orchestrate the innate
immune response at the barrier site. AT2 cells also serve as
progenitor cells, maintaining the regenerative capacity of the
alveolar sacs and alveolar macrophages. Importantly, epithelial
cells together with alveolar macrophages are known to have
immunomodulatory functions characterized by the secretion of
proinflammatory cytokines.%?% To date, the majority of micro
fluidic-based in vitro alveolar models have advocated the use of
primary pulmonary cells. While it is generally accepted that pri
mary alveolar cells directly isolated from human lungs better
preserve physiological properties of the lung tissue, ongoing
hurdles include difficulties in obtaining such cells and the
huge variability between donors, in addition to the challenges
of cell culturing alone.??2l Most significantly, benchmarking
standardized assays with primary cells is critically challenging
whereas past cell lines do not hold sufficient. In circumventing
such challenges, a novel alternative and highly relevant epi
thelial model was recently developed, i.e., human alveolar epi
thelial lentivirus immortalized (hAELVi) cells. Briefly, hAELVi
cells feature AT1-like phenotypes corresponding to the normal
composition of the alveolar epithelium.l?l Furthermore, they
maintain critical epithelial barrier functions leading to high
transepithelial electrical resistance (TEER), in analogy to -pri
mary cells harvested from human tissue.?! Such characteris
tics render them most suitable for drug delivery and cytotoxicity
assays amongst others but have never been leveraged beyond
traditional in vitro assays.

Here, we have developed a novel anatomically inspired acini-
on-chip platform that mimics more closely native acinar air-
ways at true scale in a multigeneration alveolated tree. Together
with hAELVi cells and a model for human monocyte derived
macrophages, differentiated to macrophage-like cells at an ALI,
our in vitro devices underline the reconstitution of a functional
alveolar barrier including immune functions. To model alveolar
macrophages, we use the THP-1 cell line; a cell line that has
been extensively used?*?4 to study monocyte and macrophage
functions, signaling pathways, and drug transport among
others. In addition, it is an established cell line to induce pro
inflammatory activation of lung epithelial cells.*) As a proof-of-
concept of the model's potential, we recapitulate in vitro an aer-
osol exposure assay and monitor the proinflammatory response
of the alveolar epithelial barrier. To model inflammatory events
typically going along with bacterial infections we used lipopoly
saccharide (LPS), a notorious stimulator of the innate immune
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system and constituting a major outer surface membrane pro
tein expressed on Gram-negative bacteria,?? i.e., in mycobac
terium tuberculosis. The reconstituted alveolar epithelium in
coculture with the macrophages is exposed to LPS-laden aero
sols via a realistic inhalation-like exposure composed of air-
borne droplets under airflow, whereby ensuing cell response
is assessed by monitoring IL8 secretion. Overall, our versatile
model captures anatomical and physiological characteristics
while preserving essential functions of the homeostatic cellular
microenvironment. Such platform represents an important
milestone toward the realization of new in vitro tools that could
better predict clinical outcomes.

2. Results and Discussion

2.1. Acini-On-Chip Establishment

To assess the biological applicability of our acini-on-chip bio
systems, two anatomically inspired microfluidic devices of
increasing complexity were designed. First, a microfluidic
device featuring an anatomically inspired, multigeneration alve-
olated airway tree was established Figure 1a). The device con
sists of six asymmetric dichotomously branching generations,
where saccular airspaces, corresponding to early stages during
pulmonary development, are mimicked by enlarged cavities at
the distal generations (see Figure 1a, blue arrows). Underalveo
lated branches, on the other hand, are depicted by cavity deple
tions off from the proximal ducts (see Figure 1a, red arrows). To
adequately capture the acinar length scales of developing acinar
airways, our designs feature characteristic channels of 17Qum
width by 100 um height with alveolar diameters of 155um, fol-
lowing morphometric data from lung casts.?”2% As the meas
ured data are acquired in fully inflated lungs representative
of total lung capacity, our acinar airway anatomies are scaled
to match lung volumes corresponding to functional residual
capacity (FRC) in line with respiratory volumes representative
of tidal breathing. The selected FRC values are matched to pedi-
atric populations exhibiting height and weight distributions as
obtained from lung cast measurements.?”) A notable feature
of our microfluidic design is given in the matched flow rates
at the distal ends of the acinar tree (see Figure 1a, stars); such
requirement stems from the in vivo environment, where no slip
flow conditions on the alveolar walls assure zero flow across all
terminal ends of the acinus.'® Here, we have established an
analogous condition by adjusting the pathways between each
terminal end of the microfluidic tree and the common outlet.
This ensures matching the same pressure drop across all paths
by having channels of equal length within the microfluidic-
based in vitro device.

The acinar airway tree model (Figure 1a) offers an anatorni
cally relevant model that demonstrates the versatility of micro
fluidic-based lung models in realizing intricate morphologies
of the developing deep airways. Concurrently, it poses -tech
nical difficulties in achieving full epithelial coverage due to the
vast surface area combined with such intricate length scales
and morphological features (e.g., bifurcations, alveoli, etc.). In
parallel, we thus opted for an anatomically simpler, alveolated
airway model based on a recent design useful for investigating

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

32



»Capturing the Onset of Bacterial Pulmonary Infection in Acini-On-Chips*

ADVANCED
BIOSYSTEMS

www.adv-biosys.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a) Airway Tree Design

(b) Airway Channel Design

Acini Geometry
Inlet/Qutlet

Medium Reservoir
Inlet/Outlet

,

—— . N

NSS Sl‘{Ee_—“
B

Figure 1. Anatomically inspired microfluidic model of acinar airways. a) Microfluidic alveolated acini-on-chip design featuring a multigeneration
asymmetrically bifurcating model of subacinar airway structures. Distal airways are modeled by saccular alveoli (blue arrows) and underpopulated
air-ducts (red arrows). Note that the model provides equal flow at each terminal end, by adjusting and matching the length of a channel connecting
the common microfluidic outlet and the last generation of our acinar tree. b) A microfluidic device combining straight ducts (resembling airways)
lined with cylindrical cavities (mimicking alveolar spaces). c) Exploded view of the computer-aided drawing of the acini-on-chip. A compartmentalized
sandwich structure is assembled on a glass slide, and a porous membrane is positioned between the PDMS alveolated airway tree (apical side) and a
bottom reservoir (basal side) to perfuse culture media (with integrated openings for inlet and outlet). On the apical side, two openings (inlet and
outlet) allowing selective insertion of desired components to the upper tree, e.g., cells for seeding followed by airflow to reproduce physiological flow

conditions. d) Snapshot of the assembled acini-on-chip.

barrier functions®” (Figure 1b). This design mimics underlying
features of the acinar ducts only. The microfluidic model com
bines straight channels of 16Gm width and 10Qum height,
regularly lined with cylindrical cavities of 40m radius. The
alveolar opening angle (o = 60°) was selected to match closely
that frequently used to model fully developed adult alveoli.3]

To render our microfluidic acinar designs compatible for
cell culture and thereby recapitulate underlying characteristics
of the alveolar epithelial barrier at an ALI, devices were assem
bled by integrating the poly(dimethylsiloxane) (PDMS) polymer
microfluidic channels (on the apical side) to a PDMS pool con
taining cell medium (on the basal side), separated by a 10m
thick porous polyester (PET) membrane (Dow Corning) with
0.4 um pore sizes (see Figure 1c). These so-called microfluidic
“sandwich” structures, namely device assemblies featuring an
ALI separated by an epithelial barrier with medium perfusion
from the basal side, have been increasingly utilized in recent
years.[®32] Finally, tubing is connected to the apical and basal
compartments, respectively, to allow easy access of fluid and/or
airflow at the hands of the end user (Figure 1d).

2.2. Epithelial Barrier Characteristics
A growing number of cell lines derived from different regions

of the airways are available for in vitro studies of the respira
tory environment.**l To date, the most commonly used and
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widely characterized cell type to model the alveolar epithelium
remains the A549 (American Type Culture Collection, ATCC
CL-185) cell line; an epithelial model immortalized and derived
from human lung adenocarcinoma.* The morphology and
biochemical features of this cell line resemble the characteris
tics of human alveolar type 2 cells in situ. A major limitation
of the A549 cells remains their inability to form functional
intercellular tight junctions, resulting in so-called “leaky”
monolayers of the epithelium; a major limitation in realizing
attractive in vitro models for drug permeability and absorp
tion assays. In the past few years, alveolar primary cells have
become more commonly used to overcome the limitations of
A549 cells.''3-38] Nevertheless, the limited number of cells
that can be received during each isolation, the short life span
and the uncertainty due to donor variation represent important
drawbacks.?”) Here, we present acini-on-chip cultured with
hAELVi cells (Figure 2). Unlike primary cells, hAELVi cells can
be cultured up to passage 75, under liquid-liquid as well as ALI
conditions. Furthermore, and in contrast to A549 cells, hAELVi
cells resemble AT1 cells and maintain their capacity to form
tight intercellular junctions, with high transepithelial electrical
resistance (>1000 Q cm?).123]

To the best of our knowledge, the present acini-on-chip con
stitutes the first use of hAELVi cells as an in vitro functional
biosystem of the alveolar epithelial barrier. Namely, the epi
thelial barrier was established by coating the device's mem
branes with type I collagen and fibronectin solution. Following
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Figure 2. Anatomically inspired microfluidic models of alveolated airways seeded with hAELVi cells in the full alveolated airway tree (top row) and acinar
ducts (bottom row). a,d) Brightfield image. b,e) Immunofluorescence micrographic views of hAELVi cells immunolabeled with anti-ZO-1 (green) and
DAPI (blue) at (a) day 17, and (b) day 18 cultivated at an ALI from day 2. ¢,f) Immunofluorescence micrographic views of hAELVi cells immunolabeled

with antioccludin (red) DAPI (blue).

coating, hAELVi cells were seeded in the apical compartment
and allowed to adhere under liquid-liquid conditions. To
mimic in vivo conditions, medium was removed after 48 h
from the apical compartment and cells were allowed to grow
at the ALI for at least 12 days. At that time point, a densely
packed monolayer of cells can be observed under light micros
copy (see Figure 2a,d). To confirm the formation of tight junc
tions, the expression of two characteristic proteins were exam
ined: zona occludens (ZO-1) and occludin. Clearly labeled tight
junction complexes appeared as a continuous thin line between
adjacent cells in both the alveolated tree (Figure 2b,c) and the
airway channel design (Figure 2e,f), similar to those observed
on traditional Transwell inserts (see Figure S1, Supporting
Information).

To recapitulate relevant immune functions of the acinar
environment with alveolar macrophages, THP-1 monocytes
were differentiated into macrophage-like cells. Differentiated
THP-1 cells were then trypsinized and seeded on top of-pre
formed hAELVi monolayer and the devices were further culti
vated for up to 7 days. In each experiment, two sets of devices
were seeded simultaneously; cocultures of hAELVi cells and
THP-1 macrophage-like cells and monocultures of hAELVi
cells, for direct comparison. The differentiation of THP-1 cells
into macrophage-like cells was determined by using antihuman
CD11b antibody, which stains macrophages*’! Figure 3a,b).
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Notably, TEER measurements were used to evaluate the
integrity of the epithelial monolayer and have thus become a
standard experimental method. Here as a control, each-pas
sage of hAELVi cells, seeded in a device, was also seeded on an
insert and TEER was monitored over time (see Figure S2, Sup
porting Information) to ensure the capability of each specific
cell passage to deliver a functional barrier, with values reaching
well within 1000Q cm 2. In the acini-on-chip platforms, how
ever, TEER measurements are still challenging as no practical
and validated approach has yet been developed.*!] The minute
dimensions of the channels together with the stringent require-
ment for a closed and controlled environment to support cell
growth creates limited access to the epithelial layer leading to
difficulties in measuring adequately TEER.

To circumvent such challenges, we have evaluated the bar-
rier properties of the coculture using a hydrophilic molecule,
i.e., sodium fluorescein (FluNa). This follows as high TEER cor-
relates with low transepithelial transport and provides a viable
alternative to TEER measurements.?3! Briefly, FluNa was added
to the apical compartment and a transport buffer was intro
duced to the basolateral compartment. At different time points,
30 uL samples were taken from the basolateral compartment
and the volume lost during sampling was replaced with fresh
buffer. The sodium fluorescein amount in the samples was
measured and the apparent permeabilityR ,,,) was calculated
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Figure 3. Morphology and barrier properties of hAELVi/THP-1 cocultures.
a) Airway channel seeded with coculture of hAELVi (day 21) cells and
THP-1(day 7), overlaying of bright field image and on THP-1 cells stained
with anti-CD11b antibody (Green). b) Immunofluorescence micrographic
views of THP-1 cultured on-chip for 7 days at the ALI, stained with anti-
CD11b antibody (green) and DAPI (blue). c) Transport of FluNa across a
monolayer of hAELVi. The THP-1 cells were seeded between day 17 and
20 on a preformed hAELVi monolayer on insert and devices. Data shown
as mean = SD (insert: W-THP-1 with n = 8, WO-THP-1 with n = 4, airway
channel W-THP-1 with n = 7, and WO-THP-1 withn = 4) **p < 0.001.

following Elbert et al.??l To compare between the different cul
turing conditions in the device and the traditional insert, cells
were grown until a full confluent monolayer was achieved (i.e.,
14-35 days) to allow the formation of tight junctions. At that
time point, differentiated THP-1 cells were seeded respectively
in the Transwell inserts and the microfluidic devices, and the
transport assay was performed after 72 h following-a pre
vious protocol reported by Kletting et al.*! on inserts. As can
be seen in Figure 3¢, no statistical differences were found in
P,,, measurements between the airway channels and the Tran
swell inserts; both in the absence or presence of THP-1 cells
(i.e., mono- vs cocultures). Indeed, measured P, yields values
within the same order of magnitude, as previously highlighted
for hAELVi cells monolayer specifically,?3] although transepithe-
lial transport is slightly higher within the microfluidic device
compared to the Transwell insert. We hypothesize that the
main reason for such discrepancy may arise due to the inter-
face between the PET membrane and the channel walls made
of PDMS since the cells grow only on the membrane but FluNa
may nevertheless translocate across the interface between the
two materials (PET and PDMS).

As a final remark in considering epithelial barrier character-
istics, we open here a short parenthesis in evaluating the bene
fits of both advocated platforms, i.e., the complex acinar airway
network (Figure 1a) compared with straight alveolated channels
(Figure 1Db). As presented in Figure 2, a functional epithelial
barrier is established across the full airway tree that carefully
adheres to the geometrical constraints of the underlying sub
strate. Yet, it has been recently shown that a mere 0.4% lack
in epithelial coverage of the surface leads to an 80% decrease
in TEER measurements,*? correlating with highP ,,, values.
With this in mind, guaranteeing a strict 100% surface coverage
across the intrinsically complex airway network featuring a
large number of bifurcations, branches, and alveolar cavities
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is not realistic. Thus, we have introduced a device platform
(ie., acinar ducts) that delivers a compromise in anatomical
complexity (i.e., straight channels) while still offering relevant
anatomical features of the acinus (i.e., alveoli). Together, our
two complementary platforms offer benefits for different appli
cations depending on the specific endpoints. While in both
devices functional tight junctions are formed (Figure 2b.e),
if the scope of the in vitro assay is targeted at pure transport
assays, the simpler device anatomy would be preferential as

guaranteed by P, values (Figure 3).

2.3. Aerosol Inflammation Exposure Assay

In the alveolar regions, the first line of defense includes the
alveolar epithelium, the surfactantrich alveolar fluid lining
and the alveolar macrophages. AT1 and AT2 are known to have
immunomodulatory functions characterized by the secretion
of proinflammatory cytokines.’ AT1 contain toll-like receptor
4 (TLR4), i.e., a receptor for LPS, a cell wall protein found on
Gram-negative bacteria. LPS is a strong stimulator of the innate
arm of the immune system, which is known to cause acute
lung injury in vivol**l and has been widely used to simulate bac
terial infections in vitro.**] Notably, LPS stimulation of alveolar
epithelial cells and macrophages has been shown to produce
proinflammatory cytokines. As a proof-of-concept of the poten
tial and suitability of our in vitro platforms for various aerosol
exposure assays, our acini-on-chip were exposed to nebulized
aerosols. While inhalation therapies often aim at tracheobron
chial delivery in the context of asthma and obstructive diseases
(e.g., COPD), delivering therapeutics to the deeper pulmonary
alveolar regions has drawn increased attention in recent years
with potential applications for systemic deliveryl*#! (e.g., vae
cinations!”*8l and insulin delivery*)) as well as antibiotics
for targeted treatments of pulmonary infections,”® such as in
pneumonia and CF. Our in vitro biosystems lend themselves
as a potent alternative for conducting early-stage, preclinical
studies in assessing inhalation therapies.

To induce an inflammatory response, the acini-on-chips were
directly connected to a standard mini compressor nebulizer. All
chips were exposed to nebulized aerosols for up to 4 min, with
phosphate buffered saline (PBS) as the carrier liquid (i.e., dep
osition field inside device, Figure 4a). 48 h after the exposure
assay, the medium from the basal compartment was collected
and analyzed for IL8 secretion using an enzyme-linked immu
nosorbent assay (ELISA). IL8 plays a role in the pathogenesis of
various diseases, including ARDS and asthma. IL8 has a major
role in neutrophil chemoattractant and activating, one of the
major immune cell types that accumulate in the airway when
inflamed. As can be seen in Figure 4b, IL8 secretion levels were
higher upon LPS exposure in both the airway channel and tree
for hAELVi cells alone, thereby supporting the role played by
the epithelial monolayer itself. The IL-8 levels of the co- and
monocultures with nebulized PBS show similar values as
exposing the samples to PBS without the nebulizer (data not
shown), representing the basal secretion levels. Coculturing
of hAELVi cells with THP-1 macrophage-like cells (Figure 4c)
resulted in a similar yet enhanced trend in secretion, i.e., IL-8
levels were higher compared to the control in both models. As
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Figure 4. Mimicking bacterial inflammation in the acini-on-chip. a) Qualitative snapshot of a local deposition field after 2 min exposure with a com
mercial nebulizer: dry channel on a glass slide, FluNa 2.5ug mL ~' in PBS. b,c) Plots show the secretion of IL8 cytokines following 48 h poststimula
tion with LPS nebulization (10pg mL ~") or PBS nebulization as a control, measured by ELISA: (b) monoculture (hAELVi) and (c) coculture (hAELVi
and THP-1). Cells were grown until a full confluent monolayer was achieved (14-35 days). Data shown as meatt SD (airway channel: mono-n =3,
coculture n =6, alveolated airway tree: mono- and coculture n=3 independent experiments); ““p < 0.001, (ANOVA). “p < 0.05, compared with controls

(i-e., cells cultured without LPS).

expected from the coculture, the THP-1 augments IL-8 seere
tion by more than an order of magnitude, thus demonstrating
the important role played by THP-1 in recapitulating realistic
immune functions within the acini-on-chip. The influence of
the LPS exposure on the epithelial integrity was examined by
staining of the tight junction proteins, i.e., ZO-1 and Occludin,
72 h after the LPS exposure, with no change in the epithelial
monolayer integrity (not shown for brevity); a result consistent
with previous findings.®!

3. Conclusions

The acini-on-chips presently described are the first in vitro plat

forms, to the best of our knowledge, that integrate character-
istic airflows of the respiratory zone within a morphologically
relevant anatomy while guaranteeing underlying epithelial bar-
rier characteristics. To date, all efforts within lung-on-chip plat

forms have been performed in straight channels. For the first
time, we have expanded such concept to complex airway tree
networks mimicking more closely native acinar airway anato

mies. Using a novel cell model system (hAELVi), we have suc

cessfully reconstructed relevant cell populations of the alveolar
region and demonstrated the establishment of a functional epi

thelial barrier in an anatomically relevant manner. We used two
complementary techniques to demonstrate a functional barrier
in a coculture system where macrophage-like cells are grown on
top of the epithelial cell layer: staining of tight junction proteins
as well as permeability assays. Within the scope of establishing
an in vitro acinar benchmark, THP-1 cells have been used to
mimic alveolar macrophages and deliver valuable insight that
can be developed in the future into a biosystem consisting of
lung primary cells. We successfully demonstrated a long-term
cell culture inside the lung-on-chip while maintaining func

tional barrier properties. The presented assays were performed
following up to 35 days from seeding, providing a promising
platform for both acute (normally, 48-72 h) and subacute
(14-28 days) toxicity assays in the deep alveolar regions. As a
proof-of-concept, the devices were leveraged to mimic the onset
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of bacterial infection. Following a realistic aerosol exposure
scenario with inhaled airborne droplets in airflow, LPS was
introduced into the devices and cell response was measured by
IL8 secretion. Our in vitro biosystem was able to recapitulate
the protective responses from the epithelium and its further
enhancement by the immune cells. Possible directions include
integrating additional cell types that play a critical role in the
orchestra of the immune response, such as endothelia and neu-
trophils. Here, we have used the hAELVi cells with a unique
opportunity to help bridge between in vivo and in vitro studies
in respiratory research. With the practical difficulty in obtaining
human alveolar primary cells and alveolar macrophages, the
variability between different donors can mask effects and jeop
ardize delivering clear conclusions. As such, the hAELVi and
THP-1 cells provide an attractive alternative in establishing a
novel in vitro benchmark for other researchers and scientists
to compare with (e.g., control), allowing for example to “nor-
malize” differences between different donors. Such biological
functionality in conjunction with mimicking more closely mor-
phological constraints (i.e., airway anatomy) and physiological
conditions (e.g., respiratory airflows) offer tangible oppertu
nities for drug toxicity screens and aerosol deposition assays
amongst other.

4. Experimental Section

Microdevice Fabrication: Standard soft-lithography techniques were
adopted for microfabrication of PDMS-based microfluidic devices;P']
such techniques were combined with a modified method for master
production using deep reactive ion etching of a silicon on insulator('®l
wafer to manufacture delicate features of the acinar model.

A clean 2 in. wafer was dehydrated on a hot plate (300, 5 min).
SU-8 2150 photoresist (Microchem) was spin-coated on the wafer at
500 rpm for 10 s using a 100 rpm s™' acceleration rate, then 3000 rpm
for 30 s with acceleration of 300 rpm s™'. The wafer was kept overnight
on a leveled surface in a sealed petri dish to improve surface flatness,
then baked on a hot plate (65C 5 min, 90°C 30 min), and exposed
to UV light through a photomask at a total dose of 400 m) cm= using
an MA6 mask aligner (Karl Suss). Postexposure bake was performed on
a hot plate (65 °C 5 min, 95 °C 13 min) and then the substrate was
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developed in propylene glycol monomethyl ether acetate, rinsed with
isopropyl alcohol, and spin dried. The resulting SU-8 pattern on the
silicon wafer is then continuously used as a master template for PDMS
casting, and manufacture of PDMS microdevices. PDMS was mixed with
a curing agent (DOWSIL 184 Silicon Elastomer Kit) at a 10:1 volume
ratio, poured on the template, and baked for 60 min 65 °C. Cured
PDMS was pealed from the wafer, punched using a T mm biopsy punch
(Miltex, 3331) to create inlets and outlets, and rinsed with 70% ethanol.
The PET membrane with 0.tm pore size (Corning), was irreversibly
bonded to the acinar microchannels using a “stamping” technique.’
Briefly, liquid PDMS (10:1) was spin-coated on a glass side (500 rpm
for 20 s acceleration 100 rpm s~', 4000 rpm for 20 min acceleration
127 rpm s7'), creating a thin liquid layer. Thereafter, a readily made
PDMS microdevice was gently brought into contact with the thin layer
(for 30 s) and immediately attached to the PET membrane from one
side. The structure was cured at 86 for an hour to accomplish a
complete bonding, and placed using stamping on top of a PDMS well to
be further filled with culture media. Finally, a glass cover slip (Corning)
was prepared and cleaned with ethanol and bonded to the bottom side
(reservoir) of the device.

Cell Culture: hAELVi cells (InNSCREENeX, INS-CI-1015) were cultured
as previously described.?! In brief, hAELVi cells were cultured in small
airway epithelial cell growth medium (SAGM) BulletKit (Lonza CC-3118)
supplemented with 1% FBS and 1% penicillin/streptomycin (P/S) (Life
Technologies, 15140-122). Prior to seeding, flasks were coated with
coating buffer (1% (v/v) fibronectin; (Corning, 33016015) and 1% (v/v)
collagen (Sigma, C4243)). The medium was changed every two to three
days. When cells reached 90% confluency, they were trypsinized and
used for maintenance or experiments, as described below.

The THP1 cells were cultured in RPMI-1640 (Biological Industries
Israel Beit-Haemek Ltd. 01-100-1A) supplemented with 10% FBS and 1%
penicillin—streptomycin (P/S). THP-1 monocytes (ATCC, TIB-202) were
differentiated to macrophage-like cells using 7.5 ng mL™' of phorbol
12-myri-state 13-acetate (PMA; Sigma, P8139) following incubation
of 16 h. Differentiated THP-1 cells were trypsinized and used in the
experiments.

All cells were grown under 37°C, 5% CO ,, and 95% humidity.

Mycoplasma controls were performed routinely and never showed
infection.

Insert Cell Culture: hAELVi cells (% 10 * cells cm™2) were seeded on
coated Transwell polyester membranes (Corning 3460; growth area
1.12 cm?; pore size 0.4um). Under liquid-liquid conditions, 50QuL of
medium was perfused in the apical side and 1.5 mL at the basolateral.
The medium was changed every second day. For air-liquid conditions
(ALI), at 2 days postseeding, the medium from the apical compartment
was aspirated and the cells were further fed from the basolateral
compartment with 500 pL of medium.

Microfluidic Cell Culture: The devices were sterilized following three
rounds of UV (254 nm), 15 min each. Following sterilization, the apical
side was incubated with coating buffer for T h in 3z, 5% CO ,, and
95% humidity. All devices were washed with PBS and seeded with cells
without drying the membrane.

Monocultures: 10 uL or 5 uL of a hAELVi cell suspension (3x 107 cells
mL™"), were seeded on the membrane of a coated full tree or the airway
channel, respectively. Both the basolateral and apical compartments
were filled with medium. Following 48 h in liquid—liquid conditions the
medium from the apical compartment was aspirated, allowing the cells
to grow at the ALI. The cells were further fed every second day from the
basolateral compartment, by withdrawing the liquid from the basolateral
side and then injecting fresh medium changed the medium.

Cocultures: hAELVi monocultures pregrown for 20-35 days were used
to set up the coculture with THP-1 cells. Differentiated THP-1 cells
(1 x 107 cells mL™), 10 or 5uL of the suspended cells were seeded on
top of hAELVi cells in the full tree or the airway channel, respectively.
In the basolateral compartment, SAGM was applied. The coculture was
cultivated between 1 and 7 days at 37°C, 5% CO ,.

Scanning Electron Microscopy: The samples were washed three times
with PBS and fixed in primary fixative buffer (1% paraformaldehyde
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(PFA) and 2% GA in 0.1 m NaP pH 7.4 and 3% sucrose) for 60 min
at RT. Following three washes with 0.1 m cacodylate buffer, pH 7.4
the samples postfixed with 1% osmium tetraoxide in 0.1 m cacodylate
buffer for 15 min at RT. Next, the samples dehydrated through a graded
ethanol series, processed by critical point drying and sputter coated with
chromium (5 nm). Images were taken with a Zeiss ULTRA plus field-
emission scanning electron microscope.

Immunostaining: hAELVi and differentiated THP-1 cells were washed
with PBS, fixed with 3.6% PFA (Sigma-Aldrich, 47608) in PBS for 15 min
at RT, following a rinse with PBS. Next, the cells were permeabilized
with 0.5% Triton X-100 (Sigma-Aldrich, T8787) in PBS for 5 min at RT.
The cells were washed with PBS and blocked with 10% serum in PBS
for 1 h. For DAPI nucleic acid staining cells were incubated with DAPI
solution (ThermoFisher Scientific, D1306), diluted with PBS (ratio of
1:1000) for 5 min at RT. For tight junction proteins, Zonula occludens-1
(ZO-1) and Occludin staining, cells were incubated with the primary
antibodies rabbit anti-ZO1 (ThermoFisher Scientific, 617300)/mouse
antioccludin (ThermoFisher scientific, 331500) diluted with PBS (ratio of
1:200) overnight at 4 °C, followed by incubation with secondary antibody
Alexa Fluor 488 antirabbit/antimouse (Jackson ImmunoResearch, 111-
545-144/115-545-062), diluted with PBS (ratio of 1:400) for 1 h at RT.
The differentiation of THP-1 toward macrophage-like cells was examined
with FITC antihuman CD11b (BiolLegend, 301329), diluted with PBS
(ratio of 1:20) for 1 h at RT. Confocal microscopy imaging of fluorescent
immunostaining was performed (Nikon Eclipse Ti with spinning disk,
Yokogawa, Japan).

Transport Studies: The devices were seeded with mono- or coculture as
previously described. The cells were allowed to grow for 14-25 days (in
ALl from day 2). Transport experiments were then performed according
to Elbert et al.?Z Briefly, the cells were washed twice with prewarmed
Krebs—Ringer buffer (KRB; NaCl 142.08 10 3 m, KCl 2.95¢ 10 3 wm,
K;HPO4“3H,0 1.49% 10 =3 M, HEPES 10.07x 10 3 m, p-glucose 4.00x
107 m, MgCl,"6H,0 1.18x 1073 m, CaCl,*2H,0 4.22x 103 w; pH 7.4),
and incubated in KRB for 45 min. Next, medium was aspirated and 10 pL
FluNa (10ug mL~" in KRB) were added to the apical compartment and
500 KRB were added to the basolateral compartment. The devices were
placed in the incubator and 30L samples were taken every 30 min,
from the basolateral compartment only, and transferred into a 384-well
plate to measure FluNa concentrations. Sampled volumes were refilled
with 30 uL KRB. The samples in the 384-well plates were measured with
a Varioskan LUX plate reader using wavelengths of 495 nm (em) and
520 nm (ex).

TEER Measurement: The TEER was measured as previously described.l?]
Briefly, 100000 cells cm™2 cells were seeded on precoated PET membrane
with a pore size of 0.4 um and a growth area of 0.33 cm? (Corning,
CLS3460). 48 h after seeding the medium from the apical side was
aspirated to allow ALI. Before measuring TEER, the apical side was refilled
with 300 uL prewarmed medium and the basolateral compartments were
filled up to a final volume of 500 uL. Following 1 h of incubation, the TEER
was measured in all samples using an epithelial volt-ohm meter (Millicell
ERS-2) equipped with chopstick electrodes (MERSSTXO01, Millicell). The
electrical resistance was calculated by subtracting the value of blank
inserts containing medium from all samples, and multiplication with the
cultivation area of the inserts (0.33 cm?).

LPS Stimulations: The exposure assay was conducted using a Mini
Compressor Nebulizer (Bio-rich). The nebulizer plastic parts were rinsed
with soap (Ariel Clean liquid soap) followed by ethanol, and then sterilized
for 15 min under UV radiation (254 nm). The nebulizer cup was loaded
with PBS or LPS diluted with PBS (10 g mL™") (L4516 SIGMA). Using
an adaptor, the outlet of the nebulizer cup was connected to the apical
compartment of the acini-on-chip devices using Cole—Parmer tubing (cat
# 06400-90). Each exposure assay was conducted for up to 4 min.

IL8 Secretion Assay: Cell culture supernatants were assayed using
ELISA for IL-8 (Termo fisher scientific) following the manufacturer's
instructions.

Statistical Analysis: Data are representative of 3-9 independent
experiments and shown as mean+ SD. Two-way ANOVA was performed
using GraphPad Prism 8 software (GraphPad).
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Figure S1:hAELVi cell characterization on inserts. Z-stacks of images acquired from confocal laser
scanning microscopy of hAELVi cells. (a) ZO1 (green) and nuclei stained with DAPI (blue). (b)
Occludin (red) DAPI (blue). (c, d) Scanning electron microscopic (SEM) images of hAELVi cells
showing the monolayer with clear cell-cell contacts.
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Figure S2: TEER measurement of hAELVi growing up to 29 days under immersed conditions (gray)
and at air-liquid conditions (red); the red line represents the threshold for guaranteeing a functional
barrier. Data shown as mean &+ SD corresponds n=3.
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Complex in vitro models, especially those based on human cells and tissues, may
successfully reduce or even replace animal models within pre-clinical development of
orally inhaled drug products. Microfluidic lung-on-chips are regarded as especially
promising models since they allow the culture of lung specific cell types under
physiological stimuli including perfusion and air-liquid interface (ALI) conditions within a
precisely controlled in vitro environment. Currently, though, such models are not available
to a broad user community given their need for sophisticated microfabrication techniques.
They further require systematic comparison to well-based filter supports, in analogy to
traditional Transwells®. We here present a versatile perfusable platform that combines the
advantages of well-based filter supports with the benefits of perfusion, to assess barrier
permeability of and aerosol deposition on ALl cultured pulmonary epithelial cells. The
platform as well as the required technical accessories can be reproduced via a detailed
step-by-step protocol and implemented in typical bio-/pharmaceutical laboratories
without specific expertise in microfabrication methods nor the need to buy costly
specialized equipment. Calu-3 cells cultured under liquid covered conditions (LCC)
inside the platform showed similar development of transepithelial electrical resistance
(TEER) over a period of 14 days as cells cultured on a traditional Transwell®. By using a
customized deposition chamber, fluorescein sodium was nebulized via a clinically relevant
Aerogen® Solo nebulizer onto Calu-3 cells cultured under ALl conditions within the
platform. This not only allowed to analyze the transport of fluorescein sodium after ALI
deposition under perfusion, but also to compare it to transport under traditional static
conditions.

Keywords: air-liquid interface (ALI), permeability, perfusion, transepithelial electrical resistance (TEER), aerosol
deposition, drug testing, pulmonary epithelia

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 1

October 2021 | Volume 9 | Article 743236

44



~PerfuPul — A Versatile Perfusable Platform to Assess Permeability and Barrier Function of

Air Exposed Pulmonary Epithelia®

Carius et al

Perfusable Platform for Puimonary Epithelia

INTRODUCTION

Animal models have undoubtedly been essential for the
development of oral inhalation drug products, especially
for demonstrating safety as well as, at least for some
diseases, also efficacy in preclinical research. But it must be
realized that, already in healthy state, animal models hardly
reflect the human respiratory tract with regard to the
administration and deposition of aerosolized medicines.
While forced inhalation or tracheobronchial instillation
may still allow to draw some conclusion about pulmonary
toxicity, the problem becomes more challenging for efficacy
studies. This is especially true for inhalable anti-infective
drugs, where the available animal models fail to adequately
replicate how such diseases affect the human respiratory tract
(Lorenz et al., 2016). This can be attributed to evident species-
species variations between humans and model organisms
(e.g., in lung anatomy, airway histology, cellular
composition of epithelial and sub epithelial compartments)
that amongst other reasons eventually slow down the
development of orally inhaled drug products (Barnes et al,,
2015; Artzy-Schnirman et al., 2019a; Jimenez-Valdes et al.,
2020).

In contrast to animal models, complex in vitro models,
especially when human based, allow to focus on key elements
of underlying (patho-) physiological conditions as observed in the
clinic and to model such conditions within a controlled in vitro
environment (Carius et al., 2021). Because at present no such
predictive in vitro models are available yet, their technological
development and subsequent validation represent important and
demanding scientific tasks (European Commission Joint
Research Centre, 2021). Pulmonary in vitro models thereby
profited from LétﬂiZiIlg well-based permeable growth supports
(e.g., Transwell ) as a cell culture environment, because these
substrates most importantly enable the establishment of air-
liquid interface (ALI) conditions as well as polarized
differentiation of pulmonary epithelial cells (Lacroix et al,
2018). The easy accessibility to the apical as well as to the
basolateral compartment further supports aerosol deposition
and/or permeability studies, along with the biophysical
measurement of barrier properties via transepithelial electrical
resistance (TEER). Various simple pulmonary in vitro models,
usually consisting of bronchial or alveolar epithelial cell
monocultures, but also complex models comprising pulmonary
epi- and/or endothelial cells in co-culture with other cell types like
immune cells (e.g., dendritic cells, macrophages or neutrophils)
or fibroblasts have been extensively reviewed (Gordon et al., 2015;
Hittinger et al., 2015; Hittinger et al., 2017; Ehrmann et al., 2020).

In moving beyond simple Transwell cultures that are mainly
limited by static culture conditions, organ-on-chip systems have
advanced miniaturized biomimetic devices that allow the in vitro
culture of human cells under physiological conditions similar to
in vivo, including continuous perfusion and mechanical
deflection (Tenenbaum-Katan et al, 2018). Lung-on-chip
devices may moreover replicate the characteristics of specific
regions of the lung (e.g., cell composition, exposure to air (flow),
or breathing dynamics) and comprise tissue relevant cell types.

Among the earliest efforts, Nalayanda et al. (2009) described the
ALI culture of the ATII-like carcinoma cell line A549 under low
flow conditions (0.35 ul/min) in a PDMS-based lung-on-chip for
up to 3 weeks. Following the pioneering work of Huh et al. (2010),
that introduced an alveolar-capillary model able to co-culture
pulmonary epithelial cells under ALI and flow conditions
together with endothelial cells, both stretched by cyclic
mechanical strain, the field rapidly advanced. Punde et al
(2015) followed the concept of a dynamic Transwell ®-like
device, thereby showing that the implementation of dynamic
flow created a concentration gradient that effectively guided the
transmigration of fibrocytes in an inflammation lung model. An
anatomically inspired true-scale acini-on-chip allowed the
investigation of the immune response of alveolar epithelial
cells in co-culture with differentiated THP-1 macrophage-like
cells to nebulized lipopolysaccharide (LPS) as a surrogate for
bacterial infections (Artzy-Schnirman et al., 2019a). Recently, the
same group used a branching airway-on-chip platform to
realistically mimic the transport and deposition of aerosolized
particulate matter and study its cytotoxic effect on normal human
bronchial epithelial (NHBE) cells (Elias-Kirma et al., 2020). Other
devices worth mentioning enable the displacement of a flexible
membrane in a diaphragm-like motion (Stucki et al., 2015) in
combination with perfusion (Cei et al., 2020) as well as the
membrane-free culture of airway smooth muscle cells in co-
culture with epithelial cells embedded within a hydrogel
(Humayun et al, 2018) or the culture of human alveolar
epithelial cells in a gelatin methacryloyl hydrogel resembling
alveoli-like hemispheres in a breathing lung-on-chip (Huang
et al., 2021).

Despite such advances, the lung-on-chip models described
above are technically cumbersome to manufacture and
unfortunately need either sophisticated microfabrication
techniques, stemming from academic labs with a high level of
bioengineering expertise and equipment, or are too costly to be
introduced in a standard bio-/pharmaceutical laboratory.
Inspired by these devices, we here provide the blueprint as
well as a technical proof of principal study of a novel versatile
perfusable platform to assess permeability and barrier function of
air exposed pulmonary epithelia (PerfuPul), using the bronchial
carcinoma cell line Calu-3. Furthermore, to mimic chronic
infections of epithelial cells and to enable repetitive treatment
of these cultures in vitro with aerosolized drug products, survival
times should be spanning multiple days, ideally even weeks.
Hence, we hypothesized that constant perfusion of cell culture
medium could not only prolong the survival time of such
complex infected co-culture models, by removal of bacterial
toxins and virulence factors, but also accelerate and enhance
cellular differentiation, as supported by others (Chandorkar et al.,
2017). To this end, we identified ALI conditions, aerosol
deposition, TEER measurements and especially perfusion as a
physiological relevant clearance mechanism as needed
prerequisites for the intended infection studies. Our platform
fulfills the technical requirements for the intended infection
models and can easily be reproduced in any bio-/
pharmaceutical laboratory with a moderate time as well as
financial investment.
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FIGURE 1 | Overview of the perfusable platform “PerfuPul”. (A) Exploded computer-aided drawing (CAD) view of the perfusable platform made from PDMS. (B+C)
The assembled platform (B) can be closed with a cover glass during cell culture (C).

MATERIALS AND METHODS

Design and Fabrication of the Perfusable

Platform

The perfusable platform consists of two well-based entities (apical
and basolateral) separated via a permeable membrane and
mounted on a glass coverslip (Figure 1A). The apical entity
(chamber volume: 85 pl) can be closed with a removable cover
glass (cover glass round 12mm; Carl Roth GmbH, P231.1).
Channels embedded in the basolateral entity (chamber volume:
85 pl) allow access to the basolateral chamber, to connect flexible
22ga polyethylene tubing (Instech, BTPE-50) or to insert a pair of
electrodes for TEER measurements (Figures 1B,C, 3A,B).

The production of the perfusable platform is based on an
adapted version of the protocol described by Artzy-Schnirman
et al. (2019b), where the main steps of the production process
are shown in Figure 2. Detailed engineering drawings and all
steps that are needed to reproduce the platform are depicted in
the Supplementary information (Supplementary Figures
§3-S25; Supplementary Table S1). Engineering drawings
and technical figures were created using Fusion360™
(Autodesk®; version 2.0.7402) under an education license. In
short, two separate molds serve as a negative for the castings.
The castings yield 6 apical or 6 basolateral entities respectively
(Supplementary Figure S5). They were machined at the
workshop of Saarland University (Saarbriicken, Germany)
from polytetrafluoroethylene (PTFE). In case of the
basolateral mold, the negatives for the channels were formed
by insertion of 6 needles (Sterican size 12; B. Braun, 4657624).
Polydimethylsiloxane (PDMS) (Sylgard 184 Elastomer Kit; Dow
Corning, 1673921) was mixed with curing agent [10:1 (v/v)
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ratio; base/curing agent] and degassed using a desiccator. After
pouring degassed PDMS onto the molds, the molds were
degassed additionally and baked for 60 min at 100°C. The
cured castings were peeled off from the molds, the entities
were excised out of the castings and centrally punched using
a biopsy punch (6 mm; Kai medical, BP-60F) to generate the
wells. Apical entities were attached to polyethylenterephthalat
(PET) membranes (0.4 um pore size; Corning, 3450) and
basolateral entities to a 24 x 32 mm coverslip (coverslip 24 x
32 mm; Carl Roth GmbH, H 877) via a “stamping” method
(Chueh et al., 2007). In brief, degassed liquid PDMS [10:1 (v/v)
ratio] is poured on a microscopy slide (microscope slide 76 x
52 x 1 mm; Paul Marienfeld GmbH & Co. KG, 1,100,420) that
was previously cleaned, first with water followed by 100%
isopropanol and then dried. After that, PDMS was spin-
coated (3,000 rpm; acceleration 100 rpm/s for 60s), resulting
in a thin layer. Entities were carefully applied on to the thin layer
of PDMS and subsequently attached, either to PET membranes
(apical entities) or to microscopy slides (basolateral entities).
After degassing, the processed entities were baked for 15 min at
100°C. Basolateral entities were combined with the apical
entities repeating this process, resulting in the final
perfusable platform (Figure 2, step 5-6).

Cell Culture

General Cell Culture

Calu-3 cells (HTB-55™; ATCC) passages 35 to 55 were cultured
in a T75-flask supplemented with 13 ml fresh minimum essential
medium (MEM) containing Earle’s salts and L-glutamine
(11095080), 1% non-essential amino acids (NEAA, 40035),
I mM sodium pyruvate (11360070), 100 U/ml penicillin,
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FIGURE 2 | Essential steps to reproduce the perfusable platform “PerfuPul”. Steps 1 to 6 sequentially depict the essential steps to reproduce “PerfuPul”. Step 5 is
performed equally for two distinct manufacturing steps, one for the apical entity and a separate one for the basolateral entity. The apical and the basolateral entity are
finally combined in the last step (6). A detailed step-by-step protocol is provided in the Supplementary information.
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for 80 min. at 100°C

—

Entities are detached from the molds,
then cleaned and finally punched.

Entities are dipped into a thin layer
of freshly degassed PDMS.

100 pg/ml streptomycin (15140122) and 10% fetal calf serum
(FCS) (all Gibco™, Thermo Fisher Scientific Inc.) every two to
3 days. Cells were maintained at 37°C in a humidified atmosphere
containing 5% CO,. When reaching 80-90% confluency, cells
were detached with Trypsin-EDTA 0.05% (Gibco™, Thermo
Fisher Scientific Inc.) and then seeded into a new T75-flask (2 x
10° cells per flask) and/or used for the experiments detailed in the
following paragraphs. All solutions were pre-warmed to 37°C
before use.

Transwell” Experiments

0.33 x 10° Calu-3 cells were seeded in 200 ul MEM inclu@ding all
supplements per apical compartment of a Transwell insert
(0.33 cm?% 400 nm pore size; Corning, 3,470) (1 x 10° cells/
cm?®). The basolateral compartment was supplemented with
800 ul MEM including all supplements. Every two to 3 days
used medium was aspirated from the basolateral compartment
first and then from the apical compartment. Fresh MEM
including all supplements was supplemented first in the apical
compartment (200 pl) followed by the basolateral compartment
(800 pl).

Perfusable Platform

Before cell culture, all platforms including tubing
(Supplementary Figure S24) were transferred to one Petri
dish (Petri dish 145 x 20 mm; Greiner Bio-One, 6052085) per

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

47

platform and decontaminated for 30 min on each side (apical side
facing up first, then basolateral side facing up) via UV light
(254nm) within a safety cabinet. Filling of the perfusable
platform was achieved by manually flushing 800 ul of MEM
including all supplements carefully through the basolateral
compartment using a bubble-free 1ml syringe (Injekt®-F
SOLO; B. Braun, TZ-2180), leaving 200 pl of medium in the
syringe. 0.28 x 10° Calu-3 cells were seeded apically in a volume
of 85 ul MEM including all supplements (1 x 10° cells/cm?) and
the perfusable platform was closed with an autoclaved cover glass.
Every two to 3 days medium exchange was performed by carefully
removing the cover glass with a sterile forceps, then aspirating the
used medium from the apical compartment. After that the
basolateral compartment was flushed with 800 ul from a
bubble-free 1ml syringe filled with MEM including all
supplements leaving 200 ul medium in the syringe. The outlet
of the basolateral compartment was closed with an autoclaved
tubing clamp (Th.Geyer, 6200838). In a final step, 85 ul of MEM
including all supplements was added to the apical compartment
to restore LCC and the perfusable platform was closed apically
with an autoclaved cover glass. The same procedure was
performed for ALI conditions, with the exception, that when
cells were confluent on day 7 or 8 of culture all medium in the
apical compartment was aspirated. Additionally, the apical
compartment of perfusable platforms containing Calu-
3 cells grown under ALI conditions were washed with 85 ul
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pre-warmed PBS on days of medium exchange. If not stated
otherwise, the perfusable platforms were always closed with an
autoclaved cover glass and placed in a 145 mm diameter Petri
dish at 37°C in a humidified atmosphere containing 5% CO,.

Confocal Laser Scanning Microscopy
Immunofluorescence Staining

For the representative immunofluorescence staining only inserts
with TEER values > 500 (*cm? were selected. After washing the
apical and basolateral entity with pre-warmed PBS (apical: 85 pl,
basolateral: 800 pl) all liquid was flushed out the basolateral
compartment by a bolus injection of air. Cells were fixated
with 85l of 4% paraformaldehyde (in PBS) for 10 min at
room temperature (RT) from apical only. Permeabilization
and blocking of unspecific epitopes was performed with
blocking buffer [1% BSA (Bovine Serum Albumin heat shock
fraction; Sigma-Aldrich, A9647-50G), 0.05% Saponin (Saponin
Quillaja sp.; Sigma-Aldrich, S4521-10G) in PBS (w/w/v)] for 1 h
at RT. Primary antibodies against tight junction proteins
Occludin (monoclonal antibody, Thermo Fisher Scientific,
Cat# 33-1500, RRID:AB_2533101) and ZO-1 (monoclonal
antibody, BD Biosciences, Cat# 610966, RRID:AB_398279)
were both diluted [1:200 (v/v)] in blocking buffer and
incubated for 12 h at 4°C. The secondary antibody [1:2000 (v/
v) in blocking buffer] was incubated for 1h at RT. Nuclei were
stained with DAPI [1 pug/ml in PBS (v/v)] for 30 min at RT. All
steps were performed with a volume of 85 pl and the perfusable
platforms were washed in between steps with PBS at RT three
times. After staining, the apical compartment including the
membrane was carefully detached from the basolateral entity
using a forceps, by slowly inserting a scalpel underneath the
membrane but not touching the growth area. Briefly, the growth
area of the membrane was cut from the basolateral side of the
membrane as a squared shape, roughly 1 x 1 cm in size, using a
scalpel, mounted on a microscope slide (Superfrost; Menzel,
AAAA0000804#32E) and embedded with fluorescence
mounting medium (DAKO, $3023). Samples were always kept
moist by careful addition of PBS during the cutting and mounting
procedure.

Image Acquisition and Processing

Z-stacks were acquired with an inverted confocal laser scanning
microscope (TCS SP8, Leica) equipped with a x25 water objective,
using a zoom of 1, a resolution of 1,024 x 1,024, and a scan speed of
200 Hz. Maximum projections were equally created for all images
with FIJI/Image J (Schindelin et al., 2012) and further processed using
the BIOP Channel tools plugin (https://c4science.ch/w/bioimaging
and_optics_platform_biop/image-processing/imagej_tools/ijab-biop_
channel_tools/).

TEER Measurements

Transwell Insert

In case of Calu-3 cultured in Transwell” inserts under LCC, TEER
was measured with a chopstick electrode connected to a Volt-
Ohm-meter (STX2 and EVOM 2; World Precision instruments)
according to the manufacturer’s Instructions. During the time of
the measurement the Transwell plate was placed on a heating

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

48

plate (37°C). Ohmic resistance values were corrected for the area
of the Transwell” insert (0.33 cm?) as well as the related value of a
blank and reported as Q*cm?®. If not described differently, all
cultures were fed after TEER measurement.

Perfusable Platform

Custom Electrode Fabrication

Two Ag/AgCl electrodes were created by following the procedure
described by Rootare and Powers (1977), with the exception that
the silver disk from the method described was replaced by a silver
wire with an outer diameter of 0.5 mm (silver wire 0.5 mm
diameter; neoLab, 2-3309) for each electrode. Pre-coated
electrodes are also commercially available. The two Ag/AgCl
electrodes (V1 and V2) and two additional pieces of silver
wire (I1 and I2) were cut to a length of 15mm, soldered to
the stranded wires of a RJ14 (6P4C) telephone cable as described
in Supplementary Figure S3 and insulated with a shrinkage tube
per strand. The custom-made electrode was equilibrated in
100 mM KCI overnight connected to a switched off EVOM 2
in “Ohm” mode before its first use, in order to stabilize its
electrical potential. After this, the electrode was stored and
handled in the same way as the STX2 electrode according to
the manufacturer’s instructions. To validate the custom-made
electrode against the STX2 electrode, the TEER of the same
Transwell” with Calu-3 cells (day 16-day 19) grown under
LCC was first measured with the STX2 electrode and then
with the custom-made electrode. For measuring TEER in the
Transwell” with the custom-made electrode the electrode pair 12/
V1 was placed in the basolateral compartment and I11/V2 in the
apical compartment.

TEER Measurements in the Perfusable Platform

The custom-made electrode was first soaked in 70% isopropanol
[in sterile MilliQ water (v/v)] for 5 min and then dried before
each measurement. Briefly, TEER measurements of Calu-3 cells
grown uréder LCC were performed as described for the
Transwell , by placing the electrode pair I12/V1 in the
basolateral compartment and the electrode pair 11/V2 in the
apical compartment (Figure 3A). In the case of Calu-3 cells
grown under ALI conditions, LCC were reestablished by
following the procedure described for medium exchange. After
an incubation time of 1 h TEER measurements were performed as
described for LCC. The TEER value for each platform measured
on day 3 was used as a blank for the LCC cultures. In order to not
disturb the development of an AL, for all experiments under ALI
conditions the blank was set to 178 Q*cm? for these experiments.
This was the upper deviation from the mean of all blanks
measured for the LCC cultures at day 3 (155Q*cm® +
23O*cm% n 6). Ohmic resistance values were corrected for
the area of the perfusable platform (0.28 cm?®) as well as for the
related value of a blank and reported as Q*cm?.

Aerosol Deposition

Deposition Chamber Design and Fabrication

The custom-made deposition chamber was machined at the
workshop of Saarland University (Saarbriicken, Germany)
from a polyoxymethylene (POM) rod (Supplementary Figure
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$4). The design was modified based on the device published by
Horstmann et al. (2021) in order to fit the perfusable platform.
The chamber was designed in such a way that the wider inlet of
the cylindrical device fits tightly against an Aeroneb’ Lab
nebulizer (Aerogen®, Galway, Ireland) and the narrow outlet
seals against the apical compartment of the perfusable platform
(Figure 5A). In the upper to middle part of the deposition
chamber, the inner diameter of the chamber matches the
inner diameter of the nebulizer and then conically tapers
towards the outlet, where a nozzle protrudes 2 mm from the
main body of the deposition chamber. The nozzle is inserted into
the apical entity of the perfusable platform and leaves a distance
of 1 mm towards the apical surface area, ensuring that it will not
interfere with any cells. The distance between the vibrating mesh
of the nebulizer and the cell layer is ~50 mm and was chosen due
to handling reasons. It can be extended by lenghthening the upper
to middle part of the custom-made deposition chamber as
needed. Aerosol loss is avoided by insertion of a sealing ring
(22 mm inner diameter; 2 mm cord size) in the nebulizer-fitting
cavity of the deposition chamber and a tight fit of the nozzle
inside the perfusable platform.

Deposition Protocol

The Aeroneb® Lab nebulizer as well as the deposition chamber
were disinfected with 70% isopropanol and allow@ed to dry before
the experiments. Before each use, the Aeroneb Lab nebulizer
(standarg VMAD, 2.5-4.0 um droplet dia@meter) connected to an
Aerogen USB controller (both Aerogen , Galway, Ireland) was
tested for a constant liquid output rate which was not allowed to
differ more than 10% from 0.5 ml/min. Therefore 200 pl of sterile
PBS was nebulized and the time needed to nebulize all liquid was
taken. For aerosol deposition experiments the Aeroneb” Lab
nebulizer was connected to the custom-made deposition
chamber and inserted into the open apical cavity of the
perfusable platform. If not stated otherwise, 20l of a
fluorescein sodium solution (1 mg/ml in PBS) were allowed to
nebulize completely and the generated aerosol settled for 1 min
before the nebulizer and the deposition chamber were removed
from the perfusable platform. After aerosol deposition the
perfusable platform was immediately closed with a sterile
cover glass.

For the determination of the deposited dose (Figure 5B),
single apical entities of the perfusable platform were directly
attached to a 24 x 32 mm microscopy slide using the “stamping”
method described for the fabrication of the perfusable platform.
20 ul of a fluorescein sodium solution (1 mg/ml in PBS) were
nebulized into 30 pl of PBS which were previously pipetted into
each apical entity and served as a surrogate for the cell layer.
Fluorescence intensity of nebulized fluorescein sodium was
measured in 96-well plates at 485 nm excitation and 530 nm
emission wavelength with a plate reader (Infinite M200 Pro;
Tecan Trading AG) and the deposited dose was calculated
from a standard curve. This was done for 5 separate entities.
The deposition efficiency was reported as the percentage of

the measured dose from the invested dose before
nebulization.
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Transport Studies

Before each transport experiment, TEER values of Calu-3 cells
cultured between day 17 and day 19 were measured while cells
remained under LCC to ensure barrier integrity (before). Samples
were only used for transport experiments when TEER values
reached >300 Q*cm?® before the transport study in accordance
with Ehrhardt et al. (2002).

Transwell” System

Calu-3 cells were washed once with pre-warmed Hanks’ Balanced
Salt Solution (HBSS) with CaCl, as well as MgCl, (HBSS (1x);
Gibco™, Thermo Fisher Scientific Inc., 14025050) and then
equilibrated in HBSS (200 pl apical; 800 ul basolateral) for 1 h
(L h after switch). After measuring TEER, HBSS was aspirated
from both, the apical and basolateral compartment. 200 pl
fluorescein sodium solution (2.5 ug/ml in HBSS) were added
apically (donor) and 800ul HBSS were added to the
basolateral compartment (acceptor). From the same solutions
200 pl each were transferred into a 96-well plate to determine the
starting concentrations for each compartment. All steps were
performed on a heating plate at 37°C. Afterwards, the Transwell
plates were placed on a MTS orbital shaker (150 rpm; IKA,
Germany) in the incubator and 200 ul samples were taken
every 1h for a total of 7h, from the basolateral compartment
only. 200 pl sampled at time points were immediately replenished
with 200 pl pre-warmed HBSS. TEER was measured 30 min after
the last sample was taken (after 8 h), 200 pl from the apical as well
as the basolateral compartment were sampled to determine the
end concentrations and all samples were measured with a plate
reader in a 96-well plate at 485nm excitation and 530 nm
emission wavelength. The concentration of fluorescein sodium
in each sample was calculated using a calibration curve of defined
concentrations of fluorescein sodium in HBSS.

Perfusable Platform

Calu-3 cells were washed once with pre-warmed HBSS, by
repeating the procedures described for medium exchange.
After 1 h of equilibration TEER was measured again (1h after
switch). After connecting a fresh set of tubing including a new
syringe filled with pre-warmed HBSS, the basolateral
compartment was filled bubble free, while the HBSS from the
equilibration step remained in the apical compartment.
Immediately after the basolateral compartment was filled and
closed with a tubing clamp (receiver), the HBSS in the apical
compartment was aspirated and 85l fluorescein sodium
solution (2.5ug/ml in HBSS) was added apically (donor).
Shortly after, the syringe that was connected to the basolateral
compartment was placed into a syringe pump (Harvard
industries, PHD Ultra) and 80 pl samples were taken every 1 h
for a total of 7 h, while the perfusable platform was placed on an
orbital shaker (150 rpm). The flow rate of the syringe pump was
set to 1 ml/min in order to sample 80 pl in a short period of time
from the basolateral compartment while additionally preventing
the sampling maneuver from exerting too much pressure on the
cell layer. TEER was measured 30 min after the last sample was
taken (after 8h) and 80 pl from the apical as well as the
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basolateral compartment were sampled to determine end
concentrations.

Transport studies under ALI conditions in the perfusable
platform followed the same procedure as transport studies
under LCC with only a few exceptions. Calu-3 cells were set to
ALI conditions between day 7 or 8 of culture and cultured until
day 16-18. The first TEER measurement (1 h after switch) was
performed 1 h after LCC was restored by the addition of HBSS to
both compartments. After the first TEER measurement ALI
conditions were restored again and Calu-3 cells were allowed to
equilibrate for 30 min. Then 20 ul of a sterile fluorescein sodium
solution (I mg/ml in PBS) were nebulized onto the apical
compartment. The apical compartment was closed with an
autoclaved cover glass immediately after the aerosol settled for
1 min. The perfusable platform was placed on an orbital shaker
(150 rpm) and 80 pl samples (ALI discontinuous sampling) were
taken every 1h for a total of 5h, while shortly perfused (1 ml/min)
with a syringe pump during the time of sample collection. For
transport studies of ALI cultures under perfusion, a peristaltic
pump (flow rate: 80 ul/min; Gilson, minipuls 3) equipped with a
PharMed” BPT tubing (internal diameter: 0.38 mm; Saint Gobain
Performance Plastics™, 070539-04) was connected to the basolateral
compartment and 80 ul samples (ALI continuous sampling) were
taken every 1 h for a total of 5 h. Although the same dose of fluorescein
sodium was used for the transport studies under ALI conditions and
LCC, we reduced the duration of the transport studies under ALI
conditions to 5h due to an increased concentration gradient.

All samples were analyzed in the same way as described for the
Transwell samples. The area under the curve (AUG; a. u.), Cpax
(ng/ml) and ty,, (min) were determined from ghe cumulative
concentration-time curve using GraphPad Prism 9 (GraphPad
software).

Calculation of the Apparent Permeability Coefficient

(Papp)

From the linear portion of a cumulative concentration-time curve
(LCC: 240-360 min), where drug concentration in the receiver
compartment did not exceed 10% of the drug concentration
originally added to the donor compartment (Supplementary
Figure S2) and at which no lag time was observed, the slope
was calculated and divided by the area (A; cm?) of the growth
support to get the flux of fluorescein sodium (J; ng/cmz*s). To
obtain the Papp (cm*s-1) the following equation was applied,
where ¢, (ng/cm®) is the initial concentration in the donor
compartment at the beginning of the experiment:

Papp l

€o
The measured concentrations were converted into absolute
masses of compound by multiplication with the acceptor volume
of the perfusable platform which was 120l (85 ul for the
chamber +35 pl for the connected tubing).

Statistical Analysis
If not stated otherwise, numerical data were reported as
individual values or mean values + standard deviation (SD).

Perfusable Platform for Pulmonary Epithelia

2-way ANOVA was performed not assuming sphericity and
with a Sidak’s multiple comparisons test. Unpaired t-test was
performed with Welch's Correction. p values were defined as: ns:
p>0.5;%p<0.05**:p< 0.002; ***: p < 0.0005. Calculations were
made using GraphPad Prism 9.

RESULTS

Concept of the Perfusable Platform

The perfusable platform has been designed in such a way, that it is
both easy to produce and operable by non-experts. It
encompasses an apical compartment, which is open to the top,
and a basolateral compartment, which can be perfused via two
lateral channels (Figure 1A). This design allows to keep
experimental conditions similar to the established static
Transwell” systems or analogues thereof, and to generate
analogous readouts. The open design of the apical entity
enables aerosol deposition as well as easy access to the apical
cell layer, and the lateral orientation of the in- and outlet enables
the insertion of a custom-made electrode for measuring TEER. In
addition, the apical entity can be closed with a sterile cover glass
to protect the cell layer during cell culture. The two entities are
separated via a PET membrane that is cut from a Transwell®,
which ensures that composition and quality of the growth
support are essentially the same, requiring minimal
adaptations of the protocol. By keeping the height of the
assembled perfusable platform to a minimum, cell growth can
be monitored microscopically under sterile conditions, while the
assembled perfusable platform (Figures 1B,C) remains in a Petri
dish. This was demonstrated in a model experiment for the
growth of Calu-3 cells, which were seeded on the apical side
of the membrane within the apical entity of the perfusable
platform under LCC (Supplementary Figure S1). After
seeding, Calu-3 cells reached confluency within 7-8 days of
cell culture, indicating that neither the setup nor the handling
of the platform impaired reproducible cell growth.

Analyzing Barrier Integrity Inside the

Perfusable Platform

TEER measurements prove to be a non-destructive, reliable and
functional tool for the assessment of barrier integrity. The
increase in ohmic resistance of an in vitro culture grown on a
permeable support thereby serves as a convenient readout to
monitor the development of functional tight junctions and other
cell-to-cell connections. To measure TEER in case of the
Transwell’, the shorter leg of an Ag/AgCl chopstick electrode
is inserted into the apical compartment, while the longer leg is
simultaneously placed into the basolateral compartment. The
electrode is then connected to an epithelial Volt-Ohm-Meter,
which calculates the ohmic resistance.

The design of the perfusable platform, however, required
another type of Ag/AgCl electrode to measure TEER values,
since the narrow channels are incompatible with the
commercial chopstick electrodes provided with a standard
epithelial Volt-Ohm-Meter (EVOM 2) instrument. We decided
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FIGURE 3 | TEER measurement inside the perfusable platform. (A + B) Working principle of the custom-made electrode (A) for TEER measurement inside the
perfusable platform (B). (C) The custom-made electrode was validated against the commercial chopstick electrode (STX-2), by measuring Transwells from 4 separate
experiments each containing 14 day old Calu-3 cells grown at LCC. Transwells were first measured with the chopstick followed by the custom-made electrode. (D) No
difference was observed between the TEER measurements from Calu-3 cells grown under LCC in the perfusable platform or on Transwell, over the course of

8) out of 3 independent experiments. Data represent mean + S.D.

for a custom-made electrode connected to the four cords of a RJ14
(6P4C) telephone cable as described in the methods section. This
is the same type of cable used to connect the chopstick electrode
to a regular EVOM 2. As depicted in Figure 3A, two cords of the
electrode are passing current [I1 (Ag) + I2 (Ag)] and voltage is
measured via the other two cords [V1 (Ag/AgCl) + V2 (Ag/
AgCl)]. In order to measure TEER, 11/V2 need to be inserted into
the apical compartment of the perfusable platform and I12/V1
need to be inserted into the basolateral compartment, while
connected to an epithelial Volt-Ohm-Meter (Figures 3A,B).
The chopstick electrode, however, comprises a combination of
Ag as well as Ag/AgCl electrodes per leg, one Ag Eellet on the side
of each leg that faces away from the Transwell insert (passin;
current) and an Ag/AgCl pellet per leg that faces the Transwell
insert (measuring voltage). In order to show that the design of the
custom-made electrode, which is based on individual silver wires
and not on silver pellets attached to each leg, does not impair
TEER measurements, the functionality of the custom-made
electrode was compared to the chopstick electrode. Both
measurements were conducted in the same Transwell®
(Figure 3C). For this, TEER values from 12 Transwells’ out of
four experiments (3 Transwells~ per experiment) carrying Calu-3
cells grown for 14 days under LCC were measured. After 14 days
TEER values were measured first with the chopstick electrode and
then with the custom-made electrode. The mean of all TEER

values determined with the custom-made electrode showed a
deviation of +3% from the mean of all TEER values determined
with the chopstick electrode (custom-made electrode: 398 +
54 O*cm? chopstick electrode 386 + 41 Q*cm?). These
differences between the two electrodes were in an acceptable
error range covering not more than 15 Q*cm?, which suffices for
the determination of TEER values during in vitro culture of
pulmonary epithelial cells.

The development of TEER values of Calu-3 cells inside the
perfusable platform was compared side-by-side with Calu-3 cells
grown on Transwells’, under LCC over the course of 14 days
(Figure 3D). As displayed in Figure 3D, TEER values developed
equally in the perfusable platform as well as in the Transwell”
during 14 days of culture, reaching a maximum (perfusable
platform: 510 + 81 Q*cm? Transwell : 484 + 112 O*cm?) after
12 days of culture. These results indicated that the combination of
the custom-made electrode and the perfusable platform could be
used to reliably determine the development of TEER values in the
same quality as the traditional combination of the chopstick
electrode and the Transwell .

Another common technique to demonstrate the integrity of a
pulmonary epithelial barrier in vitro is the visualization of
proteins that form functional tight junctions via fluorescent
immunocytochemistry staining. Figure 4 exemplifies how such
methods can be conducted within the perfusable platform in the
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perfusable platform to apply immune staining methods (scale bar: 50 pm).

FIGURE 4 | Confocal microscopy possible with the perfusable platform. Micrograph showing Calu-3 cells cultured until d16 (top) or d18 (bottom) under LCC. Calu-
3 cells were fixated with 4% paraformaldehyde and stained for tight junctions Occludin (top) or ZO-1 (bottom) as well as nuclei (DAPI) to show the versatility of the

same manner as they are applied for the Transwell”. As described
in the methods section, Calu-3 cells were fixated and treated with
the respective antibodies to visualize the tight junction forming
proteins Occludin (d16) and ZO-1 (d18). Both micrographs show
the development of a densely connected network representative
of functional tight junctions together with a homogenously
distributed cell layer indicated via staining of cell nuclei
with DAPIL

The combination of non-destructive TEER measurements to
assess barrier integrity together with the ability to perform
immunocytochemistry staining after cells have been fixated
demonstrates that the perfusable platform can be used for the
quantitative and mechansistic characterisation of barrier function
during in vitro culture of pulmonary epithelial cells.

Pre-Metered Aerosol Deposition on the
Perfusable Platform

The in vitro culture of pulmonary epithelial cells under ALI
conditions exposes the epithelial cell layer apically to air, which
creates a physiologically relevant interface to mimic the in vivo
situation more closely. Other than LCC, which for good reasons
are standard for intestinal epithelial or blood vessel forming
endothelial cells, ALI conditions also allow the controlled
deposition of aerosols to the apical surface of the cell layer.
Since the apical compartment of the perfusable platform can
be opened, by removing the cover glass whenever needed,
switching to ALI conditions and the deposition of aerosols are
easily possible. In this context, we adapted the design of a recently
published custom-made deposition chamber (Horstmann et al.,
2021) which fits to an Aeroneb” Lab vibrating mesh nebglizer
(Figure 5A). The functional unit, consisting of an Aeroneb Lab

nebulizer connected to an Aerogen® USB controller as well as to
the deposition chamber, is placed on the apical compartment of
the perfusable platform. The nebulizer generates an aerosol from
an aqueous drug solution through a vibrating mesh, which is
released into the deposition chamber and finally settles as a mist
onto the apical compartment of the perfusable platform.
Reproducible deposition of pre-metered doses of an aqueous
drug solution, can be achieved by controlling the concentration
and/or the volume of the solution before nebulization. While
increasing the settling time beyond 30-s was found to not further
affect the deposited dose, a settling time of 1 min was choosen as
routine to facilitate the experimental procedure (Horstmann
et al., 2021).

This was demonstrated by nebulizing 20 ul of fluorescein
sodium solution (1mg/ml in PBS) onto five perfusable
platforms, which comprised only the apical compartment
attached to a glass slide. By keeping the settling time of the
mist to 1 min after each nebulization, a delivered dose of 212 +
12 ng could be reproducibly deposited (Figure 5B).

Comparison of Fluorescein Sodiu(r@‘n
Transport Between the Transwell and the

Perfusable Platform

To carry out comparative transport experiments on Calu-3 cells
grown under LCC on Transwell versus cells grown under LCC in
the perfusable platform, fluorescein sodium was used as a well-
defined low-permeability marker.

Before, during and after each transport experiment, TEER
values were measured to ensure that barrier integrity was not
compromised by the transport buffer or over the duration of the
experiment. In case of the cells grown under ALI conditions, the
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FIGURE 5 | Aerosol deposition on the perfusable platform. (A) By attaching an Aerogen Lab nebulizer to a custom made deposition chamber, aerosols can be

deposited on the perfusable platform. (B) Repeated nebulisation (#1-#5) of 20 pl fluorescein sodium (1 mg/mlin PBS; cloud settling time 1 min) in five different devices
led to a reproducible deposited dose (mean: 212 + 12 ng). Data represent mean + S.D.

6 out of 3 independent experiments.

Transwell LCC: n 9, Platform LCC: n

A *® Transwell LCC static ns B

= Platform LCC static | |

* %
1000 | I

* %k ,:__'
&7 800+ £

il m N
E I | . T E
& 6001 R . w® I o g
5 -+ o . i S
14 400+ r L] ha
E o
= 200+ &
o

u_ L 4

1 I 1 1 1 1

@ ¢ 2 * &

%O ol & <0 && o

B ‘g“‘ ‘@ d "9"‘\ ‘@
2 2 ' )
& & & F
'\.Q '\’Q

FIGURE 6 | Comparison of fluorescein sodium transport between Transwell and the perfusable platform under LCC. (A) Transport studies were performed on
Calu-3 cells (LCC: d17-d19). TEER values were measured before the experiment (before), 1 h after the incubation in transport buffer (1 h after switch), as well as after the
transport study (after) and indicated a stable barrier during the transport. (B) Apparent permeability (Papp) of fluorescein sodium (2.5 pg/ml (dose: 500 ng on Transwell;
212 ng on platform)) applied as a solution. Papp was determined after the transport study (7 h). Data represent mean + S.D. (A) 2-way ANOVA was performed not
assuming sphericity and with a Sidak’s multiple comparisons test, ns: p > 0.5; *: p < 0.05; **: p < 0.005; (B) Unpaired t-test was performed with Welch's Correction;

first TEER measurements were performed 1h after LCC
conditions were re-established. Before the transport
experiments, Calu-3 cells grown under LCC in the Transwell
presented a significantly lower TEER (before, 367 + 49 Q*cm?)
than Calu-3 cells grown in the perfusable platform under the
same conditions (before, 548 + 73 (*cm?) (Figure 6A). After the
switch to HBSS as a transport buffer (1h after switch) TEER
values slightly increased in both the Transwell” cultures (423 +

78 O*cm®) as well as in the cultures grown in the perfusable
platform (to 653 + 100 Q*cm?®). After 7h of transport
experiments (Transwell : 464 + 67 Q*cm? perfusable platform:
584 + 140 Q*cm?), TEER values did not decline when compared
to the condition before the transport experiments for either
system, indicating that barrier properties remained intact
during the course of the experiment. Without reaching
statistical significance, however, it was observed that in the
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perfusable platform TEER values after the transport slightly
decreased (-69 + 4 Q*cm?) compared to 1h after the switch
to transport buffer, whereas the TEER values of the cells cultured
on Transwells” showed a slight inscrease (41 + 3 Q*cm?).

The Papp values further supported the assumption of the
formation of a functional diffusional barrier to fluorescein
sodium within Calu-3 cell layers, which TEER value
measurements already indicated (Figure 6B). The transport of
fluorescein sodium over Calu-3 cell layers grown under LCC
within Transwell” inserts showed no significant differences
indicated by the respective Papp values when compar@ed to cell
layers grown in the perfusable platform (Transwell : 0.51 +
0.18 10-6 cm*s-1; perfusable platform: 0.45 + 0.20 10-6 cm*s-
1). In addition, permeability of fluorescein sodium in a perfusable
platform without any cells grown inside was increased 20-fold
(Supplementary Figure S2).

This set of experiments showed that the perfusable platform
performs as good as the Transwell” under the experimental
requirements of a transport study, in terms of reproducibility
and consistency of results.

Transport Studies Under Perfusion

The essential advantage of the perfusable platform in comparison
to the Transwell” system is the option to perfuse the basolateral
compartment. In order to demonstrate one of the various
possibilities enabled by perfusing the acceptor compartment,
we compared the transport of fluorescein sodium after
nebulization under static conditions and under the influence
of perfusion (Figure 7A). For the static conditions, the
experimental setup for sampling was the same as for the
transport studies under LCC described earlier (Figure 6),
where the basolateral compartment was only subjected to a
short perfusion (80 ul, ALI discontinuous sampling) from a
syringe pump during sample timepoints, while the platform
remained on a shaker during the transport experiment. In the
case of the samples that were taken from perfusion, samples
were collected as fractions (80 pl, ALI continuous sampling)
from perfusion (80 pl/h) generated by a peristaltic pump.
During transport experiments TEER seemed not to be
affected from perfusion when compared to static conditions
(Figure 7B), demonstrating that perfusion did not disturb
barrier properties during a 5h transport experiments.
Neither the comparison of the different concentration time
curves nor the comparison of the area under the
concentration time curve (AUC) (Figure 7C), yielded a
significant difference between the two conditions (ALI
continuous sampling: 22,525 + 6,248 a. u.; ALI discontinuous
sampling: 20,850 + 6,900 a. u.), indicating that similar mass
transport occurred under both conditions. When comparing the
mean of Cy,ax (ALI continuous sampling: 135 + 47 ng/ml; ALI
discontinuous sampling: 115 + 41 ng/ml) as well as t,, (ALI
continuous sampling: 140 + 31 min; ALI discontinuous
sampling: 165 + 30 min) of the individual platforms, there
seems to be - without being statistically significant - at least
some trend towards higher C,,,x as well as shorter t,,,, for the
transport studies under perfusion (Figure 7D), but this would
need further investigation.

Perfusable Platform for Pulmonary Epithelia

DISCUSSION

In spite of their physiological advantages, perfusable transport
chambers have only rarely found their way into in vitro models of
epithelial cell culture, in particular for the lungs (Artzy-
Schnirman al,  2020). Complex designs, mostly
encompassing micron-sized rectangular channels, as well as
the underlying problems of impaired aerosol deposition and/or
complexity of handling by non-experts, might restrict the
exploitation of the full potential of lung-on-chip devices as
preclinical research tools (Junaid et al., 2017; Ehrmann et al.,
2020). Perfusable systems offer particular advantages for studying
infectious diseases, as concentration of e.g., bacterial virulence
factors can be kept at lower levels by continuous supply and
dilution with fresh media. Before this can be studied in more
detail, however, it is necessary to ensure to what extent data
generated on novel perfusabel setups can be compared to those
obtained on established Transwells under static conditions
(Ainslie et al, 2019). We therefore here first describe the
development as well as the characterization of a simple
perfusable platform for pulmonary epithelial cell cultures at
ALI conditions. This platform maintains the advantages of
traditional Transwell®-based systems, but adds the possibility
to implement perfusion as a prerequisite to develop longer-lasting
in vitro models of chronic pulmonary diseases in the future. In
addition, we want to share the protocol needed to produce the
platform with a broad scientific community, in order to make this
technology available to end-users that might not yet be familiar
with microfabrication techniques.

Apart from standardized readouts to assess cell viability or
cytotoxicity in vitro, such as the MTT or lactate dehydrogenase
(LDH) assay respectively, information from TEER measurements
or permeability studies appear extremely helpful for the
preclinical evaluation of orally inhaled drug products (Wilson
2000; Hittinger et al., 2017). For such purposes, these models
must allow ALI conditions together with the subsequent
deposition of aerosols. Although pulmonary epithelial cells
grown on Transwell inserts meet all of these technical
specifications, they are limited to static culture conditions.
Recent studies, however, demonstrated that normal human
bronchial epithelial (NHBE) cells cultured under ALI
conditions and simultaneous perfusion of cell culture medium
showed improved barrier properties in comparison to static
conditions (Chandorkar et al, 2017; Bovard et al., 2018).
Perfusion is, amongst other physiological important
mechanical stimuli, also recognized as a central element to be
implemented in organ-on-chip systems in general to improve
cellular development (Thompson et al., 2020).

The new platform thus was designed to comply gvith the
familiar technical standards and features of Transwell inserts,
but at the same time also enabling perfusion as a physiological
relevant clearance mechanism not present in Transwell®-based
culture plates. Major specifcati@ons are: 1) a comparable surface
area (24-well based Transwell : 0.33 cm? perfusable platform:
0.28 cm?), 2) the possibility to routinely inspect cell layers under a
microscope while maintaining sterile culture conditions, 3) the
option to measure TEER, and 4.) the implementation of ALI
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FIGURE 7 | Transport studies under perfusion after ALI deposition. (A) Concentration time curve of nebulized fluorescein sodium (dose: 212 ng in PBS). Samples
were collected every hour either sampled continuously from perfusion (80 pl/h) generated by a peristaltic pump or discontinuously (80 pl) via a short perfusion with a
syringe pump. During the transport study, samples termed “ALI continuous sampling” were thus constantly perfused, while samples termed “ALI discontinuous
sampling” were shaked at 150 rpm and only shortly perfused with a syringe pump during sample collection. 80 pl sample volume was collected for both conditions
every hour. (B) TEER values 1 h after switching from ALI to LCC in order to determine the TEER before the transport study (1 h after switch) and at the end of the 5 h
transport experiment [after (5 h)] was unchanged, indicating that epithelial barrier function was not affected by perfusion. (C) The area under the concentration time curve
(AUC) was comparable between the two conditions. (D) The maximal concentrations (Cmax; left) as well as the time to reach the highest concentration (tmax, right) did
not significantly differ and were rather comparable for both conditions. Data represent mean + S.D.; ALI continuous samplingn 6 out of 3 independent experiments, ALI
discontinuous sampling n 4 out of 4 independent experiments.

conditions as well as subsequent aerosol deposition (Figures 1, 3,
5; Supplementary Figure S1). The access to the basolateral
compartment via a combination of a channel-based inlet
connected to a flexible tubing enables the culturing of cells
under static culture conditions, but also adds the possibility to
perform experiments under perfusion (Figure 7).

In a side—by—si@de comparison using Calu-3 cells grown on
regular Transwell inserts or within the perfusable platform we
could show that both, the resistance readings from the two
electrodes (chopstick vs. custom-made electrode) within the
same Transwell insert as well as the measurements performed
in the perfusable platform and on Transwell” inserts under equal
experimental conditions agree by good approximation
(Figure 3C, D). Notably, this was irrespective of the fact that
in the case of the custom electrode, when compared with the
chopstick electrode within the same Transwell’, four separate
cables needed to be arranged in each well. The custom-made Ag/
AgCl electrode used by us can be connected to existing
instrumentation (e.g., EVOM 2) with only little technical effort

needed to solder the different silver wires to a 4-cord cable
(Figure 3A), as already described for organ-on-chip systems
in similar ways (Douville et al., 2010; Ferrell et al., 2010; Huh
et al,, 2010; Kim et al., 2012; Griep et al., 2013). Most of these
studies reported significantly higher TEER values in case of
the organ-on-chip systems when compared to results
obtained for the same cell models cultured on Transwell
inserts. However, these higher TEER values could be related
to the geometry of the rectangular micron-sized channels
within these organ-on-chips, that generate a non-uniformly
distributed electrical current, rather than showing a
biological effect (Odijk et al., 2015). The perfusable
platform reported in the present paper, however, is based
on a design encompassing two equally sized wells separated
by a circular membrane tha; has a cell culture area identical to
that of a 24-well Transwell insert (Figure 1A). Limiting the
use of micron-sized channels only to the in- and outlet that
enable access to the basolateral well, further generates
similarity to the Transwell”.
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Especially during permeability studies within the same lab,
TEER value measurements using an EVOM 2 or similar direct
current based Voltohmmeters are widely accepted as a valuable
non-invasive readout to routinely assess barrier integrity. This
holds still true while some more advanced bioelectrical methods
(e.g., impedance spectroscopy) might be more precise in
determining information about actual barrier integrity (Giinzel
et al,, 2012; Odijk et al., 2015; Srinivasan et al., 2015; Henry et al,,
2017).

As already indicated by the stable TEER values during the
course of the 7h transport experiments, the apparent
permeability of fluorescein sodium transported under LCC
also did not reveal any significant differences between the
perfusable platform and the Transwell” (Figure 6B). Further
were the obtained Papp values in this study, in relation to the
respective TEER values, consistent with reported Papp values in
the literature performed under similar study conditions on
Transwell® inserts using Calu-3 cells (Ehrhardt et al, 2002;
Fiegel et al., 2003; Grainger et al., 2006; Haghi et al., 2810). To
our knowledge, these historical data from Transwells inserts
have not been confirmed using any perfusable, microfluidic or
lung-on-chip system so far.

To assess barrier integrity by staining for relevant cellular
markers, techniques to perform immunofluorescence staining
and subsequent confocal laser scanning microscopy or other
imaging methods can be useéi with the perfusable platform in
the same way as for Transwell inserts. This was demonstrated by
the example of the visualization of the proteins Occludin and ZO-
1 that are involved in the formation of functional tight junctions
(Figure 4). For that purpose, the apical as well as basolateral
entity can be separated from the membrane, independently from
each other. This procedure allows to flexibly conduct staining and
cell fixation methods.

One of the unique features of the perfusable platform as
presented here is the possibility to reproducibly deposit pre-
metered aerosols from aqueous drug solutions on pulmonary
epithelial cells grown at an ALI us®ing a clinically relevant
vibrating mesh nebulizer (Aeroneb Lab). The removable
cover glass, that allows to easily open and close the top of the
apical compartment, thereby enables the establishment of ALI
conditions after cells have been grown to confluency under LCC.
The flexibility to open and close the top of the apical
compartment is what creates the possibility to connect a
vibrating mesh nebulizer to the perfusable platform by using
the custom-made deposition chamber. The custom-made
deposition chamber presented here was modified to fit the
opening of the apical compartment of the perfusable platform,
but mostly retains the design as well as dimensions of the device
described by Horstmann ®et al. (2021) to be used with a single 12-
well (12 mm) Transwell insert or a single 24-well. Since we
extensively discussed the obtained results and characterized the
deposition chamber in the work mentioned above, we limited the
characterization for its use with the perfusable platform to the
experiments described in Figure 5, to ensure that reproducibility
of results is consistent with our previous findings. While
reproducibility could be maintained in good approximation
(5.6% relative standard deviation (deposition on perfusable

Perfusable Platform for Pulmonary Epithelia

platform) vs. 4.8% relative standard deviation [12-well
Transwell®)], the deposition efficiency showed a 4-fold
reduction [1.06 + 0.06% (perfusable platform) vs. ~4% (12-
well Transwell®)]. When all parameters, such as the used
nebulizer, the volume to be nebulized in the same
concentration and the settling time are kept constant, the
deposition efficiency in these chambers is mainly limited by
the inner diameter of the outlet (Horstmann et al., 2021). The
inner diameter amounts to ~5mm in the version for the
perfusable platform and ~11 mm for the 12-well Transwell”
version. A substantial amount of the aerosol mist generated by
the vibrating mesh nebulizer thus deposits on the walls of the
deposition chamber and therefore is not channeled through the
outlet. A similar concept, also including a vibrating mesh
nebulizer and a connected chamber, was recently introduced
by Cei et al. (2020) in a dynamic in vitro stretch lung model. The
outlet of the aerosol chamber in their model was about 20 mm in
inner diameter and resulted in an impressive deposition efficiency
of about 52% after nebulization.

Although we acknowledge the fact that a deposition
efficiency of 1% from the invested dose seems relatively low,
the dose delivered per surface area provides better comparability
in this case. Based on an equally invested dose of 20 pug (20 pl
from a 1mg/ml solution) which would be nebulized, the
delivered dose per surface area would result to ~0.7 pg/cm>
(perfusable platform, 0.28 cm? deposition efficiency: 1%),
~0.8 pg/cm2 (12-well Transwell®, .12 cm% deposition
efficiency: 4.8%) or ~2.2 ug/cm?® [(Cei et al., 2020), 4.67 cm?;
deposition efficiency: 52%]. Ultimately, between different
devices the dose delivered per surface area should be used for
comparison instead of the isolated deposition efficiency. This
considerably mitigates the major differences observed when
focusing on the isolated deposition efficiency while enhancing
comparability, despite the fact that the delivered dose per
surface area is still about three times higher in the device of
Cei et al. (2020) when compared to the perfusable platform,
since less compound is deposited on the walls of the deposition
chamber. The foregoing notwithstanding, although the main
share of compound is deposited on the walls of the deposition
chamber and not reaching the cellular layer, the quantity of
compound invested to obtain meaningful in vitro results with
the devices mentioned before is still substantially lower than that
normally required for conducting in vivo inhalation studies
(Phalen and Mendez 2009).

As demonstrated by the data of Figure 7, transport studies
under static as well as perfused conditions were successfully
conducted after the reproducible deposition of a pre-metered
aerosol from an aqueous fluorescein sodium solution.
Interestingly enough, under perfusion we only observed a
negligible decrease in TEER values (-2%) after 5h of
transport after ALI deposition of fluorescein sodium under
perfusion (Figure 7B) while the difference after 5h of
transport under static conditions amounted to (-26%) when
comparing only the mean values. Although this difference was
not statistically supported, it could suggest a positive effect of
perfusion on barrier properties during the course of the transport
experiment in comparison to static conditions, but would need
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more thorough investigation. The ability to implement perfusion
into the perfusable platform, further allowed the comparison of
transport of nebulized fluorescein sodium as a model compound
under static conditions to transport under perfusion. Although
we also could only observe a slight trend towards higher C,,.«
and lower ty,, in case of the fluorescein sodium transported
under continuous perfusion, we think that if such experiments
would be performed under different parameters (shorter
sampling intervals, drugs with different permeation, different
flow rates etc.) meaningful insights into the transport of
experimental drugs intended for inhalation under
physiological relevant conditions could be provided.

We are well aware that the features that make up the
perfusable platform are built upon the work of other
researchers active in the lung-on-chip field. A similar concept
comprising a PDMS-based chip which possessed an open apical
compartment, thereby allowing the establishment of ALI
conditions, which was also able to provide perfusion and
TEER measurements was already introduced by Nalayanda
et al, in 2009. Although t@be authors compared their findings
systematically to Transwell inserts at an ALI using the alveolar
type 2-like cell line A549, they did not show the deposition of
aerosols. The importance of flow in lung-on-chip systems initially
demonstrated by Punde et al. (2015)% was used by others to follow
the concept of a flowable Transwell (Blume et al., 2015; Blume
et al.,, 2017; Chandorkar et al., 2017; Bovard et al., 2018; Schimek
etal., 2020). The problem with such systems is that the Transwell”
inserts where the cells are cultured during perfusion need to be
taken out of the sophisticated culture devices that provide the
perfusion, and are then transferred to separate culture wells or
devices before TEER measurements can be performed or
aerosols could be deposited. Especially for substances that are
rapidly absorbed after aerosol deposition, such delays could
aggravate subsequent analysis. Sophisticated aerosol deposition
on cells grown at an ALI was described by Artzy-Schnirman
etal. (2019a) for a morphologically inspired acinus-on-chip and
also recently for a bronchial bifurcation mimic by Elias-Kirma
(2020). Unfortunately, these devices were not
characterized in terms of TEER measurements nor in the
application of perfusion. In addition, the former device
needs sophisticated microfabrication during production and
the latter device requires a complex set of devices for the
generation of aerosols as well as the related physiologically
relevant airflows. Researchers that consider implementing
lung-on-chip devices for their research or just want to try
out if the physiological features provided by these devices,
such as perfusion, could benefit their work, are thus facing
considerable difficulties, if they do not have the needed
technical expertise in micro-fabrication or the financial
resources to invest in commercial platforms. Although
companies like Alveolix, CN bio, Emulate, Kirkstall or
TissUse introduced innovative lung-on-chip devices or
perfusable Transwells’, the material costs of the chips and
the related infrastructure needed to operate them could add up
to sums which are difficult to finance for academic labs
(Kirkstall Ltd 2020; AlveoliX 2021; Chips - TissUse GmbH
2021; CN Bio Innovations 2021; Emulate 2021).

et al
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The perfusable platform presented here holds some
limitations. The platform is based on a PET membrane, which
is cut from Transwell” inserts and known to be rather rigid and
bio-inert in comparison to the extracellular matrix found in vivo
(Humayun et al., 2018). The used PDMS is also known to absorb
small, hydrophobic molecules (Toepke and Beebe 2006). This
technical characteristic can be corrected though, by pre-
equilibrating the devices or adjusting for the loss of substance
(Jimenez-Valdes et al, 2020). Depending on the skill of the
operator but also on the used peristaltic pump, results
obtained from the perfusable platform are in the low- to mid-
throughput range depending on the extent of the intended
studies.

CONCLUSION

The minimalistic design of the presented perfusable platform
“PerfuPul” allows its production by non-experts in most lab
environments without the need for specialized equipment.
Furthermore, the platform combines TEER measurements,
aerosol deposition as well as the implementation of perfusion
as a physiological relevant clearance mechanism in a single
device that matches the design as well as the quality of results
known from Transwell® inserts. The open apical entity not only
allows the establishment of ALI conditions but could be also
utilized for working with cutting-edge techniques such as 3D bio
printing. Moreover, the easy access to the basolateral
compartment would permit co-culture studies, for instance,
by also growing endothelial cells on the basal side of the
membrane. Taking all of these factors in consideration, we
are convinced that this perfusable platform will enable the
development of novel pulmonary in vitro models especially
to study long-term diseases, such as e.g., bacterial lung
infections and their treatment by aerosolized drugs and
nanoscale carriers therof.
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Supplementary Material

Supplementary Figure 1: Representative micrograph showing undisturbed growth of Calu-3 cells
inside the perfusable platform. Calu-3 cells (10.000 cells/cm? seeded) become confluent between day
6 and day 8 of culture. Calu-3 cells were cultured under liquid covered conditions (LCC) and fed
every second day. (scale bar : 200 um)
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Supplementary Figure 2: Transport studies were performed on Calu-3 cells (LCC: d17-d19). Left:
The transported Fluorescein sodium derived from the concentration within the acceptor compartment
at sampling time points is cumulatively displayed in relation [%] to the concentration within the
acceptor compartment at the beginning of the experiment (2.5 pug/ml, (dose: 500 ng on Transwell;
212 ng on platform)). Right: Apparent permeability (Papp) of Fluorescein sodium applied as a
solution to perfusable platforms without any cells. Papp was determined after the transport study
(100 min.). Data represent mean + S.D.; Transwell LCC: n=9, Platform LCC & Platform LCC (no

cells): n=6 out of 3 independent experiments.

The following pages contain all information needed to reproduce the platform as well as the

described experiments.
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Supplementary Table 1: Parts and devices needed for the production of the perfusable platform
“PerfuPul” as well as other accessories.

Devices needed

Name

Desiccator

Lab oven

(optional) Spin coater

Specifications
not specified
Temperature: 100°C

should fit a 76x53 mm glass slide;
min. 3000 rpm; 100 rpm/s

Item number

not specified

not specified

not specified

Supplier

not specified

not specified

not specified

Custom-made electrode

RJ14 (6P4C*) telephone cable
Silver wire
Shrinkage tubing

Soldering iron +soldering tin

*: 6 pins, 4 connected to stranded wires

0.5 mm outer diameter

not specified

not specified

not specified

2-3309

not specified

not specified

not specified

Neolab

not specified

not specified

Perfusable platform

PDMS preparation
Plastic weighing dish not specified not specified not specified
Sylgard 184 Elast: Kit
Polydimethylsiloxane (PDMS) Vigan astomerii 1673921 Dow Corning
(curing agent + base)
Mold filling
Needle (channel negative) Sterican, size 12 (0.7 x 40 mm) 4657624 B. Braun

Entity production

Scissors not specified not specified not specified
6 mm Biopsy punch 6 mm diameter BP-60F Kai medical
Adhesive tape Scotch® Magic™ 810 matt 7100026960 Scotch®
Blunt needle Sterican blunt, 21 G, 7/8inch (0.8 x 22 mm) 9180109 B. Braun
Platform assembly
Microscopy slide (76x52 mm) Microscope slide 76x52x1 mm 1100420 Paul Marienfeld GmbH & Co. KG
Transwell insert 24 mm, 0.4 um pore size 3450 Corning

Scalpel not specified not specified not specified

Cover glass (24x32 mm) cover glass 24x32 mm H877 Carl Roth GmbH
Tube assembly

Tubing flexible 22 G Polyethylene tubing BTPE-50 Instech

2ml reaction tube

not specified

not specified

not specified

Cell culture

Petri dish

145x20 mm

6052085

Greiner Bio-One

Perfusion setup

15 ml reaction tube

Sterile filter cap

not specified

from T25 cm? cell culture flask

62

not specified

C6481-200EA

(e.g. Falcon®)

Greiner Bio-One
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1 Custom-made electrode

Materials needed: RJ14 (6P4C) telephone cable, silver wire (length; ~ 7 cm), shrinkage tubing (4
pieces), soldering iron, soldering tin

1.

2.

3.

Cut a RJ14 cable to a length of ~ 60 cm.

Cut a silver wire (0.5 mm diameter; neoLab, 2-3309) into 4 pieces with a length of
15 mm per piece.

Coat two of the silver wire pieces with chloride using the following method:

Rootare, H. M.; Powers, J. M. (1977): Preparation of Ag/AgCl electrodes. In Journal of biomedical
materials research 11 (4), pp. 633—635. DOI: 10.1002/jbm.820110416.

4. (optional) Pre-coated electrodes are also available commercially.

5.

Solder one of the uncoated silver wires (Ag) to the stranded wire of the RJ 14 cable that
connects to pin 3 and the other uncoated silver wire to the stranded wire that connects
to pin 4. Then solder one of the coated silver (Ag/Cl) wires to the stranded wire of the
RJ 14 cable that connects to pin 5 and the other coated silver wire to the stranded wire
that connects to pin 6 (Supplementary Figure 3).

Insulate each junction where an electrode is connected to a stranded wire with a
shrinkage tube.

Before first use, equilibrate the custom-made electrode in 100 mM KCl (in H2O)
overnight connected to a switched off EVOM?2 in “Ohm” mode connected to a charger.

This stabilizes the electrical potential of the electrode.

The custom-made electrode needs to be disinfected with 70% Isopropanol (in sterile
MilliQ water, (v/v)) for 5 min and then fully dried before each measurement.
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Supplementary Figure 3: Pin assignment scheme of the RJ14 (6P4C) telephone cable for the
custom made electrode.

64



~PerfuPul — A Versatile Perfusable Platform to Assess Permeability and Barrier Function of
Air Exposed Pulmonary Epithelia®

Supplementary Material
2 Deposition chamber
|
| _
- (e
} } Inlet for O-Ring
b=
hY e
N /
— =
- Side view Side view Tilted view Top view
(internal structure)
A-A
9.06 25
8
2
1
< M
e
[
e S
o [+s) —= = g o M~
52 < - — T - —— N
[ S Q Q
g
1 s
25
35
T
37
all dimensions in mm A |

Supplementary Figure 4: Technical drawing of the deposition chamber. After the deposition chamber
has been created, an O-Ring needs to be inserted into the inlet. This step is shown in the side view with
the included internal structure. The files to 3D print the deposition chamber (.dwg/.stl), as well as the

unscaled .pdf file of the technical drawing can be found in the download section of the supplementary
information.
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3 Perfusable platform “PerfuPul”
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Supplementary Figure 5: Technical drawing of the mold (mold B) for creating the basolateral entities.
It is important to note that the holes that later form the channels should be already drilled in the blank
material, before the indentations are machined. In case of the mold to create the apical entities (mold
A), the channel drilling step is just omitted. The files to 3D print the molds (A+B; .dwg/.stl), as well

as the unscaled .pdf file of the technical drawing can be found in the download section of the
supplementary information.
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3.2 PDMS preparation

Materials needed: weighing dish (plastic), PDMS base + curing agent, desiccator, oven

1. Pre-heat oven to 100°C.

2. In a weighing dish add curing agent to Polydimethylsiloxane (PDMS) in a ratio of 1:10
(1:10 (w/w); curing agent/base) and mix thoroughly (> 2 min).

3. Carefully transfer mixed PDMS to a desiccator and degas. If big bubbles form during
degassing (Supplementary Figure 6, left), ventilate and repeat desiccation process.
Degas until PDMS-mixture displays a smooth air bubble free surface (Supplementary
Figure 6, right) (~ 20 min).

Supplementary Figure 6: Bubble creation during degassing of PDMS (left). After degassing a smooth
bubble free surface should be obtained (right).

3.3 Mold filling

Materials needed: Needle (channel negative), mold A, mold B, oven, desiccator, freshly degassed
PDMS (at least 25 g)

4. Insert eight needles (channel negative) in mold B that contains the inlets
(Supplementary Figure 7, bottom). These entities will later form the basal part of the
perfusable platform.
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Supplementary Figure 7: top: mold A (designated for apical entities); bottom: mold B (designated
for the basolateral entities). Use one needle to connect two perpendicular oriented channels.

5. Fill molds with freshly degassed PDMS using 8.5 g for mold B (basolateral entities,
containing needles) and 9 g for mold A (apical entities).

6. After checking if molds are filled evenly and in their entirety, carefully transfer to
desiccator and degas again until air bubble free (~ 20 min), opening the desiccator
carefully if needed to insert air when strong bubble formation is observed.

7. Insert in preheated oven (100°C, 60 min).

8. Remove molds from oven and let them cool down completely before removing the
previously inserted needles. Remove needles in a steady motion.

3.4 Entity production

Materials needed: scissors, biopsy punch, adhesive tape, blunt needle

9. Cautiously elevate the thin layer of polymerized PDMS surrounding the entities
(Supplementary Figure 8, left) before carefully detaching it from the mold
(Supplementary Figure 8, right).
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Supplementary Figure 8: Cautiously elevate the thin layer of polymerized PDMS surrounding the
entities (a) before carefully detaching the PDMS from the mold (b).

10. Cut away protruding PDMS that surrounds the entities using scissors (Supplementary
Figure 9).

Supplementary Figure 9: Remove protruding PDMS that surrounds the entities with scissors.

11. Punch a centred hole using a 6 mm biopsy punch into the center of each entity.

12. Remove any PDMS residues that might block the channels of the basal entity with a
blunt needle.

13. Use a stripe of adhesive tape to remove any leftover PDMS cuttings or dirt from the
entities. Make sure to repeat until entity surfaces are clean.

10
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3.5 Platform assembly

Materials needed: apical entities, basolateral entities, freshly degassed PDMS (at least 5 g),
microscopy slide (76x52 mm), Transwells insert, scalpel, microscopy slides (24x32 mm), desiccator,
oven, spin coater (if available)

Spin coater method (if no spin-coater is available, see step 16):

14. Clean microscopy slide (76x52 mm) (fits maximum 8 entities) by rinsing them with
100% Isopropanol first and afterwards with deionized water. Repeat this step twice.
Check whether slides are clean, if not repeat. Dry slides using compressed air.

15. Cast a spot of freshly degassed PDMS (roughly 3 cm in diameter) onto one freshly dried
microscopy slide (76x52 mm) and place it on a spin-coater (3000 rpm; 100 rpm/s; 60 s).
Continue with step 17.

16. Alternatively, in case no spin-coater is available:

Add 150 mg of freshly degassed PDMS in-between two freshly cleaned microscope slides (step 14)
and first apply firm pressure (

Supplementary Figure 10, left). Then slide them back and forth (
Supplementary Figure 10, center: left + right) until PDMS is well-distributed (

Supplementary Figure 10, right).

Supplementary Figure 10: First apply pressure on top of microscopy slides (76x52 mm) layered with
PDMS (left), then slide them back and forth to distribute PDMS layered in-between (center: left +
right). Apply firm but controlled pressure to ensure that the slides do not completely overlap and the
PDMS is spread equally (right).

11
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. Place microscopy slides (76x52 mm) in such a way into the desiccator that the slides do not
overlap congruent. Degas in two intervals (2 x 10 min) and ventilate in-between. Air bubbles will not
disappear completely but PDMS will be distributed more regularly (Supplementary Figure 11).

Supplementary Figure 11: More regular distributed PDMS-spot after first cycle of spreading and
degassing.

. Remove microscopy slides (76x52 mm) from desiccator and separate them via a bilateral
pulling motion, resulting in each of the separated slides coated with PDMS (Supplementary Figure
12, right). This step distributes the PDMS even more regular on both glass slides. Trapped air bubbles
will also be eliminated, which can form unwanted streaks (Supplementary Figure 13).

Supplementary Figure 12: Separation of microscopy slides (76 x 53 mm) by pulling them apart (left
to right) in a steady bilateral pulling motion. (white arrows display the area where the slides overlap)

12
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Supplementary Figure 13: Unwanted streaks formed during first separation.

. Place both microscopy slides (76x52 mm) congruent on top of each other and repeat sliding
them back and forth as previously shown (Supplementary Figure 12). Afterwards degas and check
whether unwanted streaks did form during separation (Supplementary Figure 13).

. If necessary, repeat until slides show a homogenous surface without any streaks
(Supplementary Figure 14).

Supplementary Figure 14: Two microscopy slides (76x52 mm) covered with PDMS; no streaks, plain
surface.

17. Place basolateral entity (resulting from mold B) onto one PDMS-covered microscopy
slide (Supplementary Figure 14; fits 8 entities) and carefully apply firm pressure
(Supplementary Figure 15, left). Avoid shifting entity. Then carefully lift entity from
slide using index finger and thumb (Supplementary Figure 15, right).

13
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Supplementary Figure 15: First place basolateral entity on PDMS-covered microscopy slide (fits 8

entities, left) using firm pressure. Then use index finger and thumb to carefully lift PDMS-covered
entity (right).

18. Attach PDMS-covered basolateral entities one after the other on a cover slide
(24x32 mm). Pay attention to arrange channels in parallel to the short side of the
microscopy slide. Apply pressure to ensure binding while simultaneously avoiding
shifting the entities after placement. Be careful not to form new air bubbles after
degassing.

Supplementary Figure 16: Place basolateral entity onto microscopy slide, arrange channel in parallel
to the short side of the microscopy slide. Be careful not to form new air bubbles after degassing.

19. Place all assemblies in desiccator and degas until air bubble free (10 min).

20. Carefully insert in preheated oven (100°C, 10 min).

14
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21. Cover basolateral entities with adhesive tape and let cool.

22. Repeat step 15 and coat apical entity (resulting from mold A) with PDMS. Alternatively
use second microscopy slide from step 16 if no spin-coater was available.

23. Place entity centrally on a Transwell insert so that the whole entity is in contact with the
membrane area (Supplementary Figure 17). Carefully apply pressure to ensure bonding.
Avoid pushing entity around the membrane, as overflown PDMS might decrease the
cell growth area (Supplementary Figure 18).

Supplementary Figure 17: Apical entity centrally placed on Transwell insert.

Figure 18: Reduced growth area due to unwanted entity movement after placed on transwell
membrane.

24. Repeat for all apical entities.

25. Place assemblies in desiccator and degas until air bubble free (10 min).

15
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26. Carefully insert assemblies in preheated oven (100°C, 10 min).

27. Cut entities from the Transwell insert using a scalpel (Supplementary Figure 19).
Remaining air bubbles can be eliminated manually with a dull object, by carefully
pushing against the membrane from the bottom side of the entity.

Supplementary Figure 19: Cut entity from Transwell membrane using a scalpel.

28. Repeat step 15 (or alternatively step 16 if no spin-coater is available) and apply PDMS
onto basolateral entities from step 21 (remove adhesive tape before applying PDMS).

29. Place the basolateral entity on membrane side of apical entity. Pay attention to align
the pre-punched holes congruent.

30. Place the assembled platform in a desiccator and degas. Big air pockets may form
during degassing in desiccator (Supplementary Figure 20). Fix it with PDMS in
sealing step (step 31).

Supplementary Figure 20: Unwanted air pockets may form during degassing in desiccator. Fix it with
PDMS in sealing step.
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31. To remove any leftover air pockets, seal the platform. Therefore, carefully add liquid
degassed PDMS (from step 15 or 16, or alternatively freshly mixed (~ 3 g)) on the edge
that seals the basolateral and apical entity. Be careful not to put any PDMS in the
openings of the channels.

32. Degas in desiccator (10 - 15 min). If needed repeat until there are no air bubbles left.

33. Place sealed platform in preheated oven (100°C, 10 min). The assembled perfusable
platform should have the following characteristics: no air pockets, no reduced growth
area as well as aligned wells.

17
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3.6 Tube assembly

Materials needed: Tubing, scissors, blunt needle, spade, pliers, 2 ml reaction tube

34.

35.

Cut tubing into 10 cm fragments using scissors.

Isolate the metal cannula tube from a blunt needle using pliers. First crush the needle’s
resin using pliers (Supplementary Figure 21, left). Be careful not to dent or crease the
metal cannula tube. Then apply a firm use of pressure and repeatedly compress the resin
to detach it from metal cannula tube (Supplementary Figure 21, center).

Supplementary Figure 21: Carefully crush the needle’s resin using pliers (left); Resin successfully
detached from metal cannula tube (center). Process of bending the connection piece for tube assembly:
an isolated metal cannula tube is generated from a blunt needle. The cannula tube is bent around a 2
ml reaction tube to create the curvy connection piece (right).

36.

37.

38.

39.

Grab the plastic adhesive with pliers and use the other hand to pull on metal cannula
tube. Disintegrate the needle in a steady motion.

Clean the isolated metal cannula tube of any resin residues. If necessary, use a laboratory
spade.

Lastly take a 2 ml reaction tube and bend previously isolated metal cannula tube around
to create a bow (Supplementary Figure 21, right). The curvy connection piece must not
be pointy or sharp.

Each perfusable platform will need an inlet and outlet tubing: the inlet tubing has a
curvy connection piece connected at one end and a blunt needle connected at the other
end of the tubing (Supplementary Figure 22). The outlet tubing (not shown) is
assembled leaving the blunt needle away.
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Supplementary Figure 22: Inlet tubing assembly as seen; Outlet tubing (not shown) re-assembled by
connecting the curvy connection piece to a tubing, leaving one end of the tubing unmodified.
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3.7 Preparing the perfusable platform for cell culture

To prepare the perfusable platforms for experiments that require sterilization such as cell culture,
prepare: 1x petri dish, 1x assembled inlet tubing, 1x assembled outlet tubing, 1x tubing clamp,
1x autoclaved cover glass (& 12 mm) and 1x fully assembled platform per functional unit.

40. Immerse the inlet and outlet tubes as well as the tubing clamp for 10 min in
70% Isopropanol to disinfect them.

41. Put the material needed to assemble the functional unit (platform, inlet- and outlet tubes)
into one petri dish each under a sterile lab hood (Supplementary Figure 23). Position the
platform with the glass side facing up.

Supplementary Figure 23: Decontamination of functional unit.
42. Decontaminate the functional unit with UV light for 30 min.

43. Flip the platform as well as all other parts, except for the petri dish, towards the side
that has not been in contact with UV.

44. Decontaminate again under UV light for 30 min.

20
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45. Connect the tubes with the channel in- and outlet of the perfusable platform by inserting
the curvy connection piece of each tubing into the channel opening. The fully assembled
perfusable platform should look like the one displayed in Supplementary Figure 24.
Close the platform with an autoclaved cover glass (& 12 mm) whenever needed.

Supplementary Figure 24: Fully assembled and sealed perfusable platform. Characteristics: no air
pockets, no reduced growth area as well as aligned wells.

46. Place all sterilized parts into the petri dish and close.

47. Please see the Material and Methods section of the main manuscript for details on cell
culture.

3.8 Perfusion setup

Materials needed: 2x 15 ml reaction tubes (e.g. Falcon®), needle (channel negative) (step 4), 2x curvy
connection pieces (step 38), 5 g freshly degassed PDMS (step 2+3), oven, sterile filter cap, tubing (step
34)

48. Punch a hole using a needle (channel negative) (step 4) at the 2 ml mark of one 15 ml
reaction tube and also at the 14 ml mark of the other 15 ml reaction tube.

49. The 15 ml reaction tube with the hole at the 2 ml mark will be used as the inlet reservoir
and the 15 ml reaction tube with the hole at the 14 ml mark will be used as the outlet
IE€SEervoir.
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50. Insert a curvy connection piece in each of the punched holes and place the curvy
connection piece in such a way, that the curvy connection piece is stabilized by the
inside of the reaction tube. Exemplarily shown in Supplementary Figure 25.

51. Seal the tubes with the inserted curvy connection pieces with freshly degassed PDMS
from the inside as well as outside of the tube, put them in a desiccator, and degas for 15
min.

52. Insert the tubes in preheated oven (100°C) for 10 min.

53. Wash tubes with 10 ml distilled water.

54. Steam autoclave inlet and outlet reservoir with connected curvy connection pieces.

55. Close inlet and outlet reservoir with sterile filter cap under a sterile workbench.

Supplementary Figure 25: Fully assembled inlet reservoir (left) and outlet reservoir (right) with
sterile filter cap.

56. For perfusion experiments, connect the inlet reservoir to a peristaltic pump of your
choice with tubing (step 34).

57. Fill the inlet reservoir with a liquid of your choice (e.g. cell culture medium) and flush
all connecting tubing by using the peristaltic pump.

58. Once the tubing is cleared from any remaining air bubbles, connect a perfusable
platform (fully assembled and sterilized) first to the peristaltic pump (which is
connected to the inlet reservoir, step 57) and then to the outlet reservoir.
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59. During the experiment watch that the liquid level in the inlet reservoir is in line with the
membrane of the perfusable platform, to prevent an increase of hydrodynamic pressure.
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A Monoclonal Human Alveolar Epithelial Cell Line (“Arlo”)
with Pronounced Barrier Function for Studying Drug
Permeability and Viral Infections
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In the development of orally inhaled drug products preclinical animal models 1. Introduction

regularly fail to predict pharmacological as well as toxicological responses in The translational value of results from ani-
humans. Models based on human cells and tissues are potential alternatives mal experiments for predicting the human
to animal experimentation allowing for the isolation of essential processes of response to orally inhaled compounds or

drug products has been questioned in past
years in inhalation research.!'* Reasons in-
clude essential species-species differences

human biology and making them accessible in vitro. Here, the generation of a
novel monoclonal cell line “Arlo,” derived from the polyclonal human alveolar

epithelium lentivirus immortalized cell line hAELVi via single-cell printing, and in anatomical structures as well as in phys-
its characterization as a model for the human alveolar epithelium as well as a iological functions between different non-
building block for future complex in vitro models is described. “Arlo” is human species and humans. For example,

although genomic responses to inflamma-
tory stimuli as observed in acute respiratory
distress syndrome (ARDS) are highly simi-
lar within humans, these could not be re-

systematically compared in vitro to primary human alveolar epithelial cells
(hAEpCs) as well as to the polyclonal hAELVi cell line. “Arlo” cells show
enhanced barrier properties with high transepithelial electrical resistance

(TEER) of #3000 Q cm? and a potential difference (PD) of ~30 mV under produced using current mouse models.*]
air-liquid interface (ALI) conditions, that can be modulated. The cells grow in Complex in vitro models based on human
a polarized monolayer and express genes relevant to barrier integrity as well cells and tissues were raised as a potential

as homeostasis as is observed in hAEpCs. Successful productive infection alternative to animal experimentation l?e-
cause they allow to reduce the complexity

with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in a of human biology to an extent that can be
proof-of-principle study offers an additional, attractive application of “Arlo” consistently reproduced in vitro.’) The gen-
beyond biopharmaceutical experimentation. eration of such complex in vitro models,

however, requires reliable human-relevant
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cell sources as the essential building blocks, necessarily demon-
strating reproducible experimental readouts in vitro.

In the case of the human lung, a morphologically and histo-
logically complex organ, this means that different cell types pre-
vailing in the diverse epithelial linings of the tracheobronchial
region, the airways (bronchi) as well as the respiratory region
(alveoli) of the peripheral lung would need to be considered.!®)
The highest number of different epithelial cell types exists in the
approximately 50 um thick epithelial lining of the bronchial air-
ways. It is mainly characterized by a pseudostratified epithelium
formed by columnar ciliated epithelial cells, club cells, mucus-
secreting goblet cells as well as basal cells that serve as progen-
itors to most of the airway epithelial cells.”! From proximal to
distal, the surface that is covered by the epithelial lining of the
human lung increases from around 4 m? in the two bronchi to
around 100 m? spanning the alveolar epithelium.®°! This squa-
mous epithelial layer has on average a delicate thickness of 1 um
and is formed by AT-1 pneumocytes together with the cuboidal
AT-2 cells.' While only representing about 8% of all lung cells,
AT-1 cells account for 95-98% of the total surface area of the
alveolar epithelium due to a cell surface area of ~5.000 pm? per
cell, ensuring effective gas exchange.®!!) To prevent fluid leakage
from the highly perfused vascular system underlying the alveo-
lar epithelium into the air-filled alveoli, a structure which is also
called the air-blood barrier, the thin AT-1 cells maintain tight cell-
to-cell connections as well as effective fluid homeostasis by regu-
lating water and ion transport. On the contrary, the cuboidal AT-
2 cells make up ~18% of the cells of the alveolar epithelium but
only contribute to 2-5% of the surface area, since they are mostly
located at the corners of the alveoli.'>13] AT-2 cells produce pul-
monary surfactant, a complex mixture of lipids and bioactive pro-
teins, which prevents the alveolar sacs from collapsing by lower-
ing the surface tension at the air-liquid interface above the ep-
ithelial lining.['l Furthermore, they contribute to the innate im-
mune response and serve as facultative progenitors that differ-
entiate into AT-1 cells, but also replicate during epithelial home-
ostasis or after epithelial damage.!™!

When modeling pulmonary epithelia in vitro in the context of
biopharmaceutical or toxicological inhalation experiments, air—
liquid interface (ALI) conditions as well as tissue-specific barrier
integrity should be considered as standard requirements.['*18]
For the bronchial epithelia described above, such cellular models
are commercially available as primary cells from different donors
supplied by various vendors or as continuous cell lines from rec-
ognized sources such as the American Type Culture Collection
(ATCC) (extensively reviewed recently:["-21]). In case of the alve-
olar epithelium though, cellular in vitro models that recapitulate
tissue-specific barrier integrity, provided by polarized alveolar ep-
ithelial cells that grow in a monolayer and show the formation of
functional tight junctional complexes, were so far limited to pri-
mary human alveolar epithelial cells (hAEpCs) grown on porous
growth supports (e.g., Transwell inserts)!?2?°! or within advanced
lung-on-chip devices.[26-28]

Freshly isolated primary hAEpCs seeded on Transwell inserts
are still considered as a gold standard when replicating the hu-
man alveolar epithelium in vitro, especially during biopharma-
ceutical in vitro permeability experiments./?") Nevertheless, they
come with several disadvantages such as costly isolation proce-
dures, donor-to-donor variations or low yields that limit the ex-
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perimental scale. Further, the isolated cells which are by the ma-
jority AT-2 cells tend to transdifferentiate into AT-1 cells when
cultured on permeable growth supports, which is a wanted ef-
fect to reach proper barrier integrity, but then continue to further
de-differentiate resulting in a loss of barrier integrity and a lim-
ited experimental window of several days.[?*32] Impressive ad-
vances that were achieved by optimizing the differentiation pro-
tocols used to culture adult stem cells or human induced pluripo-
tent stem cells and differentiate them further into organoids,
yielded models that recapitulate the phenotypic as well as many
other functional characteristics of the cells of the alveolar epithe-
lium over an enhanced culture period.[**) Whereas these models
have the potential to overcome the limitations underlying the use
of freshly isolated hAEpCs such as limited yield or availability
in general, they currently face weak barrier properties,**3’] in-
homogeneous multiple cellular layers!**! or multilayered closed
alveospheres.3%40]

Continuously growing cell lines, derived from tumor biop-
sies or functionally immortalized by different genetic modifica-
tions, offer experimental convenience due to higher yields and
flexible expansion, but might suffer from genetic instability as
well as phenotypes distinct from epithelial cells in situ.2#!] For
example, the quite commonly used continuous cell line A549,
originally derived from a human adenocarcinoma patient and
showing some AT-2-like characteristics, lacks functional tight
junctions, which disqualifies it for transport studies, at least as
far as small molecules are concerned.l*?] Another report further
demonstrated that the cell line is polyclonal and might yield up
to three different sub-clones.[**!

Recently though, two continuous cell lines, the
adenocarcinoma-derived NCI-H441 as well as the human alve-
olar epithelial lentivirus immortalized (hAELVi) cell line, have
been proposed as promising models for the alveolar epithelium
especially in the context of biopharmaceutical experiments.[*!]
While both cell lines present electrically tight epithelial layers
with intercellular junctions forming a diffusion barrier as well
as certain markers representative for alveolar epithelial cells, the
hAELVi cell line maintains tight barrier properties under ALI
conditions over a longer culture period than NCI-H441.[4-#]

Unfortunately, the original hAELVi cell line presents a het-
erogeneous cell population due to the initial immortalization
of a mixed population of CD326-positive hAEpCs, without fur-
ther monoclonal selection.[*#8] This led to inconsistencies in
the development of barrier properties depending on the used
cell culture vial, experienced by the authors of this study as well
as by other laboratories leading to irreproducible experimental
results.[*9-51]

We here report the development as well as the characterization
of a new monoclonal cell line named “Arlo.” The cell line is based
on a single-cell clone of the polyclonal hAELVi cell line generated
by single-cell printing and shows enhanced barrier properties
while preserving a monolayer morphology. A transcriptomic
analysis of “Arlo” in comparison to hAEpCs, both cultured
under ALI conditions on Transwell inserts for a total of 14 days,
demonstrated high similarity in gene expression relevant to bar-
rier integrity and homeostasis. To show the versatility of “Arlo”
beyond biopharmaceutical experimentation, we additionally
report the infection of the new cell line with SARS-CoV-2 in
a proof of principle study. In addition, the data from the tran-
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scriptomic analysis are publicly available as a resource for other
researchers.

2. Results

2.1. Generation of the Single Cell Clone “Arlo”

The hAELVi cell line was generated based on the immortalization
of a single-donor hAEpC isolation of CD326-positive (also known
as an epithelial cell adhesion molecule (EpCAM)) cells that have
been cultured on a six-well cell culture plate for 5 d.[*>*®] Func-
tional immortalization was achieved by using self-inactivating
lentiviral vectors, comprising 33 genes under the control of
a SV40 promotor.°?] This procedure yielded two continuously
growing polyclonal cell lines that were selected upon developing
transepithelial electrical resistance (TEER) values >1000 Q cm?
that were named hAELVi.A and hAELVi.B.

hAELVi.A was renamed to CI-hAELVi and distributed by the
company Inscreenex GmbH. CI-hAELVi comprises a heteroge-
neous cell population that, depending on the initially thawed cul-
ture vial, would either demonstrate barrier formation indicated
by TEER values >1000 Q cm? or would show impaired barrier
formation (Figure S1, Supporting Information).

In an initial effort to ensure reproducibility of experimental re-
sults from the hAELVi cell line, single-cell clones were generated
by single-cell printing from a polyclonal hAELVi cell suspension
that demonstrated barrier formation in the previous passage (Fig-
ure 1A). The parameters needed for the single-cell printing were
determined via counting of the cell suspension with a Casy cell
counter (Figure 1B). The image-based algorithm of the Cytena
c.sight single-cell printer detected single cells and precisely de-
posited them within a drop via an inkjet-like technique into a
single well of a 96-well cell culture plate. A series of pictures doc-
uments this process, and is exemplarily shown for well D4 that
resembles the single cell clone “Arlo” (Figure S2, Supporting In-
formation). After single-cell printing, the single-cell clone “Arlo”
was serially expanded in multiple sized well-formats until it even-
tually could be transferred into a T25 cm? cell culture flask (Fig-
ure 1A). For reasons of consistency, we use the naming “single
cell clone “Arlo”” whenever “Arlo” is compared to the polyclonal
hAELVi cell line and the term “Arlo” in all other cases, including
comparisons with hAEpCs. A visual comparison of the growth
of the polyclonal hAELVi cell line (Figure 1C) and the single cell
clone “Arlo” (Figure 1D) in T25 cm? cell culture flasks already in-
dicated a more homogeneous appearance in the case of the single
cell clone “Arlo” in comparison to the polyclonal hAELVi cell line,
especially on day 2 and day 5 of culture.

2.2. Electrophysiological and Functional Characterization of
Barrier Properties of the Single Cell Clone “Arlo”

When epithelial cells are cultured on permeable growth supports,
the increase in ohmic resistance of the in vitro tissue over time re-
ported as TEER values serve as a non-destructive, accepted mea-
sure to assess and monitor the formation of tight junctions as
well as other cell-to-cell connections. When using traditional di-
rect current based voltohmmeter such as the EVOM 2 to measure

Adp. Sci. 2023, 2207301
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TEER values, epithelial potential difference (PD) can be mea-
sured as well using the same experimental setup. PD delivers ad-
ditional information about the formation as well as homeostasis
of an ion gradient by the epithelial cells in in vitro culture.

In order to assess the capability of the single-cell clone “Arlo”
to develop and maintain an electrically tight barrier, we compared
its barrier development against the polyclonal hAELVi cell line as
well as hAEpCs over a course of 14 d either cultured under ALI
(Figure 2A) or under liquid-covered conditions (LCC) (Figure 2B).

hAEpCs grown under ALI conditions showed an increase in
TEER values from day 2 to day 6 (peak: 1624 + 501 Q cm?), then
TEER values declined towards day 14 (772 + 1122 Q cm?). Un-
der LCC, TEER values peaked at day 7 (1428 + 656 Q cm?) un-
til they eventually declined to 654 + 397 Q cm? on day 14. PD
followed the same development as the TEER values, peaking at
14 + 11 mV on day 8 under ALI conditions, as well as on day
7 at 13 + 8 mV under LCC. Electrophysiological properties un-
der both growth conditions were in accordance with our historic
measurements.!>?) The polyclonal hAELVi cell line showed a
stepwise increase in TEER as well as PD development beginning
from day 7 under LCC or day 10 under ALI conditions, respec-
tively. TEER values reached a peak (ALL: 1436 + 397 Q cm?; LCC:
1148 + 151 Q cm?) on day 14, in a similar development as the PD
values (ALL: 20 + 7 mV; LCC: 31 + 4 mV).

The single cell clone “Arlo” however, demonstrated a steadily
increasing TEER development with TEER values about twice
as high as the polyclonal hAELVi cell line on day 14 (ALIL
3112 + 607 Q cm?; LCC: 2136 + 711 Q cm?). A similar devel-
opment could be observed for PD values, although these were
appreciably higher under LCC (LCC: 64 + 12 mV) than under
ALI conditions (ALI: 37 + 14 mV).

In order to assess whether the high TEER values developed by
the single-cell clone “Arlo” also correspond to the formation of
functional tight junction complexes, we performed a transport ex-
periment with the well-defined low-permeability marker fluores-
cein sodium (Figure 2C, left). One of the two experimental groups
was treated with 2,2’,2”,2""-(ethane-1,2-diyldinitrilo) tetra acetic
acid (EDTA) for 1 h during the equilibration with transport buffer.
EDTA leads to the reversible opening of tight junction complexes
by primarily chelating extracellular Ca?*. The resulting change in
intracellular Ca** concentrations eventually activates Protein Ki-
nase C which increases paracellular permeability.[°*] TEER values
were measured to monitor barrier integrity before, 1 h after the
switch to transport buffer, which was supplemented with 16 x
10~* M EDTA in one group, as well as after the transport experi-
ment. Before the transport experiment, where cells were cultured
14 d under LCC in cell culture medium, no significant differences
in TEER values were observed between the two groups (3988 +
512 Q cm? (HBSS) vs 3971 + 473 Q cm? (HBSS + EDTA [16 x
1072 m])). The switch to the transport buffer HBSS led to a strong
decrease in TEER values after the 1 h incubation in case of the
untreated group (1509 + 420 Q cm? (HBSS)), but still remained
above 1000 Q cm?. In case of the group that was treated with
EDTA, TEER values decreased significantly to 120 + 31 Q cm?
indicating a successful opening of tight junctional complexes.
After 5 h of transport with only HBSS as a transport buffer in
both groups, the TEER values of the control group still differed
significantly from the group treated with EDTA during the 1 h in-
cubation (2491 + 586 Q cm? (HBSS) vs 379 + 128 Q cm? (HBSS
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Figure 1. Generation of the single cell clone “Arlo.” A) Schematic depicting the single-cell printing procedure (detailed in B) and subsequent passaging
strategy for the single-cell clone “Arlo” originating from a polyclonal hAELVi suspension that demonstrated TEER values >1000 © cm? in the previous
passage. B) Before single-cell printing, the cell diameter of the polyclonal hAELVi cell suspension was determined via a Casy cell counter to define the
printing parameters. Single cells within the printing parameters (bordered green) were confirmed by an image-based algorithm and then deposited
into a single well of a 96-well plate. Cells that did not meet the printing criteria were discarded via vacuum aspiration after ejection from the printing
nozzle (bordered purple or red). C,D) Light microscopic images showing morphological differences between C) the polyclonal hAELVi cell line and D)
the single cell clone “Arlo” when cultured in T25 cm? culture flasks for 7 d. Scale: 50 um for all images displayed. Panel A) was partly generated using
Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.
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Figure 2. Electrophysiological and functional characterization of barrier properties of the single cell clone “Arlo.” A,B) TEER values (Q cm?, black curve)
as well as epithelial potential difference (PD) (mV, blue curve) of hAEpCs, the polyclonal hAELVi cell line and the single cell clone “Arlo” grown on
Transwell inserts either under A) ALI or B) LCC conditions for 14 d. Data represent mean + S.D. from 12 TWs and three independent biological replicates
(hAEpPCs day 4: 8 TWs; 2 bio. replicates). C) Apparent permeability of Fluorescein sodium (1 mg mL~" in HBSS) transported over “Arlo” monolayers
after 14 d of culture under LCC. TEER values were measured with cells cultured in the medium before the experiment (before), 1 h after the incubation in
transport buffer (1 h after switch), as well as after the transport study (after). Transport buffer (HBSS) was supplemented with EDTA (16 x 1073 m) during
the 1 h incubation to disrupt tight junction complexes in one group. (TEER) 2-way ANOVA was performed not assuming sphericity and with a Sidék ‘s

multiple comparisons test. (P,,) Unpaired t-test was performed with We

Ich’s Correction; Data represent mean + S.D.; HBSS: n =9, HBSS+EDTA: n =

12 from 3 independent biological replicates. D) Growth curve comparing the polyclonal hAELVi cell line with the single cell clone “Arlo”. Data represent

mean =+ S.D. from at least 2 technical replicates of 3 biological replicates

+ EDTA [16 x 10~* m])). This significant difference was also re-
flected in the Papp values for fluorescein sodium, which was sig-
nificantly lower in the control group (3 x 1077 + 6 X 10~% cm
s7! (HBSS)) in comparison to the group treated with EDTA (2
X 10 + 6 X 10”7 cm s~! (HBSS + EDTA [16 x 10~ m])) (Fig-
ure 2C, right). This indicated that the paracellular permeability
of the single-cell clone “Arlo” could be experimentally modulated
regardless of its strong barrier properties indicated by high TEER
values.

Adp. Sci. 2023, 2207301

(“Arlo”d10: single biological replicate).

To exclude that the higher TEER values in case of the single-
cell clone “Arlo” originated from a higher number of cells present
in the culture and thereby generating a higher electrical resis-
tance, we performed a growth curve to compare the growth of
the single-cell clone “Arlo” against the growth of the polyclonal
hAELVi cell line. The data of the growth curve indicated that the
cells of both cell lines equally proliferated until day 6 of the cul-
ture (Figure 2D). From day 6 onwards the polyclonal cell line
hAELVi seemed to have further proliferated until day 10, whereas
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the total cell number of the single-cell clone “Arlo” seems to en-
ter an equilibrium. Interestingly, day 6 is also the day that marks
the formation of TEER values for both cell lines under LCC (Fig-
ure 2B).

2.3. Morphological Comparison of the Single Cell Clone “Arlo”
and the Polyclonal hAELVi Cell Line

In theory, the increase of the electrical resistance of an epithelial
in vitro tissue to the net ion flux could be caused by cells growing
in a monolayer, where the cells are developing tightly connected
functional tight junctions as well as other cell-to-cell connections.
Another possibility would be that cells are growing in multiple
cellular layers, thereby increasing resistance to the net ion
flux.

To evaluate the tissue morphology of the single-cell clone
“Arlo” as well as the polyclonal hAELVi cell line, micrographs
from confocal z-stacks were analyzed (Figure 3A,B).

Computed orthogonal sections within the horizontal plane of
z-stacked images, already indicated differences between the two
cell lines in terms of layer morphology. In case of the single-cell
clone “Arlo” grown for 14 d under ALI conditions the top-view mi-
crograph as well as the orthogonal section of the representative
z-stacked image suggested that cells predominantly grew within a
monolayer (Figure 3A). The polyclonal hAELVi cell line cultured
under the same conditions as the single cell clone “Arlo” indi-
cated the formation of multiple layers, as demonstrated by the
top-view micrograph as well as the orthogonal section of the z-
stacked image (Figure 3B).

Using only orthogonal image-based sections of an in vitro tis-
sue to assess the morphology of the cellular layer impairs the
unbiased evaluation of the tissue. Sections need to be selected
first and then assessed individually to deduce the layer morphol-
ogy of the whole micrograph. In order to quantitatively assess
the layer morphology of the single-cell clone “Arlo” as well as the
polyclonal hAELVi cell line, a computational image analysis was
conducted (Figure 3C). For computational analysis, the signal of
the nuclei from each cell was calculated as a single object within
the 3D space of each z-stack. The extracted z-positions were then
compared between the two cell lines (Figure 3D). The compar-
ison of the distribution of the nuclear signal as a surrogate for
the cellular position on the z-axis in relation to the Transwell-
membrane within each layer showed, that the single cell clone
“Arlo” grew in a monolayer on day 7 of culture under ALI condi-
tions and also displayed a monolayer morphology until day 14 of
culture. The polyclonal cell line hAELVi however, showed the for-
mation of multiple layers already at day 7 of culture under ALI
conditions. This was also observed on day 14, differing signifi-
cantly from the single-cell clone “Arlo” as well as from the condi-
tion on day 7.

Representative histological sections of the in vitro tissue fur-
ther supported the results of the computational image analysis,
which was based on immunofluorescence staining, by another
method. The single cell clone “Arlo” maintained a monolayer
morphology over the 14 days of culture under ALI conditions,
whereas the polyclonal cell line hAELVi seemed to develop mul-
tiple layers already on day 7 of culture under ALI conditions and
even more pronounced on day 14 (Figure 3D).

Ady. Sci. 2023, 2207301
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2.4. Similarities in Gene Expression Relevant to Barrier Integrity
between hAEpCs and “Arlo”

Notably enough, the newly created “Arlo” cells demonstrated re-
markably high TEER values, experimentally adaptable tight junc-
tion complexes as well as stringent monolayer morphology. To
assess whether “Arlo” could be used as a model for the alveolar
epithelium, not only on the functional but also on the molecular
level, a bulk RNA-Sequencing analysis (RNA-seq) was conducted.
The RNA-seq results from “Arlo” were compared to results from
hAEpCs both cultured under the same conditions for 14 days un-
der ALIL Samples for RNA-seq have been collected before seeding
cells on Transwell inserts (day 0), as well as on day 7 and day 14 of
culture. The day 0 samples from the hAEpCs used for RNA-seq
were generated from the CD326/EpCAM-positive cellular frac-
tion of the donor tissue on the day the tissue was resected and
thus stand representative for the RNA expression status of the
epithelial fraction of the native tissue. The day 0 samples from
“Arlo” used for RNA-seq were generated from freshly passaged
cells, which were continuously cultured in T25 cm? culture flasks
for 7 d prior to passaging.

First, the expression of 35 genes whose products are associated
with regulating lung barrier integrity or barrier homeostasis were
identified in the literature and compared between hAEpCs as well
as “Arlo” (Figure 4A).5+5¢]

The genes were assigned to the following classes: adher-
ence junctions, desmosomes, gap junctions, receptors, and tight
junctions based on the associated function of their gene prod-
ucts. The tight junction class of gene products directly regu-
lates the paracellular permeability of ions and hydrophilic small
molecules, specifically through adhesive transmembrane pro-
teins (e.g., Claudins). However, gene classes whose products con-
tribute to structural epithelial integrity (e.g., adherence junctions)
as well as cellular communication (e.g., gap junctions) were also
included in this comparison to additionally cover other important
epithelial functions. The striking majority of the 35 genes showed
similar expression levels in both hAEpCs as well as “Arlo,” as in-
dicated by 4 broader categorized apparent clusters. Clearly distin-
guishable differences in gene expression were observed within
the receptor class. The genes coding for the integrin subunits
ITGA2, ITGAS, ITGAV, and to a lesser extent the genes ITGAG,
ITGB4 as well as ITGB6 demonstrated differing expression levels
either in general or at specific time points between the two cellu-
lar models. Further, the gene CLDN18 that codes for the alveolar-
relevant tight junctional protein claudin-18 did not show a de-
tectable expression in “Arlo” whereas its expression declined in
hAEpCs from day 0 to day 14 of culture under ALI conditions
on Transwell inserts. In addition, the gene ERBB4 (HER4), that
codes for the disease-relevant Erb-b2 receptor tyrosine kinase 4,
could also not be detected within “Arlo” whereas a moderate ex-
pression was observed within hAEpCs.

From these 35 genes, the resulting structural junctional pro-
teins Occludin as well as tight junction protein 1 (ZO-1) were
chosen as empirically-defined molecules representative for func-
tional tight junction complexes mainly located apically in polar-
ized epithelial cells.”*8] The elevated gene expression of the re-
spective genes OCLN (Occludin) as well as TJP1 (Tight junction
protein 1) observed for “Arlo” already indicated that the respective
proteins might also be detectable (Figure 4A—C). Micrographs of
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Figure 3. Different tissue morphology between the polyclonal hAELVi cell line and the single cell clone “Arlo.” A,B) Maximum projections from im-
munofluorescence staining showing cellular distribution as top view (upper panel) and the tissue morphology as orthogonal projections from z-stacked
images (lower panel) for A) the single cell clone “Arlo” as well as B) the polyclonal hAELVi cell line. Nuclei stained with DAPI (gray) as well as F-Actin
stained with phalloidin (cyan). Images are representative for 3 independent biological replicates. Scale bar: 50 um. C) Schematic depicting the genera-
tion of individual digital objects for each cell, based on its nuclear signal by computational image analysis, computed from the information contained
in z-stacked confocal images. D) Computational image analysis of cellular z-position computed from nuclear signal within different z-stacks as a quan-
titative measure of the vertical cellular distribution within each in vitro tissue. 2-way ANOVA was performed with a Tukey’s multiple comparisons test.
E,F) Histological tissue sections from the single cell clone “Arlo” as well as from the polyclonal hAELVi cell line stained with hematoxylin and eosin.
Cells were grown under ALI conditions for 7 or 14 d. Representative for at least 2 biological replicates. Scale bar: 20 um. A,B) For details concerning the
deviating apparent scale bar please refer to the Experimental section.
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fluorescent immunocytochemistry staining showed a homoge-
nously distributed and continuously connected network of Tight
junction protein 1 (Figure 4B) as well as an Occludin signal (Fig-
ure 4C). Orthogonal optical sections obtained from confocal mi-
croscopy additionally showed an overlap of Occludin and F-Actin
signal at the apical cellular junction, further indicating that “Arlo”
demonstrates physiologically relevant cellular polarization. In ad-
dition, the same data also again showed the monolayer morphol-
ogy displayed by “Arlo.”

The ability of “Arlo” to form a polarized epithelium with func-
tional tight junctions is also the basis for the establishment of
vectorial ion transport. “Arlo” already demonstrated elevated PD
values under ALI conditions (Figure 2A, right; ALI: 37 + 14 mV)
when compared to the polyclonal hAELVi cell line as well as to
hAEpCs. To assess whether the elevated PD values are related to
an elevated synthesis of proteins involved in molecular transport,
the expression of 52 genes whose products are involved in the ac-
tive or passive transport of ions, small- and macromolecules as
well as drugs was assessed (Figure 5).

The selected genes were shown to be expressed in the hu-
man lung and were derived from literature.[**-%?] The follow-
ing classes categorize the genes based on the function of their re-
spective gene products: ABC transporters, aquaporins, ATPases,
ion channels, ion transport associated, lipid transporter and so-
lute carrier. Gene expression was compared between “Arlo” and
hAEpCs over 14 d of culture under ALI conditions. The ex-
pression level of many genes was comparable between sam-
ples of “Arlo” and hAEpCs, including the genes coding for the
sodium/potassium-transporting ATPase catalytic («) and regu-
latory (p) subunits (ATP1A1, ATP1A2, ATP1B1) or the sodium
channel epithelial 1 subunits (also known as ENaC) subunits
(SCNN1A, SCNN1B) within the ATPases class. Among the genes
with comparable expression were also the ones coding for drug
transporters: ABCB1 (also known as MDR1 or P-gp), ABCC1
(MRP1), ABCC4 (MRP4), ABCC5 (MRP5), ABCG2 (BCRP),
SLC15A2 (PEPT2) or SLC22A5 (OCTN2). The gene coding for the
sodium channel epithelial 1 subunit gamma (SCNN1G), showed
a slight increase in expression within samples of “Arlo” during
the course of ALI culture. The expression of the CFTR gene,
which codes for the cystic fibrosis transmembrane conductance
regulator, seems to be absent in “Arlo,” while CFTR expression
was well present in hAEpCs, especially in day 0 samples.

Two genes of the ion transport associated class, however,
FXYD3 and CLCA2, showed an elevated gene expression within
“Arlo” samples. The respective protein (FXYD domain contain-
ing ion transport regulator 3), which the FXYD3 gene codes
for, regulates the activity of the sodium/potassium-transporting
ATPase.[*3] The gene product of the CLCA2 gene, the Chloride
channel accessory 2 protein modulates calcium-activated chlo-
ride channel currents.* Further, the genes ABCA3 within the

www.advancedscience.com

ABC transporter class, the genes AQP1, AQP3, AQP4 within
the aquaporin class, ATP11A within the ATPases class, MFSD2A
within the lipid transporter class and SLC6A14 within the solute
carrier class showed an elevated expression within hAEpCs sam-
ples.

2.5. Cellular Identity of “Arlo”

The polyclonal hAELVi cell line was considered to have an AT-1-
like character.[*”] Given that the cell line demonstrated elevated
TEER values under different culture conditions, the AT-1-like as-
sumption was in parts based on the observed elevated expression
of CAV1 as well as on a nondetectable SFTPC expression. The ex-
pression of CAV1, the gene coding for the protein Caveolin 1, is
enhanced in ATI pneumocytes and SFTPC expression, the gene
coding for Surfactant protein C, is considered a specific molecu-
lar marker for AT-2 pneumocytes.[°>¢¢]

In an effort to determine cell type-specific gene signatures
present within the hAEpCs in vitro cultures as well as in the cul-
tures of “Arlo,” the bulk RNA-seq data generated in this study was
mapped against the most current set of consensus marker genes
for epithelial cells in the human lung.>”) The marker genes pro-
vided by the integrated Human Lung Cell Atlas define a set of
genes that in their specific combination show an elevated expres-
sion within the different cell types of the human lung and are
used to identify the respective cell types. The data underlying the
Human Lung Cell Atlas are consensus-based and represent the
most recent re-annotation of 46 single-cell RNA-seq data sets of
the human respiratory system.

The data presented here is broadly categorized into the anal-
ysis of airway epithelial cells (Figure 6A) and alveolar epithelial
cells (Figure 6B). The airway epithelial cell analysis covers basal
cells (subdivided into: basal resting, suprabasal), multiciliated
cells (subdivided into: deuterosomal, multiciliated nasal, multi-
ciliated non-nasal), secretory cells (sub-divided into: club nasal,
club non-nasal, goblet nasal, goblet bronchial, goblet subsegmen-
tal) and rare cells (sub-divided into: ionocyte, Tuft). The analysis
of the alveolar epithelial cells covers AT-1 cells, AT-2 cells, AT-2
proliferating cells as well as transitional club-AT-2 cells.

The analysis showed that in case of the hAEpCs, on the day
of the isolation (day 0) many transcripts which are related to air-
way epithelial cells (especially multiciliated nasal, multiciliated
non-nasal and club non-nasal) are overrepresented indicating a
presence of these cell types within the hAEpCs on day 0 from
all donors. Interestingly, in one donor isolation the transcripts
representative for rare ionocytes and tuft cells seem to be over-
represented (Figure 6A). It stands out however, that hAEpCs in
general, but especially on day 7 as well as day 14 of culture, show
a distinct overrepresentation of most transcripts representative

Figure 4. Similar expression of barrier relevant genes by “Arlo” in comparison to hAEpCs. A) Expression of 35 genes associated with regulating lung bar-
rier integrity or barrier homeostasis by hAEpCs and the single cell clone “Arlo” cultured under ALI conditions was determined via bulk RNA-Sequencing.
Genes were assigned the following classes: adherence junctions, desmosomes, gap junctions, receptors and tight junctions based on the function of
their respective gene products. Data represent at least 2 biological replicates. B-C) Representative confocal maximum projections from “Arlo” cells on
day 14 of culture under ALI conditions, demonstrating homogenously connected networks of the barrier related proteins tight junction protein 1 (B,
TJP1, cyan) and Occludin (C, yellow) stained by immunofluorescence. D) Orthogonal projection from confocal microscopy indicating an apically lo-
cated Occludin signal. Nuclei stained with DAPI (gray) as well as F-Actin stained with phalloidin (magenta) were included as structural controls in all
micrographs. Scale bar: 20 um.
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for alveolar epithelial cells (AT-1 cells, AT-2 cells, and transitional
club-AT-2 cells) (Figure 6B).

Interestingly enough, in case of “Arlo” most of the overrep-
resented gene signatures could be referred to proliferating AT-2
cells. Although CAV1 as well as a few other AT-1 cell related genes
(ANXA3, CLIC3 and SFTA2) seem to be overrepresented on day 0
and day 7 in the samples of “Arlo,” the majority of mature AT-1 as
well as AT-2 related genes seemed to be underrepresented. The
data further indicate that gene signatures of suprabasal as well
as club cells from nasal origin are overrepresented within “Arlo”
(Figure 6A).

In sum, the gene signatures present in “Arlo” seem to be repre-
sentative of different cell types, but primarily match proliferating
AT-2 cells. Gene signatures found in “Arlo” stand in contrast to
the gene signatures observed in hAEpCs, which mostly represent
AT-1 cells, AT-2 cells, and transitional club-AT-2 cells.

In support of these findings, a gene ontology analysis demon-
strated that hAEpCs on day 0 (Figure 7A) of culture and “Arlo” on
day 14 of culture (Figure 7B) share gene ontology terms that relate
to the expression of surface antigens of the major histocompat-
ibility complex (MHC) II. Expression of these surface antigens
was shown for AT-2 cells.[676]

These findings were further supported when traditional, em-
pirically derived markers for alveolar epithelial cells were an-
alyzed (Figure S3, Supporting Information).> In the case of
“Arlo,” some elevated transcripts of the AT-1-like marker CAV1
could be observed on day 0 and day 7, together with some eleva-
tion in the transcripts of the AT-2-like markers ABCA3, LAMP3
and MUCI especially on day 0. These were however lower in
abundance when compared to hAEpCs. The basal cell marker
KRT15, and the secretory club cell marker TUBB3 were the only
transcripts from the empirical marker set which displayed higher
abundance in “Arlo” than in hAEpCs.

2.6. “Arlo” as a Use-Case to Study Viral Infections of the Deep
Lung

The RNA expression data generated in this study were used to
identify potential protein—protein association networks active in
“Arlo.” To do so, the STRING resource, a comprehensive online
database to discover protein—protein association networks from
genome-wide gene expression datasets, was harnessed.[®®70]
From the several clusters of potential protein—protein interac-
tions obtained from the “Arlo” dataset at day 14 under ALI con-
ditions, the cluster around the gene AGT, which indicated func-
tional interactions also among EDN2, TAS1R3 as well as ACE2
was identified as basis for further studies in the context of infec-
tion research (Figure 8A). The pathogenic SARS-CoV-2 that first
emerged in China in December 2019 and whose international
pandemic spread led to a global health emergency, uses the an-
giotensin I converting enzyme 2, the protein encoded by ACE2,
as an entry receptor for uptake by the host followed by the in-

www.advancedscience.com

tracellular priming of the SARS-CoV-2 S protein by the serine
protease TMPRSS2.[7#] In this context, SARS-CoV-2 infection ex-
periments with “Arlo” were conducted as single biological exper-
iments in a proof of principle study to determine the best time
points for infection and to evaluate whether productive infection
could be observed (Figure 8B,C). When “Arlo” was infected on
day 7 of ALI culture, SARS-CoV-2 RNA-copies progressively in-
creased until day 3 postinfection and remained elevated until day
5 postinfection (Figure 8B, upper panel). Productive infection
was further supported by western blot, were SARS-CoV-2 nucle-
ocapsid protein was detected in parallel to the rising RNA-copies
(Figure 8B, lower panel). Infection of “Arlo” with SARS-CoV-2
on day 14 of ALI culture, also led to an increase in SARS-CoV-
2 RNA-copies, accompanied by evidence of productive infection
indicated by nucleocapsid protein synthesis from day 3 postin-
fection and onwards. The total number of RNA-copies, however,
appeared to be reduced in comparison to the infection on day 7
(Figure 8C). Presence of the angiotensin I converting enzyme 2 as
well as the serine protease TMPRSS2 was additionally confirmed
in both experiments on the protein level (Figure 8B,C).

In patients that suffer from the coronavirus disease 2019
(COVID-19), the disease caused by a SARS-CoV-2 infection, a
synergism of the cytokines TNF-a and INF-y triggers inflamma-
tory cell death as well as tissue damage.l”®! Based on the adapta-
tion of an existing protocol where cells are cultured in absence of
FCS and hydrocortisone as stimulation medium, TNF-a and INF-
y stimulation was used to demonstrate cytokine induced reduc-
tion of barrier properties in case of “Arlo” (Figure 8D).[>! Syner-
gistic stimulation with TNF-a and INF-y led to a relative decrease
of #50% in TEER after 24 h compared to the TEER values before
stimulation. After 48 h of stimulation with TNF-a and INF-y a
significant reduction of TEER values was observed.

The findings from the single-variant infection studies de-
scribed above were also used to infect “Arlo” with other variants
of SARS-CoV-2 (FEM1, FFM 7, Alpha, Beta and Zeta) (Figure S4,
Supporting Information). Although infection was not achieved
for all of the variants, productive infection could be observed for
some of them. Although investigation that is more thorough will
be needed here, preliminary experiments suggest differences in
barrier disruption responses to infection by the variants.

3. Discussion

We generated the single-cell clone “Arlo” in light of the growing
demand for a reproducible cellular in vitro model of the alveo-
lar epithelium for biopharmaceutical inhalation research. “Arlo”
not only demonstrates robust barrier integrity with TEER values
>3000 Q cm? under ALI conditions, but in addition also devel-
ops a polarized monolayer. These functional barrier properties
are further supported on the molecular level by the expression of
genes and proteins related to barrier integrity as well as home-
ostasis that largely correlates with hAEpCs cultured in vitro.

Figure 6. Cell type specific gene signatures in the samples of hAEpCs and “Arlo.” Cell type specific gene signatures of genes whose expression is repre-
sentative for specific epithelial cell types within the human lung were defined by and derived from the integrated Human Lung Cell Atlas consortium.[>°]
A) Airway epithelial cell types are subdivided into basal cells, multiciliated cells, rare cells and secretory cells. Individual cell types are displayed on
each heatmap (left, vertically). B) Alveolar epithelial cells are categorized into individual cell types without further sub-division. Data represent at least
2 biological replicates of cells cultured under ALI conditions and were derived from bulk RNA-Sequencing.
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Figure 7. Gene ontology analysis reveals expression of MHC Il surface antigens by hAEpCs and “Arlo.” Gene ontology (GO) analysis of the top 15 highly
expressed genes in hAEpCs on A) day 0 after isolation and in “Arlo” on B) day 14 of culture under ALI conditions.[%%-73] Shared gene ontology terms are
marked in blue. Data represent at least 2 biological replicates of cells cultured under ALI conditions and were derived from bulk RNA-sequencing.

To be used in biopharmaceutical inhalation experiments, such
tissue-specific barrier integrity provided by alveolar epithelial
cells grown at the ALI could in the past almost exclusively be
obtained in vitro by isolated primary hAEpCs that were differen-
tiated towards AT-1-like cells on Transwell inserts.[2023252%] Pri-
mary cell isolations are costly and the trans-differentiation of
these cells in vitro restricts their experimental use to only a few
days. Sub-cultivation of hAEpCs without the addition of feeder
cells is possible for a very limited number of passages, but is
mostly avoided due to rapid de-differentiation of the cells which
might influence experimental readouts.*"!

The rapid advancement of culture models that are either gen-
erated from human adult stem cells or induced pluripotent stem
cells (IPSCs) that are often further differentiated into organoids
could offer an alternative to the use of freshly isolated hAEpCs
when modeling the alveolar epithelium in vitro.*}! Due to their
intact stemness during in vitro culture, these cells can be con-
tinuously expanded. When cultured under ALI conditions on
Transwell inserts or on basement membrane equivalents some
models demonstrated AT-1 as well as AT-2 marker expression
such as aquaporin 5 (AQP5), podoplanin (PDPN) or SFTPC after
differentiation.3-73%1 Another model which is based on alveo-
spheres also showed enhanced expression of markers relevant
for alveolar epithelial cells, but is not suitable for standardized
drug transport studies over the alveolar epithelium yet because
the closed spheres are fully embedded in 3D-culture matrices.[*!
Other models were either not cultured under ALI conditions or
demonstrated the formation of inhomogeneous cellular multilay-
ers when seeded on Transwell inserts.*®””] What all of the afore-

Ady. Sci. 2023, 2207301

mentioned studies have in common, is that they either did not
assess barrier integrity at all or reported TEER values <300 Q
cm? and/or have not been characterized in terms of drug trans-
port. In a model reported by He et al., human IPSCs were differ-
entiated to alveolar organoids and in parallel to endothelial cells
before both cell types were seeded on artificial or reconstituted
basement membranes under ALI-conditions. In this study, TEER
values of ~400 Q cm? were reported, but drug transport was not
assessed.l** A further aggravating factor is that such models are
experimentally challenging to establish, costly to implement and
might hamper inter-laboratory comparison due to complex dif-
ferentiation protocols.””78] One alveolar epithelial model which
is based on differentiated human IPSCs grown on 96-well Tran-
swell inserts under ALI conditions, reported tight barrier prop-
erties indicated by TEER values > 1000 Q cm? and would thus
be suitable for drug transport studies.””) These TEER values,
however, were measured using a custom-built device and were
only compared to literature derived TEER values from hAEpCs.
Given the inter-laboratory variability of TEER measurements in
general, side-by-side comparisons using the same experimen-
tal setup should be performed when assessing TEER values, as
previously discussed and also conducted in the current study.*!
The provided confocal micrographs further indicated multilay-
ered cellular clusters, which were not assessed quantitatively and
could have influenced TEER development.

Although regarded as a promising in vitro model for the alve-
olar epithelium based on a continuous cell line, the polyclonal
hAELVi cell line generated inconsistent results in the develop-
ment of functional barrier properties as reported in the literature,
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Figure 8. SARS-CoV-2/FFM?7 infection as use-case for using “Arlo” for viral infection studies. A) Cluster analysis by the STRING resource to obtain
potential protein-protein interactions present in samples of the single-cell clone “Arlo.” Arrow marks a cluster around the gene AGT that indicates an
interaction with the gene ACE2. Analysis was derived from bulk RNA-Sequencing data of cells cultured until day 14 under ALI conditions. Data represent
at least 2 biological replicates. B,C) Infection studies performed with “Arlo” either on A) day 7 or B) day 14 of culture under ALI conditions with SARS-
CoV-2/FFM7 (MOI of 1) or mock (PBS). Upper panels show SARS-CoV-2/FFM7 RNA copy numbers (RNA-copies mL™") derived from qRT-PCR of the
RNA-dependent RNA polymerase (RdRp) gene copies present in single apical washes (30 min, PBS) on the given days post-infection. Lower panels
show western blots indicating the cellular presence of angiotensin | converting enzyme 2 (ACE2), transmembrane serine protease 2 (TMPRSS2) and
SARS-CoV-2/FFM7 nucleocapsid protein (SARS-CoV-2 NC) in samples infected with SARS-CoV-2/FFM7 (MOI of 1) or mock (PBS). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a control protein. Data represent single independent experiments. D) Reduction of barrier properties
by stimulating “Arlo” monolayers synergistically with TNF-a [25 ng mL~"] and INF-y [30 ng mL~'] for 48 h. 24 h before the experiment, cells were
incubated in stimulation medium without FCS and hydrocortisone as an adaptation of a previous protocol.l”] “Arlo” monolayers were grown under LCC
for 10 d before the switch to stimulation medium. TEER values were normalized to the values before stimulation. Data represent mean + S.D.; n =9 for
each group from 3 independent biological replicates.
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most probably due to its polyclonality. The results reported in the
current study for the polyclonal hAELVi cell line as well as exper-
iments performed by other laboratories show that barrier prop-
erties developed differently over time than originally reported
by Kuehn et al.[*=' The reason for these conflicting reports
most probably is that the polyclonal hAELVi cell line was gener-
ated by functional immortalization of multiple CD326/EpCAM-
positive hAEpCs that have been cultured on a six-well cell cul-
ture plate for 5 days without clonal selection.[**8] When isolat-
ing alveolar epithelial cells only via CD326/EpCAM as a positive
molecular selection marker, not only AT-2-like cells are selected
from a cell suspension but also AT-1-like as well as bronchiolar
epithelial cells.l®!] These findings are further supported by the
transcriptomic analysis in this study, where gene signatures of
these different epithelial cell types could also be detected in the
hAEpCs on dO after isolation, which have been isolated accord-
ing to the same experimental protocol as the hAEpCs used for
the generation of the polyclonal hAELVi cell line. Also in accor-
dance with this hypothesis, other laboratories reported AT-2-like
properties for a sub-population of the polyclonal hAELVi cell line,
such as formation of microvilli or presence of surfactant as well
as of proteins related to surfactant secretion.!®2#] It needs to be
mentioned though, that propagation of sub-populations of the
polyclonal hAELVi cell line could also be influenced by differ-
ent growth media used to culture the polyclonal hAELVi cell line.
We used equal culture conditions (cell culture medium and Tran-
swell inserts) compared to the ones used by Kuehn et al. during
the culture of all cellular models in the current study, whereas
other reports used different growth media. Out of this reason,
we highly recommend to follow the methods as well as to use
the same culture media etc. described in this study, to ensure in-
terlaboratory comparison of experimental results obtained from
the single cell clone “Arlo” but also from the polyclonal cell line
hAELVi.

The gene signatures representative for lung epithelial cells
used in our study to assess the proportional cell types present in
the primary hAEpCs isolations as well as in the “Arlo” samples
were derived from the data published in the context of the human
lung cell atlas.[®*°] To our knowledge, the data from the human
lung cell atlas contain the most recent consensus-based as well as
the largest set of annotations of the different cell types within the
human lung and were thus selected for the gene signature analy-
sis. Based on this data, the transcripts identified in “Arlo” seem to
resemble proliferating AT-2 cells the most, followed by less abun-
dant gene signatures representative for suprabasal as well as club
cells of nasal origin. Apart from the abundance of gene signatures
representative for proliferating AT-2 cells, we additionally identi-
fied the expression of transcripts related to the synthesis of MHC
IIin the samples of “Arlo,” as verified by the gene ontology as well
as STRING network analysis. Surface antigens such as the MHC
II molecules HLA-DR, HLA-DP, or HLA-DQ have been shown to
be constitutively expressed by human AT-2 cells where they act
as a major contributor to barrier immunity in vivo and are being
discussed as exclusive selection markers to obtain pure AT-2 cell
isolations.[7688485] Qur gene ontology analysis data further indi-
cate, that the expression of MHC II related molecules seems to
be also highest in the hAEpCs samples immediately after isola-
tion, before they decline over the course of in vitro culture. In the
samples of “Arlo,” a contrary development was observed charac-
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terized by a high presence of transcripts related to antigen pre-
sentation up to day 14 of culture.

In general, “Arlo” seems to show a marker expression profile
that is distinct from the gene signatures obtained from hAEpCs.
In the context of a potential AT-2-like phenotype of “Arlo,” this
is most pronounced in the expression levels of surfactant related
transcripts. Transcripts for SFTPA1, SFTPA2, SFTPB, SFTPC as
well as SFTPD show no to very low expression in “Arlo.” Al-
though SFTPC expression is considered the current gold stan-
dard to identify mature AT-2 cells, recent data suggest a hetero-
geneity among the adult AT-2 population in vivo.[°! In this con-
text, AT-2 cells that show a low to absent SFTPC expression but
a higher expression of ABCA3 seem to represent a proliferating
progenitor cell type, while AT-2 cells that show high SFTPC lev-
els together with a high expression of ABCA3 seem to rather rep-
resent mature AT-2 cells.[®] The authors speculated that these
progenitor populations might be activated during early lung de-
velopment, during disease or after lung damage. ABCA3 expres-
sion, however, declines in “Arlo” from day 0 to day 14 of culture,
as seen in the empirically defined marker analysis.

Interestingly, the considerably high TEER values, functional
barrier properties, and the polarized monolayer morphology
demonstrated by “Arlo” seem to contradict a proliferating AT-
2-like character. Primary human proliferating AT-2 cells, which
were cocultured together with fibroblast feeder cells in addition
to a treatment with the Rho kinase inhibitor Y-27632 in order
to maintain active proliferation programs in vitro, only demon-
strated TEER values of #450 Q cm? when cultured under ALI
conditions.*!

In contrast, TEER values of ~3000 Q cm’ as demonstrated
by “Arlo” would be associated with an AT-1-like in vitro perfor-
mance, as obtained by our lab for hAEpCs in the past and also
demonstrated by one hAEpCs isolation in the current study.?’!
But neither the cuboidal morphology of “Arlo” cells nor the gene
signatures seem to support an AT-1-like phenotype. In this con-
text, these new findings strongly challenge our previous assump-
tion that the polyclonal hAELVi cell line is an AT-1-like cell line.
Others also discussed the lack of strong evidence concerning
an AT-1-like phenotype, besides CAV1 expression and elevated
TEER values.?!

The markers CLCA2, DAPL1, LY6D, and TUBB3 that were ei-
ther defined in the empirical or consensus based marker sets,
showed higher abundance in “Arlo” in comparison to hAEpCs.
These markers were not only part of the transcriptomic gene sig-
natures representative for basal cells, club cells of nasal origin as
well as suprabasal cells but have also been shown to be upregu-
lated in lung cancer patients.[¥-] As already mentioned in the
results section, the gene product of CLCA2, the Chloride chan-
nel accessory 2 protein, is known to modulate calcium-activated
chloride channel currents and could thus have an influence on
the elevated PD values observed for “Arlo.”®! However, the ele-
vated expression of CLCA2 was also shown to be an important
characteristic of epithelial differentiation and loss of CLCA2 was
discussed to promote breast cancer metastasis.*!!

Within this context, the cell line NCI-H441 that was gener-
ated from a male patient with a papillary adenocarcinoma also
demonstrated mixed characteristics of club cell-like and AT-2-like
cells.”?l While the presence of SFTPA and SFTPB was detected in
these early studies, also the AT-1 relevant marker RAGE has been
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reported to be expressed by NCI-H441 in later studies.[**! Similar
to the polyclonal hAELVi cell line, also for NCI-H441 no clonal se-
lection was performed, which a study by Neuhaus et al. supported
by identifying two distinct subpopulations of the NCI-H441 cell
line. In one subpopulation the expression of the AT-1 related
markers CAV1 as well as RAGE and in the other population the
AT-2 related marker SFTPB could be detected.”*] A more recent
comparison of the polyclonal cell line hAELVi and the cell line
NCI-H441 identified SFTPC expression and presence of lamel-
lar bodies in NCI-H441.1°%] Although the cell lines NCI-H441 and
the polyclonal hAELVi cell line have been suggested as promis-
ing models for the alveolar epithelium especially in the context
of biopharmaceutical experiments, both share similar drawbacks
in terms of reproducible barrier properties reported in literature.
TEER value development of NCI-H441 seems to strongly depend
on the seeded cell density and the addition of dexamethasone to
the culture medium.** TEER values of ~#1500 Q cm? have been
recently described for NCI-H441 under ALI conditions, while ear-
lier studies demonstrated TEER values of < 300 Q cm?.*#7] In
the study by Lochbaum et al., however, TEER values seem to rise
until day 5 of culture to values ~#1500 Q cm? and then seem to
decline towards day 7, which strongly restricts the timespan at
which experiments could be performed. Another study looked at
culture times of 30 d, but only reported maximum TEER values of
~140 Q cm? at day 10 of culture for NCI-H441 cultured under ALI
conditions, which also declined rapidly after this maximum.*°]
In addition, multilayer formation was reported for NCI-H441 in
several studies, further complicating the assessment of TEER de-
velopment when no quantitative assessment of multilayer forma-
tion is performed in parallel.l’**] Similarly, multilayer formation
by the polyclonal cell line hAELVi was demonstrated in our study
supporting the findings of others.[>*%¢7]

The single-cell clone “Arlo,” however, demonstrated the forma-
tion of a polarized monolayer in a direct comparison with the
polyclonal hAELVi cell line under equal culture conditions. The
evaluation of the tissue morphology, which is based on quan-
titative image analysis, demonstrates that the monolayer mor-
phology of “Arlo” is not limited to certain areas within selected
sections—it represents the dominant tissue architecture. The tis-
sue architecture of “Arlo” seems to be additionally supported by
functional processes relevant to barrier integrity. This can not
only be observed by the elevated TEER values together with in-
creased transepithelial PD under LCC and ALI conditions, but
also by the expression of genes and synthesis of proteins relevant
to barrier formation as well as homeostasis. Among the largely
similar gene expression patterns observed for “Arlo” in compari-
son to hAEpCs a large number of genes coding for the tight junc-
tion protein family of claudins can be found.

Especially, the claudins CLDN3, CLDN4, CLDNS5, CLDN7, and
CLDN18 have been reported to fulfill important functions in
the lung epithelium.[*®! While CLDN5 showed elevated expres-
sion in airway epithelial cells, others such as CLDN7 have been
shown to be ubiquitously expressed by nearly all epithelial cells
in the lung.*®%] CLDN3, CLDN4, and CLDN18 seem to fulfill
specific roles in the alveolar epithelium.'®] Remarkably, upreg-
ulation of CLDN4 and downregulation of CLDN3 through use of
an adenoviral vector was reported to increase barrier properties
of AT-1-like rat cells in vitro.['% All of the patterns mentioned
above could be observed in the samples of “Arlo” as well as in
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the hAEpCs with the exception of CLDN18. The splice variant
Claudin 18.1 by the CLDN18 gene is exclusively expressed in
the lung and highly expressed in the alveolar epithelium./102103]
While the highest abundance of CLDN18 transcripts could be ob-
served on day 0 for hAEpCs, the abundance declined during the
following days of culture. Within samples of “Arlo” transcripts
of CLDN18 could not be detected. This finding is again support-
ive of the proliferating AT-2 character of “Arlo,” since proliferat-
ing AT-2 cells were highly abundant in CLDN18 double knockout
mice."* Transcripts for CLDN10, which is specifically expressed
by club cells, were also absent in “Arlo.”[1%]

Homogenous distribution as well as localization of Occludin
and Tight Junction Protein 1/Z0-1 in the samples of “Arlo” fur-
ther indicate the presence of intact tight junctional complexes.
These findings are also supported by the transcriptomic profiles
of the genes coding for these proteins, OCLN and TJP1. Although
these tight barrier properties also showed to enable vectorial ion
transport in case of “Arlo,” identifying the reasons for the ob-
served increase in transepithelial PD would have exceeded the
methods that were available during this study. However, recent
reports support our finding of an elevated expression of FXYD3
in alveolar and other respiratory epithelial cells, being highest
in AT-1 cells.[1%197] Furthermore, FXYD3 mediated regulation of
the sodium/potassium-transporting ATPase was linked to an in-
crease in sodium absorption in proximal airway epithelia, which
also positively stimulated the rate of liquid absorption.!'%] Again,
in the NCI-H441 cell line, FXYD3 overexpression did not lead to a
significant increase in sodium absorption.'® While the quantifi-
cation of mRNA expression can be used to estimate transporter
activity, future studies using “Arlo” would need to include func-
tional assessments of the transport of specific transporter sub-
strates in presence and absence of selective transport inhibitors,
to draw conclusions about the elevated transepithelial PD values
that are more robust.!'1]

The paracellular transport studies with the low-permeability
marker fluorescein sodium, under the additional influence of
EDTA, moreover indicated that the tight junction complexes
could be modulated. Modulation of barrier properties could also
be seen under the synergistic influence of the inflammatory cy-
tokines TNF-a and INF-y. The single-cell clone “Arlo” allowed
for the rapid adaption of a protocol by Metz et al., that was es-
tablished to assess barrier properties of the polyclonal cell line
hAELVi under the influence of proinflammatory stimulants./””)
We omitted FCS as well as hydrocortisone in our adapted pro-
tocol only from the stimulation medium since longer cultiva-
tion of the polyclonal cell line hAELVi without FCS and hydro-
cortisone led to morphological changes.I””] Barrier properties of
“Arlo” were not negatively affected by the stimulation medium,
whereas the synergistic treatment with TNF-a and INF-y led to a
collapse of barrier properties after 48 h treatment. We did, how-
ever, not assess, whether the reduction of barrier properties un-
der the synergistic influence of TNF-a and INF-y was caused by
panopsis, as also seen in COVID-19 patients, or stimulation of
other cellular pathways such as NF-xB.I”>7%l Further possible ap-
plications for “Arlo” beyond the use in classical biopharmaceuti-
cal experiments were revealed by the exploration of the RNA-Seq
data for possible protein-protein interactions using the STRING
resource. Interestingly, these data not only supported the find-
ings of interactions among the MHC II surface antigens as also
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seen in the gene ontology analysis, but also revealed an interac-
tion network that included ACE2. Based on these results we not
only verified angiotensin I converting enzyme 2 as well as the ser-
ine protease TMPRSS2 on the protein level, but in addition also
demonstrated productive infection of “Arlo” with SARS-CoV-2.
Although we saw productive infection in a total of three different
biological replicates, these data need to be interpreted as a proof
of principle, since the time points for infection differed with each
replicate. Our findings are further supported by a recently pub-
lished study, which provided evidence that the polyclonal hAELVi
cell line could also be used to model productive viral infection,
including variants of SARS-CoV-2.['"] In addition, the study by
Mache et al., however, also demonstrated the multilayer forma-
tion by the polyclonal hAELVi cell line, which we quantified in
the current study. Nonetheless, these findings offer new possi-
bilities to use “Arlo” also as an epithelial model in the context of
infection research. Given that ACE2 and other host factors are di-
versely expressed in the nasal, bronchial and alveolar epithelium
by different cell types such as ciliated, club, secretory and alveo-
lar cells, it will be interesting to see to which of these cell types
“Arlo” corresponds the most.[''2113] Based on our results, the re-
semblance of an AT-2-like phenotype by “Arlo” is most likely and
would also fit to in vivo observations showing a higher preference
of SARS-CoV-2 to infect AT-2 pneumocytes.!!*

4. Limitations of the Study

As it is with most studies, also the results reported herein should
be valued in light of some limitations. We have chosen to per-
form an untargeted bulk RNA-seq analysis over single-cell RNA-
seq analysis of the hAEpCs as well as “Arlo” samples, since bulk
RNA-seq allowed us to obtain a deeper coverage of the total tran-
scriptome and offered a simpler isolation of the RNA representa-
tive for all cells grown on the Transwell inserts. While this allowed
us to identify many transcriptomic gene signatures that are repre-
sentative for specific cell types or molecular complexes with confi-
dence in the bulk samples due to a high level of mapped reads, we
could not obtain defined clusters of specific cell types that share
the same transcriptome. Assigning a specific cell type in the alve-
olar epithelium, especially given the intricacies of sample prepa-
ration and growing cells on Transwell inserts, requires identify-
ing a multidimensional set of appropriate markers. Such future
studies could build on advanced spatial proteomics techniques
like, e.g., deep visual proteomics to fully unravel the cellular het-
erogeneity seen in the hAEpCs as well as “Arlo” samples.[']

5. Conclusion

In vitro cultures of “Arlo” grown on Transwell inserts at the air
interface reliably develop monolayers with functional tight junc-
tions. Low paracellular permeability is the most essential fea-
ture of the alveolar epithelium for building a meaningful in vitro
model in the context of biopharmaceutical inhalation research.
The strong similarity between “Arlo” and primary hAEpCs re-
lating to gene expression involved in the formation of the junc-
tional barriers in the human lung further opens opportunities to
use “Arlo” in various other biomedical and biological disciplines.
This especially holds true for infection research, where it will be
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fascinating to study whether viral infection might trigger or even
influence antigen presentation by these alveolar epithelial cells.

6. Experimental Section

Cell Culture:  The hAELVi polyclonal cell line (CI-hAELVi; INSCREENex
GmbH, INS-CI-1015), passages 33 to 36, as well as the single cell clone
“Arlo,” passages 1to 20, were cultured in T25 cm? culture flasks contain-
ing 7 mL small airway growth medium (SAGM) Bullet kit (Lonza, CC-3118)
supplemented with 100 U mL™" penicillin, 100 ug mL~" streptomycin
(15140122) and 1% fetal calf serum (FCS) (all Gibco, Thermo Fisher Sci-
entific Inc.), which was exchanged every two to three days. Cells were pas-
saged after 7 d of culture. For that purpose, cells were washed twice with
7 mL PBS-buffer (Dulbecco’s PBS; Sigma-Aldrich, D8537) detached with
2 mL trypsin-EDTA 0.05% (Gibco, Thermo Fisher Scientific Inc., 25300-
054) for 8 min., centrifuged at 300 rcf for 4 min. The cell suspension was
reconstituted from the pellet in 5 mL SAGM Bullet kit including all supple-
ments and cells were seeded into a new T25 cm? culture flask (0.7 x 10°
cells per flask) and/or used for the experiments detailed in the following
paragraphs. Before cell seeding, the cell culture flasks have been coated
for 1 h at 37 °C by using a 2 mL solution of 1% volume/volume (v/v) fi-
bronectin (human 1 mg mL~"; Corning, 356008) and 1% (v/v) collagen
type 1 (bovine 3 mg mL~", Sigma-Aldrich, C4243) in distilled and sterile-
filtered H,O. The coating solution was completely aspirated shortly before
cell seeding. All solutions were prewarmed to 37 °C before use and cells
were maintained at 37 °C in a humidified atmosphere containing 5% CO,.

Single-Cell Isolation and Clonal Expansion:  Polyclonal hAELVi cells have
been cultured for 7 d in a T25 cm? cell culture flask containing 7 mL SAGM
Bullet kit including all supplements until confluent and were handled in
the same manner as they would have been for passaging. The only ex-
ception was that the cell suspension was reconstituted in HBSS and ad-
justed to a concentration of 0.7 x 10° cells per mL after the centrifuga-
tion step. Mean cell diameter as well as cell diameter distribution of the
single cell suspension were measured using a cell counter and analyzer
(CASY; OMNI Life Science). A volume of 500 pL of the single-cell sus-
pension was transferred to a dispensing cartridge of the single-cell printer
(c.sight; Cytena). To collect the printed single cells, a 96-well cell culture
plate was precoated for 1 h with 50 uL per well of the coating solution
from Section 1.1. The inner wells (60 wells) were then supplemented with
50 uL SAGM Bullet kit including all supplements and the outer wells (36
wells) were filled with 50 uL distilled and sterile-filtered H,O, to protect
the single cell cultures from temperature changes as well as evaporation
effects within the 96-well plate. In addition, the prepared 96-well plate was
placed at 37 °C in a humidified atmosphere containing 5% CO, until the
printing procedure started. Single-cell printing as well as culturing of the
single cells was performed according to the manufacturer’s instructions
with the parameters depicted in Figure 1B (Number of cells per well: 1;
Cell diameter [um]: 10-25; Cell roundness [a.u.]: 0.7-1), after performing
a droplet quality control.l''®! The inner 60 wells of the 96-well plate con-
taining the printed single cells, whose mono-clonality was confirmed by
the image-based algorithm, were fed with 8 uL SAGM Bullet kit including
all supplements 48 h after the single cell printing without aspirating any
medium from the culture wells every second day until bigger colonies of
dividing cells (10-20 cells) could be observed. A volume of 8 uL of distilled
and sterile-filtered H,O was added to the outer 36 wells. The cell culture
medium of wells that contained colonies of dividing cells, was then aspi-
rated every second day and replenished with fresh 200 uL SAGM Bullet kit
including all supplements in case of the inner wells or 200 pL of distilled
and sterile-filtered H, O in case of the outer wells until cells reached conflu-
ency. As exemplarily shown in Figure 1A for “Arlo,” monoclonal cultures
were then serially transferred to bigger plate formats once they reached
confluency. When cell numbers reached > 0.3 x 10° cells per well they
were transferred to a T25 cm? culture flask. Cells from the single-cell clone
“Arlo” were defined as passage 1, after they have been cultured for 7d in a
T25 cm? culture flask for the first time. Passage 1as well as the consecutive
passages were cryo-preserved for cell banking, where 1x 10° cells per well
were cryopreserved in cryo storage tubes in a cryopreservation medium
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(35% SAGM Bullet kit including all supplements, 35% Dulbecco’s mod-
ified Eagle medium/nutrient mixture F-12 (DMEM/F12; Gibco, Thermo
Fisher Scientific Inc., 11320033), 20% FCS as well as 10% dimethyl sulfox-
ide (DMSO); all volume/volume).

Isolation of Primary Alveolar Epithelial Cells: Primary alveolar epithe-
lial cells (hAEpCs) have been isolated from lung tissue which had been
resected at the SHG clinics Volklingen, Germany according to the proce-
dure described in Daum et al.[®] The local ethics committee of the state
of Saarland, Germany, permitted the use of the patient material for the
biomedical research performed in this study on 21 May 2019 under the
sigh 113/19. The committee has reviewed the patient consent forms in
this process as well.

Briefly, the lung tissue was chopped into 5 um wide smaller pieces using
a tissue chopper (Mcllwain Tissue Chopper, Plano GmbH). These pieces
were collected in a 50 mL Falcon tube containing 30 mL balanced salt
solution (137 x 1073 M NaCl, 5 x 1073 m KCl 0.7 x 1073 m, Na,HPO,
10 X 1073 m, HEPES, 5.5 x 1073 ™ glucose, adjusted to pH 7.4) and
washed three times by using a 100 um pore-sized cell strainer (Greiner,
542000) to recover the tissue remnants during each washing step. The tis-
sue remnants were then enzymatically digested to generate a cell suspen-
sion, by using a combination of 1.5 mL trypsin (1 x 10° BAEE units mL™";
Sigma-Aldrich, T8003) and 300 pL elastase (10 mg mL™', Worthington,
LS002279) for 40 min at 37 °C. After this incubation time, the cell suspen-
sion was serially washed again by using a 100 um pore-sized cell strainer
first, followed by an washing step through a 50 um pore-sized cell strainer
(Greiner, 542040). By incubating the cell suspension in cell culture petri
dishes for 90 min at 37 °C, attaching immune cells as well as erythrocytes
were excluded from the suspension. The cell suspension was then further
purified using a Percoll gradient (Sigma-Aldrich, P1644) followed by a pos-
itive antibody selection for CD326 (EpCam) positive cells using a LS col-
umn (Micro beads; MACS column; Miltenyi Biotec, 130-061-101 (beads)
or 130-042-401 (column)). The cell suspension of purified CD326-positive
cells was recovered in 5 mL SAGM Bullet kit including all supplements and
either seeded on Transwell inserts as described in the following paragraph,
or used for isolation of RNA.

Transwell Experiments: Before cell seeding, Transwell inserts were
coated for 1h at 37 °C by adding a 100 pL solution of 1% (v/v) fibronectin
(human 1 mg mL™"; Corning, 356008) and 1% (v/v) collagen type 1
(bovine 3 mg mL~", Sigma-Aldrich, C4243) in distilled and sterile-filtered
H, O per Transwell. The coating solution was completely aspirated shortly
before cell seeding.

0.33 x 10° cells of the polyclonal cell line hAELVi as well as the single cell
clone “Arlo” or 1 x 10° cells of the hAEpCs were seeded in 200 uL SAGM
Bullet kit including all supplements per apical compartment of a Transwell
insert (0.33 cm?; 400 nm pore size; Corning, 3470) (1x 10° cells cm~2, cell
lines; 3 x 10° cells cm~2, hAEpCs). The basolateral compartment was sup-
plemented with 800 uL SAGM Bullet kit including all supplements. Every 2
to 3 d used medium was aspirated from the basolateral compartment first
and then from the apical compartment. In the case of liquid-covered condi-
tions (LCC) SAGM Bullet kit including all supplements was supplemented
first in the apical compartment (200 pL) followed by the basolateral com-
partment (800 uL). Air-liquid interface (ALI) conditions were established
on day 3 of culture by aspirating the medium from the apical compartment
and supplementation of 400 uL SAGM Bullet kit including all supplements
in the basolateral compartment.

Electrophysiological Measurements: Transepithelial Electrical Resistance
(TEER) Measurements: TEER measurements were conducted for all cells
cultivated under LCC as well as ALl conditions on Transwell inserts, 2 h
after LCC conditions have been restored by medium exchange. TEER
was measured with a chopstick electrode connected to a Volt-Ohm-meter
(STX2 and EVOM 2; World Precision instruments) according to the man-
ufacturer’s instructions. During the time of the measurement, the Tran-
swell plate was placed on a heating plate (37 °C). Ohmic resistance values
(Q) were corrected for the area of the Transwell insert (0.33 cm?) as well
as a blank (when no blank Transwell insert was available in the experi-
ment, a value of 100 Q was used by default) and reported as Q cm?. If not
described differently, medium exchange was performed after each TEER
measurement for cells cultured under LCC as well as ALI conditions.
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Epithelial Potential Difference (PD) Measurements: The STX2 electrode
was immersed in a solution of 0.15 (M) KCl in distilled and sterile-filtered
H,O for 2 h before every voltage measurement while connected to a
switched off EVOM 2 according to the manufacturer’s instructions. This
procedure should assure voltage stability and a low inter-electrode poten-
tial difference. Voltage values (mV) for all cells cultivated under LCC as
well as ALl conditions on Transwell inserts, were measured 2 h after LCC
conditions have been restored by medium exchange and were corrected
for the related blank. TEER measurements were always performed after PD
measurements.

Transport Experiments:  Before each transport experiment, TEER of the
polyclonal hAELVi and the single cell clone “Arlo” cell lines cultured un-
til day 14 under LCC were measured to determine barrier integrity before
the experiment (before). Cells were washed once with pre-warmed Hanks’
balanced salt solution (HBSS) with CaCl, as well as MgCl, (HBSS (1x);
Gibco, Thermo Fisher Scientific Inc., 14025050) and then equilibrated in
HBSS (200 uL apical; 800 pL basolateral) for 1 h (1 h after switch) in case
of the control group. To disrupt the integrity of tight junctions, the treat-
ment group was equilibrated for 1h (1 h after switch) in HBSS containing
2,2/,2",2'"-(ethane-1,2-diyldinitrilo)tetraacetic acid (EDTA) (16 x 1073 m).
After measuring TEER, HBSS was aspirated from both, the apical and ba-
solateral compartment. 200 pL fluorescein sodium solution (2.5 ug mL™!
in HBSS) was added apically (donor) and 800 uL HBSS was added to the
basolateral compartment (acceptor). From the same solutions, 200 uL
each was transferred into a 96-well plate to determine the starting con-
centrations for each compartment. All steps were performed on a heating
plate at 37 °C. Afterward, the Transwell plates were placed on a MTS or-
bital shaker (150 rpm; IKA, Germany) in the incubator and 200 uL samples
were taken every 1 h for a total of 5 h, from the basolateral compartment
only. 200 pL sampled at time points were immediately replenished with
200 pL prewarmed HBSS. TEER was measured 30 min after the last sam-
ple was taken (after 6 h), 200 pL from the apical as well as the basolateral
compartment were sampled to determine the end concentrations and all
samples were measured with a plate reader in a 96-well plate at 485 nm
excitation and 530 nm emission wavelength. The concentration of fluores-
cein sodium in each sample was calculated using a calibration curve of
defined concentrations of fluorescein sodium in HBSS.

Calculation of the Apparent Permeability Coefficient (P,,):  Sink condi-
tions, where drug concentration in the receiver compartment should not
exceed 10% of the drug concentration added to the donor compartment
at the start of the experiment, were ensured during the assay. The flux of
fluorescein sodium (J) [ng cm~2 s~'] was calculated by dividing the slope
from the linear section of the cumulative concentration—time curve (60—
180 min) of the transported fluorescein sodium solution and divided by
the area (A) [cm?] of the growth support. To obtain the apparent perme-
ability (Papp) [cm s~ '] the following equation was applied, where the initial
concentration in the donor compartment at the beginning of the experi-
ment is defined as ¢y [ng cm™3]:

Papp = CJ—O M

Growth Curve:  For the growth curve experiments, 3000 cells per well of
the polyclonal hAELVi cell line and the single cell clone “Arlo” were seeded
on 24-well cell culture plates on day 0 which have been precoated with
400 pL coating solution for 1h at 37 °C as described above. Every day the
cells from 3 wells per cell line were collected. This was done by washing
each well first with 300 pL PBS, followed by cell detachment with 200 uL
trypsin—EDTA 0.05% and the addition of 400 uL PBS containing 1% FCS
(v/v) to stop the trypsin reaction after the cells had been detached. The cell
suspension was then transferred to a 2 mL reaction tube and centrifuged
at 300 rcf for 4 min, before the cell suspension was reconstituted from the
pellet in 400 pL PBS containing 1% FCS (v/v). The cells were counted with
a CASY cell counter (capillary size: 150 um, size scale 0-50 um, sample
volume 10 X 400 uL) by transferring 200 L of the cell suspension to 10 mL
of CASY tone (dilution factor: 51). Total cell number was reported as total
cells cm™2 after correcting for the dilution as well as the growth area of
the culture well (0.95 cm?).
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Inflammation Assay: “Arlo” cells have been cultured for 10 days un-
der LCC conditions on Transwell inserts in SAGM Bullet kit including all
supplements as described in Section 1.1.3, as an adapted version of the
protocol from Metz et al.l’®] Last medium exchange with SAGM Bullet
kit including all supplements was performed on day 9 of culture. On day
10 of culture TEER values (prestimulation values) were determined before
SAGM Bullet kit including all supplements was exchanged either against
stimulation medium or stimulation medium supplemented with tumor
necrosis factor alpha (TNF a) (human 25 ng mL~"; Sigma-Aldrich, H8916-
10UG) and interferon gamma (INF y) (human 30 ng mL™"; Sigma-Aldrich,
117001-100UG). The stimulation medium contains all the components of
the SAGM Bullet kit, but hydrocortisone as well as FCS were omitted.
“Arlo” cells were incubated in stimulation medium or stimulation medium
supplemented with TNF « and INF y for 48 h without exchanging the cell
culture medium. TEER measurements were performed after 24 and 48 h
and normalized to the prestimulation values.

Imaging: Confocal Laser Scanning Microscopy: Immunofluorescence Stain-
ing: If not stated otherwise, cells prepared for immunofluorescence
staining were cultured on Transwell inserts for 7 or 14 d under ALI con-
ditions. First, the remaining medium was aspirated first from basolateral
and then from the apical compartment of the Transwells, before the Tran-
swells were washed starting with the apical compartment followed by the
basolateral compartment with pre-warmed PBS (apical: 200 pL, basolat-
eral: 800 uL). Fixation was performed with 200 pL of 4% paraformalde-
hyde (in PBS) for 10 min at room temperature (RT) from apical only. Per-
meabilization as well as blocking of unspecific epitopes was conducted
with blocking buffer (1% BSA (bovine serum albumin heat shock fraction;
Sigma-Aldrich, A9647-50G), 0.05% Saponin (Saponin Quillaja sp.; Sigma-
Aldrich, S4521-10G) in PBS (weight/weight/volume)) for 1h at RT. Primary
antibodies against tight junction proteins Occludin (monoclonal antibody,
Thermo Fisher Scientific, Cat# 33-1500) or ZO-1 (monoclonal antibody,
BD Biosciences, Cat# 610966) were both diluted (1:200 (v/v)) in block-
ing buffer and incubated for 12 h at 4 °C in cases where antibody stain-
ings were performed. The related secondary antibody conjugated to Alexa
633 (polyclonal antibody, Thermo Fisher Scientific, Cat# A-21050) (1:2000
(v/v) in blocking buffer) was incubated for 1 h at RT. F-Actin staining via
rhodamine phalloidin (1:200 (v/v) in blocking buffer) (Invitrogen, R415)
was either conducted instead of the antibody staining, or conducted after
the third washing step of the secondary antibody, for 45 min at RT. Nuclei
were stained with DAPI (1ug mL~" in PBS (v/v)) for 30 min at RT. Avolume
of 200 pL was used for all the steps mentioned above and Transwells were
washed in between every step with PBS at RT three times for 10 min. After
the staining procedure, the membrane of the Transwell was carefully de-
tached from the plastic holder using a forceps, by slowly inserting a scalpel
in the outer boundary of the membrane. Briefly, the membrane was cut
from the plastic holder in a circular manner using a scalpel, mounted on
a microscope slide (Superfrost; Menzel, AAAAO00080##32E) and embed-
ded with fluorescence mounting medium (DAKO, S$3023). Samples were
always kept moist by careful addition of PBS during the cutting and mount-
ing procedure.

Image Acquisition: Representative micrographs of cells stained by in-
direct fluorescence were acquired as z-stacks with an inverted confocal
laser scanning microscope (CLSM; Leica, TCS SP8). The microscope was
equipped with a 25x (Fluotar VISIR 25x/0.95) as well as a 60x water im-
mersion objective (60x HC PL APO CS2 63x/1.20). The Resolution was
set to 1024x1024 pixels, the scan speed to 200 Hz and the z-step size to
356 nm. Z-stacks were acquired as xy-scans moving in z-direction. Fluo-
rescence of DAPI representing the cell nuclei was detected with the emis-
sion filter set to 463-494 nm excited by a diode laser at 405 nm. Fluo-
rescence of rhodamine coupled to phalloidin representing the cellular F-
Actin network was detected with the emission filter set to 580-609 nm
excited by a laser line at 561 nm. ZO-1 or Occludin signals representative
for the tight junctional networks were detected with the emission filter set
to 650681 nm excited by a laser line at 633 nm. Hybrid detectors (HyD)
of the microscope were set to “photon-counting mode” with a line accu-
mulation set to a value of 3, in order to improve the sequential quantifi-
cation of the intensity signal, for the ZO-1 as well as Occludin signal. Or-
thogonal optical sections were either computationally reconstructed from
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z-stack images using FlJI/Image or acquired directly on the microscope
using the xzy-scan mode of the Leica SP8. Maximum intensity projec-
tions of z-stacks were created with the same settings for all images with
FIJI/image JI"7] and further equally processed using the BIOP Channel
tools plugin (https://c4science.ch/w/bioimaging_and_optics_platform_
biop/image-processing/imagej_tools/ijab-biop_channel_tools/).

Computational Image Analysis: ~ Z-stacks which were used for the com-
putational image analysis, were all acquired with the 25x water immersion
objective in a resolution of 1024 x 1024 pixels, a thickness of 60 um, a z-
step size of 1 um and a scan speed of 200 Hz from the center of each Tran-
swell membrane. HyD detectors of the microscope were set to “photon-
counting mode” with a line accumulation set to a value of 4, in order to
improve the sequential quantification of the intensity signal. Fluorescence
of DAPI representing the cell nuclei was detected with the emission fil-
ter set to 420-451 nm excited by a diode laser at 405 nm. Fluorescence of
rhodamine coupled to phalloidin representing the cellular F-Actin network
was detected with the emission filter set to 581-607 nm excited by a laser
line at 561 nm. 3D surface creation with Imaris (Bitplane AG) generated
individual 3D-objects based on the fluorescence intensity, in our case the
DAPI signal of each nucleus, and allowed to extract individual statistics
for each of these 3D-objects (in our case the 3D-position of the center of
each nucleus in a z-stack). For the 3D-surface creation, a single image from
each group (polyclonal cell line hAELVi ALI on day 14 vs single cell clone
“Arlo” ALI on day 14) was used to define the parameters for the computa-
tional algorithm. All other samples were analyzed using these initially set
parameters with the Imaris batch analysis, to reduce observer bias. Due
to an error during the automated image-acquisition, the only parameter
that differed between the two groups (polyclonal cell line hAELVi vs sin-
gle cell clone “Arlo”) was the digital zoom (polyclonal cell line hAELVi: 1;
single cell clone “Arlo”: 1.28). This difference had no influence on the rela-
tive nuclei position and was taken into account during the creation of the
3D surface by separating the two groups. Position statistics were exported
and analyzed using GraphPad Prism 9.3.1. software.

Histological Micrographs: ~ Samples of the polyclonal cell line hAELVi or
the single cell clone “Arlo” were cultured under ALI conditions until day 7
orday 14 and then fixated as described in Section 1.2.1. They were covered
afterward with HBSS (apical: 200 pL, basolateral: 800 uL). Samples were
processed according to the following protocol of the supplier and stained
with hematoxylin and eosin.[118]

Bulk RNA-Sequencing and Analysis: RNA Library Preparation: hAEpCs
and cells “Arlo” were prepared for RNA-isolation on day 0 (hAEpCs:
300.000 cells, directly after the isolation; “Arlo” 300.000 cells, directly af-
ter passaging) or on day 7 as well as day 14 from cells grown under ALI
conditions on Transwell inserts. Cells were washed twice with 200 uL pre-
warmed HBSS and RNA was subsequently isolated by using the Direct-zol
RNA Microprep Kit (Zymo Research, R2062) following the manufacturer s
instructions. RNA from hAEpCs on day 0 and day 7 in 100 pL and on day
14 in 50 pL TRI-reagent (Zymo Research, R2050-1-50) for 5 min at RT and
directly put on ice. To isolate RNA from the cells of “Arlo” on day 0 100 pL,
on day 7 150 pL and on day 14 200 pL TRI-reagent was used to compen-
sate for the higher cell numbers of “Arlo.” A modified SmartSeq 2 protocol
was followed where total RNA between 2 and 100 ng was used as input for
reverse transcription.

RNA was primed by adding 1 x 10°% wm Oligo-dT
Primer (final conc.; 5"AAGCAGTGGTATCAACGCAGAG-
TACTTTTTTTTITTTTITITITITITITTIITITITVN; V = A/C/G, N = any

base), 1 x 1073 M dNTPs (final conc.) followed by a denaturation step at
72 °C for 3 min and immediately cooling on ice. Reverse transcription was
performed in a 10 pL volume reaction by using 0.5 uL Superscript Il RT (200
U uL~", Thermo Fisher Scientific, 18064022), 0.4 uL RNAse inhibitor (40 U
uL~", Promega, N2515), 5 x 1073 m DTT, 1 m Betaine, 6 x 1073 m MgCl,
and 1 x 107 m TSO (B-AAGCAGTGGTATCAACGCAGAGTACAT997, B
= 5’ biotin, 7 = LNA g, 9 = RNA-G) under the following incubation
conditions: 42 °C for 90 min, 10 X cycling of 50 °C for 2 min and 42 °C for
2 min, finalized by 70 °C for 15 min.

The preamplification of the cDNA was carried out by utilizing the KAPA
HiFi HotStar Ready Mix (Roche, KK2601) and 0.1 x 10~ m of the IS PCR
primers (5 AAGCAGTGGTATCAACGCAGAGT) in a 25 L volume reaction
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under the following PCR conditions: 98 °C for 3 min, 10-12x cycling of 98
°Cfor20s, 67 °Cfor 15s, 72 °C for 6 min and a final elongation at 72 °C for
5 min. The cDNA was purified by the use of 0.8x Agencourt AMPure XP
Beads (Beckman Coulter, A63881), quantified by the help of Qubit dsDNA
HS Assay Kit (Thermo Fisher Scientific, Q32851) and the cDNA integrity
was examined via the analysis of the fragment size distribution by using
the Agilent 2100 Bioanalyzer (High Sensitivity DNA Analysis Kit, Agilent,
5067-4626).

The libraries were prepared by applying a tagmentation-based approach
using the Nextera DNA Library Preparation Kit (Illumina, FC-131-1024).
8 ng of each cDNA were tagmented for 10 min at 55 °C by the use of 1 pL
of the Tagment DNA Enzyme 1in a 20 pL reaction pursued immediately
by the purification of the tagmented fragments by the use of the MinElute
PCR Purification Kit (Qiagen, 28004) following the manufacturer’s instruc-
tions. The amplification of the libraries was performed in a 30 pL reaction
using the NEBNext High-Fidelity 2X PCR Master Mix (New England Bio-
labs, M0541S) and 0.33 x 107® m indexed adapters (5'’AATGATACGGC-
GACCACCGAGATCTACACIi5]TCGTCGGCAGCGTC and 5"CAAGCAGAA-
GACGGCATACGAGAT[i7]JGTCTCGTGGGCTCGG; lllumina). 8 PCR cycles
were done of the following PCR program: 75 °C 5 min, 98 °C 10 s, cycling
of 98 °C 30's, 63 °C 30 s and 7 2 °C 1 min, finalized by a long elongation
at 72 °C for 7 min. The libraries were purified by utilizing 0.9 x Agencourt
AMPure XP Beads, the DNA concentrations were quantified by the help
of the Qubit dsDNA HS Assay Kit and the size distribution of the ampli-
fied fragments was examined by the use of the Agilent 2100 Bioanalyzer
(High Sensitivity DNA Analysis Kit). The libraries were sequenced on the
Illumina HiSeq 2500 by using the 100 bp single read sequencing mode.

m-RNA Sequencing Data Processing: Adapter sequences of FastQ for-
mat RNA-seq reads were removed and trimmed of low-quality ends (phred
score = 20) by the use of Trim Galore! (version 0.4.2).['°] The reads were
aligned to the hg38 reference genome (Genbank: GCA_000001405.15) by
using grape-nf (version 433e7621f6),1'2%] which combines STAR (version
2.4.0j)[121] for the alignment and RSEM (version 1.2.21)l'22] for the read
assignment. Differential analysis was carried out by the utilization of the
software R and the included R-package EdgeR (version 3.20.9).['23] Differ-
entially expressed genes were defined by a maximal p-value of 0.01, a FDR
<0.01 and a minimal log fold-change of | 1].

Utilization of the STRING Database:  The differentially expressed genes
resulting from the pairwise differential analyses by the use of EdgeR
were loaded into the STRING database to detect possible protein—protein
interactions.[6%70] In order to do so the minimum required interaction
score was set to the highest confidence (0.9).

Gene Ontology Annotations Using Gene Ontology: ~ Gene ontology anno-
tations of the identified differentially expressed genes resulting from the
pairwise comparisons were done by the use of GENEONTOLOGY.l7273]
The differentially expressed genes were restricted to those genes follow-
ing a linear regression along the cultivation period (d0 to d14) derived
by calculation using R. These genes (e.g., higher expressed in d0 and de-
fined by a loss of transcription along the cultivation period) were loaded
into GENEONTOLOGY and the resulting GO terms were filtered by a false
discovery rate (FDR) of < 0.01 as well as ranked by the enrichment score
(provided by GENEONTOLOGY).

SARS-CoV-2  Infection  Experiments: The isolates SARS-CoV-
2/1/Human/2020/Frankfurt (SARS-CoV-2/FFMT), SARS-CoV-
2/7/Human/2020/Frankfurt (SARS-CoV-2/FFM?7), as well as the variants
Alpha (B.1.1.7), Beta (B.1.351) and Zeta (P.) were isolated and produced
in Caco-2-F03 cells as previously described.!124-126]

“Arlo” cells were cultured on Transwell inserts for 7 or 14 d under ALI
conditions before infection with SARS-CoV-2/FFM7 was initiated. For the
infection studies comprising the variants SARS-CoV-2/FFM1, SARS-CoV-
2/FFM7, Alpha (B.1.1.7), Beta (B.1.351) and Zeta (P.2), “Arlo” cells were
cultured on Transwell inserts for 12 d under ALI conditions. “Arlo” cells
were infected at a multiplicity of infection (MOI) of 1 from the apical side.
After 2 hours, the inoculum was removed by aspiration and cells were
washed three times with PBS.

Quantitative Reverse Transcription PCR (RT-gPCR) Analysis:  On dO af-
ter the third wash with PBS, as well as on days 1, 3, and 5 postinfection,
a 30 min wash with PBS was performed from apical to harvest SARS-CoV-
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2 RNA for the RT-qPCR analysis, as previously described.['?:128] SARS-
CoV-2 RNA was isolated from the apical wash samples via AVL lysis buffer
(Qiagen, 19073) and the QlAamp Viral RNA Kit (Qiagen, 52904) follow-
ing the instructions of the manufacturer. The RNA yield was quantified
via absorbance measurement on a Genesys 10S UV-vis spectrophotome-
ter (Thermo Fisher Scientific). After that a one-step RT-qPCR reaction was
performed using the Luna Universal One-Step RT-qPCR Kit (New England
Biolabs, E3006L) as well as a CFX96 Real-Time System, C1000 Touch Ther-
mal Cycler (Bio-Rad). Primers, adapted from,[12°l which target the open
reading frame for RNA-dependent RNA polymerase (RdRp): RARP_SARSr-
F2 (GTG ARATGG TCATGT GTG GCG G) and RARP_SARSr-R1 (CAR ATG
TTA AAS ACA CTA TTA GCA TA) were used in a concentration of 0.4 x
107 ™ per reaction.

Western Blot Analysis:  On days 0, 1, 3, and 5 postinfection “Arlo” cells
were lysed for Western blot analysis using Triton-X-100 sample buffer,
as described previously.['3] Proteins were separated by SDS-PAGE. Spe-
cific antibodies against SARS-CoV-2 N (1:1000 dilution, SARS-CoV-2 Nu-
cleocapsid Antibody, Rabbit monoclonal antibody (Mab), #40143-R019,
Sino Biological), ACE2 (1:500 dilution, Anti-ACE2 antibody, #ab15348, Ab-
cam), TMPRSS2 (1:1000 dilution, Recombinant Anti-TMPRSS2 antibody
[EPR3861], #ab92323, Abcam), and GAPDH (1:1000 dilution, Anti-G3PDH
Human Polyclonal Antibody, #2275-PC-100, Trevigen) allowed antigen de-
tection. Protein bands were made visible by laser-induced fluorescence
using an infrared scanner for protein quantification (Odyssey, Li-Cor Bio-
sciences).
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Supplementary Figure 1 Impaired TEER development of the polyclonal hAELVi cell line. Two
vials ,Vial A and Vial B, of the polyclonal hAELVi cell line were thawed and passaged once, before
cells were seeded on Transwell® inserts as described in the Experimental section. Shown are mean
values from TEER measurements from 3 individual experiments with technical replicates indicated in

the plot.
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Supplementary Figure 2 Single cell printing sequence. The three pictures in the upper panel display
the travel of cells to the printing nozzle before printing of the single cell that was used to generate
hAELVI “Arlo* in well D4 of a 96-well culture plate. The first picture of the bottom panel shows the
event of single cell printing (detailed in Figure 1) and the last picture in the bottom panel shows the

remaining cells after the printing of the single cell. Scale bar: 100 um
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Supplementary Figure 3 Empirical lung epithelial cell marker expressed by hAELVi “Arlo“. Cell
type specific gene signatures of genes whose expression is representative for specific epithelial cell types
within the human lung were derived from [15]. Data represent at least 2 biological replicates of cells

cultured under ALI conditions and were derived from bulk RNA-Sequencing.
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Supplementary Figure 4 SARS-CoV-2 infection of hAELVi “Arlo” with different viral variants.
A) Infection studies performed with the single cell clone hAELVi “Arlo” either on day 12 of culture
under ALI conditions with SARS-CoV-2 (different variants are indicated) (MOI of 1) or mock (PBS).
SARS-CoV-2 RNA copy numbers (RNA-copies*ml-1) derived from qRT-PCR of the RNA-dependent
RNA polymerase (RdRp) gene copies present in single apical washes (30 min, PBS) on the given days
post-infection (days p.i.). B) Reduction of barrier properties of hAELVi “Arlo” after infection with the
different variants. TEER values were normalized to the values before infection (dotted line). Data

represent mean £+ S.D.; n = 3 for each group from single biological specimen.
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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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