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summary

Summary

The comparison between the animal and human body in preclinical research is still hampered.
Despite of data and acquired knowledge of several studies, differences of physiological behaviour
were inclined towards using animal models remain as the standard in preclinical studies, the need
of alternative test models is still in demand. Especially because human airway differs a lot to

rodent’s airway.

My work is based on the development of human 3D bronchial epithelium models to provide a test
matrix for further studies as infection or use of new therapeutical treatments. My work presented
a 3D bronchial tissue based on primary human epithelial cells and embedded primary human lung
fibroblast in a collagen matrix. It formed a 3D compartment and contained all characteristics of a
bronchial epithelium and presented a great comparison to naive lung tissue, based on proof of
histology by detecting ciliated cells, goblet cells with high mucus production, basal cell monolayer
and even measured cilia movement. Nevertheless, the model with a self-assembled extracellular
matrix and vascularized system provides an even more complex setting, first trails were
recognized. The 3D model offered a great basic setup and enables more complex improvements,

as well as implementing immune cells for future projects.

The work exhibited ability to infect the in vitro model with Influenza A virus and showed innate
immune responses of host cells. Virus inhibiting effects of the neuraminidase inhibitor Zanamivir
were measured at gene and protein level. Even new therapeutical options were tested as Qf3-

capsid.

In vivo like properties challenged drug delivery and provided a realistic setting. In the study | tested
novel delivery systems as degradable nanogels. | showed successful delivery of charged and non-
charged nanogels with etanercept. The hypothesize worked, that disulphide-containing
biodegradable nanogels were able to penetrate mucus glycoproteins, to approach epithelial cells
by passing through thick mucus layers. Other particles charged with Curcumin were tested. Also,
lipid nanoparticles to transfect epithelial cells, to direct to new fields of genetical therapies. The
study presented Cystic Fibrosis (CF) model based on CF patient’s bronchial epithelial cells. New

approaches of genetical therapy can be tested on CF model.

The in vitro bronchial epithelium model enables to study infections, smart delivery systems and

novel therapies in in vivo like environment.



Zusammenfassung

Zusammenfassung

Die Ubertragung von gesammelten Daten aus praklinischen Studien, die am Tier stattfanden, auf
den menschlichen Organismus ist stark erschwert. Obwohl zahlreiche Ergebnisse und
erworbenes Wissen von verschiedenen Studien vorhanden sind, die Unterschiede im
physiologischen Verhalten beschreiben. Obgleich das Tiermodel als Standard in préklinischen
Studien verbleibt, sind an dieser Stelle dennoch alternative Testmodelle gefragt. Da besonders
der humane Respirationstrakt sich sehr zu dem eines Nagetiers stark unterscheidet.

Meine Arbeit beruht auf der Entwicklung eines human basierten 3D Bronchialepithelium Models,
welches eine Testmatrix flr weitere Studien, wie flur Infektionsversuche oder neue therapeutische
Anwendungen, bietet. Dieses 3D Bronchialepithel Model basiert auf primaren humanen bronchial
Epithelzellen und primaren Lungenfibroblasten, die in einer Kollagenmatrix eingebettet sind. Ein
3D Kompartiment wurde gebildet. Dieses beinhaltet alle charakteristischen Eigenschaften vom
bronchialen Epithelium und stellt einen grof3artigen Vergleich zu nativem Lungengewebe dar. Dies
wird durch den histologischen Nachweis von Kinozilien-tragenden Zellen, Becherzellen mit einer
starken Mukusproduktion und einschichtigen Basalzellen ermdglicht. Einen noch komplexeren
Aufbau stellt ein Model mit einer selbst organisierten extrazellularen Matrix und einem
vaskularisierten System dar. Hierzu wurden die ersten Versuche bereits durchgefiihrt. 3D Modelle
bieten einen grundlegenden Aufbau und erméglichen, wie zum Beispiel durch das Implementieren

von Immunzellen, noch mehr Komplexitat.

Die Arbeit zeigt die Mdglichkeit, das in vitro Model mit dem Modellvirus Influenza A zu infizieren
und ebenso die Immunantwort der Wirtszelle zu aktivieren. Virus inhibitorische Effekte des
Neuraminidase Hemmers Zanamivir konnten auf Gen- und Proteinebene nachgewiesen werden.
Zusatzlich wurden auch neue Therapiemdglichkeiten wie die Anwendung des QR3-Kapsids
getestet.

In vivo Bedingungen sind herausfordernd fir die Medikamentenverabreichung, die Bedingungen
sind darstellbar in dem in vitro Model. In der Studie wurden neue Wirkstoffapplikationssysteme
wie abbaubare Nanogele getestet. Es wird eine erfolgreiche Verabreichung von beladenen und
unbeladenen Nanogelen mit Etanercept gezeigt. Die Hypothese, dass Disulfid haltige
bioabbaubare Nanogele Mucuglycoproteine penetrieren kénnen, wurde bestatigt. Die Nanogele
waren fahig die Mukusschicht zu passieren und die Epithelzellen zu erreichen. Ahnliches wurde

bei Curcumin beladene Partikel beobachtet, die ebenso die Epithelzellen erreichten.

Vi



Zusammenfassung

Um sich neuen Bereichen wie der Gentherapie zu zuwenden, wurden zur Transfektion von
Epithelzellen Lipidnanopartikel verwendet. Neue Herangehensweisen der Gentherapie kdnnen im
in vitro Model getestet werden, wie an dem neuartigen in vitro Model der monogenetischen
Erkrankung Zystische Fibrose, das in der Studie prasentiert wird. Es basiert auf

Bronchialepithelzellen von Patienten.

Das in vitro bronchial Epithelium Model ermdglicht Testungen von Infektionen, moderner

Medikament Transportsysteme und neuartige Therapien in einem in vivo dhnlichem Umfeld.

VIl



Table of content

Table of content

SUIMIMBIY ...ttt ettt e ettt s e e e e et e e ee e e s e e e e et e e en e R s e e e e e e enenn s s e eeeeeennnn \%
ZUSAMIMENTASSUNG ..ot a e e VI
TabIe Of CONLENL.... . e e e e e et e e e e e e e eeenees VI
[ o) I o] o] =2V 10 o T Xl
IS A {0 U= PSS XIvV
I 0 0 =1 0] =P XVI
LiSt Of CONIIDULIONS .....viiiiiiiiiiiit et eeesnennes XVII
SR 1 Yo 11 ox 1T o 1
1.1 Physiology and anatomy of the human Iung ...........cccccoeeiiiiiiiiiiiie e, 1
1.1.1 UPPEE AINWAY .....ceeeiiiiie e e e et e e e e e ettt s s e e e e e s e e e et b e e e eeeaeesssstaaaaaeeaaeeannnes 1
1.1.2 LOWET ATTWWAY ... 3
1.2 Threats and diseases of the human lung..........cccccco 6
121 L OIS g b= B YT (L 6
1.2.1.1 Influenza A infections and therapeutic approaches..............cccuvvvvvvvviviinnnnnnnns 6
1.2.1.2  The INfJUBNZA VIFUS ....ouieiii ettt e e e e e e 6
1.2.1.3 Historical background of influenza infections ............ccccccviiiei e, 9
1.2.1.4 Influenza virus reproduction in the host cell.............coiiiiiiiiiiiiiiiiee, 10
1.2.1.5 Hostimmune response to iNfIUENZA..............uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiienees 13
1.2.1.6 Medical treatment Of INflUENZA............uuuiiiiiiiiiiiiiiiiiiii e 14
1.2.2 Monogenetic diseases in the lung as Cystic fibrosis .........cccccccvvieeeiiinini, 17
1.3 Delivery systems for lung therapeutics as Nanogels and Lipid Nanoparticles21
14 Drug deVelOPMENT ........uuiiiiiiiiiii e 24
14.1 Alternatives to animal testing in preclinical research..............cccccvieeenneen. 25
1.4.2 Human-based in vitro models in pulmonary research.............cccccoeeieiiiiiinnns 28
FZ N 1= TS L3 N | o O SRRPPRURRN 33
G T =Y = g =1 USSP 34
3.1 REAGENTS ...ttt e 34
3.2 Cell CURUIE MEIA.......cceeeeiiie e e e 37
3.3 KIS ettt ettt ettt e e e e e e e e e e e e e e et reaae e e e e et aaaraaaeeeaaannnnnees 38
3.4 7Y 01 1] oo 1= 39

Vi


https://www.dict.cc/englisch-deutsch/index.html

Table of content

3.5 SOMWEAIE ... 40
3.6 (070 o YW ] .0 F=1 ] [P 40
3.7 [TV o PSPPI 41
A, MEENOUS: .. 43
4.1 Cell CURUIE . 43
4.2 Generation of a human-based bronchial epithelium model.......................... 45
4.3 HISTOIOQY ... 49
43.1 IMmMuNOfluorescence analySiS .......coevieeviiieeiiiiee e 52
4.3.2 Transmission electron microscopy (TEM) analysis..........ccccceeeeiieeeiiiiiiinnnnnn. 53
4.3.3 Influenza infection at the bronchial epithelium model.................cccccviiinnnins 54
4.4 AANBUYSIS ..ttt nes 55
44.1 PlAagUE ASSAY ...ccevviiiiiiii e e e e e et e e e e e et e aaaaaaane 55
4.4.2 D Y R 57
4.4.3 Y I I R 57
4.4.4 Enzyme linked immunosorbent assay (ELISA) .......cccoeeeiieeriiiiiiiiieieeeeeeeeies 58
445 Real time polymerase chain reaction (RT-PCR) — Array........ccccceeeeeeeeeeinnnnns 58
4.4.6 Analysis of Zanamivir via MasS SPECIIOSCOPY ......vvvrvrrrrrrrrmrmmrrnnrrinnnnnnnnnnnnnns 61
4.4.7 Model treated With NANOGEIS...........uuuuiiiiiiiiiiii e 62
4.4.8 NHBEC transfection With LNPS ............uuiiiiiiiiiiiiiiiiiiiiiieinenneeeenns 63
4.4.9 Curcumin application to model ... 64
B REBSUIS e e e e e e e e e aar e aaaaaaaane 66
51 Development of the human based bronchial epithelial in vitro model........... 66
5.1.1 Ultrastructural analysis of the in vitro model of 2- and 3-weeks cultivation...76
5.2 Bronchial epithelial in vitro model modulations ................cooooviiiieiieeeeniinnn, 80
5.2.1.1  ECM €NhanCEMENT.......ccciiiiiiiiiiie s e et s e e e e e e e e e e eeaatn s e e e eaeeennnes 80
5.2.2 Teflon® ring to support bronchial epithelium morphology ..............ccoeeeee.. 83
5.2.3 Improving the model cultivation time...........cccceeiii i, 85
5.24 Comparison of cell donor, model insert and cell culture medium ................. 87
5.2.5 Ultrastructural analysis of the in vitro model of 3 weeks cultivation and NHBEC donor
change 89

5.2.6 Endothelial cells implemented in human based bronchial epithelial in vitro model

91
5.3 The in vitro model infection of influenza A virus and the therapeutical use of Zanamivir

94



Table of content

5.3.1 Establishing an 1AV infection protocCol.............ccoovvviiiiiiiii e, 94

5.3.2 Zanamivir impact of virus replication and cellular viability in 1AV infected tissues
99

5.4 Zanamivir iNhibItS TAV ..o 104

5.4.1 IAV specifically infects epithelial Cells ... 108

5.4.2 Immunological response during AV infeCtion .................euveeiiiiieiiiiiiiiiininns 112

5.5 Possible applications for the 3D bronchial epithelium in vitro model........... 116

5.5.1 Validation of biological markers of IAV infection in the lungs using in vitro model
116

5.5.2 Validation of a novel candidate treatment for IAV infection in the lungs.....119

5.5.3 Validation of novel drug delivery tools: nanogels, lipid nanoparticles and curcumin

particles 121

554 Generation of a human cystic fibrosis model system based on the bronchial epithelium

LI 1 1 o TN 1T o L= R 129

6. DISCUSSION ...ttt 131

6.1 Development of the human based 3-D bronchial epithelium in vitro model 131

6.2 The in vitro model infection of influenza A virus and the therapeutical use of Zanamivir
136

6.3 Bronchial epithelium model as a test matrix for drug delivery systems ...... 141

7 @] T 1113 o] o 144

S TR © 11 1 0T | 145

ACKNOWIEAGMENT ... .. e e e e e e e e e e e e rraaas 147

S (=T 1T o 148

Eidesstattliche EFKIArUNG .........uueeeiieiiiiieiitiiieieiieiiieeeeeeeaeeeeeeeeeeeeeeeesssssenseesesssensnnnnnnnnne 179



List of Abbreviations

2D

3D
Acetyl.
ENaC
CA

CF
CFTR

cfu
cDNA

Ct
DAMP
DAPI
DE
DMSO
DNA
DNase
dNTPs
DOPC

DOPE
DSPC
DSPG
EDTA
ELISA
et al.

ES

FCS

List of abbreviations

two dimensional

three dimensional

acetylated

epithelial sodium channel

Canada

Cystic fibrosis

Cystic fibrosis transmembrane
conductance regulator

Colony forming unit
Complementary desoxyribonucleic
acid

cycle threshold

danger associated molecular pattern
4’6-Diamidin-2-phenylindol
Germany

Dimethyl sulfoxide
desoxyribonucleic acid
Deoxyribonuclease
Deoxyribonucleoside triphosphate
1,2-(cis, cis-9,12-octadecadienoyl)-sn-
glycero-3-phosphocholine
1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine
1,2-distearoyl-sn-glycero-3-
phosphocholine
di-stearoyl-phosphatidylglycerol
Ethylenediaminetetraacetic acid
enzyme-linked immunosorbent assay
And others

Egg sphingomyelin

France

fetal calf serum

Xl



GM-CSF

NA
NFkB
NL
p. i.
PAMP

A/Panama/1999/2007

PBS

PCR
PFA

List of abbreviations

granulocyte macrophage-colony
stimulating factor
Hemagglutinin

Hanks buffered saline solution
horse reddish peroxidase
Influenza A Virus

Interferon

Interferon-a/f3 Rezeptor
Immunoglobulin

Interleukin

Influenza virus

Japan

Lactate dehydrogenase
lipid-based nanoparticles
Lipopolysaccharide
Madin-Darby Canine Kidney
Minimal essential medium
multiplicity of infection
Messenger ribonucleic acid
myeloid differentiation primary
response protein 88
Neuraminidase

nuclear factor k B
Netherlands

post infection
pathogen-associated molecular
pattern

Influenza A virus/country of origin
Panama/ molecule number
1999/occurred in 2007
phosphate buffered saline
polymerase chain reaction

Paraformaldehyde

Xl



pfu

p*
qRT-PCR
RNA

rpm

RT

RT

SEM

Taq Polymerase
TLR
TNFa
TMB
TPCK

UK
USA
WHO

List of abbreviations

Plague forming unit

passage

guantitative real time PCR
ribonucleic acid

rounds per minute

Room temperature

Reverse transcription

standard error of the mean
Thermostable DNA polymerase |
Toll-like-Receptor

Tumor necrosis factor a
3,3',5,5-tetramethylbenzidine
(Toluene sulfonyl)-L-phenylalanyl
Chloromethyl Ketone

United Kingdom

United States of America

World Health Organization

Xl



List of figures

List of figures

Figure 1. Upper airway of @ NUMAN..............coiiiii e 2
Figure 2. Lower airway of @ NUMAN..............coiiiiii e 4
FIgure 3. INFIUEBNZA A VIFUS. .....ooiiiii et e e e e e e et a s e e e e e e e e aatt e e aeaeees 7
Figure 4. Influenza virus reproduction in @ host Cell. ..........cooiiiiiiiiiiii e, 12
Figure 5. A healthy and a CF pulmonary epithelial Cell.. ...........oiiiiii i, 18
Figure 6. Tissue culture and engineering platforms for testing. ...........cccvvvviiiiii e, 30
Figure 7. Human based bronchial epithelium model development. ..............ccccvviiiiiiiiiiiiiiiiiinnn. 67
Figure 8. Bronchial epithelial in vitro model with NHDF and NHBEC. .............cccccciiiiiiiniinne, 69

Figure 9. Bronchial epithelial in vitro model with NHBEC and NHLFb and different protocols. ... 72

Figure 10. Testing different rinsing times at bronchial epithelial in vitro model........................... 75
Figure 11. TEM analysis of the bronchial epithelium model cultivated for two weeks................. 77
Figure 12. TEM analysis of the bronchial epithelium model cultivated for three weeks. ............. 79
Figure 13. Model modulation - applying human ECM hydrogel and self-assembled ECM. ........ 82
Figure 14. Model modulation - using @ Teflon® rNQ. ...........uuuiiiiiiiimiiiiiiiiiii s 84
Figure 15. The bronchial epithelium model applied in a perfusion plate. ..............ccccvvviiiiiinnnnnns 86
Figure 16. Model modulation by testing different inserts, medium and collagen batches. .......... 88

Figure 17. TEM analysis of the bronchial epithelium model with new NHBEC (Epithelix, Geneva,

CH) cultivated for thre@ WEEKS. .......ccoiiiieecee e e e e e e e 90
Figure 18. First trial of cultivating a vascularized human based bronchial epithelium model. .....93
Figure 19. Bronchial epithelial 3D in vitro model infection with Influenza A virus........................ 96
Figure 20. Comparison to commercial tissue culture model infected with Influenza A virus. ...... 98

Figure 21. Cell viability, virus replication and Zanamivir concentration assays on my 3D bronchial
epithelium model infected WIth TAV. ... e e 101

Figure 22. Comparison of different models during an Influenza A virus infection and Zanamivir

LR ST= 11 =11 103
A\



List of figures

Figure 23. Histology and mucus secretion of the infected tissues infected with 1AV and treated
WItN ZANAIMIVIT.. oo 105

Figure 24. Proliferation assay by Ki67 staining during a IAV infection and Zanamivir treatment.

................................................................................................................................................ 107
Figure 25. Influenza A virus staining of infected bronchial epithelium models.......................... 109
Figure 26. IAV global detection in the bronchial epithelium model. ...............ccccccoiiiiiiiinnns 111

Figure 27. Quantitative RT-PCR of infected bronchial epithelium model untreated and treated with

= 1= 1 11V TP 113

Figure 28. Interferon response in infected bronchial epithelium model tissues treated with

4= 1 aT= 10 1A/ RO 115

Figure 29. Uteroglobin expression in infected bronchial epithelium model infected with IAV and

treated WIth ZanamMIVIr. .........oooiiiiii 118
Figure 30. IAV inhibitor trials at the infected bronchial epithelium model. ................c.covnnnnnnin. 120

Figure 31. Nanogels penetrate the mucus and enter cellular layer in the 3D bronchial epithelial in

(VLU 4 aTo o = PP P PP P OPPPPPPPP 123
Figure 32. LNP transfection of NHBEC............uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeieeeeieeeneneeieeeeeeeeneneees 126
Figure 33. Curcumin treatment on the bronchial epithelium model. ..............cccoooiinnn, 128
Figure 34. Development of a Cystic fibrosis 3D bronchial epithelial in vitro model. .................. 130

XV



List of tables

List of tables

Table 1.
Table 2.
Table 3.
Table 4.
Table 5.
Table 6.
Table 7.
Table 8.

Table 9.

Influenza available medicine treatments ... 15
ANTDOTIES ... 39
Technical procedure of model embedding into paraffin................cccccoiiiiiiiiiiiiinnns 50
Technical procedure of deparaffinization, hydration and H&E staining......................... 51
CryStal VIOIEt SOIULION .......eeeieieeiiiieeeeeee ettt nnnnnnnnes 56
96-Well Plate or 100-Well Disc Custom PCR Array Template.............cccccvvvvvmmmininnnnnnnns 61
Nanogel COMPOSITIONS ........ooiiiiiiiiiiie e 62
LNP SOIUtioON COMPOSITION ......iiiiiieeiice e e e e e e e ereaaaas 63
Curcumin SOlUtION COMPOSILION ...uuuuiii e e e e e e e e e e e 65

XVI



List of tables

List of contributions
Publication and contribution
Original articles

Charbaji, R., M. Kar, L. E. Theune, J. Bergueiro, A. Eichhorst, L. Navarro, P. Graff, F. Stumpff,
M. Calderon and S. Hedtrich (2021). "Design and Testing of Efficient Mucus-Penetrating
Nanogels-Pitfalls of Preclinical Testing and Lessons Learned. small, John Wiley & Sons, Ltd, DOI:
10.1002/smll.202007963

Conferences

A Eichhorst, M Mieth, S Kaessmeyer, S Hippenstiel, A Hocke, S Hedtrich, Development and
characterization of a human-based bronchial epithelium model for infection studies, Poster
presentation, LIVe LIVe 2018 — Lung In Vitro event for innovative and predictive models, Nice,
France, July 2018

A Eichhorst, M Mieth, S Kaessmeyer, S Hippenstiel, A Hocke, S Hedtrich, Development and
characterization of a human-based bronchial epithelium model for infection studies, Poster

presentation, Tag der Pharmazie, Freie Universitat Berlin, Germany, July 2018

A Eichhorst, M Mieth, S Kaessmeyer, S Hippenstiel, A Hocke, S Hedtrich, Development and
characterization of a human-based bronchial epithelium model for infection studies, Poster
presentation, CSPS/CC-CRS 2019 CONFERENCE, Vancouver, Canada, May 2019

Stiepnds and Grants

Fellowship Nanoscale, Freie Universitat Berlin, Germany, April - December 2017

Fellowship Dr. Hilmer Stiftung, Zur Férderung der Forschung auf pharmazeutischem Gebiet,

Frankfurt, Germany, January 2018 - December 2019

XVII



List of tables

Travel Grant by Women’s Representative (Frauenférderung des Fachbereichs BCP) of Freie
Universitat Berlin for LIVe 2018 — Lung In Vitro event for innovative and predictive models, Nice,
France, July 2018

International fellowship by Bayer Foundation, Otto Bayer Fellowships in Drug Discovery,
Leverkusen, Germany, February - April 2020

XVIII



Introduction

1. Introduction
1.1 Physiology and anatomy of the human lung

1.1.1 Upper Airway

The main function of our respiratory organs is gas exchange; to extract oxygen out of the
atmosphere by inhaling and providing it to our cells, and to remove the side product (carbon
dioxide) from our body. This controls the acid-base balance in the blood vessels and is essential
for the human body. Besides breathing, the respiration organs are the first contact area in-between
environment and the inside of the body. This special location requires the development of
important defending structures and strategies. The entrance forms the nasal and oral cavity,
continues to the pharynx, which is build up from the naso- oro- and hypopharynx and ends with
the larynx to connect with the trachea, the beginning of the lower airway (figure 1) (Ronald Miller
2014). The nose is the external respiratory organ. The nose acts as a filter, preventing particles in
the airstream from entering the body (Sahin-Yilmaz and Naclerio 2011). A similar task is performed
by the oropharynx during breathing through the mouth, as it shields the deeper areas. In the nasal
cavity entrance, nasal hair is present as well, to filter bigger particles (Swift and Kesavanathan
1996). The nasal cavity exhibits a multilayered squamous tissue and the lining of the epithelial
cells starts as pseudostratified columnar epithelial tissue and continues down the whole bronchial
tree (Scherzad, Hagen et al. 2019). Major functions of the conducting zone are passing air in and
out to the respiratory tissue, trapping pathogens and debris, warming and humidify the air and
also involved in swallowing and speech (Pierce and Worsnop 1999).
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Nasal cavity ——
Oral cavity )=~ =~ Nasopharynx
€ R Oropharynx
f:;;—i,;_:fh Hypopharynx
Larynx—\\\ '\
Esophagus ‘
Trachea

Figure 1. Upper airway of a human. The nasal and oral cavity forms the entrance of the upper airways.
The Nasopharynx connects the nasal cavity and the oropharynx, both entry points get connected.
Subsequently the hypopharynx follows, to the side the Larynx is located, the source of vocal, it goes down

to the trachea and the esophagus. Created with BioRender.com.
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1.1.2 Lower Airway

The lung itself is a paired organ and is divided into the right and left lung. The right lung has a
bigger volume than the left lung and contains three lobes. The left lung has two lobes and the
cardiac notch (Chaudhry R. 2020), It is pyramid shaped organ and locates in the thoracic cavity
(French 2009). It is embedded by the intercostal muscles and below by the diaphragm, which are
the necessary muscles for the action of in- and exhalation. The pleura visceralis covers the lung
and the pleura parietalis covers the inside of the chest cavity (Charalampidis, Youroukou et al.
2015). In-between the two pleura surfaces is the essential pleural space, it creates a pressure
gradient and which protects against collapsing and gives space for expanding of the lung during
inhalation. It builds a pleura cavity as a flexible skin which aids the lung for optimal friction during
breathing. A fluid covers the pleura surfaces to enable gliding in the thoracic cavity (Charalampidis,
Youroukou et al. 2015).
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Larynx
Trachea, Bronchi

Primary Bronchi

\
N .
« Ciliated cell ‘ Pulmonary Alveoli

neuroendocrine

. Club cell cell
Alveolar epithelial
% cell type |
Goblet cell
. k Alveolar epithelial
Basal cell cell type II

Figure 2. Lower airway of a human. The larynx and the trachea are the connectors to the lower airway in

the human body. The traches divide at the primary bronchus, into the left and right part. At the secondary
bronchus, the bronchial tree divides again and continues. The final units are bronchioles, which turn into
alveoli where the gas exchange takes place. The tissue is lined by predominately ciliated cells, as well as
goblet cells and neuroendocrine and club cells. All are connected a monolayer of basal cells. In the
bronchioles area, more club cells are contained in the epithelial surface. In the alveolar area there are two

cell types; alveolar epithelial cell type | and alveolar epithelial cell type Il. Created with BioRender.com.



Introduction

The beginning of the lower airway tract derives from the upper airway. The entrance is the larynx
and is connected to the trachea, which branches into the primary bronchi and is followed by the
secondary bronchi (figure 2) (BéruBé, Prytherch et al. 2010). It builds the bronchial tree down to
the bronchiole. The trachea and primary bronchi are predominately lined with ciliated cells. These
cells have 5 um long cilia on the surface, directed into the luminal side. Besides these cells, goblet
cells occur at a ratio of one per six ciliated cells (French 2009). Goblet cells appear in a cup-form,
secret mucin, and thereby form a mucosal layer for protection (Dao DPD 2020). These cell types
work together to form the muco-ciliary clearance, whereby pathogens or particles can be trapped
in the mucus and sent out by the cilia movement. Non-ciliated columnar microvilli cells and
immune cells such as resident dendritic cells, natural killer cells, innate lymphoid cells, T-cells are
found in the lower airway as well (Condon, Sawyer et al. 2011, Qin, Liu et al. 2012, LeMessurier,
Tiwary et al. 2020). Underneath the columnar cells is a monolayer formed of basal cells, these are
precursor cells of ciliated and goblet cells (French 2009). Pulmonary neuroendocrine cells occur
at less than 1% of cells in the respiratory tissue (Kobayashi and Tata 2018).

In the terminal bronchioles, club cells add to the number of non-ciliated cells (French 2009). Club
cells are columnar or cuboidal shaped, and secret surfactant proteins and protective proteins such
as SCGB1A1 (uteroglobin), which forms part of the lining fluid. They are progenitor cells of goblet
and ciliated cells (Reid, Sutanto et al. 2019). The terminal area contains bronchioalveolar stem
cells (BASCs), which can become club cells or alveolar cells. This stem cell property plays an
important role in the transition area from terminal bronchioles to alveoli (Kim, Jackson et al. 2005,
Hogan, Barkauskas et al. 2014). The alveolar sac builds the terminal ends, which contains alveoli,
where the gas exchange takes place and named respiratory tissue. Alveolar tissue contains two
types of alveolar epithelial cell type 1 and type 2 (Guillot, Nathan et al. 2013). Alveolar
macrophages are present in alveolar tissue as a part of the cellular immune response as
phagocytosis and detection of pathogens, activating cells by cytokines and antigen presentation
(Hussell and Bell 2014).

The lungs are complex and essential organ of human body. Small disbalance caused by infection

or other disease can easily disrupt physiological conditions and impacts human health immense.
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1.2 Threats and diseases of the human lung
1.2.1 Influenza A virus

1.2.1.1 Influenza A infections and therapeutic
approaches

Influenza is a common and serious viral respiratory infection with limited therapeutic options, which
can be fatal (Gao, Yao et al. 2016). The influenza virus has been one of the major causes of lung
infections with a high rate of morbidity and mortality (Troeger, Blacker et al. 2019). The need for
a successful therapy is in demand yet is faced with difficulties due to the huge genetic variety of

the virus and the specificity needed for each target application.

1.2.1.2 The Influenza virus

The Influenza A virus itself belongs to the genera of the family Orthomyxoviridae. They all share
eight segmented negative-strand viral ribonucleic acids (RNAs) as their genome and a lipid bilayer
as an outer envelope (Fauquet 2008). The family includes four different virus types as alpha, beta,
gamma, and delta influenza virus, better known as Influenza A, B, C and D respectively. This
distinction is based on the various nucleoproteins of the viruses. Type A, B, C affect humans, type
D is considered to have the potential to do so. Moreover, type A and B are the most severe types
(Zambon 1999, Hause, Ducatez et al. 2013, Peteranderl, Herold et al. 2016).
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Figure 3. Influenza A virus. Virus enveloped by a lipid bilayer and an interior protein layer. Surface proteins
such as Haemagglutinin allow binding to the host cell. The Neuraminidase cleaves the new virus from the
host cell. M2 enables the release of the viral RNA into the host cell by passing protons. Inside eight, single

stranded RNAs, negative sensed contain in the influenza virus.
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The subtype classification of influenza viruses is based on the virus surface proteins, specifically
on the composition of hemagglutinin (HA, H) and neuraminidase (NA, N). HA is the receptor that
docks on the host epithelial cell sialic acid and enables the virus to enter by membrane fusion.
The NA is the enzyme that releases the newly produced virus out of the host cell; it cleaves the
connection of the hemagglutinin and the host sialic acid (Cohen, Zhang et al. 2013). Both are main
responsible infection targets and HA addresses the B-cell immunity for antibody production. The
full nomenclature is based on several pieces of information about the virus; a virus is named by
the class, the type, the country of origin, the isolate number and when it first appeared, for instance
H3N2 (A/Panama/2007/1999) (Fauquet 2008).

The subdivision into serotypes is based on the antibody response. HA has 18 and NA has 11
subtypes (Tong, Zhu et al. 2013), they change frequently by mutation and recombination, which
is why they are a challenge to our immune system (Bouvier and Palese 2008). So far just H 1, 2,
3 and N 1, 2 have caused a relevant infection in the human body, specifically A/HIN1, A/H2N2,
A/H3N2 (Peteranderl, Herold et al. 2016). Also, avian-origin influenza virus H5N1, H7N9 infected
hundreds of people, but were not as dangerous as the others so far due to the low rate of
transmission in humans (Gambotto, Barratt-Boyes et al. 2008, Gao, Cao et al. 2013). In
comparison, Influenza B is not divided into subtypes, just two different lines; the Yamagata and
Victoria line have been circulating for years (Biere, Bauer et al. 2010) and are both responsible for

the seasonal flu.

An important aspect is the subtype of HA, as this determines in which part of the bronchial tract
the virus binds, and therefore which species are affected (Couceiro, Paulson et al. 1993, lbricevic,
Pekosz et al. 2006, de Graaf and Fouchier 2014). The virus attaches to sialic acid (SA) and
different types of SA 2-3 and SA 2-6 bindings occur in the human body. SA 2-3 is predominantly
distributed in the lower airway and SA 2-6 in the upper airway (de Graaf and Fouchier 2014).
Avian-origin virus predominantly affects the lower airway, whereas human-origin virus targets the
upper airway (Matrosovich, Matrosovich et al. 2004, Matrosovich, Matrosovich et al. 2007). The
location of binding plays an important role for the transmission of the virus as well (Saunders-
Hastings and Krewski 2016). These aspects are important factors for the severity and danger of
the virus, which has led to the hypothesis that if the upper airway is affected, a transmission is
more likely to result than when binding occurs in the lower airway (van Riel, den Bakker et al.
2010). Additionally, the weather conditions are an important factor. The epidemic peak in winter
is caused by different reasons; the cold and rainy weather conditions cause people stay indoors

more, where the transmission from person to person becomes easier (Goldmann 2000).
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Furthermore, increased relative humidity, for example during rainy weather, increases the stability
of aerosols, which contains virus particle enclosed in droplets (Marr, Tang et al. 2019).
Additionally, cold and dry air has a positive effect on the remaining aerosol as well, as shown in
an animal trial (Lowen, Mubareka et al. 2007), enhancing airborne transmission. This hypothesis
also helps explain the low flotation in tropical countries (Viboud, Alonso et al. 2006, Alonso, Viboud
et al. 2007). More arguments are a higher vitality status of the hosts during summer season, which
relies on Vitamin D storage, caused by an increased UV radiation (Adams and Hewison 2008,
McDevitt, Rudnick et al. 2012). Other hypotheses even include travel, which is more relevant
during cold seasons (Grais, Ellis et al. 2004).

1.2.1.3 Historical background of influenza infections

The viral threat by influenza to humanity was scientifically documented for the first time in 1580
(Potter 2001). Even earlier, historical records indicate the occurrence of influenza back to 412 BC
by early Greek writings from Hippocrates (Pappas, Kiriaze et al. 2008). During the last century,
the world witnessed the most lethal pandemic situation caused by an influenza virus, the Spanish
flu (HIN1). The outbreak caused 27 to 100 million deaths around the globe (Morens and Fauci
2007). Earlier presumptions suspected that a bacterium caused the infection outbreak, but clarity
came 1932 by the first isolation of the virus itself (Smith, Andrewes et al. 1933, Smith, Andrewes
et al. 1935, Bazin 2011). It was followed by more pandemic outbreaks caused by the Influenza
Virus, the Asian flu (1957-1958), Hong Kong flu (1968-1969) and 2009 flu pandemic (2009-2010).
The date of occurrence and severity of the coming threat is uncertain. Currently the world is still

suffering of the seasonal outbreak of the influenza virus.

The seasonal flu, which is mainly at an epidemic level, causes a fatality rate of < 0.1 (Paget,
Spreeuwenberg et al. 2019). In comparison to the previously mentioned pandemics, it has a lower
fatality rate, but is still harmful for the population and there is a need for effective therapies.
Immunization is the most promising strategy. The first investigation into an influenza vaccine
started in the mid-1930s. Initially, vaccines were monovalent preparations, i.e. they protected
against one strain of the influenza virus (Barberis, Myles et al. 2016). The development of the
influenza vaccine improved greatly in the past decades, and today the seasonal vaccine is
guadrivalent, providing protection against four different virus strains (Mosnier, Launay et al. 2018).
Nevertheless, the greatest difficulty is the fast mutation rate of the influenza virus, which impedes
the development of a universal vaccine. During a single replication and translation process of virus

RNA in a host cell, reading failures occur. As the virus lacks the proof-reading mechanisms
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required to correct these errors (Cheung, Watson et al. 2014), they lead to permanent antigenic
shifts of the virus (Westgeest, Russell et al. 2014). Vaccine protection often does not last longer
than a few years because of the virus gene variation. However, every year the World Health
Organization (WHO) predicts which virus strains are likely to circulate in the following flu season,
one year ahead of the seasonal outbreak (Klimov, Garten et al. 2012, Barr, Russell et al. 2014).
The pharmaceutical industry needs a year for production to provide millions of vaccines. The WHO
recommends two different vaccines combinations per year, because there are two different flu
seasons on the globe: in the northern hemisphere from November to March and in the southern
hemisphere from May to September. Recently the FDA approved a high-dose quadrivalent
vaccine for people over 65 years of age, to induce an increased immune response and thereby
provide better protection against the seasonal flu (Grohskopf, Alyanak et al. 2020).

1.2.1.4 Influenza virus reproduction in the host cell

A closer look at the replication process explains the high mutation rate. As already mentioned,
hemagglutinin binds to glycoconjugates with sialic ends. The binding triggers endocytosis, where
the virus becomes enclosed in an endosome (figure 5). The virus activates the M2 channel to let
protons pass to the virus inside and lower the pH (Rust, Lakadamyali et al. 2004). This triggers a
structural change of hemagglutinin to fuse proteins, that mediates the fusion of the endosome
(White, Helenius et al. 1982). Through the pH change, proteins and RNAs become detached,
which is part of the uncoating process. It results in the RNAs and associated proteins being
released into the cytosol of the host cell (Martin and Helenius 1991). The nucleoproteins cover
the RNA strands and recruit the binding of alpha importin (Wang, Palese et al. 1997). The a-
importin binds to B-importin and it directs the RNA to the nucleoplasm through the nuclear pores
(Martin and Helenius 1991).

Once inside the nucleus, the RNA replication process can proceed. RNA segments are ‘minus’ (-
) RNAs. These are noncoding strands which need to be transcribed into positive strands before
being used for protein translation. If the viral RNA is replicated without modification it is referred
to as complimentary RNA (‘cRNA’) (Pflug, Lukarska et al. 2017). The viral RNA can also be
transcribed into mRNA by viral polymerase. This transcription is started through ‘cap-snatching’,
in which the host cell RNA is used as the 5’ cap for mRNA synthesis. The produced RNA receives
a poly-A tail and 5’ cap to protect the strand against degradation (Pflug, Lukarska et al. 2017).

The mRNA leaves the nuclei through the cell pores. In the cytosol, host ribosomes translate the

RNAs into proteins (Yangiez and Nieto 2011). The proteins are packaged into endosomes at the
10
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Golgi apparatus, creating a new virus which gets released from the host cell to infect more host
cells. Because of the absence of RNA proofreading enzymes, the RNA-dependent RNA
polymerase that copies the viral genome makes an error roughly every 10 thousand nucleotides,
which is the approximate length of the influenza viral RNA (Steinhauer, Domingo et al. 1992). That
means the new virus copies are mainly mutants, and this is the cause for antigenic drift. A slow
change of the surface proteins is the reason for a changing immune response to the antigen in
the human body (Wang, Taaffe et al. 2006). A homologous recombination happens when two
viruses infect one host cell during the replication process, but it plays a minor role in the human
influenza A evolution and drives the mutation rate (Boni, Zhou et al. 2008). The faulty process of
the virus replication leads to a rapid change of the presenting antigens which allows it to overcome

appropriated protective immunity.
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Figure 4. Influenza virus reproduction in a host cell. The virus binds with HA at sialic receptor on host
cell surface (1). By endocytosis, a fusion (2) of the virus takes place. Inside the endosome the pH is around
5. When M2 activates, protons pass inside the virus and lower the pH to 5 there too, thereby triggering a
confirmation change of haemagglutinin and fusion with the endosome layer, which releases the viral RNA.
Viral RNA binds to a-importin, it connects to 3-importin and imports the viral RNA inside the nucleus (3).
Transcription to + sensed RNA is the first step by the viral polymerase (4). A poly-A tail is attached to the
viral RNA and developed to mRNA. The nuclear export of mMRNA occurs through pores in the nucleus (5).
Translation is performed by ribosomes in the ER (6) and assembly of the virus happens at the Golgi

apparatus, where the virus is packaged into an endosome (7). The new virus endosome buds at the host

cell surface (8) and is released by enzymatic cleavage of NA to infect more cells (9).
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Mutations enables viruses to infect new species as well, which is referred to as ‘zoonotic overlap’
(Mostafa, Abdelwhab et al. 2018). The seasonal infections or pandemics are mainly caused by
the 1AV strains HIN1 and H2N3, which circulate in humans. Almost all IAVs occur in the aquatic
bird reservoir, for example H5N1, H5N6, H6N1, H7N9 etc., which are also called avian influenza
virus. When species cross from birds to mammals/humans, infections and fatality can occur (Parry
2013). This poses the danger of a pandemic and is one reason for the challenging treatment of

the seasonal flu.

1.2.1.5 Hostimmune response to influenza

Typical symptoms of an influenza infection appear abruptly and are characterized by fever,
myalgia, malaise, and loss of appetite. Potential symptoms are an unproductive cough, vomiting,
diarrhea, runny nose, or sore throat (Monto, Gravenstein et al. 2000). The infection lasts for 5— 7
days. These physical symptoms are the result of the biochemical actions provoked by the virus
infection. Interferons (IFNs) play a central role in this, as they induce primary reactions during a
viral attack. IFNs are a subgroup of cytokines and are classified into three types. Type | is IFN-q,
B, 8, €, K, wand T, type Il is IFN-y and type lll is IFN-A, some have additional further subtypes. The
type arises from the receptor binding. IFN type | and Il are the lead components of a viral defense
(Chen, Zhang et al. 2016). The first activated genes are IFN--1 and IFN-a, followed by IFN-A.

However, to start IFN synthesis, the virus needs to be recognized by the host cell. Human cells
have the ability to detect non-self-molecules because of pattern recognition receptors (PRRs) on
the host cells or even on innate immune cells, such as the retinoic acid-inducible gene-I protein
(RIG-I) (Cao 2016). They are able to detect pathogen associated molecular patterns (PAMPS)
(Medzhitov and Janeway Jr 1998), e.g. single stranded viral RNA. Some outside and internal parts
of the host membrane contain Toll like receptors (TLR). Through TLR activation, signals are
transduced to their cytoplasmic Toll like interleukin receptor, causing genetic induction for protein
transcription of interferons. TLRs react to specific PAMPS. Relevant for IAV are TLR 3, 7 and 8,
located at the inside of endosomes and lysosomes, as these recognize nucleic acid PAMPs
(Kawai and Akira 2010).

TLR 3 recognizes unidentified RNAs of phagocytosed infected cells. It transmits the pathway by
a Toll-Interleukin receptor domain (Schulz, Diebold et al. 2005), it directs nuclear factor kB (NF-
kB), activating protein 1 and regulatory factor 3 and results in inducing IFN-3 (Hiscott, Lin et al.
2006).
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Single stranded RNA is sensed by TLR 7 and TLR 8, together with the adapter molecule myeloid
differentiation primary response protein 88 (MyD88) (Lund, Alexopoulou et al. 2004). They
associate with kinases as the interleukin-1 receptor—associated kinases IRAK1 and IRAK4, and
the tumor necrosis factor receptor—associated factor 6 (TRAF6). As a complex, they activate IFN
regulatory factor 7 (IRF7), NF-kB and activating protein 1. The translocation of the transcription
factors into the nucleus activates the genome transcription of IFN and proinflammatory cytokines
(Lund, Alexopoulou et al. 2004).

Released IFNs target the type | or Il IFN receptor, IFN I interacts with the IFN-a/R-receptor and
IEN 111 with IFN-A-receptor (de Weerd, Samarajiwa et al. 2007, Miknis, Magracheva et al. 2010).
For IFN-a/R-receptor, it contains two subunits IFN-A receptor 1 (IFNAR1) and IFNAR2 (Jaks,
Gauvutis et al. 2007). IFN-A-receptor subunits are heterodimeric as well, it contains IFN-AR1 and
IL-10R2 (Gad, Deligren et al. 2009, Miknis, Magracheva et al. 2010). Following the receptor
confirmation change, the subunits dimerize, kinase Janus-activated kinase 1 (JAK1) and tyrosine
kinase 2 (TYK2) associate with the receptor (Lavoie, Kalie et al. 2011). IFN-A-receptor associates
with JAK1 and JAK2. Through autophosphorylation of the ligands the signal transducers and
activators of transcription 1 and 2 (STAT1 and STAT2) dimerize (Rawlings, Rosler et al. 2004).
The phosphorylated STAT1-STAT2 bids with IFN regulatory factor 9 (IRF9) complex and form
IFN-stimulated gene factor 3 (ISGF3). It translocates to the nucleus and binds to deoxyribonucleic
acid (DNA) regulatory sequences, containing IFN-stimulated response elements (Schneider,
Cheuvillotte et al. 2014). The resulting stimulation leads to the transcription of more than hundred
IFN-stimulated genes, whose concerted action lead to the generation of an “antiviral
state”(Randall and Goodbourn 2008). IFN-stimulated genes restrict the viral entrance into host
cells, by e. g. cell membrane alteration as cell adhesion and curvatures (Brass, Huang et al. 2009).
Additionally, through the IFN-stimulated genes antiviral host factors such as tetherin becomes
expressed to suppress the virus export to the surface (Evans, Serra-Moreno et al. 2010). Natural

killer cells become activated as well (Lee, Rao et al. 2000, Paolini, Bernardini et al. 2015).

1.2.1.6 Medical treatment of influenza

Though medical options exist for influenza treatment, there is a need for improved efficacy of
therapies. Antiviral therapies against influenza are limited to either M2-membraneprotein-
/Endonuclease-inhibitors or Neuraminidase targeting therapies. Current medicines do not attack
the virus itself to eliminate it; infected cells stay attacked but the infection is halted. This means

that the treatment is most effective if started early of even in prophylactic use. A therapy can
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shorten the duration of illness to less than 0.5 — 1.5 d of the infection time of 6.6 — 7 d, if used 48h

after the first symptoms (Jefferson, Jones et al. 2014)

Medical substance Medical Target Mechanism of action
group substance
M2 inhibitor Amantadine M2-membran protein | Inhibit M2, protons do
Rimantadine not enter, results in no
release of viral RNA
Neuraminidase inhibitor | Oseltamivir Neuraminidase Block the release of
Zanamivir new produced viruses

Table 1. Influenza available medicine treatments
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M2-membraneprotein inhibitor therapies

M2-membraneprotein inhibitors (M2 inhibitor) block the ion channels of the virus. Protons of the
lysosome cannot enter the virus and therefore the virus envelope stays stable. It is effective
against IAV but not against IBV. IBV contain a BM2 channel, which differs structurally to M2
(Mould, Paterson et al. 2003). Common M2 inhibitors are Amantadine and Rimantadine. Usage
is associated with strong side effects such as nausea, loss of appetite and effects on the central
nervous system (Lehnert, Pletz et al. 2016). The main concern is the high risk of developing
resistance and the passing on of resistant virus (Monto 2003). Therefore, M2 inhibitors are not

first line treatment.

Neuraminidase targeting therapies

Several drug therapies target the surface enzyme Neuraminidase, as it plays a role in releasing
new replicated viruses from the host cell, to infect more cells. NAls are effective with both IAVs
and IBVs. Oseltamivir and Zanamivir are two Neuraminidase inhibitors (NAIs)(von Itzstein, Wu et
al. 1993). Oseltamivir is an oral prodrug; the activated drug is Oseltamivir decarboxylate.
Zanamivir is an inhaled drug, because of its zwitterion structure. The polar chemical structure
hampers the oral bioavailability, reducing it to 2 % in contrast to the inhaled bioavailability of 4 —
17 % (National Center for Biotechnology Information 2020, 12, 21). Nevertheless, Oseltamivir has
side effects such as headache, nausea, and vertigo. Therapy with Zanamivir has been known to
cause eczema. In a pandemic situation, the intake of NAls for 16 weeks can be used as a
prophylactical treatment (Anekthananon, Pukrittayakamee et al. 2013). The drug of first choice
depends on the sensitivity of the circulating virus strains. For instance, the influenza strain HIN1
from 2007/2008 showed a resistance of 98 % to Oseltamivir, because of a single amino acid
substitution. This is in contrast to the following year, where Oseltamivir succeeded to 100 %
against the pandemic H1N1 virus (Adam, Angie et al. 2009). The emerge of the virus strain is
unpredictable, it results of rapid mutations and gene drifts. Different antiviral strategies are

necessary.

Zanamivir, also known as Relenza, is currently on the market as produced by GlaxoSmithKline
(GSK). The recommended dose is to inhale twice 5 mg or once 10 mg per day for 5 days. In the
bronchial tract, it acts as a sialic acid analogue. The newly produced virus gets released via
cleaving the sialic acid residues bound from glycoconjugates of the infected epithelial cell by the

virus-produced neuraminidase. Mimicking the target of the sialidase inhibits the spread of the virus
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in the human body. Zanamivir (4-guanidino-2,4-dideoxy-2,3dehydro-N-acetylneuraminic acid)
was identified as a successful inhibitor after testing many candidates (von Itzstein, Wu et al. 1993).
The FDA approved Zanamivir for the therapy of Influenza A and B in 2006. Preclinical trials in in
vitro cultures showed IC50 by around 0.33 nM tol3 nM Zanamivir concentrations (Ferraris,
Kessler et al. 2005, Memoli, Hrabal et al. 2010, Okomo-Adhiambo, Sleeman et al. 2013). In these
tests, throat swabs of influenza patients were collected and tested on MDCK cell culture and were

treated by the new neuraminidase inhibitor (Ferraris, Kessler et al. 2005).

1.2.2 Monogenetic diseases in the lung as Cystic fibrosis

Besides pulmonary viral infections, non-viral diseases like cystic fibrosis can lead to pulmonal
disfunction, and these patients in turn can develop pulmonary infections. Cystic fibrosis (CF) is a
lethal, inherited, autosomal recessive disorder where a genetic mutation occurs in the Cystic
Fibrosis Conductance Transport Regulator (CFTR). When mutated, the mucus viscosity is
significant increased, and the mucus transport is impaired, thereby more mucus accumulates in
the lumen (figure 6). CFTR is highly expressed in the lung and other organs as pancreas,
intestine, vas deferens and sweat glands (Kerem, Rommens et al. 1989, Rommens, lannuzzi et
al. 1989). The channel exchanges the anions chloride and bicarbonate, and controls muco-ciliary
clearance (Stoltz, Meyerholz et al. 2015). In those with CF, decreased chloride secretion and
increased sodium absorption is observed, and this disfunction causes insufficiently hydrated
mucus (Saint-Crig and Gray 2017). The absent or impaired CFTR channel increases the function
of the epithelial Na* channel (ENaC) (Berdiev, Qadri et al. 2009). ENaC normally regulates
homeostasis by absorbing Na* ions into the cell, whereas in CF patients ENaC is hyperactive to
decompensate for CFTR disfunction. However, this induces even more water to follows the
osmotic gradient, causing further dehydration of the airway mucus (Boucher 1994, Mall and
Galietta 2015). The channel locations are in the apical membrane of the epithelial cells and are

the contact point to the lumen.

Patients suffer from muco-obstruction and are prone to severe lung infections which are often the
cause for the reduced life expectancy of about 40 years (Elborn 2016). The thick mucus layer
serves as pathogen trap, however the low movement, caused by the viscosity, does not allow a
protective transport out of the airway. Germs chronically colonize the CF patient’s airways,
eradication mainly fails. (Whiteley, Bangera et al. 2001). The chronic infections mainly account for

the morbidity and mortality of CF patients (Lyczak, Cannon et al. 2002).
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CF

Healthy @?a
Figure 5. A healthy and a CF pulmonary epithelial cell. The healthy cell (left) shows a functional CFTR
channel, CFTR exports CI- ions to the lumen and ENaC transports Na* ions into the cell. Water, Na* and CI-
exchange to the lumen and back through intercellular paths. The CF cell (right) shows decreased CI
secretion because of the dysfunctional CFTR, ENaC gets hyperactive to compensate CFTR. In turn, water
and CI- ions flow to the cytosol side. This results in dehydrated mucus, which is difficult to move by muco-

ciliary clearance.
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The basic CF therapy is symptom based, and includes mucolytics and broncho dilatators
sometimes in combination with glucocorticoids and antibiotics. Applied as mucus thinners is
hypertonic saline (3 %, 3,5 % and up to 7 %) which dilutes the mucus by inhalation when water
strains to the lumen and hydrates the mucus. Another enhancer belongs to the group Dornase
alfa. A recombinant human deoxyribonuclease | (rhDNase) (MacConnachie 1998), it cleaves
extracellular DNA from leucocytes which accumulates in the lung sputum caused by infections.
By hydrolysis of the neutrophil DNA it reduces the sticky viscosity of the airway phlegm (Amin,
Subbarao et al. 2011, Konstan and Ratjen 2012).

Other targets are [32-receptors, as the lungs dilate after inhalation of 32 sympathomimetics
(Ziebach, Pietsch-Breitfeld et al. 2001, Hordvik, Sammut et al. 2002, Halfhide, Evans et al. 2005).
The bronchus dilatation can also be useful as a pretreatment for applying other medication such
as antibiotics. Upon dilation, subsequent medication can reach lower parts of the lung (Brand
2000). Together with inhaled glucocorticoids, they are used to suppress the immune reaction.
Cochrane reviews do not present much effective evidence of this combined drug treatment
(Balfour-Lynn, Welch et al. 2019).

Besides the previously discussed symptom-based therapies, there are limited targeted therapeutic
options currently available. They address the CFTR directly. These are channel modulators, such
as correctors, potentiators and stabilizers, as lvacaftor, combined with other modulators as
Lumacaftor, Tezacaftor and Elexacaftor. lvacaftor alone potentiates the channel so that more ions
pass through, (Van Goor, Hadida et al. 2009, 2012). Lumacaftor corrects the protein folding,
resulting in a stabilized transporter (Boyle, Bell et al. 2014). Tezacaftor itself supports the
trafficking of misfolded proteins, allowing more functional transporters at the membrane surface
(Kirby 2018). The youngest approved medication (approved in August 2020) combines
Tezacaftor, Elexacaftor and lvacaftor. Elexacaftor functions as a corrector (Middleton, Mall et al.
2019). In general, the combined medications were mainly developed for the most common
mutation AF508 (phenylalanine 508 (Phe508del), ~90 % of all CF cases worldwide). The
therapeutics sound quite promising, but not every drug can be utilized by all patients, because of
the high variety of CFTR gene mutations (Castellani, Cuppens et al. 2008). In clinical settings,
applied CFTR modulators show an increase of only up to 10 % measured by the lung function

(Heijerman, McKone et al. 2019), lower than hoped.

Currently, CF cannot be cured and the available treatment options focus on a symptomatic

treatment. All these reviewed therapeutic options impact positively the patient survival, decrease
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morbidity and lethality. However, patients still suffer greatly and have limited quality of life,

particularly those affected by orphan mutations.

With the discovery of CRISPR-Cas, a highly promising treatment option for CF patients emerged.
Monogenic diseases such as cystic fibrosis are the ideal candidates for gene therapy using
CRISPR-Cas. A successful result will pave the way for the establishment of new therapeutic
options to correct CF-associated mutations aiming for a cure for CF. This technique offers an
individual therapy, ideal for CF’s high mutation diversity that requires highly specific treatments.
This therapy would enable an improved life quality and life expectancy for patients.

However, a major obstacle for gene therapy is the delivery of CRISPR-Cas to the target cells in
the lung. Here, mucus and cilia movement hamper the delivery as described in the previous
section on the delivery of nanogels. In CF, the delivery is even more difficult due to the highly
viscous mucus. Hence, sophisticated delivery strategies are needed to allow local application of
cell transfection. Currently, viral delivery systems and electroporation are most frequently used,
however, these techniques have clear limitations and cannot readily be applied in vivo (Hida, Lai
et al. 2011). Hence, non-viral delivery systems such as lipid-based nanoparticles are needed to
aim for an in situ correction of disease-causing mutations. Lipid nanoparticles (LNPs) are one of
the most advanced delivery systems and might promise successful and safe delivery for genetical

tools as CRISPR-Cas to target cells, such as those needed to treat cystic fibrosis patients.
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1.3 Delivery systems for lung therapeutics as Nanogels and
Lipid Nanoparticles

Major administration route for most lung therapeutics is drug inhalation. It has the advantage
above orally delivered drugs, because they function in systematic pathways in our organism. This
causes side effects, which can range from mild to severe symptoms. For patients with combination
therapy, drug interactions can appear. The ideas of addressing the point of action directly, and
additionally to enclose the drug in smart delivery system that induced fewer side effects, have
been in favor in drug development for years and even promote patient compliance. It allows a

lower drug dose and is less harming in a systematical path.

These advantages are very convincing, and a lot of investigations succeeded even for chronic
diseases where long-term uptake of drugs are unavoidable e. g. the therapy of asthma bronchial
(Rau 2005). The topical use of inhaling drugs addresses the target directly as R-
sympathomimetics, in asthma bronchial. Inhaled application also reduces side effects when

glucocorticoids are used to suppress inflammation (Dahl 2006).

Inhaled application of drugs is made challenging by the structure and function of the lungs. The
human lung surface and the cilia are covered with thick mucus layers, which is part of the immune
system and one of the first defense barriers to protect our body. Lung mucus is produced mainly
by goblet cells and submucosal glands (Ostedgaard, Price et al. 2020). Collected mucin granule
is generated in vesicles and stored in cells until secretion (Adler, Tuvim et al. 2013). It contains a
complex combination of mucins, glycoproteins, ions, lipids and immune factors as IgA, transferrin,
lysozyme and defensins (Singh, Parsek et al. 2002, Thornton and Sheehan 2004). Mucins are
glycoproteins, they hold typically an amino- and carboxy-terminal. The ends are partwise
glycosylated and abundant with thiolated proteins such as cysteine and glutathione. Cysteine and
Glutathione have a characteristic thiol group (R-SH), which can easily form disulfide bridges (R-
S-S-R) and connect single monomers, mainly performed in the Endoplasmic reticulum. More
polymerization follows in the Golgi apparatus, as well the O-glycosylation (Adler, Tuvim et al.
2013). The construct of formed polymeric mucins builds a sticky colloid system. These
characteristics form the perfect trap for bacteria, fungal or foreign bodies, to protect our bodies

from infections.

The genes MUC2, MUC19, MUC5B and MUC5AC are mucin genes expressed in a human lung,
MUCS5AC and MUC5B predominate (de Sousa and David 2006). MUCS5AC is mucin produced by

goblet cells, MUC5B is a mucin of submucosal glands (Wickstrom, Davies et al. 1998). The
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polymers are homotopic, the single monomers just bind the other monomer of the group
(Thornton, Rousseau et al. 2008). Through noncovalent bindings, the homotopic polymers
crosslink like a network with each other (Thornton, Rousseau et al. 2008). Water binds through
the glycan terminus. Only 1.5 - 2.5 % of a healthy mucus are solid components, this proportion of
solids and liquids forms a hydrogel (Hill, Vasquez et al. 2014). This density is perfect to trap
pathogens, but consequently, drug delivery system such as patrticles or simple nanogels get stuck
as well. The mucus, together with ciliated cells, forms the muco-ciliary clearance; a synergistic
protective power. It is the main innate defense mechanism of the respiratory system (Bustamante-
Marin and Ostrowski 2017).

For decades, labs have been studying effective drug targeting systems. Approaches distinguish
between mucoadhesive and mucus penetrating particles (Lai, Wang et al. 2009). Each type can
be beneficial for different treatments and it primarily depends on the target area. The idea of
mucoadhesive particles is to keep the drug at the target location for as long as possible, to prolong
the therapeutical effect. For example, antibiotic vaginal suppositories to treat an infection target
the vaginal flora environment (Rossi, Bonferoni et al. 2014). Mucoadhesive enhancers can be
polymers such as polyacrylic acid, sodium carboxymethylcellulose, hyaluronic acid, chitosan etc.
Their properties are high viscosity, abundant mucin interactions as covalent and polar bonds
(Boddupalli, Mohammed et al. 2010).

To allow a therapy to reach the epithelial cells, smart drug formulation is necessary. Muco-
penetration is necessary as these cells are below the mucus layer. For instance, muco-penetration
is essential in gene-therapy to treat CF cells (Hida, Lai et al. 2011). Here, as few mucus
interactions as possible are in favor. Also, features are applied such as mimicked virus surface
properties. Viruses have a highly charged surface, which provides a hydrophilic charge and lowers
the hydrophobic mucus interactions. This technique has allowed viruses to avoid the mucus
adhesive interactions for many centuries (Olmsted, Padgett et al. 2001, Olmsted, Padgett et al.
2001). Similar features were observed in proteins as well e. g. in antibodies as IgA to be able to
operate in a mucus environment (Saltzman, Radomsky et al. 1994). An added PEG-layer offers a
mimicked advantage and enhances the passage by creating a hydrophilic shell (Lai, O'Hanlon et
al. 2007).

The lab of Marcelo Calderén has developed degradable nanogels. The idea is based on
minimizing the interactions of nanoparticles and surface to allow muco-penetration. The nanogels

contain dendritic polyethylene glycol (dPEG) with disulfide bonds as a controlled drug delivery
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system. The nanogels were polymerized with poly-N-isopropylacrylamide (PNIPAM) and poly-N-
isopropylmethacrylamide (PNIPMAM). The hypothesis is that by forming disulfide bridges with the
mucin proteins which are containing thiol to disentangle the mucus layers. | have tested
disulphide-containing biodegradable nanogels, PNIPMAM-(S-S)-dPG nanogels and as control
non-degradable nanogels PNIPMAM-dPG and the same set loaded nanogels with Etanercept on
the bronchial epithelium model. For fluorescence analysis all nanogels were labeled with

Rhodamine-B.

Another delivery system are lipid nanoparticles (LNPs). These days, they are one of the most
advanced formulations for delivery. LNPs are applied e. g. in gene therapy. For RNAI gene therapy
(Onpattro®), first approved gene therapy by FDA in 2018 (Akinc, Maier et al. 2019). Their LNP
system has been shown to transfect large molecules into the intracellular environment of target
cells. The LNP system is composed of 4 lipid constituents - cationic lipid, also called “helper lipid”
(e.g. distearolyphosphatidycholine or DSPC), cholesterol, PEG-lipids and siRNA (Kulkarni,
Witzigmann et al. 2019). Cationic lipids are pH-sensitive components that enhance the loading
and encapsulation process. PEG-lipids influence the particle size and the transfection rate
success (Heyes, Hall et al. 2006). ApoE is well-known lipoprotein involved in lipo-metabolism in
our bodies. ApoE’s main function is to interact with the low-density lipoprotein-receptor (LDL-R)
for leading to endocytose of the LNP(Yao, Gordon et al. 2016). Its feature is used to support
uptake for e. g. LNP enveloped siRNA into cell. LNPs are a promising tool for further genetical
therapies as e. g. delivery of CRISPR Cas to treat or even cure monogenetic diseases as Cystic

Fibrosis.
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1.4 Drug development

New drug candidates are tested every day, with the aim of improving the life quality of patients
and prolonging our lives. There is a long process of testing and evaluation before a newly-
discovered substance becomes a final drug which released on the market and available for use
in therapy. Drug discovery takes 12 years on average, and this process carries immense costs
(Van Norman 2016). Despite the duration and cost, this stringent development path exists for our
safety.

The first step in the process is ‘early target discovery’ or ‘target to hit’, which describes the search
for an addressable object for a medical substance (Paul, Mytelka et al. 2010). To identify
molecules that can be targeted to treat specific diseases, biochemical processes need to be
studied in-depth and all major consequences of the disease should be identified on cell level.
Information about the symptoms enhance the chances of finding a target of interest. Receptors
and enzymes are common targets, with the goal of the drug compound being to inhibit or to

increase their action.

A promising target is helpful, but it is crucial to subsequently discover a substance that can act
upon this target as a new active agent, the ‘hit to lead’. These are often found through high
throughput screening of possible fitting substances for the target. With each round of testing,
possible active substances are eliminated until only a few possible candidates are left.
Computational chemistry (‘in silico tests’) can be used to increase the chances of drug discovery
and optimization (Brogi, Ramalho et al. 2020). Before moving on to the second step, these
candidates agents are validated and improved. Chemical optimization is used to modulate and
improve the active agent, such as attaching functional groups e. g. to increase the affinity to the
target (Krall, da Cruz et al. 2016).

The second step is where proof of concept is tested in in vitro and in vivo models, to evaluate
pharmacology (a proven improvement of the state of the relevant disease) and toxicology (it must
not harm the test subject or show toxic effects). As an in vivo model, rodents are often used, and
non-human primates can be used in final stages (Watson and Platt 2012). There is a long process
of testing and evaluation before a newly-discovered substance becomes a final drug on the market

and available for use in therapy.

The drug is not given to humans until the third step, the clinical development. This is subdivided

into three phases. During Phase one, also named ‘first-in-human’ is made up of a small amount
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of healthy people. Studying the pharmaceutical effect in a human body and to find the right dosage
are necessary to confirm that the substance is safe (USA 2018). During Phase two, the drug is
applied to patients and the number of probands number increased (100-300) (Sanne, Piliero et al.
2003, Van Norman 2016). In Phase three, the number of patients is increased to several
thousands, allowing the safety and efficacy of the drug to be thoroughly evaluated in a diverse
population (Lara, Douillard et al. 2011). Different hospitals all over the world participate in these
studies (Teicher 2013). Upon successful testing, the drug can receive the approval of a local
medicine agency, such as the Food and Drug Administration (FDA) or European Medicines
Agency (EMA) to release the product to the market. The data collection and observation of medical
reports that persists after release forms the last step of new therapeutics (Van Norman 2016).

1.4.1 Alternatives to animal testing in preclinical research

Preclinical research is an immensely important stage. Preclinical research evaluates safe
candidates by testing toxicology, pharmacokinetics and pharmacodynamics. (ICH M3(R2) Non-
clinical safety studies for the conduct of human clinical trials for pharmaceuticals). Though these
essential points are covered, efficacy is lost in the translation from animal to human. During the
clinical phase, approximately 90% of compounds fail drug approval (Despina G. Contopoulos-
loannidis 2003, Seok, Warren et al. 2013, Hay, Thomas et al. 2014), for example in cancer
research (Kola and Landis 2004, Sharpless and DePinho 2006). Data shows that animal research
results struggle to predict the action in the human body and can lead to harmful or misleading
medical solutions (Marti¢-Kehl, Schibli et al. 2012, Akhtar 2015). Reversely, promising candidates
can be excluded too early if they do not show efficiency in an animal, when they might have worked

in a human.

An animal model is only used if it is ethically inappropriate to test in humans, but is that the only
solution? The animals used for pulmonary research are rodents such as mice, rats, hamsters,
genuine pigs, also equids are tested (Barrios 2008, Peake and Pinkerton 2015, Carrington, Jordan
et al. 2018, Rosen, Chanson et al. 2018). Pulmonary research is particularly challenged by the
translation from an animal to a human body. The airway anatomy and physiology of rodent and
human differs immensely, yet animal models are still exceedingly present in preclinical research;
the length of the bronchial tree, angle of the trachea and bronchos connections, several points of
the airway architecture is dissimilar in comparison to the human lung (Peake and Pinkerton 2015).
Rodents and equids have alveolar ducts, whereas primates (as well as cats and dogs) have

respiratory bronchiole locates between the terminal bronchiole and alveoli (Peake and Pinkerton
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2015). Anatomy plays an important role in studying pathogenesis, requiring careful attention to

inter-species differences.

Airway diseases such as bronchial asthma are uniquely human diseases, as broncho constriction
does not occur in mice (Bates, Rincon et al. 2009). Only cats and equines next to humans and
non-human primate exhibit eosinophilic bronchitis, which is one essential symptom of asthma
(Herszberg, Ramos-Barbon et al. 2006, Williams and Roman 2016). Nonhuman primates exhibit
almost all asthma bronchial symptoms which can be observed in a human (Coffman and Hessel
2005). Testing non-human primates is more challenging, not only in terms of ethical considerations
but also in terms of cost; very few institutes house and test these species. On the other hand, it is
important to keep in mind the high cost of exploring treatments that showed falsely promising
results due to the use of a rodent model (Chatfield and Morton 2018).

Limits of animal models occur in infection studies as well. There are two shortcomings of using
mouse models to study infection of the airways. First, disease related host-pathogen-interactions
may differ, taking other routes of infection or not causing infection at all. Secondly, upon infection,
rodents and humans may show very different symptoms, especially against bacteria or virus

contagions (Swearengen 2018, Mufioz-Fontela, Dowling et al. 2020).

Human lungs contain a complex tissue physiology. Various specific cell types as ciliated, club and
goblet cells among others line the airway surface in a multidimensional system. The architecture
is difficult to rebuild. It represents the difficulty of studying this essential organ and to translate the
observations from an animal model to a human. For instance, there is a need for a bronchial
epithelial in vitro model as a test matrix for infections, rather than relying on mice models.
Specifically, the wild type of the influenza A virus (IAV) infection is not even infectious in mice and
causes different symptoms (Bouvier 2015), yet remains the most frequent used animal model for

infection testing. A human based model is more promising to improve exploration quality.

Influenza is an infectious RNA virus transmitted disease, it contagious the human air way and
causes mild symptoms from a runny nose to fever and severe respiratory distress (Suarez 2016,
Denney and Ho 2018). Influenza infections are mainly rely on the sialic acid receptor with an alpha
2,6 linkage to galactose, as this is the entering target for the virus into the human lung. In human
tracheal and bronchial tissue, it is highly attendant (Shinya, Ebina et al. 2006, van Riel, Munster
et al. 2007). In mice the receptor differs by an alpha 2,3 binding (lbricevic, Pekosz et al. 2006,

Glaser, Conenello et al. 2007), which may explain why mice generally do not get infected by

26



Introduction

human isolated viruses (Bouvier and Lowen 2010). Just adopted viruses offer a chance for

infection.

Typical symptoms (such as fever) are present in mice, instead hypothermia can be reported. In
humans, damage in the upper airway is typical, whereas in mice lower airway damage is more
likely to occur (Belser, Lu et al. 2007, Belser, Wadford et al. 2010). The lower cost of mice studies,
easy to care and the high number of animals are offering robust data and are still leading to use

this animal model (Bouvier 2015).

Transgenic mice are a promising tool, though developing new transgenic models can be time-
consuming. A recent example is the pandemic situation in 2020 caused by COVID-19, which
relies, for entering the airway, on the receptor ACE-2, which is missing in mice (Bao, Deng et al.
2020). A humanized ACE2 mouse was developed in 2002 in response to the SARS-2 outbreak
(McCray, Pewe et al. 2007), and is related to COVID-19. Unfortunately, through loss of interest,
labs stopped working with this humanized mice, which means the production of the test animal
needs even more time until the demand of researching labs is met (Callaway 2020). Time became

an important factor for a generation who never faced a crisis as severe as a pandemic before.

Monogenetic diseases are caused by a single gene disorder and is characteristic for their
inheritance in family generations (O'Neal and Knowles 2018). These days monogenetic diseases
are an interesting and promising research field, especially these days with genetical tools as
CRISPR. Difficulties also occur when studying monogenetic diseases, as we do not find the same
genetic problems in animals. For instance, the complex lungs of humans have submucosal glands,
which are important for diseases as Cystic Fibrosis (CF) (Rosen, Chanson et al. 2018). In contrast,
in mice airway histology, the glands are present in different tissue parts than in humans.
Submucosal glands produce the essential mucin MUC5B, one of the predominant mucins in
human mucus (Wickstrém, Davies et al. 1998, Bonser and Erle 2019). Studies showed that
MUCS5B has a huge impact of the antibacterial defense during infections (Ostedgaard, Price et al.
2020). A similar problem is the secretory cell type which differs in between the species as well.
Even genetic knock-outs in mice can show different observations to human studies. A CFTR mice,
knock-out mice of a not functional transmembrane conductance regulator gene to study cystic
fibrosis, does not present the classical spontaneous developed lung infection (Guilbault, Saeed et
al. 2007), one of the most urgent points to study CF. Instead, mice with targeted overexpression
of the epithelial sodium channel (ENaC) receptor were developed to create a similar picture of

muco-obstructive and infective pathology as in CF patients (Mall, Grubb et al. 2004). Though this
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was a great improvement for studying CF in general, especially today when the medicine is trying
to get closer to find paths to gene therapy, the mice becomes even more difficult to study. Bigger
mammals as ferret and pig seem to be most reliable knock out animals for studying Cystic Fibrosis.
Both show the most similarities of physiology and cellular anatomy to humans (Rosen, Chanson
et al. 2018). However, raising large transgenic mammals raises a far more complex ethical
guestion, as well needing a long amount of time to achieve the modification, more work to maintain
breeding, a special facility for housing and, finally, high costs. To improve genetic therapy research
and to close the gap of translation to produce successful therapies, human based models are
necessary.

1.4.2 Human-based in vitro models in pulmonary research

Many alternative models for studying the human airway now exist; a two-dimensional (2D) model,
bioreactor, printed or not printed three-dimensional (3D) model, tissue sample as an ex vivo
model, organoid or organ on a chip (figure 6). These alternative options will be briefly discussed

below.

The 2D model involves growing cells on a solid surface as plastic or glass and culture a monolayer
of cells (Kapatczynska, Kolenda et al. 2018). The method is one of the oldest and has contributed
greatly to our understanding of the cell and interactions with pathogens in earlier times (Medzhitov
and Janeway 1997, Hurley and McCormick 2003). Advantages of 2D cultures are low costs,
established handling and to perform functional tests as toxicity assays. However, 2D cultures
contain a single cell type cultured in a monolayer, it does not represent an in vivo tissue (Fontoura,
Viezzer et al. 2020). Cell monolayer does not enable cell polarity and thereby inhibits cell
differentiation (Breslin and O'Driscoll 2013). Missing cell functionality (enable by cell
differentiation) leads to absent secreted proteins for cell-cell communication, which play an
important role for natural cell mechanisms as in apoptosis (Song, Najjar et al. 2014). Additionally,
in 2D cultures different gene expression and gene splicing was found (Anczukéw, Akerman et al.
2015, Fontoura, Viezzer et al. 2020), it makes comparison difficult. Nonetheless, it is obvious that
these limitations hamper the translation to in vivo tissue and the usage of 2D model regarding
stimuli responses, cell function studies or even drug metabolism trials. (Edmondson, Broglie et
al. 2014, Galarza, Kim et al. 2019).

A 3D model provides a high complexity and bridges the missing aspects by co-cultivating different
cell types. The set-up enables a three-dimensional growth, which is greatly comparable to tissue

of origin in a human body (Knight and Przyborski 2015, Marrazzo, Maccari et al. 2016). Cell-cell
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interaction studies, detailed molecular signal observations and transcriptional profile studies are
also possible (Lee, Lilly et al. 2009, Pezzulo, Starner et al. 2011). By providing a scaffold or a
trans-well with applying a matrix (e. g. hydrogel or collagen) and by using different methods as
manual pipetting or even 3D printing, enables the cells to grow vertically (Steinke, Gross et al.
2014, Marrazzo, Maccari et al. 2016, Wang, Zhang et al. 2018). These 3D models can be seeded
on a microfluid device, such as a chip, that facilitates the interaction with different 3D tissues and
can be built up from organ on a chip to a desired “human on the chip” setting (Rossi, Manfrin et
al. 2018, Schimek, Frentzel et al. 2020). Microfluid chambers work with micro tissue construction
and are fully automatic for standardized throughput also for new drug responses and interactions
(Delamarche, Tonna et al. 2013). 3D culture models all exhibit an air liquid interface, which
enables the epithelial cell layer to have direct contact with the environment. This is important, as
CO./0O, and additional differentiation medium leads to the cell differentiation into characteristic
epithelial cells. It mimics the muco-ciliary clearance, where the surface is exposed to the outside
and facilitates interactions as pathogen infection, gas exposure or even inhaled drug studies e. g.
for delivery (Lai, O'Hanlon et al. 2007, Muller, Riediker et al. 2010, Lenz, Karg et al. 2013,
Chandorkar, Posch et al. 2017).
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Figure 6. Tissue culture and engineering platforms for testing. An overview of non-animal test models,
(left-to-right): 2D monoculture of cells. 3D co-culture on inserts, one or more different cell types can be
seeded on the insert and cultured at air liquid interface conditions. A bioreactor provides a permanent
perfused set up and can cultivate 3D structures. In 3D printed models, like a 3D co-culture model, cells get
automatically seeded into the model structure by a bioprinter. Organoids are self-organized and
autonomously build 3D tissue structures in small spheroids. Tissue samples are small biopsy samples
collected from human tissue, which provide all native tissue features. An organ on a chip allows several 3D
cultures models to interact with each other and are connected through a flow channels, to study more than

one organ at a time to provide an even more realistic model. Created with BioRender.com.
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Bioreactors provide an environment of a precise control over media transfer rates, shear stress,
gas exchange (pO2, pC0O2), constant level of pH and nutrients. It can be applied in a big scale
and in a micro scale. It offers a long-term culture and produces 3D constructs (Nichols, Niles et
al. 2014). A great advantage is a high throughput, especially for toxicity tests, macro scales even

offers a perfusion for transplants (Law, Liau et al. 2016).

Also, tissue samples can be collected during a surgery, e. g. when a part of healthy tissue is
attached to tumorous tissue and gets taken out as well (Fatykhova, Rabes et al. 2015, Hocke,
Suttorp et al. 2017). These tissues can be used to create ex vivo models, grown from the human
lung. Because this sample received all normal tissue features during development, this test set-
up has great advantages over more artificial models (Fatykhova, Rabes et al. 2015). The
disadvantages of this technique are that the collected sample location depends on the surgery,
and a full exclusion of neoplastic, tumor cells is difficult.

Another novel alternative are organoids. This model is self-organized and builds an autonomous
system from a homogenous cell population and forms a multicellular 3D in vitro spheroid (Sasai
2013). Organoids are derived from stem cells; from induced pluripotent or adult stem cells (Huch
and Koo 2015). Induced pluripotent stem cells mimic the embryonic growth, and all kind of organs
can be developed from that source (Klimanskaya, Kimbrel et al. 2020). In contrast, adult or tissue
stem cells stay conditioned to the tissue of origin and keep the ability of differentiation and
renewing (Lancaster and Huch 2019). The properties of organoids derived from stem cells mimic
a great comparable in vivo equivalent, ideal for glandular tissue, also for stratified tissue as
bronchial tissue, but the asked question need to be considered, because it is a one organ system
by itself. Additionally, organoids cannot provide a multilayer morphology by coculturing different
cell types so far, as e. g. fibroblasts and epithelial cells (Barkauskas, Chung et al. 2017). For 2D
and 3D models stem cells can be also used, other common cells are primary cells and cell lines.

Stem cells relate higher costs and a daily care (Miller, Dye et al. 2019).

Besides the type of test model chosen, the specific cells used within that model is of importance
cell lines are immortalized cells which proliferate indefinitely due to mutation of cellular
senescence, these are often collected from tumor tissue such as A549 derived from lung cancer
alveolar cells (Smith 1977). Another cell line is Calu-3, it is collected form bronchial epithelial
submucosal glands (Shen, Finkbeiner et al. 1994). 16HBE140- or BEAS-2B cell lines are derived
from bronchial epithelium transformed by a retrovirus (Amstad, Reddel et al. 1988). Handling of

cell lines is considered straightforward and as a low-cost investment, because the continued
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passaging and genotypical similarities. However, the loss of cellular characteristics such as
differentiating patterns is reason to doubt the result reliability (Stewart, Torr et al. 2012). Difficulties
in observing the transit of biomolecules or transport of particles for delivery trials are noticeable,
because of a reduced barrier function (Forbes, Shah et al. 2003). As well as a genetic alteration,
this changes the functionality of the cells and influences metabolic aspects (Boei, Vermeulen et
al. 2017). All these arguments are reason to avoid data collection by use of cell lines during

preclinical trials, as this can easily lead to wrong assumptions (Pan, Kumar et al. 2009).

Primary airway cells can be collected by biopsies, transplant programs, nasal brushing or bought
in frozen vials from providing companies. The life span is finite, inter- and intra-donor variation are
challenging for interpreting and characterizing the data, but primary cells feature the hold of
cellular senescence and natural behavior as observed as in vivo (Stewart, Torr et al. 2012).
Another advantage is for studying diseases, primary cells can be obtained directly from patients
and even provide the opportunity of personalized medicine.

In comparison all types of cells and models have their own advantage and disadvantages, the
asked question and the aim of research is central in choosing the model and the cell type. In
conclusion, for preclinical tests as alternatives to animal trials, primary human cells or even stem
cells are the best choice as their in vivo like characteristics provide a natural environment similar
to the human body. They are difficult to access, require more work to maintain and come at a

higher cost for the lab, but are essential for reliable studies.
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2. Thesis Aim

My thesis is motivated by the need for a more realistic alternative test model for studying bronchial
tissue behaviors in preclinical trials. These human-based models offer more promising study
observations by bridging the gap of translating from an animal model to a human body. Animal
models are still the gold standard in clinical research, even though the airway anatomy and
physiology of rodents and human differs immensely. Additionally, host-pathogen-interactions are
not fully understood and show differing characteristics in human and animal tissue.

Hence, my thesis aims to develop an in vitro model of bronchial epithelium tissue, exclusively
based on primary human bronchial cells as a full-thickness model. It opens up many new options
as a test matrix for developing a better understanding of human lung infections and diseases, as
well as testing and developing new therapy options.

The model was used for an infectious trial with influenza A virus. A method was established to
infect the in vitro model with H3N2 (Panama/2007/1999 (PANIII)). To analyze the behavior of the
bronchial epithelial tissue on gene and protein level and to study the impact of inhibitors to observe

comparisons to in vivo studies.

Another part of my project was to develop a human based CF bronchial epithelium model. A
human-based CF model may help to overcome the therapeutical shortage and allows studying of
the disease and novel therapeutic approaches in a more realistic setting. For the diseased model
CF bronchial epithelial cells from patients were used. The cells hold the homozygotic AF508
mutation. We predict that a human-based CF model will benefit the studying of the disease and

novel therapeutic approaches as genetic therapy.

An additional task was to test different delivery systems as degradable nanogels, curcumin
charged particles and LNP compositions as for their ability to overcome the mucociliary barrier in
the healthy models. Transfection efficacy was tested with high content screening and imaging
analysis. Sadly, tests were prematurely interrupted by the pandemic situation of COVID-19 and
the lockdown rules imposed locally by the federal government.
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3. Materials

3.1 Reagents

Acrylamide/Bis Losung 19:1, 40 % (v/v)
Agar 100

Alcian Blue

Amphotericin B (250 pg/ml)

Avicel RC-581

a-Nuclear red

Bovine Serum Albumin 30 %, steril
Bovines Serum Albumin, fraction V, >96
%

BEGM Media and Bullet Kit

Bovine Collagen |

cacodylic acid sodium salt trihydrate,
Crystal violet

DDSA

DEAE-Dextran

DMEM 2, low Glucose, Glutamax

DMEM 1, high Glucose

DNase

Dimethyl sulfoxide (DMSO)
Disodium hydrogenphosphate (pro
analysi)

Dispase Il

Dithiothreitol (DTT)

DMP 30

Dulbecco’s Phosphate-Buffered saline
Solution (PBS) w Ca?*/ Mg?* (1x)

Materials

Carl Roth, Karlsruhe, DE

Agar Scientific, Stansted, Great Britain,
UK

Sigma-Aldrich, Munich, DE
Sigma-Aldrich, Munich, DE

FMC BioPolymer

Sigma-Aldrich, Munich, DE
Sigma-Aldrich, Munich, DE
Sigma-Aldrich, Munich, DE

Lonza, Basel, CH

Cellsystems, Troisdorf, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Scientific, Stansted, Great Britain, UK
Sigma-Aldrich, Munich, DE
ThermoFisher SCIENTIFIC, Waltham,
USA

Sigma-Aldrich, Munich, DE
Sigma-Aldrich, Munich, DE
Sigma-Aldrich, Munich, DE

Merck, Darmstadt, DE

Roche Diagnostics, Mannheim, DE
Carl Roth, Karlsruhe, DE

Agar Scientific, Stansted, Great Britain,
UK

ThermoFisher SCIENTIFIC, Waltham,
USA
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Dulbecco’s Phosphate-Buffered saline
Solution (PBS) w/o Ca?* /IMg?* (1x)
Endothelial Cell Medium (EGM-2)
Eosin G

Ethanol absolute

Ethanol 96 %

Formaldehyde solution (37 %)
Formalin

FCS

Goat serum

Gentamycin (50 mg/ml)
Hematoxylin

HBSS

Heparin

Human Placental Collagen Type VI

Hydrocortisone

Karnovsky’s fixative

L-Glutamine

Methanol

Milk powder

Minimal Essential Medium (MEM)

MNA
Sodium hydrogen carbonate (Na; HCO3)
Sodium dodecyl sulfate (SDS)

Nickle grids

Nitrogen (liquid)

Osmium tetroxide (1 %)

Materials

ThermoFisher SCIENTIFIC, Waltham,
USA

Lonza, Basel, CH

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Erkel AHK, Berlin, DE

Sigma-Aldrich, Munich, DE

Carl Roth, Karlsruhe, DE

Biochrom, Berlin, DE

Dianova, Hamburg, DE
Sigma-Aldrich, Munich, DE

Carl Roth, Karlsruhe, DE
ThermoFisher SCIENTIFIC, Waltham,
USA

STEMCELL Technologies, Vancouver,
CA

Sigma-Aldrich, Munich, Germany
STEMCELL Technologies, Vancouver,
CA

Merck Eurolab, Darmstadt, DE
Sigma-Aldrich, Munich, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE
ThermoFisher SCIENTIFIC, Waltham,
USA

Agar Scientific, Stansted, Great Britain,
UK

Merck, Darmstadt, DE

Carl Roth, Karlsruhe, DE

Agar Scientific, Stansted, Great Britain,
UK

Air Liquide, Paris, F

Chempur, Karlsruhe, DE
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Paraffin

Paraformaldehyde (PFA)
Penicillin-Streptomycin-solution (100 X,
10.000 U/mL Penicillin, 10 mg/mL
Streptomycin)

NHLFb

NHBEC

Phosphate Buffered Saline (PBS)
PneumacCult Ex Plus

Ponceau S

Roti® - Histofix

Roti® - Histokit

Roti® - Histol

Protease XIV

siRNA (GFP-tagged)
Sodium chloride (NaCl)
Sodium hydroxide (NaOH)
TEMED

Tissue Freezing Medium
Tris buffer

Trypsin/EDTA
Triton-X-100
Tween-20

Xylol

Materials

Carl Roth, Karlsruhe, DE
Carl Roth, Karlsruhe, DE
Sigma-Aldrich, Munich, DE

Epithelix, Geneva, CH

Epithelix, Geneva, CH
Sigma-Aldrich, Munich, DE
STEMCELL Technologies, Vancouver,
CA

Sigma-Aldrich, Munich, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE
Sigma-Aldrich, Munich, DE

IDT, San Jose, California, USA
Sigma-Aldrich, Munich, DE
Sigma-Aldrich, Munich, DE

Carl Roth, Karlsruhe, DE

Leica Biosystems, Nussloch, DE
Carl Roth, Karlsruhe, DE

Sigma-Aldrich, Munich, DE
Carl Roth, Karlsruhe, DE
Carl Roth, Karlsruhe, DE
Carl Roth, Karlsruhe, DE
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3.2 Cell culture Media

Fibroblast Basal Medium (FBM)

Fibroblast Growth Medium (FGM)

PneumaCult™ Ex Plus Medium

PneumacCult™-ALI Medium

Airway Epithelial Cell Growth Medium

Kit, defined

Endothelial Basal Medium Cell (EBM2)

DMEM 2

DMEM*

Materials

DMEM supplemented:
1 % L-glutamine

FBM supplemented:
7.5% FBS

PneumaCult Ex Plus Basal Medium
supplemented:
2 % PneumaCult™50 x Supplement

PneumaCult™-ALI Basal Medium
supplemented:

10 % PneumaCult™-ALI Medium 10x
Supplement

1 % PneumaCult™-ALI Maintenance 100
X Supplement

0.2 % Hydrocortisone

0.5 % Heparin

0.3 % Supplement I, II, I

EBM supplemented:

EGM-2 MV Bullet Kit

DMEM, low Glucose, Glutamax
Supplemented

DMEM supplemented:
7.5% FCS

1 % L-glutamine
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3.3 Kits

CytoTox-ONE™ Homogeneous Promega, Madison, Wisconsin, USA

Membrane Integrity Assay Kit

DyLight™ Microscale Antibody Labeling  Novus Biological brand, Littleton,
Kit Colorado, USA

EKUO03199 ELISA Kit Club Cell Protein Biomatik, Cambridge, Canada
(CC16), precoated ELISA

Human IL-29 (IFN lambda 1) uncoated Invitrogen, ThermoFisher SCIENTIFIC,

ELISA Waltham, USA

Human IL-13, uncoated ELISA ThermoFisher SCIENTIFIC, Waltham,
USA

RNase-free DNase Set (50) Qiagen, Germantown USA

VeriKine-HSTM Human Interferon beta-1 pbl ASSAY SCIENCE, Piscataway, USA
(IFN-31) TCM, uncoated ELISA Kit
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https://www.google.com/search?rlz=1C1CHBF_deDE806DE806&sxsrf=ALeKk038IlUGakQC5v6amOr4xS-TPXxCmA:1597832177240&q=Littleton+(Colorado)&stick=H4sIAAAAAAAAAOPgE-LSz9U3sEw3N48vU-IEsdMtcorTtIwyyq30k_NzclKTSzLz8_Tzi9IT8zKrEkGcYquM1MSUwtLEopLUomKFnPxksPAiVhGfzJKSnNSS_DwFDef8nPyixJR8zR2sjACJ-aaZZwAAAA&sa=X&ved=2ahUKEwiizNbahKfrAhVNzaQKHUz2DwEQmxMoATARegQIChAD

3.4 Antibodies

Antibody

Acetyl. tubulin

CFTR

CD31

ETN

Influenza A

Ki67

MUC5AC

PAN-
Cytokeratin (4,
5, 6, 8, 10, 13,

18)

uG

vWF

Z0-1

Alexa
Fluor®488
Alexa
Fluor®594

DyLight™488

Table 2. Antibodies

Marker

Cilia at bronchial
epithelial cells
CF trans-
membrane
conductance
regulator,
transmembrane
protein

EC identification

Etanercept

IAV

Nuclear protein,
associated with
cell proliferation
Mucin protein,
produced by
airway epithelial
cells

Cytokeratin

Protein secreted
by Club Cells
(CC16)

EC surface
protein
Tight junctions
Protein
Secondary
antibody
Secondary
antibody
Secondary
antibody

Isotype

Mouse
Ingb

Mouse
IgGZa

Mouse

IgGl

goat

mouse
19G

mouse
IgG1

Mouse
I9gG1

rabbit

rabbit
19G
rabbit
1gG
rabbit
19G
Mouse
19G
Goat
19G

Clone

Monoclonal
6-11-B1

Monoclonal
(24-1)

clone
JC70A
monoclonal
(2C11)

polyclonal

monoclonal
(Ki67-P)

monoclonal

(CLH2)

monoclonal

polyclonal

polyclonal
polyclonal
polyclonal
polyclonal

polyclonal

IF

1:100

1:100 1:500

1:50

1:1000

1:30

1:200

1:400

1:100

1:400

1:50

1:100

1:400

1:400

1:30

Materials

Company

Sigma-Aldrich,
Munich, DE

Bio-Techne,
Wiesbaden,
DE

DAKO,
Glostrup, DK
Abcam,
Cambridge, UK

Bio-Rad, UK

Dianovo,
Hamburg, DE

Merck,
Darmstadt, DE

Santa Cruz
Biotechnology

Abcam,
Cambridge, UK

Abcam,
Cambridge, UK
ThermoFisher,
Waltham, USA

Abcam,
Cambridge, UK

Abcam,
Cambridge, UK
ThermoFisher,
Waltham, USA
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3.5 Software
Adobe lllustrator Adobe Inc., San Jose, CA, USA
Biorender (free trial version) Biorender, Toronto, ON, CAN
GraphPad Prism GraphPad Software, La Jolla, CA, USA
Microsoft Word Microsoft, Albuguerque, NM, USA
Microsoft Excel Microsoft, Albuguerque, NM, USA
Photoshop Adobe Inc., San Jose, CA, USA

3.6 Consumables
Blotting Pads VWR, Pennsylvania, USA

Cell Culture Inserts Falcon ® (3 um pore Corning, Amsterdam, NL
size)

Cell Culture Inserts Falcon ® (0.4 um pore Corning, Amsterdam, NL
size)

Cell culture inserts — 0.4 um membrane Corning, Amsterdam, NL
(Corning 3460 Transwell, CLR, 12 mm,

TCT)

Cell Culture flasks (25 cm?, 75 cmz2, 1550 TPP, Melbourn, UK

cm2)

Cell strainer (70 um pore size) BD, Franklin Lakes, NJ, USA

Centrifuge tubes (15, 50 ml) Sarstedt, NUrnbrecht, DE

Cover slips Carl Roth, Karlsruhe, DE

Cryo vial Almeco, Esbjerg N, DK

Embedding molds Sigma-Aldrich, Munich, DE

Forceps Carl Roth, Karlsruhe, DE

Mr.Frosty™ ThermoFisher SCIENTIFIC, Waltham,
USA

Multiwell cell culture plates (6, 12, 96-well) VWR, Pennsylvania, USA

Nitrocellulose membrane Bio-Rad, Munich, DE

Nitril gloves Hansa-Trading HTH, Hamburg, DE

Parafilm Carl Roth, Karlsruhe, DE

Pipette tips (10, 100, 1000 pl) Sarstedt, Nurnbrecht, DE

Pipette tips with filter (10, 100, 1000 pl) Sarstedt, Nurnbrecht, DE
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Polylysine slides

Scalpels

Serological pipettes (5, 10, 25 ml)
Syringe

Syringe Filter (0.45 pum)

Tissue culture dish

Tissue culture test plate (6-well)

3.7 Devices

Autoclave V Series

Balance XS205 dualRange
Centrifuge, Eppendorf Centrifuge 5415 C
Centrifuge, Megafuge 1.0 R
COsz Incubator

CO, -free Incubator

Confocal microscope
Cryotome Leica CM1510 S
Digital camera, EOS 1000D
Electron microscope, EM109.
Fluorescence microscope BZ-8000
FLUOstar Optima

LaminAir HB 2472

Lab dancer (mini-table vortex)
LightCycler® 480 Instrument Il
light microscope

Magnetic mixer D-6011
Megafuge with swing-off rotor
Microtome

Micro scale MC5

Mini-orbital shaker MT52

Mini-Protean® TetraCell- Electrophorese

chamber

Materials

Carl Roth, Karlsruhe, DE
Carl Roth, Karlsruhe, DE
Sarstedt, Nurnbrecht, DE
Carl Roth, Karlsruhe, DE
Sarstedt, Nurnbrecht, DE
TPP, Trasadingen, CH

TPP, Trasadingen, CH

Systec, Wettenberg, DE
Mettler-Toledo, Giessen, DE
Eppendorf AG, Hamburg, DE
Heraeus, Hanau, DE

Heraeus, Hanau, DE

Heraeus, Hanau, DE

Carl Zeiss, Jena, DE

Leica Biosystems, Nussloch, DE
Canon, Tokyo, JPN

Zeiss, Jena, DE

Keyence, Neu-lsenburg, DE

BMG Labtech, Ortenberg, DE
Heraeus, Hanau, DE

Avantor (vwr), Radnor, USA

Roche, Basel, Switzerland

Olympus CX21, Olympus, Stuttgart, DE
Neolab Migge GmbH, Heidelberg, DE
Thermo Fisher Scientific, Waltham, UK
Zeiss, Oberkochen, DE

Sartorius Lab Instruments, Géttingen, DE
IKA® Werke GmbH & Co KG, Staufen,
DE

Bio-Rad, Munich, DE
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Mini centrifuge

Microscope, phase contrast Axiovert 135
Micro scales HM-300

Mini-PROTEAN Tetra System
Multiskan™ FC Micro titer plates-
Photometer

NanoDrop 2000/2000c
Spectrophotometer

Neubauer cell counting chamber
Peristaltic pump

Peristaltic pump, pump head C4
Peristaltic pump, Cassette small

Pump tube, Tygon®, with 3 plugs, R-
3603, g-I: 0,25 mm, J-A: 2,05 mm, wall
thickness: 0,90 mm

Pump tube, PharMed®, with 3 plugs, @-I:

0,25 mm, @-A: 2,05 mm, wall thickness:
0,90 mm

pH meter 766

Pipettes (10, 100, 1000 pl)

Plate shaker

PXi/PXi Touch gel imaging system
Tissue-Tek VIP®

Trans-Blot Turbo Blotting System
Rotating water bath SW 23
Perfusion plate REINNERVATE®,
Alvetex® Scaffold

Ultramicrotome, Reichert UltracutS
Vacuum pump

Vortex 2 Genie

balance 440-33

Water bath

Materials

Corning, Amsterdam, NL

Carl Zeiss, Jena, DE

A&D Instruments, Abingdon, UK
Bio-Rad, Munich, DE

Thermo Fisher Scientific, Waltham, UK

Thermo Fisher Scientific, Waltham, UK

Carl Zeiss, Jena, DE

Heidolph, Schwabach, DE
Heidolph, Schwabach, DE
Heidolph, Schwabach, DE
Heidolph, Schwabach, DE

Heidolph, Schwabach, DE

Knick, Berlin, DE

Eppendorf, Hamburg, DE

Neolab Migge GmbH, Heidelberg, DE
Syngene, Cambridge, UK

Sakura Finetek Europe B.V.,

Alphen aan den Rijn, NL

BioRad, Munich, DE

Julabo, Seelbach, DE

Reinnervate, Durham, UK

Leica Microsystems, Wetzlar, DE
MerckMillipore, Darmstadt, DE
Scientific Industries,

KERN, Balingen, DE

Memmert GmbH, Biichenach, DE



Methods

4. Methods:

4.1 Cell culture
Isolation of normal human bronchial epithelial cells (NHBEC)

The Charité received two human lungs from USA. Normal human bronchial epithelial cells
(NHBEC) were isolated from trachea, primary and secondary bronchos. The study was approved
by the ethics committee at the Charité-Universitatsmedizin Berlin, Germany (projects
EA2/079/13).

First the cell culture flasks were precoated with Collagen. 50 mg human placental Collagen Type
VI (Sigma-Aldrich, Darmstadt, DE) was mixed with 83,3 ml dH20 and 167 pl glacial acetic acid.
The solution was heated up in a water bath by 37 °C, then collagen was placed for 15 min on a
stove by 37 °C, a magnetic mixer enhanced the dissolving process (stock 10 x). Afterwards a 1:10
dilution with dH2O and sterile filtration followed (pore size 0,22 um). For pre-coating, a 7 ml
collagen solution was pipetted in T75 flasks and were incubated for 18 h at room temperature
(RT).

At day one of the isolation process, the lung was cut and divided into pieces of trachea and
bronchi. Trachea and main bronchi were cleared from fat and other tissue parts, while started from
proximal to distal. The isolated bronchial branches were cut into 5-10 cm pieces. Additional lung
tissue was removed with a scalpel. All parts were washed in phosphate buffered saline (PBS)
(Sigma-Aldrich, Munich, DE). The bronchial branches were opened length wise and were cut into
1-2 cm pieces and were washed three times in wash medium (minimal essential medium (MEM),
1 % L-Glutamine, 0.01 % Penicillin/Streptomycin (Pen/Strep)). Afterwards, pieces were
transferred into 50 ml tubes, which were filled with 30 ml washing medium (1:10) to reach an end
volume of 40 ml. A solution of 0.4 ml Protease/DNase (1 % protease XIV with 0,01 % DNase
dissolved in PBS) was added for 36 hours at 4 °C on a rotating incubator (50-60 revolutions per

minute (rpm)).

At day three the protocol continued, the 50 ml tube was emptied onto a petri dish (diameter, 150
mm) In the following, the protease was neutralized with MEM (10 % fetal calf serum (FCS). With
a scalpel the inside of the bronchial walls were scraped softly (4-5 times). The solution was
collected in a 50 ml tube and bronchi pieces were washed with PBS several times and washing-
PBS was collected to the 50 ml tubes. The solution was filtered throw a cell strainer in a new 50

ml tube. Then the tubes were centrifuged (1250 rpm, 5 min, 4°C) and the cells were washed with
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PBS. Later the cells were counted with a Neubauer counting chamber. The cells were seeded
with an amount of 4 x 10° NHBEC in the precoated T75 cell flasks, which were pre-washed with
PBS. 12 ml of bronchial epithelial growth medium (BEGM) (Lonza, Basel, CH) were added to each
T75 cell flask. The cells were cultivated in an incubator (37 °C, 80 % relative humidity, CO2 5 %)
conditions and the medium was changed every second day. The ells grew to 70 % confluency.
Then cells were treated with 2 ml Trypsin (0.25 % ethylenediaminetetraacetic acid (EDTA) 1 mM)
each T75 cell culture flask for 5 minutes, gentle hand claps at the flask surface helped the
detaching process. The process was stopped with 8 ml Hanks™ balanced salt solution (HBSS)
(ThermoFisher SCIENTIFIC, Waltham, USA) and 25 % FCS. The solution was passed in a 50 ml
tube and centrifuged (1250 rpm, 5 minutes, 4°C). Cells were washed with PBS and counted. 75 x
10* NHBEC were dissolved in tissue freezing medium (60 % BEGM, 30 % FCS, 10 % DMSO),
1.8 ml total volume were pipetted into a cryotube, each tube was passed into Mr. Frosty™ freezing

container to -80 °C for 24 h. The day after all the tubes were transferred to a nitrogen tank.

Isolation of human skin fibroblasts

For the first trials | used normal human skin fibroblasts (NHDF), which were later replaced with
normal human bronchial lung fibroblasts (NHLFD).

Juvenile foreskin was used as specimen to isolate primary (NHDF) (approved by the ethics
committee of the Charité-Universitdtsmedizin Berlin, Germany, EA1/081/13) using standard
protocols. Specimen from donors who did not exceeded age of 10 was used. The specimen was
washed three to five times with PBS in a cell culture dish. All fat tissue was detached with a scalpel
from the tissue. It was cut into 3 mm pieces by using the scalpel and forceps. Small, cleaned
pieces were placed in a second cell culture dish, epidermis upwards and dermis was touching the
dish. Dispase working solution (1.2 U/ml) was pipetted on the tissue surface, to detach epidermis
from dermis (2.8 ml/cell culture dish). Afterwards cell culture dish was closed, sealed with parafilm,
and stored at 4 °C for 18-20 hours. Later the epidermis was able to be stripped off. Dermal pieces
were placed upside down in a 6-well plate. For 30 minutes RT dermal pieces attached the plate
surface. 1.5 ml fibroblasts growth medium (FGM) were pipetted softly into the well, the dermal
pieces sticked onto the surface. The plate was incubated by 37 °C, 80 % humidity, 5 % CO,.
NHDF were growing out of the tissue pieces on the well surface. Every second day the medium

was changed softly. Cells were reaching a confluency of 70 % (about 7 days later). Cells were
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detached while incubation with 0.5 ml Trypsin (0.25 % EDTA 1 mM) for 5-10 minutes, the enzyme
reaction was stopped with 5 ml FGM. Cells were centrifuged (1250 rpm, 5 minutes, RT), washed
with PBS and cultured in T25 or T75 cell culture flasks, depending on the pellet size. NHDF (P°)
were cultured to a confluency of 70 %, while changing FGM every second day. Later cells were
detached with Trypsin, stopped with FGM, washed with PBS again and counted by using the
Neubauer counting chamber. 2.5 x 108 cells were reseeded into a T75 tissue flask. The culture
process continued till passage 3 (pq), after cells were detached, stopped, and counted again, 1.25
x 10° were diluted in freezing medium (FGM 90 %, DMSO 10 %). The freezing process was

performed according to freezing NHBECSs.

4.2 Generation of a human-based bronchial epithelium model

The first trials were performed with NHDF, later NHLFb (Epithelix, Geneva, CH) was used.
Additionally, NHBEC isolated from the human lung received from United States of America (USA),
bought NHBEC from Epithelix (Geneva, Switzerland) and from STEMCELLTechnologies
(Vancouver, CAN) and were used for in vitro model cultivation.

Primary human lung fibroblasts (Epithelix, Geneva, CH) were cultivated in fibroblast growth
medium (Dulbecco’s Modified Eagle Medium, 7,5 % fetal calf serum and 5 % L-Glutamine (Sigma-
Aldrich, Darmstadt, DE)). Primary NHBEC (Epithelix, Geneva, CH) p? were cultivated in bronchial
epithelial growth medium (PneumaCult Ex Plus, STEMCELL Technologies, Vancouver, CAN).
First, 64.300 NHLFb (p* were embedded in bovine collagen | (Cellsystems, Troisdorf, DE) to
mimic the matrix of the bronchial epithelium into 12-well inserts. The Collagen was mixed with
HBSS, it contained phenol red. Both mixed together, they showed a yellow color, because it
indicated an acidic pH about 0.9. It was necessary to titrate the mixture to a red violet color, pH
6.4 with NaOH 2 M, otherwise the fibroblasts did not survive. After titrating the right pH
resuspended fibroblasts in fetal bovine serum (FBS) were added to the collagen mix. The
proportion was about 1:1:8 (FBS: HBSS: Collagen). 268 ul collagen mix is added to one insert.
The plate stays for one hour at RT. Later, one hour of incubation follows in a CO; free incubator.
Afterwards PneumaCult-Ex Plus Medium is added, 550 pl beneath and 900 pl above the insert.
The medium adjusted the correct pH of the collagen matrix, it incubated for 2 hours in 95 %
humidity, 5 % CO- incubator. 9x10° NHBEC were added on top of the matrix, after removing the

apical medium. 24 hours later, the entire construct was lifted to the air-liquid interface. The
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bronchial epithelium model was then cultured for 21 days in PneumaCult™-ALI Medium (ALI
medium) (STEMCELL Technologies, Vancouver, CAN). Medium was changed every second day,
a volume of 550 pl was used for each well. To remove excessive mucus, the models were rinsed
gently with PBS in the third week of cultivation, on cultivation day 18. At day 21 the bronchial
epithelium model was ready for further experiments.

Alternative ECM matrices

The lab of Prof. Dr. Andreas Kurtz, Charité - Universitatsmedizin Berlin, Brandenburg-Berlin
Center for Regenerative Therapies (BCRT), produced hydrogel of human lung matrix. The
hydrogel was obtained from a human lung from a deceased patient at the Heart Center Berlin,
Germany (approved by the ethics committee of the Charité-Universitatsmedizin Berlin, Germany,
(project: EA2/079/13)).

The following protocol was performed by the lab of Prof. Dr. Andreas Kurtz. First the lung pieces
were decellularized, while lung pieces were placed in 0.1 % sodium dodecyl sulfate (4 h, at RT).
Then incubated in 350 IU/ml DNasel (2 h, at RT) and sterilized in PBS (supplemented with 100
U/mL penicillin and 100 pg/ml streptomycin) for 2 hours. Next, lyophilization of ECM was
performed, afterwards ECM powder was redissolved in a pepsin solution of 1 mg/ml (pH 2.0;
prepared in 0.01 M hydrochloric acid (HCI)) to obtain a final ECM concentration of 10 mg/ml. The
digested ECM solution was then neutralized with 10x PBS (pH 7.4) and 0.1 M NaOH (Hiller, Berg
et al. 2018).

The ECM hydrogel was used, instead of bovine collagen 1 according to the human-based
bronchial epithelium model protocol. Additionally, different hydrogel dilutions were applied, the
hydrogel got mixed with human collagen (Sigma-Aldrich, Munich, DE), 1:100, 1:20, 1:10 and 1:3.
The control was pure human collagen with NHLFb. The NHLFb were embedded in the specific
mixture of hydrogel and hydrogel/human collagen mixture and it was cultivated for 14 days

submerse, 550 pl basal and 200 ul FGM apical.

Self-synthesized ECM with ascorbic acid

NHLFb were stimulated to produce self-synthesized ECM by cell medium with supplemented

ascorbic acid. For the first step, some 12-well inserts where precoated with diluted human
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collagen. Human collagen (Sigma-Aldrich, Munich, DE) (3 mg/ml) was diluted to 0.1 mg/ml with
sterile water. 43 pl of the diluted collagen were pipetted on the insert surface, once apical and
once apical and basal. Inserts were dried for 2 hours by room temperature and afterwards rinsed
with FGM. Followed, by seeding 1 million NHLFb in 214 pyl FGM and were placed into the
incubator. 24 hours later, medium was changed to FGM (supplemented with 0.1 % Ascorbic acid).
The NHLFb were cultivated submersed for 7 days with FGM + 0.1 % Ascorbic acid, medium was
changed every second day. Later, 9x10° NHBEC cells were seeded on top and was cultivated for

21 days according to the human-based bronchial epithelium model.

Human based bronchial epithelial in vitro model cultivation with Teflon® ring support

A Teflon® ring (polytetrafluoroethylene) with a diameter of 1 cm, built by the FU Berlin workshop,
led by the Physics department, was used to support the cultivation of the bronchial epithelium
model. Different approaches were applied. The procedure of preparing the fibroblast and collagen
matrix mix was performed according to the human-based bronchial epithelium model protocol. In
the following the ring was placed on top of the collagen matrix, after it was soaked with FGM and
the pH of the collagen and embedded NHLFb was adjusted. For all model trials the 9 x 10° NHBEC
cells (in 900 pl PneumaCult-Ex Plus Medium) were seeded inside the ring, which laid on top of
the model base.

In case of model A, 24 hours later the airlift was implemented, and the model was cultured for 21
d. For model B, it was cultured for 7 days submersed and 14 days at an air liquid interface
conditions. Model C was cultured 7 days submersed and after performing the airlift the support
ring was removed. All models were cultured under incubator conditions and the medium was

refreshed every second day.

Human based bronchial epithelial in vitro model placed in dynamic system

The model was built and cultured according to the human-based bronchial epithelium model
protocol for the first 7 days. At day 8, models were placed in a 6-well perfusion plate (Reinnervate,
Durham, UK). In collaboration with the group of Prof. Jens Kurreck from the TU Berlin, his student
Alexander Mensch printed a 12-well adapter out of high temp resin cartridge (Formlabs Inc.,

Moerdijk, NL), to hold a 12-well inserts in a 6-well plate, to assure an air liquid interface. The model
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culture continued for 7 days under medium perfusion conditions. The flow rate was 150 pl/min,
according to the inspiring publication (Chandorkar, Posch et al. 2017). All settings of the dynamic
system were set by Patrick Graff. He used a peristaltic pump with a C4 pump head and a small
cassette (Heidolph, Schwabach, DE). He installed a tube system with tubes from type Tygon®
and PharMed® (Heidolph, Schwabach, DE) to connect the medium reservoir and the plate. The
model was cultured under incubator conditions, the pump was placed outside of the incubator and
the tube’s out- and input were sealed with parafilm. After 14 days in total the experiment was

stopped, and the models were fixed in PFA.

Model modulation by testing different inserts, medium, collagen batches, NHBEC sources.

In these trials all models were built according to human-based bronchial epithelium model
protocol. Inserts, bovine collagen | batches, model culture medium and NHBEC donors were
tested. Two different types of inserts were used, one with 0.4 um and general used insert with 3.0
um pore size (Corning, Amsterdam, NL). Two bovine collagen | batches were used for fibroblast
collagen base. Different types of a cell culture medium was applied in the models such as,
MucilAir™ Culture Medium (Epithelix, Geneva, CH) and established medium PneumaCult™-ALI
Medium (STEMCELLTechnologies, Vancouver, CAN). Three NHBEC cell donors were cultivated,
self-isolated NHBEC from USA lung, NHBEC (STEMCELLTechnologies, Vancouver, CAN) and
NHBEC (Epithelix, Geneva, CH).

Human based vascularized bronchial epithelial in vitro model

NHLFb were cultured in 100 % DMEM?* in cell culture flask (2500 cells/cm?). The medium was
changed after every 1-2 days to 75 % DMEM™* + 25 % Endothelial Cell Growth Basal Medium 2
(EBM2). Two, three days later, medium was changed to 50 % DMEM* + 50 % EBM2. After two
more days 12-well plates with 12-well inserts (0.4 um pore size) were used for following model
cultivation. Trypsinized NHLFb were centrifuged (5 min/1000 rpm), wash with PBS and centrifuged
again (5 min/1000 rpm). 2800 NHLFb were seeded on 0.4 pm pore size inserts (2500 cells/cm?
growth area) in 500 pl (50 % DMEM* + 50 % EBMZ2) into the well. 1500 pl (50 % DMEM* + 50 %
EBM2) were added to the basal side of the well. The next day 5.000-10.000 lung endothelial cells
(LECs) /cm2 were cultivated in pre-coated tissue flasks (w/ Porcine Gelatin Type A). The medium

was changed the next day and afterwards every 3-4"" days and were not washed with PBS. LECs
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were cultured to confluency of 80 %, then trypsinized with Trypsin reagent pack. LECs were
centrifuged, counted, and got resuspended in 50 % DMEM™* + 50 % EBM2. The amount of 11.200
LECs/500 pl were seeded on top of NHLFbs in the inserts (10.000 ECs/cm?). The medium was
changed every 2-3 days with 50 % DMEM* + 50 % EBM2: 1500 pl into the well + 500 pl onto the
top of co-culture. NHLFb and LEC were cocultured for 18 days.

NHBEC were defrosted on day 13-14 of the co-culture of NHLFb and LEC. NHBEC were cultured
in in PneumaCult Ex Plus (STEMCELL Technologies, Vancouver, CAN) 7.5 x 10° NHBEC were
seeded T75 culture flask by using 12 ml of PneumaCult Ex Plus. The medium was changed the
next day, afterwards every second day. NHBEC were seeded on the 19" day co-culture. Following
trypsinization, centrifuging steps and cell count. 0.9 x 10° NHBEC on top of the co-culture (900
ul/insert). An airlift was performed 24 hours after seeding NHBECs. The basal medium was
replaced with 550 pl of 50 % PneumaCult Ex Plus + 50 % (50 % DMEM®* + 50 % EBM2). The
medium was changed every second day (550 pl of 50 % PneumaCult Ex Plus + 50% (50 %
DMEM* + 50 % EBM2). The model was cultivated for 21 days.

4.3 Histology

To analyze model histology, models were embedded in paraffin, performed by the institute of
Veterinary Pathology of Freie Universitat Berlin under the supervision of Prof. Dr. Joachim Gruber.

After 21 days of model cultivation, the models were collected. The first step cell medium was
aspirated from the cell culture plate and then the second step was followed by pipetting apically
100 pl of 4 % PFA to model surface. With forceps, the insert was taken out from cell culture plate,
scalpel was used to cut the insert membrane off the insert and the model was collected in a small
glass tube filled with 4 % PFA and stored at 4 °C.

Later, it was sent to Prof. Dr. Joachim Gruber’s lab. They performed the model embedding into
paraffin with Tissue-Tek VIP® (Sakura Finetek Europe B.V., Alphen aan den Rijn, NL), following the

procedure in table 3, then | got back the paraffin block.

For sectioning paraffin embedded tissue samples microtome (Zeiss, Oberkochen, DE) was used.
Tissue sections were cut to 0.5 pm — 1 pm thickness and were collected in water bath at 40-50 °C
on object slide. For drying object slides with tissue sections were placed in CO, free incubator at
37 °C overnight.
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For experiments with nanoparticles tissues were collected as described in previous part and were
embedded into Tissue Freezing Medium (Leica Microsystems, Wetzlar, DE), shock frozen in liquid
N2 and stored at -80 °C. At the cryotome (Leica Microsystems, Wetzlar, DE) vertical sectioning of
frozen models was performed (7 um) and collected on object slide and dried at RT.

Solution Application period [min]
Formalin 60
Water 50
70 % Ethanol 50
80 % Ethanol 50
96 % Ethanol 50
96 % Ethanol 50
100 % Ethanol 50
100 % Ethanol 50
Xylol 50
Xylol 50
Paraffin 50
Paraffin 50
Paraffin 60
Paraffin 60

Table 3. Technical procedure of model embedding into paraffin

Hematoxylin & Eosin (HE) staining

The method is about visualizing cellular morphology of tissue sections. The process is pH
dependent, Hematoxylin stains basophilic structures blue/purple as the nuclei and Eosin colors

acidophilic structures red/pinkish as cytoplasm.

Procedure of dewaxing, hydration and H&E staining is followed in table 4. All slides were dried
under the hood. At least one drop of Roti®-Histokit mounting medium was added and was covered
with coverslip. The cryosections immediately used after drying and were fixated with 4 % PFA for

5 minutes. Followed by diving the slides in dH-O for 30 sec, the staining method was continued
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as described in table 4. Histology of bronchial epithelial sections was analyzed using the

microscope BZ-8000 (Keyence, Neu-lIsenburg, DE).

H&E staining

Table 4.

Mayer’'s Hematoxylin
Tap H20
Eosin Y (plus 1 drop Acetic Acid)
96 % Ethanol |
96 % Ethanol Il
100 % Ethanol |
100 % Ethanol Il
Roti®-Histol |

Roti®-Histol 11

Solution Application period [min]

Roti®-Histol | 5

.5 Roti®-Histol I 5

S

E=4 100 % Ethanol 5

e

©

= 95 % Ethanol 5

c

% 90 % Ethanol 5

N

£ 80 % Ethanol 5

<

§ 60 % Ethanol 5

a)
50 % Ethanol 5

dH20 dipped

Double dH20 0.5

5 (agitated)
5

0.5

Technical procedure of deparaffinization, hydration and H&E staining
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Alcian Blue staining

For studying the morphology and containment of mucus produced by the bronchial epithelium
models an Alcian blue staining was performed. Alcian blue stained acidic surfaces as acidic
polysaccharides such as glycosaminoglycans to blue green color, contained in mucus produced

by goblet cells. Nuclei was stained by a-Nuclear to pink reddish color.

Tissue sections were prepared as in table 4, deparaffinization and hydrating process, Alcian blue
was applied for 30 minutes to stain the tissue sections. Subsequently to several washing steps,
counter staining with a-Nuclear red was performed for 5 minutes. Sections were mounted and

analyzed as mentioned before.

4.3.1 Immunofluorescence analysis

Immunofluorescence staining visualizes proteins by using a fluorescence microscope for
analyses. The technique is used primarily on microbiological samples, to detect the location of
specific proteins. The method itself uses specific antibodies which bind to the desired epitope on
antigen (target). Primary antibody conjugates to desired epitope and secondary antibody, which
is a fluorophore-tagged antibody binds to the primary antibody to build a complex, thus increasing
the fluorescent signal during microscopy.

For paraffin embedded tissue sections an antigen retrieval was performed after section hydration
(table 4). Sections were incubated in citrate buffer (10 mM, pH 6) at 95 °C for 20 minutes. After
cooling down, the object slides were washed in PBS for 5 minutes. The tissue section was
permeabilized with PBS (supplemented with 1 % Triton X) for 10 minutes. Next, the slides were
washed in a washing buffer for 5 minutes (0.02 M PBS, pH 7.2-7.4 + 0.0025 % BSA + 0.025 %
Tween 20). Then the tissue sections were blocked with goat serum (1:20) for 30 minutes at RT.
Later, the slides were washed with washing buffer. Then the incubation of primary antibody was
continued. Desired target antibody was diluted with washing buffer according to 3.4 Antibody, it
contains all antibody dilutions. 400 pl of antibody dilution was pipetted on top of tissue sections
and was incubated overnight at 4 °C. Later, the slides were washed three times with a washing
buffer, each for 5 minutes. The secondary antibody was mixed accordingly to 3.4 Antibody and
was pipetted on top of tissue sections (400 pl/slide) and incubated for one hour at RT. Afterwards,
slides were washed in washing buffer three times. Afterwards, they were washed in PBS for 5
minutes and 1 dip in dH20. The object slides were dried, but tissue sections remained wet. The

tissue section was stained with DAPI mounting medium and covered with glass cover slide. For
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drying the slides were stored at 4 °C for 24 hours. Histology of bronchial epithelial sections was
analyzed with microscope BZ-8000 (Keyence, Neu-lsenburg, DE).

For analyzing infection trials with 1AV, Influenza A antibody got linked to the chromophore before
application by using DyLight™ Microscale Antibody Labeling Kit. The labeling process was
performed by following the kit handbook. Primary antibody was diluted in Borat buffer (0.76 M)
and PBS to a protein concentration 1 mg/ml in 0.05 M Borat buffer. The antibody dilution was
mixed with the Dylight reagent and incubated in the dark at RT for 1 hour, here the protein was
labeled. In the following the protein was purified by running through a column. First, the column
was loaded with resin, later labeled antibody mix was loaded and collected in tube by using
centrifuge (3200 rpm for 45 seconds). The applied antibody was diluted to 1:30 in washing buffer

and ready to use.

The tissue section staining was continued according to the previous part. Continuing the full model
staining, the model remained in the insert. It was washed with PBS and with 4 % PFA fixed and
washed again with PBS three times, each for 5 minutes. Then the model was stained with the
antibody (3.4 Antibodies) dilution as described before and stayed for the whole procedure in the

insert.

Histology of bronchial epithelial sections and full model post IAV infection was analyzed using the
confocal microscope (Carl Zeiss, Jena, Germany) by Prof. Dr. Andreas Hocke’s lab (Charité,
Pneumology and Infectiology, Berlin, Germany). Prof. Dr. Andreas Hocke and Dr. Katja Honzke

performed the confocal analysis.

4.3.2 Transmission electron microscopy (TEM) analysis

TEM visualizes cell compartments with electron transmission. The technique is based on atom
density, high atom density is difficult to transmit because the lower the density, the higher is the

electron transmission.

The following experiment was performed by Sabine Kaessmeyer (Department of Veterinary
Medicine, Institute of Veterinary Anatomy, Freie Universitat Berlin) and the method was taken from

R. Balansin Rigon (2018) and summarized below (Balansin Rigon, Kaessmeyer et al. 2018).

For sample preparation the models were washed with 0.1 M cacodylate buffer (cacodylic acid

sodium salt trihydrate, Roth, Karlsruhe, DE) and fixed in Karnovsky’s fixative (Merck Eurolab,
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Darmstadt, DE) for 1 h at 4 °C. After model fixation, 1 % osmium tetroxide (Chempur, Karlsruhe,
DE) in 0.1 M sodium cacodylate buffer was used to postfix the model for 1 hour. Next, samples
passed a gradual ethanol series for sample dehydration. The model fixation was performed by
embedding sample in a composition of Agar 100 (epoxy resin), DDSA (softener), MNA (hardener),
and DMP 30 (catalyst) (all: Agar Scientific, Stansted, Great Britain, UK). Polymerization followed
at 45 °C and 55 °C, each for 24 hours. Model was cut into tissue sections (0.5 pum) with an
ultramicrotome Reichert UltracutS (Leica Microsystems, Wetzlar, DE) and stained with modified
Richardson solution at 80 °C for 45 s. Analysis of tissue sections was performed using a light
microscope (Olympus CX21, Olympus, Stuttgart, DE). Later, ultrathin sections were cut to a 70
nm thickness with the UltracutS. Sections were mounted on nickel grids (Agar Scientific, Stansted,
Great Britain, UK). Samples were examined to detect the occurrence of ciliated cell structures,
goblet vesicles, cell-cell contacts, cell organelles, and cell shapes as well as to analyze ECM
organization, distribution, and differentiation using an EM109 electron microscope (Zeiss, Jena,
DE). The histology and ultrastructural investigation of the bronchial epithelium model was
confirmed by TEM. Photographs were taken and processed using an Adobe Photoshop Program

(Adobe System, Unterschleissheim, DE).

4.3.3 Influenza infection at the bronchial epithelium model

Bronchial epithelium model was infected with influenza virus H3N2 (pathogen Panama/2007/1999
(PANIIN) at day 21 of model cultivation. For model preparation 550 pl ALI medium was exchanged
with 550 pl ALI medium (without supplemented hydrocortisone) at 24 hours pre infection. At the
infection day, virus dilution was prepared freshly. For virus dilution preparation virus H3N2
(pathogen Panama/2007/1999 (PANIII)) stock solution (19.9 x 108 PFU/mI) (PFU = plague forming
units) was diluted in PBS to the desired multiplicities of infection (MOI) 0.01. Different MOls were
tested in first trial MOI 1, 0.1 and 0.01. Each model was infected apically with virus dilution (25 pl).
Followed by virus incubation for 45 minutes at room temperature. Cell culture plate with models
remained under laminar air flow working bench and was shaken every 5-10 minutes. After
incubation models were rinsed apically with 150 pl PBS to aspirated model surface. This was
timepoint zero. At 2 hours post infection first Zanamivir treatment followed, 13 pl of Zanamivir
dilution (Zanamivir in PBS; 0.1, 100 and 1000 nM Zanamivir) was pipetted apically at model

surface. At 8 hours post infection, the first sample was collected. The models were rinsed apically
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with 150 pl PBS for 5 minutes. The collected sample was diluted to 250 pl, 250 pl sample was
aliquoted in several tubes. Apically collected samples were used for plaque assay and enzyme-
linked immunosorbent assay (ELISA). The medium sample was collected as well, for mass
spectrometry (MS) analysis and ELISA. The medium was replaced with the same volume of fresh
ALl medium. While testing Zanamivir concentration in medium, medium was not replaced,
timepoints were 2, 8 and 48 hours post treatment. In general, the treatment followed every 12

hours (two times per day). Sample collection took place 8, 16, 24, 48 and 96 hours post infection.

4.4  Analysis
4.4.1 Plague Assay

To quantify infective influenza virus activity a plague assay was executed. The idea of the method
is that is the virus infects a cell and a cell lysis follows, normally virus moves free to infect the
neighbor cells, instead Avicel mix medium was used. It has a high viscosity and keeps the virus
stick to its infected cell. The destroyed cell detaches from the plate surface. For visualizing the
result, all cells get stained by crystal violet, the detached cell forms a circle and is unstained, called
plague. Through sample dilution and plaque calculating, a virus replication can be computed.

Assay samples were collected 8 hours, 16 hours, 24 hours, 48 hours and 96 hours post infection.
Here, samples were collected by rinsing model surface with 150 pl PBS for 5 minutes (apical
sample). Samples were diluted to 250 ul PBS, aliquoted and stored by -80 °C. For all time points
a serial dilution was prepared in a 96-well plate from 10 to 101° in PBS** (0.006 %, 30 % BSA).
MDCK cells were cultivated in 12-well plates till cell confluence. The diluted supernatants were
pipetted on MDCK cells before cells were washed twice with PBS. Virus dilution (150 ul) incubated
for 45 minutes at room temperature and were softly shaken every 10 minutes. Then wells were
rinsed with PBS two times afterwards. For cultivation 1 ml Avicel mix medium (for 10 ml: 4.86 ml
Avicel medium, 4.86 ml 2 x MEM, 66.7 ul BSA-Stock, 100 pl NaHCOs3-Stock, Dextran-Stock) was
added and were placed for 48 hours in an incubator (37 °C, 5 % CO.). In the final step cells were

rinsed with PBS twice and stained with crystal violet to visualize plaques.
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Avicel Suspension (2.5 %) for 500 ml:

125¢g Avicel
500 ml dH20

2 hours on a magnet mixer, highest level.

suspension: milky, white
steril autoclaved (115 °C, 101 kDa, 10 min)

MEM-Medium (2 x) for 500 ml:

9.53¢g MEM
224¢g NaHCOs;
500 ml dH-0

Methods

MEM mixed with 80 % dH.O on a magnet mixer, highest level. Powder solved, NaHCO3; was

added. PH was titrated with HCI to pH 7.2. Medium placed into measuring cylinder, volume filled

up to 500 ml. Sterile filtration in sterile bench (pH=7).

Crystal violet solution (staining solution)

Solution A Solution B
20 % EtOH 10 % Formaldehyde
6 mg Crystal Violet

Solution A + B (1:10) were mixed under a hut.

Table 5. Crystal violet solution

NaHCOs-Stock (5 % wi/v)

2 % NaHCO;3; dH»0 solved,

sterile filtration in sterile bench.

TPCK Trypsin-Stock (0.1 mg/ml)

5 mg Trypsin solved in 5 ml dH.O (for

injection) solved.

Dextran-Stock (1 % w/v)

1 % Dextran dH,O solved,

sterile filtration in sterile bench.
BSA-Stock (30 % w/v)

BSA was ready to use.
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4.4.2 LDH Assay

Lactate dehydrogenase (LDH) Assay investigates cell damage. LDH is a common cell enzyme
and has a high stability. If cell harming takes place, it is detected in cell plasma/serum. In nanogels
application, basal medium sample was collected, 6 hours post infection. As positive control, one
model was treated with 10 % Triton X for 3 hours, as negative control medium sample was
collected of uninfected and untreated model. For analyzing samples, the CytoTox-ONE™
Homogeneous Membrane Integrity Assay Kit (Promega, Madison, Wisconsin, USA) was used and
fluorometric measured. Samples were mixed with lactate and NAD+, the LDH release reacts with
both to pyruvate and NADH+H*. Resazurin was added as substrate and reacts with NADH+H*
and forms Resorufin, it is detectable with a 384-well fluorometer. The intensity correlates with the

amount of tracked protein.

4.4.3 MTT Assay

The cell viability was measured by MTT Assay, a colorimetric assay. NAD(P)H-dependent cellular
oxidoreductase enzymes is addressed to reflect the number of viable cells. This enzyme reduces
tetrazolium (MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to formazan,
which shows a purple color. Damaged cells contain a low number of this enzyme, a color reaction

is quite little.

At 8 hours, 24 hours, 36 hours, 48 hours and 96 hours post infection, models were treated with
MTT. MTT solution of 0.5 mg/ml in PneumaCult™-ALI Medium was prepared. At specific time
point basal medium of the bronchial epithelium model was replaced with MTT solution and
incubated with MTT solution for 4 hours, 37 °C, 5 % CO.. For every timepoint the model for positive
control and as negative control was treated identically. Positive control model was treated with 10
% Triton X for 3 hours and negative control was uninfected and untreated model. Later, models
were collected and stored in a tube with acid isopropanol (500 pl, Isopropanol = 0.04 N HCI),
vortexed and incubated for 4 hours in the dark, to extract formazan. To measure the result, sample

was pipetted in 96-well to measure formazan by 520-570 nm with a microplate reader.
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4.4.4 Enzyme linked immunosorbent assay (ELISA)

Enzyme linked immunosorbent assay (ELISA) is an immune assay. Target macromolecule is
immobilized by binding at an antibody connected to 96-well plate. It complexed with a second
antibody which is linked to an enzyme. The enzyme activates a color reaction which can be
measured and quantify the target molecule amount. Culture medium sample of the trans well
(basal side) and apical samples of the bronchial epithelium model were collected. For testing
apical protein release, surface was washed with PBS for 5 minutes and was collected. The CC16
protein was tested in apical and basal samples using precoated ELISA Kit (Biomatik, Cambridge,
CAN). For the following proteins apical sample was analyzed. IFN-3-1 was quantified by using the
VeriKine-HSTM Human Interferon beta TCM ELISA Kit (pbl ASSAY SCIENCE, USA), IFN-A-1 was
tested with the Human IFN-A-1 uncoated ELISA Kit (ThermoFisher SCIENTIFIC, Waltham, USA).
Human IL-1B tested with uncoated ELISA Kit (ThermoFisher SCIENTIFIC, Waltham, USA).
Uncoated ELISA Kit, the 96-well plate was pre-coated with capture antibody overnight. Other Kits
were ready to use. Analyses were proceeded by following the manufacture handbook. Applied
standard and samples bound to the capture antibody which connected to the well-surface. A
second antibody, which is horseradish peroxidase (HRP) linked attached as well to the target, a
complex was formed. By adding 3,3’,5,5'-tetramethylbenzidine (TMB) the visual reaction started,
it oxidated by HRP and showed detectable signals, intensity correlated with the amount of tracked
protein. To quantify the signal a micro plate reader was used with a 450 +/- 10 nm filter.

4.4.5 Real time polymerase chain reaction (RT-PCR) — Array

Method is based on the polymerase chain reaction (PCR) and is combined with a
spectrofluorometer, which measures continuously the signal of intercalated SYBR Green during
the whole process (real time). It monitors the CT (cycle threshold) values to calculate changes in

gene expression.

First step was the total RNA isolation. Here, the collected model was placed into 500 pl Trizol by
using the hut and was stored by -80 °C. The day of PCR performance, sample thawed on ice.
Tubes were centrifuged by 1000 RPM. Supernatant discarded in Trizol trash and 500 ul EtOH
were added, vortexed and transferred into RNase free tube. For detection, the gRNase-free
DNase Set (50) Qiagen Set was used and according to manufacturer’'s handbook the isolation

was proceed. Sample was pipetted on tube column and centrifuged at 8000 RPM, to let the RNA
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bind on the column. 400 pl washing AW1 buffer was added to the column and centrifuged at 8000
RPM. Next, 400 pl of the washing AW2 buffer were added and centrifuged at 8000 RPM. Then
the mini column transferred on a fresh tube, 400 pl Elute was added and centrifuged at 8000 RPM

to collect the RNA. Pure nucleic acid was collected in vial.

Nanodrop was used to check RNA amount, by using 1.5 pl purified RNA. The cDNA preparation
from purified RNA was performed with RT? First Strand Kit (Qiagen, Hilden, DE). Then, cDNA and
RT2 SYBR Green Master were mixed (includes already dNTPs, Primer, DNA Transcriptase).

A customer prepared plate was used, Custom RT2 Profiler PCR Array (Qiagen, Hilden, DE) (table
4) and the cDNA and Master mix was aliquoted into the plate. Later, the experiment was run with
the LightCycler 480 Il (Roche, Darmstadt, Germany). mRNA expression data were normalized to
GAPDH and analyzed by using the 2-AACT method.

PCR Cycler settings

Cycle conditions

Cycle Duration Temperature

1x 10 min 95 °C HotStart DNA Taq Polymerase is activated
by this heating step

1x 15 sec. 95 °C Perform fluorescence data collection

45 x 1 min 60 °C

Heating ramp rate 1.5 °C/sec
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96-Well Plate or 100-Well Disc Custom PCR Array Template

Gene Reference

number | Gene Symbol Sequence
1 IFN-a1 NM_024013.2
2 IFN-02 NM_000605.3
3 IFN-a4 NM_021068.2
4 IFN-a5 NM_002169.2
5 IFN-a6 NM_021002.2
6 IFN-a7 NM_021057.2
7 IFN-a8 NM_002170.3
8 IFN-a10 NM_002171.2
9 IFN-a13 NM_006900.3
10 IFN-a14 NM_002172.2
11 IFN-a16 NM_002173.2
12 IFN-a17 NM_021268.2
13 IFN-a21 NM_002175.2
14 IFN-B-1 NM_002176.3
15 IFNw-1 NM_002177.1
16 IFN-¢ NM_176891.4
17 IFN-y NM_000619.2
18 IFN-A1 NM_172140.1
19 IFN-A2 NM_172138.1
20 IFN-A3 NM_172139.2
21 IFN-A NM_001276254.2
22 DDX58 NM_014314.4
23 IRF7 NM_001572.5
24 IFIT1 NM_001548.5
25 OAS1 NM_016816.4
26 BST2 NM_004335.4
27 MX1 NM_001144925.2
28 GAPDH NM_002046 Housekeeping gene
29 ACTB NM_001101
Human genomic DNA
30 HGDC SA_00105 Ctrl
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Reverse
31 RTC SA_00104 Transcriptase Ctrl
32 PPC SA_00103 Positive PCR Citrl

Table 6. 96-Well Plate or 100-Well Disc Custom PCR Array Template

4.4.6 Analysis of Zanamivir via Mass Spectroscopy

For quantification of Zanamivir in the basal medium of the bronchial epithelium model, |
cooperated with Dr. Jan Joseph, who performed the analysis by Mass spectrometry at Freie
Universitat Berlin.

The samples were separated in Merck SeQuant ZIC-HILIC columns (100 mm x 2.1 mm, 3.5 pm)
at 30 °C with an Agilent Infinity 1290 II liquid chromatography system and injected on an Agilent
6495 triple quadrupole with attached Jet Stream source (Agilent). Elution from the column at a
constant flow rate of 0.500 ml/min with gradient mixture of solvent A (10 mM NH4Ac in water) and
solvent B (absolute Acetonitrile) was performed as follows: 70 % B for 0.5 minutes to 60 % B in
0.1 minutes for 0.9 minutes, to 70 % B at 1.6 minutes, 2.4 minutes hold, 1 minutes post-time.
Standard source parameters for Zanamivir detection were stablished by injection of 1L of 1 pg/mi
Zanamivir in ACN/H20 (50/50, v/v) prior to analysis of our experiments. The following optimized
parameters were chosen: Gas temperature of 120 °C and flow of 15 I/min, nebulizer at 40 psi,
sheath gas temperature of 390 °C and flow of 12 I/min, capillary at 2000 V, 0 V at the nozzle, and
HPRF and LPRF 130 V and 80 V, respectively. Zanamivir was quantified by multiple reaction
monitoring (MRM) transition of precursor ions analyzed in positive polarity and fragmented with

20, 32 and 70 units of collision energy.

To detect Zanamivir tracks in the basal medium, all samples had to be cleaned by cartridges
(Oasis® HLB Cartridge 1 cc/10 mg, Waters, Frankfurt am Main, DE). For a better quantification,
Oseltamivir  Carboxylate  (4R-(acetylamino)-5S-amino-3R-(1-ethylpropoxy)-1-cyclohexene-1-
carboxylic acid) (Cayman Chemical, Michigan, USA) as an internal standard was applied to all
samples. Followed by the sample preparation 5 pl Oseltamivir Carboxylate (0.1 ng/ml) was added
and to support the liberation of Zanamivir a base milieu was adjusted by adding 5 pl NHs (5 %).
To proceed with the purification the cartridges were placed in a vacuum chamber of 5 Hg, the
pump was started by applying the solvent and that the cartridges never went dry. First, the

cartridges were conditioned with 100 pl MeOH and equilibrated with 100 pl H>O (deionized water).
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Next, the sample got loaded and after it was washed with 100 pl H20O (deionized water plus 25 %
MeOH) and run through and at last for eluted out the sample 100 pl MeOH were added. Collected
samples were evaporated by 80 °C and 1-2 bar of N2. The sample got reconstituted in ACN/H,O
(50/50, V/IV). A 96 well plate was loaded with the standard and all samples to run the Mass

spectroscopy.

4.4.7 Model treated with nanogels

The bronchial epithelium models were treated with degradable and non-degradable NGs. 17 pl
NGs were applied apically to the model. The treatment duration was 3 hours and 6 hours, models
were placed in incubator for incubation. Later, models were fixed by preserving them in tissue
freezing medium. Before, models were cut off the inserts with a scalpel and transferred in a small
plastic box for freezing. The plastic box was filled with tissue freezing medium, 20 % of volume.
Then, the model was added and a second layer of tissue freezing medium was applied to cover
full model. The plastic box was placed into liquid nitrogen for a few minutes with the help of using
forceps to freeze model. The box was wrapped with aluminum foil and stored by -80 °C. 24 hours
later cryo-sectioning was performed on a cryotome, tissue sections were cut to a thickness of 10
pum and collected on an object slide. For the tissue fixation, models had to be dried at RT and then
for one minute fixed in PFA at RT. Followed by counterstaining of DAPI and cover slides covered
object slide and transferred in fridge for minimum 24 hours for drying. After drying slides were

ready for fluorescence-based analysis.

Degradable nanogels Non-degradable nanogels
PNIPMAM-(S-S) -dPG (labelled with RhodB) PNIPMAM-dPG (labelled with RhodB)
¢ (nanogel) 10 mg/mi ¢ (nanogel) 10 mg/ml
PNIPMAM-(S-S) -dPG PNIPMAM-dPG (labelled with RhodB)

¢ (nanogel) 10 mg/mi
c (ETN) 0.7 mg/ml

¢ (Nanogel) 10 mg/mi
¢ (ETN) 0.67 mg/ml

Negative control

ETN diluted in PBS
¢ (ETN) 0.7 mg/ml

Table 7. Nanogel compositions
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4.4.8 NHBEC transfection with LNPs

Methods

1.3 x 10® NHBEC per well were seeded in 96-well micro titer plate for a fluorescence-based assay,

in Pneuma Cult Ex Plus for 24 hours, cells were cultured by incubator conditions to confluency of
70 %. For transfecting NHBEC different LNPs were used: DSPC (1,2-distearoyl-sn-glycero-3-
phosphocholine), DOPC (1,2-(cis, cis-9,12-octadecadienoyl)-sn-glycero-3-phosphocholine),

DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), ES (egg sphingomyelin) and DSGP (di-

stearoyl-phosphatidylglycerol). They were combined with different amounts of PEG (0.5, 1.5, 5 %)

and siRNA (0.1, 0.3, 1 ug/ml) and all were combined with and without ApoE.

LNP dilution SiRNA dilution
20 pl LNP 1.23 pl siRNA
+ 30 ul acetate buffer + 498.77 acetate buffer

Stock solution of each LNP

1275 pl media (Pneuma Cult Ex Plus) + 11.7 pl LNP dilution

LNP solution (final)

w/o ApoE (0.5 %) w ApoE (0.5 %)

5 % PEG 1.5%PEG [05%PEG |5% PEG 1.5% PEG | 0.5% PEG
+ + + + + +

0.1 % siRNA | 0.1 % siRNA | 0.1 % siRNA | 0.1 % siRNA | 0.1 % siRNA | 0.1 % siRNA

0.3 % siRNA | 0.3 % siRNA | 0.3 % siRNA | 0.3 % siRNA | 0.3 % siRNA | 0.3 % siRNA

1.0 % siRNA | 1.0 % siRNA | 1.0 % siRNA | 1.0 % siRNA | 1.0 % siRNA | 1.0 % siRNA

DSPC
DOPC
DOPE
ES
DSGP

Table 8. LNP solution composition
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Samples were run in triplicates and as negative control wells were treated with PBS. The plate
was aspirated and washed twice with PBS, then cells were treated with one of the final LNP
solution (100 pl) for 24 hours. The next day the plate was aspirated and washed three times. All
cells were fixes in 3 % PFA for 30 minutes. To assess the transfection efficacy high content
screening was used, the cell nuclei was counterstained with Hoechst 33324 (1:2000 in PBS). The
dye was incubated for 10 minutes, all wells were aspirated and washed three times with PBS.
Plate was wrapped in aluminum foil and stored in a fridge till analyzing with a Cellomics Array
Scan VTI (Thermo Scientific).

4.4.9 Curcumin application to model

The curcumin solution was synthesized by the lab of Prof. Dr. Shyh-Dar Li, who works in targeted
drug delivery and nanomedicine at the UBC, Vancouver Canada. | received a curcumin solution
in a desired composition (table 7). Curcumin was apically applied to bronchial epithelium models,
with a volume of 17 pl. The model was collected 6 hours and 24 hours post curcumin application.
Later, model fixation was done by preserving them in tissue freezing medium. Models were cut off
the inserts with a scalpel and transferred in small plastic box for freezing. The plastic box was
filled with tissue freezing medium, 20 % of volume. Then, the model was added and a second
layer of tissue freezing medium was applied to cover the full model. The plastic box was placed
into liquid nitrogen for a few minutes by using forceps to freeze the model. The plastic box was
wrapped with aluminum foil and stored by -80 °C. 24 hours later cryo-sectioning was performed
on a cryotome, tissue sections were cut to a thickness of 10 um and collected on an object slide.
For the tissue fixation, models had to be dried at RT and then for one minute fixed in PFA at RT.
Followed by counterstaining of DAPI and the slides were closed with cover slip and dried in the

fridge for minimum 24 hours. After drying slides were ready for fluorescence-based analysis.
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Curcumin solution composition:

Methods

[mmol/l] [mg/ml]

Curcumin 0.065 0.024
®
E Tween80 0.943 1.234
(7]
I Cholesterol 2.734 1.057
= Additional fluorescent marker:
5
C
3
g DIE (Ex 549, Em 565) 0.038 0.035

Table 9. Curcumin solution composition

The particle size is 71.5 nm, PDI 0.09 in HBS (pH 7.4)

65



Results

5. Results

5.1 Development of the human based bronchial epithelial in
vitro model

Alternatives to animal models in preclinical trials as the human based 3D in vitro model has
highlighted the need due ethical reasons along with the distinct difference in the anatomy and
physiology of animals and humans, which had led to different results. This has been recognized
in previously collected data from preclinical to clinical studies by the translation from animal to
human. The motivation of developing the bronchial epithelium model is to reduce this gap.
Primary, it is about establishing the human based bronchial epithelium model. Guiding reference
was established by the method to cultivate human based full thickness the skin in vitro model
(Kichler, Henkes et al. 2011, Honzke, Wallmeyer et al. 2016, Léwa, Vogt et al. 2018). Different
parameters were tested to find perfect conditions to cultivate in vivo like bronchial epithelium
model. Model cultivation was divided into five steps (figure 7): A) embedding fibroblasts in
collagen matrix, B) submerged with cell medium, C) seeded NHBEC on collagen matrix
submersed in culture medium, D) airlift performed, E) cell differentiation during model cultivation.
Several tests were performed to find ideal culture conditions.
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A B. C. E.
NHLFb Submerged NHBE Differntiated
in Collagen seeded model

Figure 7. Human based bronchial epithelium model development. Step A, NHLFb embedded in bovine
collagen 1, incubated for 2 hours in a CO2 free incubator. B, Collagen matrix got submerged with FGM for
2 hours by incubator conditions. C, NHBE cells seeded on the collagen surface, medium change to
PeumacCult-ExPlus medium, for 24 hours under submerged conditions. D, 24 hours later the airlift got

performed and medium change to ALI medium, the differentiation process took place for 21 days, E.
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Some changes from the skin model protocol were already established; half the volume of collagen
mix 268 pl instead of 536 ul and double the number of fibroblasts 64.000 instead of 32.000 were
used. Followed by testing the NHBEC number, timepoint for airlift performance and cultivation
duration. These parameters were expected to influence cell differentiation and morphology of
bronchial epithelium model. Skin fibroblasts in the passage 4 (p*) and NHBEC p? were used for
model cultivation. For testing epithelial cell number 1 x 10% 5 x 10°and 9 x 10° NHBEC were
trialed. The model with 1 x 10° NHBEC, airlift was performed 72 hours post seeding and models
with 5 x 10°and 9 x 10° NHBEC airlift was performed 24 hours post seeding. All models were
cultivated 14 and 21 days in an incubator (37 °C, 5 % CO;). Tissues were H&E stained and
immune stained against MUC5AC, mucus protein that indicates goblet cells (Thornton, Rousseau
et al. 2008) and uteroglobin (UG) a protein that showed club cells (Rokicki, Rokicki et al. 2016). It
resulted that all models presented two compartments, lamina propria out of collagen embedded
fibroblasts and epithelium of NHBEC as expected for a full thickness model. There were no
significant differences in the applied parameters as NHBEC number, timepoint of airlift
performance and cultivation time (figure 8, A.1.1- 2.2, B.1.1-.2.2). All showed similar tissue
histology. Analysis did not identify characteristic bronchial tissue structure. It did not exhibit basal
monolayer and epithelial cells of prismatic morphology as observed in naive human bronchial
epithelium (Wang, Lai et al. 2006). Immune fluorescence staining did not show positive signal for
goblet and club cells, probably no cell differentiation to characteristic bronchial epithelial cells as
goblet and club cells took place. Interestingly, epithelial compartment showed several layers of
flat NHBEC. Most epithelial cells were lying in dense layers and cuboidal cells formed basal layer,
it reminded to skin histology. Except histology of model with 9 x 10°NHBEC (figure 8, C). It might
show some differentiated NHBEC, also positive signal of mucus and uteroglobin was confirmed
after three weeks of cultivation (figure 8, C.2.1, C.2.2). It underlined the importance of cell number
and the cultivation duration of three weeks emphasized too. Bronchial epithelium morphology was

still missing.
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2 weeks

1 x 105 NHBE

5 x 10 NHBE
cells/model

9 x 10° NHBE
cells/model

Figure 8. Bronchial epithelial in vitro model with NHDF and NHBEC. Development of bronchial
epithelium model. with NHBEC and skin fibroblasts and tested different parameter. A.1.1, 1.2, 1 x 10°
NHBEC were cultivated for 2 weeks. A.2.1, 2.2, 1 x 105 NHBEC were cultivated for 3 weeks. Airlift was
performed 72 days post seeding. B.1.1, 1.2, 5x10°> NHBEC were cultivated for 2 weeks. B.2.1, 2.2, 5 x 10°
NHBEC were cultivated for 3 weeks. C.1.1, 1.2, 9 x 10> NHBEC were cultivated for 2 weeks. C.2.1, 2.2,
9x105 NHBEC were cultivated for 3 weeks. Airlift was performed 72 days post seeding. Representative
histological H&E staining and immunostaining against mucin (MUC5AC), indicates goblet cells and
uteroglobin (UG), indicates club cells, scale bar = 100 um (A, B, C. 1.1 and 2.1), scale bar = 200 um (A, B,
C, 1. 2 and 2. 2). Nuclei were counterstained with DAPI (blue fluorescence). N=2.
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The positive impact of the NHBEC number, the tested cultivation time and the timepoint of airlift
for bronchial like morphology remained unclear. All models presented a skin like tissue
morphology (figure 8), probably because of using skin fibroblast. The influence of fibroblasts
source was tested in the following part. Skin fibroblasts were exchanged with primary human lung
fibroblasts (NHLFb) and previous trials were repeated. The NHBEC number was tested again, 5
x 10°and 9 x 10° NHBEC were applied and the cultivation time at an air liquid interface for 14- and
21-days was tested. Additionally, different protocols were trialed, as seeding fibroblasts on
supportive Alvetex® scaffolds (12-well inserts) (Reprocell, Beltsville, USA). The used scaffolds
promised a better cell organization (Marrazzo, Maccatri et al. 2016), here inserts were precoated
with Puramatrix (BD Falcon) (0,8 mg/ml). The model grown on a scaffold was cultivated for 7 days
submerged, then the cultivation continued for 14 and 21 days at an airlift interface. More bronchial
epithelium like morphology was desired. The bronchial epithelium is characterized with a basal
monolayer, it is attached to prismatic erected epithelial cells (Nichols, Niles et al. 2014). NHBEC
differentiation was expected into goblet cells, ciliated and club cells (Wickstrom, Davies et al. 1998,
Rokicki, Rokicki et al. 2016, Bustamante-Marin and Ostrowski 2017).

The histology of scaffold cultured models showed diffuse distributed fibroblasts in the scaffolds
independent of cultivation time and NHBEC number (figure 9, A.1,2, B.1,2). Further, NHBEC did
not show desired prismatic epithelial cell organization by scaffold support. 5 x 10° NHBEC
presented a thinner epidermal layer than the model with 9 x 10° NHBEC independent of cultivation
time (figure 9, 2.C, 2 D). Immunofluorescence staining showed positive results of a MUC5AC
signal just for 9 x 10° NHBEC (figure 9, 2 C.2, D.2). It indicated goblet cells. The model with an
air lift cultivation for 21 days presented soft fluorescence signal was reported (figure 9, 2 D.2).
Uteroglobin was not detected, probably no club cell was differentiated in any model that was

seeded in a scaffold.

In parallel, the previous trial (figure 9) was repeated, with lung fibroblasts seeded into a collagen
matrix (figure 10, 2, E.1-H.2). As before cell number of NHBEC (5 x 10°, 9 x 10°) and culture
duration for 14 and 21 days at an air liquid interface were tested. Figure 9, E.1 and 2 and F.1 and
2 showed models with 5 x 10° NHBEC. The epithelial layer was quite thin and NHBEC were not
prismatic erected as expected by NHLFb influence independent of the culture duration. NHBEC
number seemed to be too little. Immunofluorescence staining showed in both groups a positive
signal for MUC5AC. In contrast analyses of models build with 9 x 10° NHBEC and NHLFb
independent of cultivation time, the morphology (figure 9, G.1) presented a prismatic growth of

NHBEC and a basal monolayer was recognized in the epithelium. At 21 days a prismatic erected
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cell shape of NHBEC was clearly identifiable, as well as basal monolayer (figure 9, H.1).
Additionally, thick mucus layer was secreted by goblet cells. Goblet cell expression was proofed
by strong signals of MUC5AC (figure 9, H.2). Even uteroglobin was detected. The research
concluded that completely evolved bronchial epithelial tissue needed 21 days of growth,
additionally high density of NHBEC as 9 x 10° cells and lung fibroblasts to differentiate into
characteristic bronchial epithelium cells. All was necessary to develop fully differentiated functional

3D-tissue.
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Representative images were H&E and immune stained against MUC5AC (mucin), indicated goblet cells and
UG (uteroglobin), proofed club cells. Nuclei were counterstained with DAPI (blue fluorescence). All models
were cultivated with NHLFb and NHBEC. A.-D. 1, 2 models were cultivated on scaffold, air lift was performed
7 days post NHBEC seeding. A.1, 2, 5 x1 05 NHBEC were seeded and cultivated for 14 days. B. 1, 2 5 x
10° NHBEC were seeded and cultivated for 21 d. C.1, 2 9 x 105 NHBEC were seeded and cultivated for 14
days. D.1, 2 9 x 105> NHBEC were seeded and cultivated for 21 days. E.-H. 1, 2 models were cultivated on
0.3 um inserts, air lift was performed 24 hours post NHBEC seeding. E.1, 2 5 x 10> NHBEC were seeded
and cultivated for 14 days. F.1, 2 5 x 105 NHBEC, cultivated for 21 days. G.1, 2 9 x 105 NHBEC were seeded
and cultivated for 14 days. H. 1, 2 9 x 10° NHBEC were seeded and cultivated for 21 days. Scale bar = 100
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The use of human lung fibroblasts (NHLFb), 9 x 10° NHBEC and 21 days of cultivation influenced
the epithelial differentiation process. Tissue section’s morphology presented prismatic erected
cells, mucus production through goblet cells, uteroglobin secreted by club cells and probably
ciliated cells (figure 10, H1, 2). The morphology showed in vivo like bronchial epithelium. Proof of
characteristic cell structures were tested via staining protocols in following manner. Alcian blue
stained acidic glycoproteins blue/green presented produced mucus from goblet cells (Meyerholz,
Rodgers et al. 2009). Immunofluorescence maker against acetylated tubulin was applied; it is
found in cilia of ciliated cells (Wu, Du et al. 2009). Marker against pan-cytokeratin (keratin 4, 5, 6,
8, 10, 13, and 18) indicated cell differentiation to epithelial tissue, it provides protective stability of
cell construct as cytoskeleton (Franke, Schiller et al. 1981, Herrmann, Bar et al. 2007). Zonula
occludens-1 is a tight junction protein, it connects cells as peripheral membrane protein
(Stevenson, Siliciano et al. 1986, Cleo Leung 2012). These characteristic markers were expected
to be detected in tissue sections of the bronchial epithelial in vitro model. In parallel | tested the
impact of model rinsing to support muco-ciliary clearance. Previous trials showed an immense
mucus production (figure 10, H). In vivo mucus gets transported out of bronchial airway, but in
vitro model provided closed system and mucus removal through cilia movement alone was not
possible. Epithelial cell growth looked hampered through the thick mucus layer, probably rinsing
with PBS supports prismatic erect cell shape. Models were built according to last improvements,
use of NHLFb embedded in bovine collagen type I, 9 x 10° NHBEC seeded on top, airlift performed
at 24 hours post seeding and cultivated for 21 days. Models were rinsed gently with PBS; control
model was not rinsed (figure 10, A. 1-5), model was rinsed twice (figure 10, B.1-5) and model
was rinsed once (figure 10, C. 1-5). For histology analysis H&E, Alcian blue and immune staining

was performed.

It resulted that an immense mucus production was observed in the model which was not rinsed,
which was visible through green/blue stained mucus on the apical surface (figure 10, A.2). Already
figure 10, A.1 implied the assumption of high mucus secretion during H&E staining. Rinsed
models (figure 10, B, C) showed mucus reduction, just goblet cells exhibited a mucus reservoir
and a thin mucus layer on epithelial surface. Regarding the morphology of the twice rinsed model,
it showed down kept epithelial cells (figure 10, B.1,2), compared to the once rinsed model (figure
10, C.1,2). Its epithelium presented a more prismatic erected epithelial cell shape. Immunostaining
indicated for all models ciliated cells with positive signals of acetylated tubulin (figure 10, A-C.3).
All surfaces were rich in cilia expression. Differentiation to epithelial cells by forming branching

cytoskeleton was proven by antibody staining of Pan-Cytokeratin (keratin 4, 5, 6, 8, 10, 13, and
73



Results

18) (figure 10, A-C.4). Also, a response to ZO-1 was positive for all models (figure 10, A-C.5). It
exhibited that a set of analyses confirmed bronchial epithelial tissue with mucus production,
ciliated surface, pan-cytokeratin expression, and ZO-1 detection. Favored epithelial cell shape
was observed by the once rinsed model during the last cultivation week, it showed reduced mucus
in comparison to the other models, and it exhibited the most erected cell shape. Additionally, in

the same model a basal monolayer was detected.
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Figure 10. Testing different rinsing times at bronchial epithelial in vitro model. Models were cultivated
with primary normal human lung fibroblasts (NHLFb), embedded in bovine collagen type 1, 9 x 105 NHBEC
seeded on top, airlift performed at 24 hours NHBEC post seeding. Scale bar = 100 um. A.1-5, model was
cultivated without rinsing. B. 1-5, model was rinsed twice, from the beginning of second culture week. C.1-
5, was rinsed once in last culture week. Representative images show histological analyses H&E (A-C.1),
Alcian blue (A-C.2) staining and Immunostaining against acetylated tubulin (Ac Tbl) which indicates ciliated
cells (A-C.3), cytokeratin - 4, 5, 6, 8, 10, 13, 18 (PAN Cyt) (A-C.4) and Zonula occludens-1 (ZO-1) (A-C.5).

Nuclei were counter stained with DAPI (blue fluorescence). Scale bar = 100 um.
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5.1.1 Ultrastructural analysis of the in vitro model of 2- and 3-weeks
cultivation

Transmission electron microscopy (TEM) confirmed the results of the model's histological
evaluation. To assess ultrastructural morphology differences of both models 9 x 10° NHBEC with
embedded 64.300 NHLFb in bovine collagen I, at 24 hours post NHBEC seeding the air lift was
performed and the model was cultivated for two and three weeks. For additional analysis TEM

was performed.

The two weeks cultivated model showed a single kinetosome, which was detected close to a cilia
tube (figure 11, A, arrow), also a couple were guessed (figure 11, B, arrow). The kinetosome is
the basal body of a cilia, it sits underneath a cell membrane of ciliated cells and provides stability
to the whole construct for a functional movement. Just little numbers of ciliated cells were
detectable (figure 11, E, arrow 1). Goblet cells with mucus vesicle were detected (figure 11, C,
arrow, E, arrow 2). Infigure 11, D a characteristic basal monolayer cell was analyzed. These tests
revealed that the analyzed model was bronchial epithelial tissue, but still on its growing process.
Expected characteristics of ciliated cells and goblet cells were proven. However, reduced cilia
number than expected were found. Furthermore, the morphology and the cell organization were
not analyzable at this state of tissue development e. g. just single cells which formed a basal

monolayer orientation were detected.
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Figure 11. TEM analysis of the bronchial epithelium model cultivated for two weeks. TEM images
represented bronchial epithelium model. 64.300 NHLFb embedded in bovine collagen I, 9 x 105 NHBEC
(self- isolated, USA lung) seeded on top, 24 hours post NHBEC airlift was performed, and 14 days cultivated.
Cilia of ciliated cells with a kinetosome (arrow), scale bar 250 nm (A), cross sectional kinetosome pair
(arrow), scale bar 100 nm (B), goblet cell with mucus vesicle (arrow), scale bar 500 nm (C), ciliated cell with
microtubule and basal cell monolayer (arrow), scale bar 1000 nm (D), overview goblet cell (arrow 2) and

ciliated cells (arrow 1), scale bar 2000 nm (E).
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The three weeks cultivated model showed the following. Analysis identified a paired kinetosome
(figure 12, A, arrow). Significantly, a cross-sectional cilium image showed the characteristic
orientation of nine peripheral microtubule doublets-pairs of microtubules and a center complex
(figure 12, B). In general, the presence of ciliated cells was shown (figure 12, C, arrow), ciliated
cells were clearly identified. Goblet cells were also verified as indicated by the presence of mucus
vesicles; vesicle separation was clearly visible (figure 12, D, arrow). The last image (figure 12,
E) presented a tissue section overview, single differentiated NHBEC were forming a prismatic
morphology (arrow 2). Ciliated (arrow 1) and goblet cells (arrow 2) were a lined to each other. A
basal monolayer is formed (arrow 3), it is specific for bronchial epithelial tissue. It concluded that
the advantage of the three weeks cultivation was detected in TEM images. Characteristic cell
differentiation as ciliated cells, goblet cells, basal monolayer forming cells were visible and proven.

Three weeks of tissue cultivation were necessary to form a bronchial epithelium.
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9 x 105 NHBE cells/model 3 weeks

Figure 12. TEM analysis of the bronchial epithelium model cultivated for three weeks. TEM images
represented bronchial epithelium model. 64.300 NHLFb embedded in bovine collagen |, 9 x 105 NHBEC
(self-isolated, USA lung) seeded on top, 24 hours post NHBEC airlift was performed, and 21 days cultivated.
Cilia of ciliated cell with kinetosome (arrow), scale bar 250 nm (A), cross sectional cilium, scale bar 50nm
(B), ciliated cell with microtubule (arrow), scale bar 1000 nm (C), goblet cell with mucus vesicle (arrow),
scale bar 2500 nm (D), overview goblet cell (arrow 2), ciliated cells (arrow 1), basal cell monolayer (arrow
3), scale bar 500 nm (E).
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5.2 Bronchial epithelial in vitro model modulations

5.2.1.1 ECM enhancement

For a more realistic setting | tried to use a hydrogel of human extra cellular matrix (ECM) along
with another approach of self-synthesized ECM instead of the bovine collagen matrix. There is
proof that ECM itself influences the cell viability in the phenotype and on genetical level (Hirst,
Twort et al. 2000, Hedstrom, Hallgren et al. 2018). My assumption was to provide the most in vivo

like environment, to lead to an in vivo like bronchial cell differentiation.

For testing this method, NHLFb were embedded into the human matrix hydrogel for 14 days under
submersed condition, different ratios of hydrogel and human collagen were combined to find the
optimal ECM hydrogel mixture. The control (figure 13, A) was cultured according to the
established protocol. The control morphology exhibited evenly distributed fibroblasts nuclei-
stained deep purple in pinkish stained collagen. Figure 13, B contained 1:100 human hydrogel
mixed with collagen, many nuclei were detected, and the histology looked comparable to the
control. Figure 13, C, the 1:20 mixture showed just a single fibroblast nucleus. Figure 13, D 1:10
and E 1:3, both did not show any nuclei, only stained collagen. Figure 13, F 100 % of hydrogel
was used, and only little matrix leftovers were detected, and no NHLFb and no hydrogel were
detectable. Unfortunately, the received human matrix hydrogel was from a patient, who was
diagnosed with fibrotic lung tissue later. It meant that the desired advantage resulted to be a
disfavor for our model. Here, we stopped experimenting with the hydrogel.

Another approach was to cultivate a model with self-synthesized ECM by fibroblast stimulated with
ascorbic acid. Ascorbic acid supports ECM synthesis and higher collagen deposition (Marinkovic,
Sridharan et al. 2021). Self-synthesized ECM advantages were desired as described before. The
protocol for self-synthesized ECM by NHLFb was tested by seeding apically NHLFb on, basal
coated and uncoated inserts and submersed cultivated (medium supplemented with 0.1 %
ascorbic acid) for 7 days, later the model cultivation was continued according to the established
bronchial epithelial in vitro model protocol and for analysis the models were stained with H&E.
Results presented that uncoated inserts showed 3D grown layer of fibroblasts, pinkish collagen
and empty fragments (figure 13, G). NHBEC were not visible. Coated inserts (figure 13, H, I)
presented probably two different cell types because of different pink stains. Both showed a similar
unorganized cell distribution, without presenting any cell differentiation of bronchial epithelial cells.

All cultivated models did not show a bronchial epithelium like tissue morphology. It concluded that
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the use of ascorbic acid alone to stimuli ECM synthesis did not lead to a more realistic bronchial

epithelial tissue.
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Figure 13. Model modulation - applying human ECM hydrogel and self-assembled ECM. Images
presented HE stained tissue sections of 64.300 NHLFb were embedded in human ECM hydrogel in different
compositions for 14 days submersed (A-F). 1 x 10® NHLFb were stimulated by 0.1 % ascorbic acid to self-
synthesize ECM for 7 days during submersed cultivation. Followed by seeding 9 x 105 NHBEC on top, 24
hours later air lift was performed, and the model was cultivated for 21 days. All models were fixed in 4 %
PFA, embedded in paraffin and cut into tissue sections. A control model, NHLFb embedded in human
collagen. B, NHLFb were cultivated in 1:100 (ECM: human collagen). C, cells embedded in 1:20 (ECM:
human collagen). D, NHLFb embedded in 1:10 (ECM: human collagen). E, NHLFb embedded in 1:3 (ECM:
human collagen). F, NHLFb embedded in ECM. G, insert was uncoated, NHLFb synthesized its own ECM.
H, an insert was apically precoated, NHLFb synthesized on its own ECM. |, insert was basal precoated
NHLFb synthesized on its own ECM. Scale bar 20 um (A-F), scale bar 100 um (G-I).
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5.2.2 Teflon® ring to support bronchial epithelium morphology

Different ECM approaches did not support morphology of the in vitro bronchial epithelium model.
In the following | applied 1 cm diameter Teflon® ring at the bronchial epithelium model to test if it
has potential to feature the model morphology. In another tissue engineering protocol, a Teflon®
ring was used for culturing an oral skin model, the Teflon® ring was placed on the collagen matrix
and keratinocytes were seeded inside the ring to keep the keratinocytes in place (Gronbach, Wolff
et al. 2020). Here, the cultivation was supported while seeding NHBEC inside the Teflon® ring.
Different applications of the Teflon® ring were tested, it is illustrated in figure 14. Figure 14, A,
the Teflon® ring was applied for 21 days, the air lift was performed at 24 h NHBEC post seeding
and the ring was removed after model fixation. Figure 14, B the Teflon® ring was applied for 21
days, the air lift was performed at day 7 post NHBEC seeding, and the ring was removed after the
model fixation. Figure 14, C the proceed was like B, just the ring removal was at day 7 post
NHEBC seeding. Histology was analyzed with H&E staining. It resulted in all models being
damaged. Epithelial cells were not visible, probably epithelium was fully removed during ring
removal or not grown. The thin cell layer remained attached to membrane. No differentiated
bronchial epithelial cells were visible. Even in figure 14, B image revealed cells cultivated on top
and underneath insert membrane. It concluded that the use of a Teflon® ring did not result in an
enhancement, no differentiated epithelial cells were noticed and neither prismatic erected

epithelial cell shape. Testing ended after these three trials.
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Figure 14. Model modulation - using a Teflon® ring. HE stained tissue sections with illustrations of
experimental performance by using Teflon® ring (diameter 1 cm). 64.300 NHLFb embedded in bovine
collagen 1, 9x10° NHBEC were seeded on top, followed by Teflon® use varieties. A, model was cultivated
for 21 days with ring at an air liquid interface. B, model was cultivated submerged for 7 days and 14 days
airlifted with ring support at an air liquid interface. C, model was cultivated submerged for 7 days with ring
and 14 days airlifted without ring. Scale bar 20 um, n=1.
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5.2.3 Improving the model cultivation time

A less time-consuming approach was expected while exposing the model to physical stress by
applying the in vitro model in a perfusion system. In dynamic systems model’'s medium reservoir
exchanges permanently, with an applied perfusion pump at model culture plate. It was expected
that medium perfusion speeds up cell differentiation by physical shear forces and has a positive
effect on cell membrane barrier function (Chandorkar, Posch et al. 2017). The actual idea of
integrating a dynamic system was to reduce the cultivation time, instead of 21 days, 14 days of
cultivation time were wanted. A faster model cultivation process was desired to make the use of
the in vitro model more convenient for e. g. repeating and testing new parameters. Bronchial
epithelium model was cultivated for the first week according to the model protocol in static
environment, after the static environment was exchanged to a dynamic environment, the model
was placed into a cell culture plate connected to a perfusion pump to create a dynamic system.
The medium flow rate of 150 pl/min was applied for 7 days. In parallel the control model was
cultivated for 21 days under static conditions. The model was fixed, embedded in paraffin, cut and
tissue sections were H&E stained. Results showed the control model as expected, it contained
prismatic erect epithelial cells, it was lined with cilia on cell surface and underneath the basal
monolayer was visible (figure 15, A). In contrast the dynamic system exposed model did not show
differentiated cells in its epithelium. Instead, a high contraction of collagen matrix with embedded
fibroblasts was detected (figure 15, B). The diameter of epithelial layer doubled in comparison to
matrix layer regarding the dash line. The dash line separated NHLFb embedded in collagen
(Fbs+Col) and mucus-cilia-epithelium (Mucucil. Epith.) to visualize multi layers of epithelium
compared to control model. Cell trash or distinct cells were flouting above apical side. In
conclusion the result showed that applied dynamic system did not show desired advantages,
probably implementation needed more fine tuning. Also, reduction of contamination risc was
desired, a peristaltic pump was placed outside of the incubator because of its size which

connected the perfusion pump with the culture plate.
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Figure 15. The bronchial epithelium model applied in a perfusion plate. Images represent culturing
bronchial epithelial in vitro model in dynamic system, culture plate was connected to perfusion
pump. Speed up of cell differentiation was expected through shear forces of perfusion system.
After the cultivation models were fixed, paraffin embedded, tissue sections were cut, and H&E
stained. A, control model, 64.300 NHLFb embedded in bovine collagen I, 9 x 10° NHBEC seeded
on top, 24 hours post NHBEC seeding air lift was performed and cultured for 21 days. B, model
was cultivated 7 days on static stetting according to control model (A) and 7 days in dynamic system
by medium flow rate of 150ul/min. The dash line separated NHLFb embedded in collagen
(Fbs+Col) and mucus-cilia-epithelium (Mucucil. Epith.) to visualize multi layers of epithelium
compared to control model. Scale bar 20 ym, n=2.
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5.2.4 Comparison of cell donor, model insert and cell culture
medium

In this part | tried to improve the model morphology by testing different cell sources (companies
related), cell culture inserts, culture media and collagen batches. The NHBEC were bought from
companies as STEMCELL Technologies and Epithelix. Inserts with a pore size of 0.4 um (Corning)
were used in parallel to the established inserts (pore size 3 um (Corning)) were tested. MucilAir™
(Epithelix) culture medium was compared to common PenumaCult™-ALI Medium (STEMCELL
Technologies). Bovine collagen | (Cellsystems) was exchanged by a new collagen batch. Bovine
collagen batches can influence model morphology. Model cultivation was according to the model
generation protocol and for analysis H&E stained was performed. These tests revealed that the
insert pore size of 0.4 um did not enhance the model growth. Models applied on smaller pore size
presented a softer tissue construction, even the model collection resulted difficult (figure 16, A,
B, C, D). In contrast 3 um pore sized inserts showed a more stable and straighter matrix and
epithelium (figure 16, E, F, G, H, I, J). MucilAir™ culture medium did not improve NHBEC
differentiation and epithelium morphology (figure 16, C, D, G, H), no differentiated cells and
prismatic erect cell shape was visual. In contrast PenumaCult™-ALlI Medium induced NHBEC
prismatic erection and ciliated cells were visible (figure 16, E, F, I, J). Different collagen batches
did not influence tissue growth (figure 16, A-J). NHBEC (STEMCELL Technologies) showed
ciliated cells and an erected cell shape (figure 16, E, F), in comparison to NHBEC (Epithelix), the
number of cilia increased, erected cell shape formed pseudostratified epithelium (figure 16, I, J).
Concluded exchanged parameter as insert (0.4 um) and culture medium, did not enhance model
morphology and different collagen batches did not show any influence. Interestingly, the NHBEC
donor, associated with high viability, showed the best result regarding model morphology, and
thus proofed the established parameters of the bronchial epithelial in vitro model protocol. The

use of established protocol was continued.
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PneumaCult™-AL| Medium (STEMCELLTechnologies) MucilAir™ Culture Medium (Epithelix)
new collagen batch old collagen batch new collagen batch old collagen batch

insert 0.4 pm (Corning)

NHBEC (STEMCELL Technologies)

insert 3 pm (Corning)

NHBEC (Epithelix)

Figure 16. Model modulation by testing different inserts, medium and collagen batches. Presented
HE stained tissue sections of model improvement by testing MucilAir™ (Epithelix, Geneva, CH) against
PenumaCult™-ALI (STEMCELLTechnologies, Vancouver, CA) culture medium. Inserts 0.4 um pore size
instead of 3 um (Corning, Amsterdam, NL) and an old and new bovine collagen | batch (Cellsystems,
Troisdorf, DE. NHBEC sources from Epithelix and STEMCELL Technologies were tested. 64.300 NHLFb
embedded in bovine collagen |, 9x10°> NHBEC seeded on top, 24 hours post NHBEC airlift was performed,
and 21 days cultivated. (A). PenumaCult™-ALI Medium, insert’s pore size 0.4 pm and old collagen (B).
MucilAir™, insert’s pore size 3 um and old collagen (C). MucilAir™, insert’s pore size 0.4 um and old collagen
(D). Model cultivated with standards consumables and media and new collagen batch (E). PenumaCult™-
ALl Medium, insert’s pore size 0.4 um and new collagen (F). MucilAir™, insert’s pore size 3 um and new

collagen (G). MucilAir™, insert’s pore size 0.4 um and new collagen (H). Scale bar 20 pm.
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5.2.5 Ultrastructural analysis of the in vitro model of 3 weeks
cultivation and NHBEC donor change

Previous results showed that cell viability respectively to cell donor had a high influence on
bronchial epithelial morphology. The basal monolayer contains erected prismatic epithelial cells,
ciliated cells, and several goblet cells represented a differentiated in vivo like bronchial epithelial
tissue (figure 16, I, J). The change to NHBEC (Epithelix, Geneva, Switzerland), improved the
quality of bronchial epithelium models. Additionally, TEM analysis was applied to ultrastructural
morphology, the established protocol to cultivate the in vitro bronchial epithelium model was
applied. TEM results showed that the cilia number increased, also cell organization became
clearer (figure 17, A) in comparison to previous analysis (figure 12). Cilia were straight-lined
shaped and connected to their kinetosome, the kinetosome is located under the cell membrane
and grew vertical. Several cilium cross sections were visible, they presented the 9 characteristic
microtubule doublet pair organization (figure 17, F). Elevated ciliated cell showed a clear cell
compartment and a highly ciliated surface (figure 17, C). Goblet cells with mucus vesicles were
visible (figure 17, D). Overview exposure presented a fine defined basal monolayer, there was no
second layer visible, and all other cells were prismatic grown to the apical surface (figure 17, E).
Concluded, that the additional ultrastructural analysis of the in vitro model morphology proved the
donor influence regarding high cell viability supported cell differentiation and bronchial epithelial
morphology.
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9 x 10% NHBE (Epithelix) cells/model 3 weeks

Figure 17. TEM analysis of the bronchial epithelium model with new NHBEC (Epithelix, Geneva, CH)
cultivated for three weeks. TEM images represented bronchial epithelium model. 64.300 NHLFb
embedded in bovine collagen I, 9x10%> NHBEC (Epithelix, Geneva, CH) seeded on top, 24 days post NHBEC
airlift was performed, and 21 days cultivated. Cilia of ciliated cells with kinetosomes (arrow), scale bar 1pm
(A). Cross sectional cilium (arrow), scale bar 500nm (B), ciliated cell with microtubule (arrow), scale bar
2um (C), goblet cell with mucus vesicle (arrow), scale bar 1um (D), Overview image, goblet cell (arrow 3),

ciliated cells (arrow 1), basal cells monolayer (arrow 2) were presented, scale bar 10um (E).
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5.2.6 Endothelial cells implemented in human based bronchial
epithelial in vitro model

To establish a more complex model, | cultivated human based bronchial epithelial in vitro model
with bronchial endothelial cells (BEC) by self-synthesized ECM. Previous experiment was based
on self-synthesized ECM by interplay of ascorbic acid and NHLFb. The recent experiment used
coculture feature of vascular BEC and NHLFb. The protocol was developed by Sabine
Kaessmeyer (Department of Veterinary Medicine, Institute of Veterinary Epidemiology and
Biostatistics, FU Berlin) for skin in vitro models (Kaessmeyer 2017). | adapted her protocol for
bronchial epithelium models, by exchanging cell culture media for lung cells and cell origin of
bronchial epithelial cells and fibroblasts. Self-synthesized ECM was desired for total human based
approach and bronchial epithelial in vivo like morphology. Desired vascularized system
synthesized by the interplay of NHLFb and BEC provides a higher complexity of the in vitro tissue.
Especially, for further experiments e. g. coculturing of skin and bronchial epithelial tissues, in

human body organs are connected though a vascularized system.

For analysis HE, Alcian blue and immune staining was performed. Acetylated tubulin proofed
ciliated cells, MUC5AC showed goblet cells and uteroglobin detected club cells. Marker as von
Willebrand factor (VWF) was used to characterize vascularized system, it is an expressed protein
by endothelial cells and located at vessel’s lumen and plays important role in hemaostasis (Zanetta,
Marcus et al. 2000, Nightingale and Cutler 2013). CD31 was detected as well, also known as
platelet endothelial cell adhesion molecule, found among others at endothelial cell surface
(Lertkiatmongkol, Liao et al. 2016). TEM was performed as well for ultrastructural analysis to proof
tissue histology, the images presented the first trial; another trial was performed during my stay at
UBC. Unfortunately, | could not finish the model cultivation as the pandemic situation of COVID-
19 became alarming and the UBC decided to close the laboratory.

Following images presented tissue intersections of tissue histology. HE (figure 18, A) and Alcian
blue (figure 18, B) stained images showed ciliated cells, blue colored mucus layer indicated goblet
cells. The tissue morphology represented an unorganized differentiated epithelial cell layer; the
basal monolayer was not visible. Self-synthesized ECM showed thin cell layer. Immune
fluorescence pictures proved presence of ciliated cells, acetylated tubulin showed strong signal
and was detected above all epithelial cells (figure 18, C). MUCS5AC was detected, tissue
contained goblet cells and a few club cells, they produced uteroglobin (UG) (figure 18, D). Figure

18, image E was supposed to prove vascularized tissue with positive signals of von Willebrand
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factor (vWF) and CD31. CD31 did not show signals, either vVWF showed signals, but it was
expected to observe single signals forming a tube, as a vessel proof. TEM analysis confirmed by
presenting ciliated cells contained hastate cell shapes (figure 18, F, arrow). Also, nuclei indicated
the cell organization, but the expected cell arrangement cannot be proven, the basal monolayer
was just assumed and only fragments of prismatic epithelial cell shape were present (F).
Nevertheless, cilia with several cross sections of the cilium proofed the 9 characteristic
microtubule doublet pairs organization (figure 18, G, arrow). Also, kinetosome dots were recorded
underneath the membrane (figure 18, G). However, self-synthesized ECM by NHLFb and BEC
presented single fragments with empty spaces in between, the layers seemed thin and
unconnected (figure 18, H, arrow). Concluded expected vascularized tubes were not detected.
Either in TEM analyses, or in immune fluorescence screening. My experiment confirmed cell
differentiation of epithelial cells. The coculture of BEC and NHLFb did not show the expected self-

synthesized ECM result, probably further experiments are necessary for the model improvement.
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Figure 18. First trial of cultivating a vascularized human based bronchial epithelium model. Images
represented first trial of vascularized bronchial epithelium model with self-synthesized ECM by coculture
of NHLFb and BEC. 2800 NHLFb and BEC seeded on 0.4 um pore size inserts, cocultured for 18 days. Day
18, NHBEC seeded on top. Airlift was performed 24 hours NHBEC post seeding and for 21 days cultured,
according to protocol. Tissue sections were HE, Alcian blue, immune stained and TEM analysed. Cross
sectional HE stained (A) and Alcian blue stained (B) scale bar 20 um. Tissue section immunological stained
acetylated tubulin to visualize the cilia (C). Immunological staining against mucus (MUC5AC) and
uteroglobin (Ut) to analyse goblet cells and club cells (D). Von Willebrand factor (vWF) and CD31 to detect
vascularized cells (E). Nuclei with DAPI counterstained. Scale bars 20 um. TEM image ciliated neighboured
cells, scale bar 5 um (F). Ciliated cell with microtubule, scale bar 0.5 um (G). Base matrix, self-synthesized
ECM by BEC and NHLFb, scale bar 5 um (H).
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5.3 The in vitro model infection of influenza A virus and the
therapeutical use of Zanamivir

Having optimized the in vitro culture of the human bronchial epithelium model, next | tested if it
can be used for modeling human biology. The human pathogen Influenza A virus (IAV) H3N2
(Chen, Liu et al. 2018) infects human lung epithelial cells leading to cell damage and immune
response activation, including the release of cytokines and other cellular factors (Kawai and Akira
2006, Denney and Ho 2018). In clinics, Zanamivir is used as an antiviral drug to block viral
replication and treat IAV infection (Elliott 2001, Okomo-Adhiambo, Sleeman et al. 2013). Hence, |
investigated whether the in vitro model replicated IAV infection and Zanamivir treatment as

observed in patients in the clinic.

5.3.1 Establishing an IAV infection protocol

Histology analysis showed clear differences in between virus load and volume used for infection.
As expected for the non-infected control tissues submersed in PBS only, the apical layer of
pseudostratified columnar epithelium was clearly visible (figure 19, A). The lack of cilia in the
control tissue is probably related to the submerging protocol, as cilia was present before the
infection. All submersed tissues infected independently of MOI showed damaged epithelial cell
layer at 24 and 48 hours post infection (figure 19, B, C, D, G, H). Cell layers in these tissues were
thinner and showed heterogeneous pseudostratified morphology. In contrast, independent of MOI,
all spot infected tissues showed similar histology to control at 24 hours post infection (figure 19,
E, F). Similar results were observed for infections with MOI 0.01 at 48 hours post infection (figure
19, J). Interestingly, at 48 hours post infection, tissues infected with MOI 0.1 lacked the epithelium
(figure 19, ). | concluded that a high virus load of MOI 1 or 0.1 harmed the tissue in submersed
and spot infection protocols. Moreover, tissues infected with MOI 0.01 using the spot infection

protocol survived for at least 48 hours post infection.

To show that the virus was replicating inside the in vitro model cells, | performed a plaque assay
on the culture supernatant (figure 19, K). For MOI 0.1, independent of the infection volume, virus
particles were detected in the supernatant at 1 hour (102 PFU/mI), particles concentration
increased to 10 PFU/ml at 24 hours and kept constant until 48 hours post infection. No virus
particles were detected at 1 hour after spot infection with MOI 0.01 probably due to initial low virus
load. This experimental group also showed the lowest virus load at 24 hours (10° PFU/ml) and 48
hours (108 PFU/ml) post infection. In contrast, submerse infection with the same MOI 0.01 led to

higher virus counts, indicating higher infection efficiency with the submersed protocol.
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Interestingly, submersed infection with the highest MOI 1 induced a maximum virus particle counts
of only 10° PFU/ml at 24 hours post infection, likely due to early and widespread epithelial layer
damage and cell death (figure 19 B), leaving fewer cells for virus replication. Overall, my cultured
tissues can be successfully infected, and the virus replicated, as indicated by the exponential

increase of viral particles in the supernatant.
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Figure 19. Bronchial epithelial 3D in vitro model infection with Influenza A virus. Self-developed 3D
model for bronchial epithelial in vitro culture was transfected with different amounts of IAV (multiplicities of
infection = MOI) and using submersion or spot infection protocols. HE stained tissue sections (A-J) from
uninfected control submersed in PBS only (A); 24 hours post infection with submersed protocol using MOI
1 (B), 0.1 (C) or 0.01 (D); 24 hours post infection with spot protocol using MOI 0.1 (E) or 0.01 (F); 48 hours
post infection with submersed protocol using MOI 0.1 (G) or 0.01 (H); 48 hours post infection with spot
protocol using MOI 0.1 () or 0.01 (J). Scale bar 20 pm. Plaque forming unit per ml (PFU/ml) counts of viral
particles in the supernatant of cells infected with IAV over time after infection (K). Up to three independent
biological replicas were generated for each data point. Data is shown as mean value of biological replicates
+ SEM.
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Next, | compared the in vitro model to a commercially available one, named MucilAir™ (Epithelix,
Geneva, CH). MucilAir™ is a 3D in vitro model cultured at the air-liquid interface and based on
differentiated NHBEC, without NHLFb. Both models were infected with IAV (MOI 0.01, spot
infection protocol) for 48 hours. The supernatants were collected as before, and viral particles
counted with a plaque assay. Both models showed similar exponentially increasing levels of virus
particles in the supernatant over time, suggestive of viral exponential replication (figure 20).
Therefore, my bronchial epithelial in vitro model showed comparable behavior to the commercial
3D model, validating the quality of the self-developed model.

In conclusion, the spot infection protocol with MOI 0.01 is a good working protocol for modeling
the virus infection in the in vitro model based on the model comparison. From this moment on, |

decided to stick with this protocol for further experiments.
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Figure 20. Comparison to commercial tissue culture model infected with Influenza A virus. Plot
showed the level of IAV H3N2 (Panama/2007/1999, PANIII) infection in my in vitro models of human based
bronchial epithelium model and MucilAir™. Both models were infected in parallel (spot infection with MOI
0.01) and plaque assay performed using the culture supernatant 8, 16, 24, 48 hours post infection. A single
biological replicate was performed. Data are shown as mean + SEM. PFU/ml = Plaque forming unit per

milliliter.
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5.3.2 Zanamivir impact of virus replication and cellular viability in
IAV infected tissues

Zanamivir is an anti-viral agent used in the clinic that blocks viral replication. To study the in vitro
model’s response to Zanamivir treatment during IAV infection, cultured tissue was spot infected
with MOI 0.01 of influenza A virus and treated with Zanamivir. To create a more realistic setting
regarding IAV infection in patients, the infection duration was first extended to 96 hours. The
recommended Zanamivir treatment scheme consists of two 5 mg doses per day. To replicate the
clinical dosing scheme, | treated infected cells with Zanamivir 1 hour post infection and then every
12 hours during the infection period. Tissues were infected with 1AV, treated with Zanamivir, and
collected at 8, 24, 36, 48 and 96 hours post infection. Based on previously published studies, |
tested three doses of Zanamivir (0.1, 100 and 1000 nM) (Ferraris, Kessler et al. 2005, Memoali,
Hrabal et al. 2010, Okomo-Adhiambo, Sleeman et al. 2013).

As an anti-viral reagent that blocks viral replication, | expected lower virus level in IAV infected
tissues treated with Zanamivir and associated higher cell viability. First, virus replication was
analyzed as before by counting viral particles in the supernatant over time with a plaque assay
(figure 21, A). In all groups, viral particle counts in the supernatant increased over time in the first
24 hours post infection, indicative of successful cellular replication. Viral particle counts remained
constant over several days post infection but strongly decreased at 96 hours after infection,
possibly due to cell death. Importantly, viral particles count in the supernatant of infected tissues
treated with 1000 nM of Zanamivir were remarkably lower than the non-treated control. These
results suggest that while virus replicate in tissues in all groups such replication is inhibited by
treatment with 1000 nM Zanamivir.

To evaluate tissue viability at 96 hours post infection, cytotoxicity was accessed in MTT assay
(figure 21, B). Results from my infected models were compared to the uninfected, untreated
control (UTC). A positive control group (PTC) was included by treating uninfected tissues with
detergents to induce cell death. As expected, the PTC group showed much lower cell viability
compared to UTC, as indicated in the MTT assays by a drop of 75 % in cell viability. Cell viability
decreased by about 10 % at 24 hours post infection in infected cells compared to UTC. This
viability loss was completely prevented by the treatment with 1000 nM of Zanamivir (figure 21,
B). Interestingly, cell viability in tissues infected with IAV treated or not with Zanamivir was like the

UTC group at 36 and 48 hours post infection. At 96 hours post infection cell viability of the in vitro
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model dropped by 24 % in the untreated group and only 11 % after Zanamivir treatment, indicating

a ~50 % protective effect of the Zanamivir treatment against IAV infection in my in vitro model.

In the treatment of patients in the clinics, inhaled Zanamivir crosses the epithelium and reaches
the plasma (Cass, Efthymiopoulos et al. 1999, Chairat, Tarning et al. 2013). In analogy to the lung
epithelium cellular barrier between the lung lumen and the plasma serum, the epithelium cell layer
in my model formed a cellular barrier in between the apical part and the basal medium reservoir.
To test Zanamivir permissiveness through the epithelium layer of cells in the in vitro model infected
with IAV, | added Zanamivir (diluted in PBS) in the apical part and measured concentration over
time in the basal medium (Figure 21, C). Zanamivir concentration was measure using Mass
Spectrometry in collaboration with Dr. Jan Felix Joseph from the Freie Universitat Berlin,
Germany. Because the apical part was isolated from the basal medium, Zanamivir must diffuse
through the epithelium cell barrier. For the experiment, tissues were spot infected with IAV (MOI
0.01, pathogen H3N2, Panama/2007/1999 (PANIII)) and treated with Zanamivir (1000, 100, 0.1
nM, corresponding to 332.31, 33.23 and 0.33 ng/ml of Zanamivir) 2 hours post infection and every
12 hours as before. Basal medium samples (basal, medium reservoir) were collected 0, 2, 24 and

48 hours post treatment during 1AV infection.

My results showed that Zanamivir concentration in the basal medium reservoir increased over
time. Two hours after the first dose, Zanamivir was already detectable in the basal medium at
similar concentrations to the original Zanamivir dose (~300 ng/ml), expect in the experimental
group given 0.1 nM (Figure 21, C). In fact, Zanamivir could only be detected in the basal medium
after 48 hours of the first dose for the group given the lowest amount (0.1 nM). While Zanamivir
accumulated in the basal medium until the last time point measured for the group given the
maximum amount (1000 nM, or 332.31 ng/ml), it reached an apparent concentration plateau when
doses of 100 nM were given. Therefore, Zanamivir was detectable by MS in the basal medium
already 2 hours post treatment and accumulated there over time linearly, suggesting that most of
it did not rest inside cells nor was metabolized. In vivo, Zanamivir diffuses in the body due to the
permanent blood circulation and is metabolized, therefore the concentration does not accumulate
over time in vivo. However, Zanamivir concentration in vivo reaches maximum level already 1 or
2 hours post treatment (this level is then maintained through additional doses) (Cass,
Efthymiopoulos et al. 1999). Similarly, we found that Zanamivir concentration in the basal medium
reached the given dose after only 2 hours, indicated that my epithelium cell model had similar

diffusive properties to the in vivo counterpart.
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Figure 21. Cell viability, virus replication and Zanamivir concentration assays on my 3D bronchial
epithelium model infected with IAV. Tissues were infected with IAV H3N2 (Panama/2007/1999 (PANIII))
(spot infection with MOI 0.01) and treated every 12 hours with 1000 nM Zanamivir, first was given 2 hours
after infection. Samples were apically collected 8, 16, 36, 48 and 96 hours and from the basal medium 0, 2,
24 and 48 hours after the first dose of Zanamivir post infection. (A) Plaque assay measuring viral load in the
supernatant in plague forming units per ml (PFU/mI). Three to nine independent biological replicates per
time point and Zanamivir treatment. (B) Cellular viability was assessed with MTT assay and normalized to
the uninfected, untreated control group (UTC). A positive control group treated with detergents to induce
cell death was included (PTC). Three independent biological replicates were generated. (C) Mass
spectrometry quantification of Zanamivir concentration in the basal medium at different time points in 1AV
infected model. Data are shown as mean of biological replicates+ SEM.
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As before, comparison to a commercial in vitro model was performed using the MucilAir™-HF
(Epithelix, Geneva, CH) system. Both models were spot infected (MOI 0.01) in parallel with IAV
H3N2 (Panama/2007/1999, PANIII) and treated with 1000 nM Zanamivir every 12 hours.
Supernatant was collected at 8, 16, 24, 48, 96 hours post infection and plaque assay analysis
were performed. Similarly, as before, the viral particle count in the supernatant increased in the
first 24 hours of infection in both tissue culture models, indicating successful IAV infection (figure
22). This time, a clear treatment effect was noticeable in both models already at 24 hours post
infection. However, while virus level of treated MucilAir'™-HF continued to increase at 48 hours
post infection, this was not the case for the self-established in vitro model. At 96 hours post
infection, viral particles count dropped in all experimental groups. In conclusion, Zanamivir
inhibited 1AV replication in both tissue culture models.
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Figure 22. Comparison of different models during an Influenza A virus infection and Zanamivir
treatment. Plot showed the level of IAV H3N2 (Panama/2007/1999, PANIII) infection in the supernatant of
my in vitro models of human based bronchial epithelium model and MucilAir™. Both models were infected
in parallel (spot infection with MOI 0.01) and treated with 1000 nM of Zanamivir every 12 hours. Plaque
assay was performed using the culture supernatant 8, 16, 24, 48 and 96 hours post infection. One or two
biological replicates were performed per experimental group. Data are shown as mean + SEM. PFU/ml| =

Plaque forming unit per milliliter.
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5.4 Zanamivir inhibits IAV

Next, histology analysis of the infected tissue at 48 and 96 hours post infection were used to
visualize tissue morphology. As before, tissues were spot infected (MOI 0.01) with 1AV H3N2
(Panama/2007/1999, PANIII) and treated with different Zanamivir concentrations (1000, 100, 0.1
nM). Paraffin-embedded fixed tissues were stained with H&E and Alcian blue. Compared to
uninfected control, 1AV infection led to no substantial loss of epithelial cells in the first 48 hours

independent of Zanamivir treatment (figure 23, compare A to B-E, and K to L-O). At this time post

infection, epithelial cells still formed the erect prismatic shape found in the untreated control
tissues and cell layer was well defined. In contrast, at 96 hours post infection, epithelium layer
was damaged in infected tissues not treated with Zanamivir, as well as in tissues treated with 100
or 0.1 nM Zanamivir (figure 23, compare F to G-I, and P to Q-S). Although also present, much
less damage was visible in tissues infected and treated with 1000 nM Zanamivir 96 hours post

infection.

Mucus secretion happened in response to virus infection in the epithelial cell layer. Alcian blue
staining was used to visualize the level of secreted mucus. At 48 hours post infection, more
secreted mucus was visible in tissues infected with IAV in comparison to the control, while tissues
treated with Zanamivir showed similar mucus level comparing to the control (figure 23, K- O).
After 96 hours in culture, mucus secretion in non-infected tissues was weaker but still visible
(figure 23, P). At the same time, no secreted mucus was visible in IAV infected tissues (figure
23, Q-9), possibly due to the loss of epithelial cells. Remarkably, in tissues treated with 1000 nM
of Zanamivir secreted mucus was visible at similar levels as in the control (figure 23, compare P
and T). Although quantitative analysis of the mucus level was not performed, epithelial cells in the
in vitro model seemed to respond to viral infection by secreting mucus and Zanamivir sustained

such response by protecting epithelial cells from dying.
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Figure 23. Histology and mucus secretion of the infected tissues infected with IAV and treated with
Zanamivir. Histology images of tissue sections from spot infected model with 1AV (MOI 0.01), pathogen
H3N2 Panama/2007/1999 (PANIII). Sections stained with HE (A-J) and Alcian blue (K-T) were collected
from tissues 48 and 96 hours post infection. Tissues were treated with Zanamivir (1000, 100 and 0.1 nM)
every 12 hours with Zanamivir. A, F, K and P, untreated, uninfected control. B, G, L and Q, Zanamivir
untreated. C, H, M and R, 0.1 nM Zanamivir treated. D, I, N and S, 100 nM Zanamivir treated. E, J, O and
T, 1000 nM Zanamivir treated. A-E and K-O 48 hours post infection. and F-J and P-T 96 hours post infection.
A-J H & E staining. K-T Alcian blue staining. Scale bar 20 um.
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The effect of Zanamivir in the number of cells in the epithelial layer upon 1AV infection can be
alternatively explained by cell proliferation instead of cell protection. For testing if Zanamivir (1000,
100, 0.1 nM Zanamivir) and the viral infection itself influenced cell proliferation in the in vitro model,
tissues were spot infected with IAV H3N2 (Panama/2007/1999 (PANIII), MOI 0.01) and fixed 48
hours later. Tissue slices were immune stained against the protein Ki67 (figure 24). Ki67 is a
protein specifically expressed in the nucleus of proliferating cells (interphase and mitosis), and
therefore used as a cell proliferation marker (Scholzen and Gerdes 2000). Although Ki67 positive
cells were detected in all experimental groups, no differences were found in the number of positive
cells (figure 24, A-E). | conclude that Zanamivir and 1AV did not influence cell proliferation at 48
hours post infection.
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IAV untreated 0.1 nM Zanamivir 100 nM Zanamivir 1000 nM Zanamivir

untreated control

Figure 24. Proliferation assay by Ki67 staining during a IAV infection and Zanamivir treatment.
images of tissue sections 48 hours post infection with 1AV H3N2, pathogen

48 h post infection

Representative
Panama/2007/1999 (PANIII) (spot infection MOI 0.01) labelled with an antibody against Ki67. A, uninfected

and untreated control. B, IAV infected and untreated. C-E, IAV infected and treated with Zanamivir. Tissues

were counterstained with DAPI to visualize the nucleus. A single biological replicate was generated. Scale

bar = 20 pum.

107



Results

5.4.1 IAV specifically infects epithelial cells

The results indicated that the IAV virus replicated in the in vitro model (figure 22, C). To show that
epithelial cells were targeted during infection, | visualized viral particles in infected models using
an lAV specific antibody under a confocal microscope. As before, models were infected with IAV
(spot infected, MOI 0.01, H3N2, Panama/2007/1999 (PANIII)) for 48 hours and treated with 1000
nM Zanamivir every 12 hours before fixation and antibody staining. As expected, no IAV was
detected in the non-infected control group (figure 25, A). In contrast, intracellular labeling of viral
particles was visible in IAV infected tissues treated or not with 1000 nM Zanamivir (figure 25, B
and C). No differences in the signal intensity or the number of positive cells in between Zanamivir
treated and untreated groups were found. IAV stained cells correspond to infected NHBEC, while
no signal was found in lung fibroblasts. These results suggested that 1AV specifically infect

NHBECS in the in vitro tissue culture model independent of Zanamivir treatment.
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control w/o infection IAV untreated 1000 nM Zanamivir

Figure 25. Influenza A virus staining of infected bronchial epithelium models. Representative images
of tissue sections 48 hours post infection with IAV H3N2, pathogen Panama/2007/1999 (PANIII) (spot
infection MOI 0.01) labelled with an antibody against IAV. Insertions from the regions marked in black
squares are also shown. A, uninfected and untreated control. B, IAV infected and untreated. C, IAV infected
and treated with Zanamivir. Tissues were counterstained with DAPI to visualize the nucleus. A single

biological replicate was generated. Scale bar = 100, 20 pm.
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To further explore the Zanamivir effect on IAV infected cells, we analyzed IAV infection throughout
the cultured tissue. As before, tissues were infected with 1AV (spot infected, MOI 0.01, H3N2,
Panama/2007/1999 (PANIII)), treated with 1000 nM of Zanamivir, fixed and immune stained with
an IAV-specific antibody. This time, instead of slices, the whole tissue was visualized with a
confocal microscope to obtain a better overview. As expected, no IAV was detected in non-
infected control group (Figure 26, A and D). On the other hand, infected but untreated tissues
showed clusters of positive stained cells distributed all over the tissue at 24 hours post infection
(figure 26, B) while infected tissues treated with 1000 nM Zanamivir showed just a few infected
cells (figure 26, C). At 48 hours post infection, similar number of positive cells were found in
Zanamivir treated and untreated tissues (figure 26, E, F). In conclusion, specific IAV signal was
detected throughout the tissue. Differences in signal intensity were found in the Zanamivir treated
group at 24 hours post infection but not later at 48 hours post infection, possibly due to detachment
of dead cells from the epithelium.
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untreated control IAV untreated 1000 nM Zanamivir

24 h post infection

48 h post infection

Figure 26. IAV global detection in the bronchial epithelium model. Representative images of tissues
48 hours post infection with IAV H3N2, pathogen Panama/2007/1999 (PANIII) (spot infection MOI 0.01)
labelled with an antibody against IAV. A and D, uninfected and untreated control. B and E, IAV infected and
untreated. C and F, IAV infected and treated with Zanamivir. Tissues were collected 24 (A-C) or 48 (D-F)
hours post-infection. Tissues were counterstained with DAPI to visualize the nucleus. A single biological

replicate was generated. Scale bar = 40 um.
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5.4.2 Immunological response during IAV infection

To further characterize the 3D in vitro bronchial epithelium model, | evaluated the innate immune
response to IAV infection and the impact of Zanamivir treatment. Interferon production and release
by infected epithelial and immune cells are primary immune response to IAV infection (Ramos,
Smith et al. 2019). Their task is to warn neighbor cells of the infection and to activate antiviral
strategies (loannidis, Ye et al. 2013). To test the impact of Zanamivir on the immune response to
IAV infection in the model, | measured the expression of several interferon genes (from class |, Il
and Ill) and interferon stimulated genes (ISG) (figure 27). Quantitative RT-PCRs were performed
in collaboration with Andreas Hocke lab at Charité (Berlin, Germany). As before, tissues were
infected with IAV and treated with Zanamivir. Compared to uninfected controls, 1AV infection led
to remarkable increase in expression of several interferon genes, especially IFN-a7, IFN-B1, IFN-
A, IFN-A2 and IFN-A3. Importantly, Zanamivir treatment partially reduced the expression boost of
interferons suggesting that Zanamivir had a protective effect (figure 27, A). These results are in
agreement with the cellular response observed in vivo (Garcia-Sastre and Biron 2006, Jewell,
Cline et al. 2010, Sanders, Doherty et al. 2011).

Strong evidence of immune response to IAV infection and Zanamivir treatment were found in
interferon-stimulated gene regulation as well. CXCI10 (C-X-C motif chemokine 10) gene
expression is induced by IFN-a and 3 and has also been shown to respond to H3N2 infection
(Préhaud, Mégret et al. 2005, Veckman, Osterlund et al. 2006). Accordingly, CXCI10 was highly
induced in the infected model and the expression was reduced by ~6-fold in Zanamivir treated
tissues (figure 28, B). MX1 (MX Dynamin like GTPase), another gene responsive to interferon
type | and Il during viral infection (Verhelst, Parthoens et al. 2012), was also found to be up-

regulated in infected tissues and significant affected by Zanamivir treatment.

In conclusion, quantitative RT-PCR results show that the in vitro model tissue responds to IAV
infection on the gene level, as expected interferons were up-regulated. Additionally, clear
response was observed in the Zanamivir treated group. Therefore, the in vitro model shows a

comparable immune reaction to in vivo.
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Figure 27. Quantitative RT-PCR of infected bronchial epithelium model untreated and treated with
Zanamivir. Quantification of interferon response to 1AV infection and Zanamivir treatment in the in vitro
model. Bronchial epithelium model was spot infected for 24 hours with 1AV (MOI 0.01, H3NZ2,
Panama/2007/1999 (PANIII)) and treated with 2000 nM Zanamivir every 12 hours. Gene expression levels
are presented as the fold change to uninfected tissues. Several interferon genes (A) and interferon

responsive genes (ISG) (B) were quantified. A single biological replicate was generated. Zn = Zanamivir.
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To show that gene expression alterations reflect secretion of interferon proteins, ELISA (enzyme-
linked immunosorbent assay) was performed against interferons-R1 and —A1 (IFN-B1, —Al) in the
supernatant of tissue cultures after infection with IAV and treatment with Zanamivir (figure 28, A
and B). Data was normalized to the cell viability results from MTT assays. While IFN-31 and IFN-
Al levels were constant in uninfected tissues in the course of the experiment, it varied in 1AV
infected groups. Interferon levels were extremely low up to 16 hours post-infection in all
experimental groups, increased dramatically 24 hours in the 1AV infected group, reaching an
expression plateau by 48 hours post-infection and slightly declining 96 hours post infection. Similar
increase of expression at 24 hours post infection was not observed for IL-R1 (figure 28, C), a
factor associated with microphage response (Lopez-Castejon and Brough 2011).

Infected tissues treated with Zanamivir showed dose response. At 24 hours post infection,
increased interferon levels were observed in infected tissues treated with the smallest dose of
Zanamivir (0.1nM), but lower than in the untreated group. Tissues treated with the highest dose
(100 and 1000 nM) showed no significant increase in interferon protein levels by 24 hours post-
infection. However, by 48 hours post-infection, interferon levels reached similar levels to untreated
infected control for all doses of Zanamivir except the highest one (1000 nM). Finally, by 96 hours
post infection, while the interferon levels slightly decreased for all groups, it showed a slight
increase in the infected group treated with 1000 nM of Zanamivir. These results are in strict
agreement with the previous results that showed inhibitory effect of Zanamivir in virus proliferation

and consequent cellular damage over the course of the infection.

114



Results

A B
600- IFN-R1 apical 6004 IFN-A1 apical
4004 4004
200 200 /}\\ 1
E T N
2 2
604 604
40 40
204 204
] o Py p ——0
0 T ? T T T 0 E * T T T
C & & o & & & & N & &
100
IL-1B apical
]
80 -o- Control
- |AV untreated
E 60 -4 0.1 nM Zanamivir
2 - 1] 100 nM Zanamivir
404 1000 nM Zanamivir
204
0 T T T
,\'Sé‘ ,»\F ,\y‘-“

Figure 28. Interferon responsein infected bronchial epithelium model tissues treated with Zanamivir.

Immune response to IAV infection was assessed by quantifying IFN-R1, IFN-A1 and IL- B1 levels in the

culture supernatant by ELISA. Bronchial epithelium model was spot infected with 1AV (MOI 0.01, H3N2,
Panama/2007/1999 (PANIII)) and treated with Zanamivir every 12 hours. Data is presented as the mean *

SEM of three independent biological replicates.
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5.5 Possible applications for the 3D bronchial epithelium in
vitro model

One key advantage of a human based bronchial epithelium model is to provide a test matrix for
viral infections and testing of new drugs. The previous experiments show that the in vitro model
presents valuable qualities and holds several in vivo like features to set a more realistic
environment for testing. In this next session, | will show that several recent findings in the literature
can be reproduced using the model. The goal is to show that the 3D bronchial epithelia model

system can be used for discovery of relevant biology.

5.5.1 Validation of biological markers of IAV infection in the lungs
using in vitro model

The presence of specific biomarkers of epithelium damage in the lung fluid are useful tools in the
clinics for diagnosing and treating patients infected with IAV. A potential biomarker is the club cell
specific uteroglobin protein (a.k.a. CC-16), a proinflammatory factor secreted by club cells in the
lung epithelia that marks increased permeability of the bronchial epithelia following lung injury
(Broeckaert, Arsalane et al. 2000) (Rousseaux, Wallig et al. 2018). As the results indicate that IAV
infection damaged epithelial cells in the in vitro model, | investigated the level of secreted
uteroglobin in the supernatant of the models upon infection and in response to Zanamivir. Tissues
were infected as before (spot infection, MOI 0.01, with IAV H3N2, Panama/2007/1999 (PANIII))
and uteroglobin levels were measured in the supernatant with ELISA. To ensure that | was looking
at uteroglobin secretion to the corresponding luminal face of the epithelia, supernatant samples
were collected from the apical part of the model (figure 29, A) and compared to the total amount
of uteroglobin collected in both the apical and the basal portions of the model (figure 29, B).

Protein guantification was corrected by cell viability data from MTT assay in each group.

Surprisingly, the apical levels of uteroglobin in the uninfected control group dropped in the first 24
hours of the experiment, probably in response to the spot infection protocol. Similar behavior was
observed in all other experimental groups. However, by 48 hours of the experiment, apical
uteroglobin returned to initial levels in uninfected tissues but dropped even lower in tissues
infected with IAV and treated with smaller doses of Zanamivir (0.1 and 100 nM). In comparison,
the group treated with 1000 nM of Zanamivir showed apical uteroglobin levels similar to the
uninfected control by 48 and 96 hours post-infection. While apical uteroglobin was detectable in
all experimental groups, lower concentrations were measured in the apical supernatant for

infected tissues untreated and treated with smaller doses of Zanamivir (100 and 0.1 nM) but not
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with the highest dose (1000 nM), probably reflecting the epithelium damage observed in the
previous experiment. Interestingly, the total secreted level of uteroglobin remained constant
throughout the experiment with slight increase in the uninfected group and the infected group
treated with the highest dose of Zanamivir (figure 29, B). This indicate that uteroglobin was

specifically secreted in the apical portion of the model.

Additionally, | investigated the cellular expression of uteroglobin by immunohistology of uninfected
tissues (figure 29, C.1) and infected tissues treated with 1000 nM Zanamivir (figure 29, C.2) 96
hours post infection. Infected tissues not treated or treated with smaller doses of Zanamivir were
not considered for this analysis because previous histology analysis showed widespread damage
to the epithelium (figure 23). At 96 hours post infection, untreated and Zanamivir treated tissues
were paraffin fixed, cut into sections and specifically labeled with antibody against human
uteroglobin. Uteroglobin was detected in the cytosol of cells throughout the tissue in both
experimental conditions. Uninfected tissue showed particularly strong uteroglobin signal in cells
located on the apical surface of the tissue (figure 29, C.1). Besides showing overall lower
uteroglobin signal, infected tissues treated with Zanamivir also did not show the specific strong
uteroglobin signal in the apical cells. | concluded that IAV infection effects uteroglobin presence

in epithelium and Zanamivir treatment only partially reverts this effect.
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Figure 29. Uteroglobin expression in infected bronchial epithelium model infected with IAV and

treated with Zanamivir. Analysis of uteroglobin expression in the bronchial epithelium models following

IAV H3N2 infection, pathogen Panama/2007/1999 (PANIII) and treatment with Zanamivir. Apical and basal
supernatant samples were collected 8, 16, 24, 48 and 96 hours post infection. A and B, uteroglobin

concentration levels were quantified via ELISA. Total concentration of uteroglobin was obtained from the

the nucleus. Scale bar = 20 um.

sum of basal and apical uteroglobin. Data is presented as mean + SEM from 5 and 2 biological replicates
for the apical and total values, respectively. Zanamivir 1000 nM to the untreated IAV sample, p = 0.069,
one-way Anova, post hoc Dunette. Immunofluorescence images (96 hours post infection) with specific

antibody against uteroglobin (UG, green). Tissues were counterstained with DAPI (blue) for visualization of
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5.5.2 Validation of a novel candidate treatment for IAV infection in
the lungs

Discovery of new treatments for viral infections in the lung is a topic of active research. Next, |
tested the antiviral properties of a recently identified potential treatments in the 3D bronchial
epithelial in vitro model infected with 1AV. The bacteriophage capsid — QR shows host cell-like
membrane ligands (like sialic acids a-2,6- and a-2,3) and associates with the viral spike protein,
therefore inhibiting viral replication (Weis, Brown et al. 1988, Lauster, Klenk et al. 2020). To test
the ability of the QR capsid to inhibit 1AV replication in the tissue culture model, tissues were
infected with 1AV (spot infection, MOI 0.01, H3N2, pathogen Panama/2007/1999 (PANIII)). QR
capsid were added to the tissue culture 1 and 24 hours post infection (figure 30, A). Viral
concentration in the supernatant was quantified with plaque assay to test the inhibition of viral
replication. Similar virus levels in all experimental groups were found by 8 hours post infection
(figure 30, A). By 16 hours post infection, treatment with Zanamivir showed reduction of viral
particles in the supernatant and this reduced levels of viral persisted throughout the experiment
(figure 30, B). Similar results were observed for infected tissues treated with Oseltamivir, a drug
also used in the clinics, suggesting that the inhibitory effect of viral replication can also be

observed with multiple treatments other than Zanamivir.

A small effect on viral particle counts was also observed in the experimental group treated with 10
nM QIR capsid only 24 hours post infection but returned to control levels by 48 hours. In contrast,
treatment with 15 nM QR capsid led to no differences at 24 hours but reduced viral load at 48
hours post infection. This indicates that QR capsid effect is either limited or delayed in the 3D
bronchial epithelium model infected with IAV. Furthermore, the model can be used to study the
molecular and cellular mechanisms involved in the QM3 capsid inhibition of IAV replication, although

a different treatment scheme than used here might be necessary for optimal results.
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Figure 30. IAV inhibitor trials at the infected bronchial epithelium model. Inhibitory effect of IAV
inhibitors on viral replication in the 3D bronchial epithelial tissue model following infection with IAV H3N2,
pathogen Panama/2007/1999 (PANIII) (spot infected, MOI 0.01). After infection, tissues were treated with
10 nM, and 15 nM of QR capsid applied 1 hours and 24 hours post infection (A); or 1 uM and 10 pM
Zanamivir, or 1 uM Oseltamivir were applied 2 hours and every 12 hours post infection (B). Data are shown
as the mean + SEM of 1 to 8 independent biological replicates per time point and treatment. IAV untreated

control is the same in both plots.
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5.5.3 Validation of novel drug delivery tools: nanogels, lipid
nanoparticles and curcumin particles

Treatment efficiency depends on successful delivery of drugs to target cells. The presence of
luminal mucus and the cilia movement complicates drug delivery in the human lungs. These
circumstances demand smart delivery systems. the 3D bronchial epithelial in vitro model provides
an ideal trial platform for testing new drug delivery systems as it produces mucus and cilia
movement is present (figure 31, A, B). Therefore, | tested three potential drug delivery systems:

nanogels, lipid nanoparticles and synthesized curcumin patrticle.
Nanogel muco-penetration

Nanogels provide promising delivery features for transmucosal delivery in therapeutical use. In
collaboration with the Calderén lab, Polymat - Polymer Chemistry, San Sebastian, | tested the
ability of nanogels to penetrate the mucus in the models. Both degradable PNIPMAM-(S-S)-dPG
and non-degradable PNIPMAM-dPG nanogels synthesized by Loryn Fecher (Calderén lab, FU
Berlin) were applied for 3 to 6 hours to the 3D bronchial epithelial in vitro model and compared to
PBS treated control (figure 31). For detection in histological sections, nanogels were loaded with
the fluorescent molecule RhodB. Parts of these experiments were published somewhere else
(Charbaji, Kar et al. 2021). Degradable nanogel particles were found in the epithelial layer as early
as 3 hours post application (figure 31, D, E, H). In contrast, non-degradable nanogel particles
were found exclusively in the mucus even after 6 hours post application (figure 31, F, I). The
higher efficiency in delivery for the degradable nanogel might be due to its ability to form disulfide
bonds with mucus proteins, facilitating muco-penetration (Yin, Ding et al. 2009, Nema, Jain et al.
2013).

Of particular interest was to study the effect of the anti-cytokine-TNF antibody Etanercept (ETN)
(Zhao, Mysler et al. 2018) in enhancing muco-penetration of nanogel particles. For that,
degradable and non-degradable nanogels were loaded with ETN before application to the model.
Instead of loading nanogels with RhodB, particles were detected in histological section by the
cross-reactivity of ETN to fluorescent secondary antibodies. For degradable nanogels, efficient
muco-penetration was visible as before while no nanogel particles were detected in tissues treated
with non-degradable nanogel or negative control group treated with PBS. These results show that
ETN does not facilitate muco-penetration of non-degradable nanogel particles. Finally, to evaluate
the cytotoxicity effect of applying nanogels to the models, | measured level LDH released in the

media 6 hours post treatment (figure 31, H). Compared to the PBS treated control, LDH levels in
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nanogel treated samples were similar or lower, indicating no cellular damage. A control group was
included where tissues were treated with detergents to induce cellular damage. In conclusion,

degradable nanoparticles penetrate the mucus and enters the cell layer in the model without

damaging cells.
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Figure 31. Nanogels penetrate the mucus and enter cellular layer in the 3D bronchial epithelial in
vitro model. Bronchial epithelium models treated with degradable and non-degradable Nanogels for 3 to 6
hours. Untreated tissues as control (A). Degradable PNIPMAM-(S-S)-dPG and non-degradable
PNIPMAM-dPG nanogels were labeled with RhodB (red) for visualization (B-D). Alternatively, ETN loaded
nanogels were visualized by cross reactivity with Alexa Fluor®488 fluorescent secondary antibody (E-G).
Immune fluorescence images were counterstained with DAPI (blue). Representative images of at least two
independent biological replicates are shown for each experimental group. Scale bar 20 um. Cytotoxicity was
measured by quantifying the release of LDH in the media, fluorometric measured in LFU (H). Data are

shown as the mean = SEM of 2 independent biological replicates per treatment. NG = nanogel.
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LNP muco-penetration

Lipid nanopatrticles (LNPs) are well-studied delivery systems already in use in the clinics (Akinc,
Maier et al. 2019, Lamb 2021). LNPs are composed of 4 lipid constituents — ionizable cationic
lipids, “helper lipid”, e. g. distearolyphosphatidycholine (DSPC), cholesterol and PEG
(polyethylene glycol)-lipids to envelop the genetic material (e. g. SIRNA) to be transfected in the
target cells (Kulkarni, Myhre et al. 2017). Next, | tested if the epithelial cell layer in the 3D in vitro
model can be transfected with siRNA delivered via LNPs of different compositions.

First, cultured NHBEC monolayers were used to establish a LNP delivery protocol. Five
compositions of LNPs with unique helper lipids were tested: DSPC (1,2-distearoyl-sn-glycero-3-
phosphocholine), DOPC (1,2-(cis, cis-9,12-octadecadienoyl)-sn-glycero-3-phosphocholine),
DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), ES (Egg sphingomyelin) and DSGP (di-
stearoyl-phosphatidylglycerol). Distinct proportions of PEG (0.5, 1.5 and 5 %) were also tested as
it influences nanoparticles size and thereby transfection potency (Kulkarni, Witzigmann et al.
2019). ApoE is commonly used as a receptor ligand to increase endocytosis and was also tested.
Finally, LNPs were load with increasing amounts of siRNA template (0.1, 0.3 and 1 pg/ml). For
detection, LNPs were stained with the lipophilic membrane dye Dil (Yektaeian, Mehrabani et al.
2019) and analysis performed with Cellomics Array Scan VTI (Thermo Scientific). LNPs were
added to cell cultures for 24 hours and experimental groups compared to PBS-treated control.
Transfection efficacy was assessed by high content screening. These experiments were

performed in the University of British Columbia.

Arguably, concentration of loaded siRNA showed the strongest impact on transfection efficiency
and LNPs with 1 ug/ml siRNA showed highest efficiency in all groups (Two-way ANOVA, multiple
comparisons, p <0.0001) (figure 32, A). Transfection efficiency was also improved in the majority
of experiments where LNPs were combined with ES as “helper lipid”. The proportion of PEG did
not seem to impact transfection in most cases, although a small positive effect was observed for
LNPs containing DSPC, DOPC or DOPE. On the other hand, presence of ApoE in the LNP
composition influenced positively transfection efficiency. Best results were obtained with LNPs
composed of ES, containing ApoE, charged with 1 pg/ml siRNA, and with any concentration of
PEG.

Transfected cells were also imaged in a confocal microscope (LSM 9, Zeiss) to visualize

intracellular LNPs. NHBEC were seeded on 8-well chamber slide and imaged 24 hours post LNPs
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treatment. Most favored LNP compositions of DSPC and ES were tested. Images reveal healthy
cells with exemplary formed nuclei (figure 32, B). While no signal was detected in NHBE cells
treated with PBS, cells treated with LNPs showed strong intracellular Dil signal. Importantly, no

nuclear nuclear staining was observed.

The next step was to test cell transfection in the 3D bronchial epithelia in vitro model.
Unfortunately, due to the pandemic situation of COVID-19, the experiments were prematurely
interrupted. Nevertheless, | established a protocol for transfection of NHBEC cells in vitro that
should serve as base for future transfection trials on 3D models of cystic fibrosis (see below).
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Figure 32. LNP transfection of NHBEC. A, NHBEC monolayers were transfected with different LNPs for
24 hours — DSPC, DOPC, DOPE, ES, DSPG were loaded with distinct siRNA concentrations (0.1 (n=1), 0.3
and 1 pg/ml (n=2)). Additionally, LNPs were combined with 0.5 %, 1.5 % or 5 % PEG and linked to ApoE.
LNPs were labeled with Dil (DilC18, 0.2 %) for visualization. Samples were measured by high content
screening in a Cellomics Array Scan VTI. B, NHBEC seeded in 8-well chamber slide and treated with LNPs
for 24 hours. Nucleus were counterstained with Hoechst 33324 (blue). Scale bar 10 um. B.1, untreated
control. B.2, DSPC linked to 0.5 % PEG, charged with 1 pg/ml and without ApoE. B.3, DSPC linked to 1.5
% PEG, charged with 1 pg/ml and without ApoE. B.4, ES linked to 0.5 % PEG, charged with 1 pg/ml and
without ApoE. B.5, ES linked to 1.5 % PEG, charged with 1 ug/ml and without ApoE. LNPs labeled with Dil

(DilC18, 0.2 %). Images shown are representative fields from a single biological replicate.
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Curcumin delivery

The third type of drug delivery system | tested was synthetic curcumin particles. This work was
done in collaboration with the group of Prof. Dr. Shyh-Dar Li at the University of British Columbia,
Vancouver, Canada. However, only preliminary results were obtained as work had to be stopped
due to the COVID-19 pandemic. For that, the 3D bronchial epithelial in vitro model was treated
with curcumin particles for 6 and 24 hours. For intracellular detection, particles were labeled with
fluorescent markers (DiR) and transfected tissue sections were imaged with fluorescence
microscopy. Besides transfection, cytotoxic effects from the curcumin treatment were also
evaluated while LDH measured 6 h post treatment. Fluorescent signal was detected on the border
of the epithelial cell layer but not inside the cells (figure 33, C, F). These results indicated that, at
least with the conditions tested, synthetic curcumin particles penetrate the mucus but do not infect
bronchial epithelial cells in the model. It is unclear if prolonged exposure would lead to intracellular
particle presence in the models. Besides cytotoxicity was not detected 6 h post curcumin treatment
(figure 33, G).
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Figure 33. Curcumin treatment on the bronchial epithelium model. Presented images and graph imply
results of a curcumin treatment on bronchial epithelium models. All fluorescence images were DAPI
counterstained. Bright field image showed treatment with curcumin (first trial). A, at 6 hours post treatment,
arrows pointed to apoptotic cells. D, 24 hours post treatment, arrows pointed to apoptotic cells. B, same as
image as A with immune fluorescence staining, curcumin treatment (first trail) 6 hours post treatment, arrows
pointed to apoptotic cells. E, same as image D with immune fluorescence staining showed treatment with
curcumin treatment (first trial) 24 hours post treatment, arrows point to apoptotic cells. C, curcumin treatment
(second trial) at 6 hours post treatment, dashed line marks barrier of curcumin solution. F curcumin
treatment (second trial) at 24 hours post treatment, dashed line marks barrier of curcumin solution. Scale
bar 20 um, 2 independent replicates. G, graph presented LDH release at 6 hours post treatment, for
curcumin 1 and 2 solution. Samples measured against untreated control (UTC) and positive control (PTC)

treated with 10 % Triton X, 6 hours post application, n = 2.
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5.5.4 Generation of ahuman cystic fibrosis model system based on
the bronchial epithelial in vitro model

Besides viral infections and drug delivery systems, a human based 3D in vitro models enable safe
testing options for studying also gene therapy. Cystic fibrosis (CF) is a relevant genetic disease of
the lung caused by the alteration of a single gene, CFTR (Rowe, Miller et al. 2005). Some CF
patients carrying insufficient or loss-of-function mutations in CFTR suffer from muco-obstruction
due to reduced mucus clearance in the lung lumen (Saint-Crig and Gray 2017). With the discovery
of the CRISPR Cas9 gene editing tool (Sternberg, Redding et al. 2014), gene therapy became a

promising treatment to increase patient’s life quality and possibly curing CF.

Next, | adapted the 3D bronchial epithelial in vitro model to study CF. For that, primary human
cystic fibrosis bronchial epithelial cells (HCFBEC) were used instead of NHBEC. These HCFBEC
contain the most common mutation in the CFTR gene - delta F508 (Cutting 2015). Tissues were
cultivated for 21 days as before, paraffin-embedded, cut into tissue sections, and stained with
different protocols. Morphologically, CF is characterized by higher amounts of mucus, sticky
mucus fragments and smaller cilia (Trinh, Bardou et al. 2012). For morphological analysis, tissues
were stained with H&E, and Alcian blue for visualization of the mucus (figure 34). CF models were
cultivated with and without rinsing to mimic the clinical scenario by artificial removal of
overproduced mucus. As for the model generated with cells from healthy donors, CF models
showed two cellular layers, one of NHLFb in collagen matrix and one apical layer of HCFBEC as
expected. Increased mucus production could also be observed in CF models. However, cells did
not show the characteristic prismatic shape and more diffuse bronchial epithelial cell organization
was observed, while CFTR levels were similar in all models (figure 34 C, F and I). In a second
trial, models were rinsed once with PBS in the last week of cultivation, as according to protocol
used for cultivation of models generated from healthy cells (figure 34, D-F). This time, the
histology was more characteristic for bronchial epithelial tissue, by presenting a monolayer of
erected epithelial cells. Additionally, mucus production was increased in comparison with control

models generated from cells from healthy donors.

In conclusion, the CF in vitro model created here partially mirrors characteristics observed in vivo
in CF patients, like the increased mucus layer. Besides, rising to remove overproduced mucus
restored tissue morphology. Therefore, the model was successfully adapted to create a CF model

to study the disease in vitro using donor patient cells.
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CF w/o rinsing

Healthy w rinsing CF w rinsing

Figure 34. Development of a Cystic fibrosis 3D bronchial epithelial in vitro model. Morphological
analysis of the CF model. CF models were rinsed (D-F) or not (A-C) once in third week of cultivation with
PBS to remove overproduced mucus. Models generated with cells from healthy donors are shown for
comparison (G, H, I). Histological sections were stained with H&E (A, D, G) or Alcian blue (B, E, H). Immune
fluorescence staining against CFTR (C, F, 1). Images are representative fields from two independent

biological replicates. Scale bar = 20 um.
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6. Discussion

6.1 Development of the human based 3-D bronchial epithelial
in vitro model

Cultivation of 3D engineered models is complex and challenging but human tracheal/bronchial,
small airway and alveolar 3D models are available on the market. Several of these models contain
lung cell lines such as Calu-3, BEAS-2B or 16HBE140 (Hermanns, Freese et al. 2017). The use
of cell lines has the advantages as of low costs, long life span and easy handling. However, they
differ from primary cells in gene expression, over activated cell cycles and metabolism, and can
therefore lead to wrong biological conclusions (Lidington, Moyes et al. 1999, Boerma, Burton et
al. 2006, Pan, Kumar et al. 2009). All these disadvantages of cell lines need to be considered and
interpreted in all observed results. In comparison primary cells provide in vivo like characteristics,
they are not modified and are derived from native tissue (Mostafa, Rider et al. 2019), but another
not minor fact about desired primary cell cultures is that they are limited, especially the access to
healthy bronchial epithelial, endothelial cells or lung fibroblasts. In general, primary lung cells are
often obtained during surgeries or biopsies, it can not be excluded that ill tissue parts were
collected as well (Annaratone, Marchio et al. 2013, Huang, Lee et al. 2018). Additionally, old
patients are more likely to be the donor, cell proliferation, cell colony forming capacities and even
different gene expression and interferon response lowers with aging processes (Maughan, Nigro
et al. 2020). Also, donor variations are problematic as seen in histological analyses of the self-
generated in vitro model as well (figure 16). Interestingly, based on the variation problematic,
some commercial models contain a pool of NHBEC of several donors to lower the variation
(Baxter, Thain et al. 2015, Boda, Benaoudia et al. 2018). A similar benefit offer induced pluripotent
stem cells (iPS) cells, they do not have donor specific varieties while using one donor for multiple
cell types in one model, here another great advantage is the unlimited source to cells and the cell
collection from any healthy organism, 3D in vitro model tend to use iPS cells as seen in an alveolar

in vitro model (van Riet, Ninaber et al. 2020).

In addition, still some low complexity 3D models are composed of a single cell type, in comparison
to the several cell types present in the living organ (Cervena, Vrbova et al. 2019). Besides, in
some cultures, the medium of 3D tissues contains antibiotics that potentially affect cell proliferation
(Llobet, Montoya et al. 2015).

During the studies, | developed a bronchial epithelial 3D in vitro model based on primary cells from

human donors and presenting in vivo like pseudo-stratified epithelium morphology (Tomashefski

131



Discussion

and Farver 2008). In the model, bronchial epithelial cells were grown without antibiotics and
differentiate into goblet, club and ciliated cells and formed an erect prismatic cell shape with a
basal monolayer (figure 10, 16 1, J), as seen in the in vivo airway tissue (Khan and Lynch 2020).
The in vitro model contains next to the epithelium also embedded fibroblasts in collagen, often
commercial models contain just NHBEC as a single layer of differentiated cells (Porotto, Ferren et
al. 2019). On one hand, the in vitro system is a human based 3D engineered model presenting
several benefits for human bronchial tissue studies. On the other hand, | am aware that the in vitro

model also has limitations.

Initially, the idea was to place the in vitro model into a dynamic system to reduce the cultivation
time, because best results were obtained when the models were cultivated for 3 weeks (figure 9,
H.1, H.2). Shorter cultivation times could enhance reproducibility and performance of the bronchial
epithelium model as a test matrix. For accelerating the process, models were placed in a dynamic
cultivation setting. Dynamic settings promise faster cell differentiation and increased cell
connection due to mechanical forces through the media perfusion (Chandorkar, Posch et al.
2017). However, an uncharacteristic double epithelial cell layer formed in the model grown under
the dynamic cultivation setting (figure 15). A reason for the problematic model growth might have
been the missing bronchial endothelial cells (BEC), they are lining the inside of a vascular tube
system as arteries and veins, they are in direct contact to the blood stream, here in direct contact
to the media stream (Krtiger-Genge, Blocki et al. 2019). Previous publications showed successful
results of in vitro models connected to a fluidic system, all models had in common integrated
bronchial endothelial cells (BEC), probably BEC lower sheer stress for the neighbor cells as
NHLFb and NHBEC and are essential to obtain benefits from a perfused system (Jeans, Howard
et al. 2012, Atag, Wagner et al. 2013, Box, Livermore et al. 2015). In my study | tried to implement
BEC (figure 18), more trials need be performed and more praxis in handling is necessary, it will
be discussed later (6.1.3 Fibroblasts and ECM). Dynamic systems enable a great advantage,
model medium would be permanently exchanged thereby secures nutrient supply, and sheer
stress influences even cell morphology, cell proliferation, differentiation metabolism and
communication. Observing cell communication in between several in vitro models would be
possible, while connecting more than one tissue to the system. For studying diseases as the atopic
march, the development of an allergic rhinitis or even asthma bronchial triggered by atopic
dermatitis during the childhood (Bantz, Zhu et al. 2014), a coculture of a skin and an airway in

vitro model would be required, to test cell signaling and to study interaction of both tissues.
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Furthermore, the perfusion pump had to be placed outside of the incubator (because of its size).
The culture medium tubing system went in and outside the incubator to reach the perfusion pump,
increasing the risk of contamination. In the future, a micro pump would be of advantage to reduce
risk of contamination (Ata¢, Wagner et al. 2013) or even companies developed advanced
perfusion systems as CULTEX® LTC-C (long term cultivation - continuous) (Cultex Technology,
Hannover, Germany) (Aufderheide, Forster et al. 2016). Cultex developed a computer-controlled
perfusion system for air-liquid interface cultures, medium volume and perfusion rate can be
installed. Dynamic systems allow a more realistic setting and support the advanced application

of in vitro models.

Scaffolds provide a comparable decellularized ECM structure to embed and to support cell growth
for in vitro cultures. They build a framework for cells to attach and enhance bronchial tissue
morphogenesis (Steinke, Gross et al. 2014, Marrazzo, Maccatri et al. 2016). | also tested using
scaffolds for tissue assembly. Therefore, the Alvetex® scaffolds tried here did not improve the
model quality (figure 9, A-D). Alvetex® scaffolds are made of highly porous polystyrene (Knight,
Murray et al. 2011), probably the tailored porosity was not ideal for NHLFb and NHBEC, because
decellularized ECM of endothelial cells, fibroblast and epithelial cells differ in the airway (Bridge,
Aylott et al. 2015, Mao, Hoffman et al. 2017). Tissue specific porous 3D scaffolds can be produced
with desired fiber density and structure to support even individual tissue layers of the respiratory
tract (Bridge, Aylott et al. 2015). Other publications support the use of scaffolds, seeding smooth
airway muscle cells into the scaffold, similar airway ECM proteins as in in vivo tissue were detected
(Young, Shankar et al. 2017). Also, increased cell proliferation and cell density is promised (Morris,
Bridge et al. 2014). Scaffolds can be used as a supportive tool, especially in transplantation
research single tissue parts might be replaceable with bioengineered in vitro airway tissue on a
scaffold (Hamilton, Lee et al. 2020).

Another tool | have been used was a Teflon® ring to limit the epidermal growth area, leading to
comparable morphology to the in vivo tissue in skin and bronchial models (Harrington, Cato et al.
2014, Gronbach, Wolff et al. 2020). However, use of a Teflon® ring did not improve morphology
in the model, especially because tissues were harmed during ring removal (figure 14). Contrary
to expectations, the use of additional tools for model development was not helpful. Furthermore,
these led to increased handling, likely affecting reproduction and the chance of contamination.
Another technique to limit epidermal growth area and support cell organization is the usage of
bioprinting, as printing individual cell layers of alveolar, bronchial epithelial and endothelial cells

for creating alveolar tissue (Ng, Ayi et al. 2021). Application of bioprinting ensures precise cell
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seeding and a high reproducibility through the mechanical controlled procedure (Mahfouzi,
Safiabadi Tali et al. 2021). Additionally, bioprinting plays a demand role by addressing 4D in vitro
models, to create a hollow organ (Mahfouzi, Safiabadi Tali et al. 2021). Applying bioprinting in
synthesizing an anatomical shaped lung area to grow airway cells, might even allow to connect

the individual airway compartments as e. g. bronchos and alveoli in the future.

During the bronchial epithelium model development, it was clear that skin fibroblasts affected the
differentiation of NHBECs (figure 8). Model morphology was comparable to skin epidermis:
cubical cells in the base line and flat cell layers (L6éwa, Vogt et al. 2018). In agreement with that,
fibroblast heterogeneity (which can depend on the organ of origin) plays a significant role in
NHBECs differentiation (Florin, Maas-Szabowski et al. 2005). Fibroblasts produce the
extracellular matrix (ECM) composed of collagen, elastin and multiple signaling proteins
(Parsonage, Filer et al. 2005). These molecules (for example growth factors) signal to other cells
and help coordinating tissue compartmentalization, characterized by different cell morphologies,
differentiation, and function (Baptista, Siddiqui et al. 2011). For example, seeding pluripotent stem
cells into the ECM-scaffold from decellularized kidney and heart led to formation of a tissue with
organ-like morphology (Ullah, Busch et al. 2020). In another example in COPD lung tissues,
healthy cells were seeded in healthy and COPD decellularized ECM-scaffold, leading to
corresponding gene expression alterations (Hedstrom, Hallgren et al. 2018). These data highlight

fibroblast importance in tissue formation.

ECM can also be produced in the lab with co-cultures of human umbilical venous endothelial cells
and human fibroblasts (Chowdhury, Howat et al. 2010, Kaessmeyer 2017, Kreimendabhl,
Ossenbrink et al. 2019). Morphology in in vitro models with this self-synthesized ECM was
improved (Kaessmeyer 2017, Kreimendahl, Ossenbrink et al. 2019). Also ascorbic acid has
stimulating effects on ECM synthesis (Wu, Puperi et al. 2017). Here, | tested in the in vitro model
of human bronchial epithelia three different ECM sources obtained from lung biopsies (lung ECM
hydrogels), fibroblasts stimulated with ascorbic acid and self-synthesized by co-cultivation of
primary, human bronchial endothelial cells and fibroblasts. Lung ECM hydrogels were obtained
from fibrotic tissues, which might have led to the poor morphological results observed in the
models (figure 13, A-F). Even ascorbic acid did not affect ECM production effective (figure 13,
G-l) From the self-synthesized ECM, | expected models to contain the vascular system on the
basal and fibroblasts on apical side, but that was not the case (figure 18). However, ECM
production might still be further optimized using different combinations of cells and protocols for

co-culture, although with increased handling and prolonged protocol.
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By exchanging healthy (NHBEC) for CF patient-derived bronchial epithelium cells (CFHBEC), |
successfully applied the in vitro cultivation protocol to develop a monogenetic diseased CF in vitro
model. The in vitro CF model shared several histological similarities to the tissues in patients,
including stickier and solid-looking mucus, irregular cell shapes, and not fully prismatic, erect
cellular shape as seen in the healthy tissue (Trinh, Bardou et al. 2012). Interestingly, when
comparing CF and healthy models, histology of the epithelial layer differed (figure 34). (Li,
Sheppard et al. 2004, Moran and Zegarra-Moran 2008). In conclusion, the CF in vitro model
provides a realistic test platform to enhance CF research. Going further, the in vitro CF model
could be used for the analysis of CF patient-specific characteristics (like mucus viscosity and

clearing rate, chloride level, and cilia movements) in the context of drug treatments.

The bronchial epithelium model is an isolated system and systematic interactions between organs
can not be tested. Settings as chips enable multiple organs to exchange information and allow for
more complex data interpretation. Platforms with even four organs have been used for testing
drug elimination, where nephron and liver play important roles (Ramme, Koenig et al. 2019).
Others have established organ on a chip systems with the vascular system connecting bone
marrow, liver and kidney, and found similar pharmacokinetic and pharmacodynamics for Cisplatin
in patients (Herland, Maoz et al. 2020). Including airway tissues is likely to come in the near future
and will be essential for testing inhaled drugs. For example, a co-culture of bronchial epithelium
model and liver spheroids on a chip system and tested the effect of aflatoxin B; on single and

coculture (Schimek, Frentzel et al. 2020).

Another important point is the lack of a robust immune response in the model. Long-term studies
are challenging for an in vitro setting. Even the “long-term” experiment of 96 hours IAV infection
presented here already reflects that. The bronchial epithelium model was not able to remain viable
for 96 hours post infection as seen in the MTT assay (figure 21, B), while influenza infections in
humans last in average for five to seven days (Leekha, Zitterkopf et al. 2007). One possible
explanation for the extensive short-term damage observed in the models is the lack of immune
response. During infection of the lungs in patients, innate and adaptive host defense are recruited
to the infected tissue (Rynda-Apple, Robinson et al. 2015). Indeed, monocytes, macrophages,
dendritic cells and neutrophils show an increased presence during influenza infection (Cole and
Ho 2017). Dendritic cells and monocytes in particular, play important roles during the immune
response to viral infections (Coccia, Severa et al. 2004) and can recognize the virus itself through
Toll-like receptors, supporting the viral defense by connecting innate and adaptive immune

response (Mailliard 2020). Macrophages also play an important role in the “cut down” of the virus,
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by phagocytosis of infected cells (Tumpey, Garcia-Sastre et al. 2005). Furthermore, immune cells
drive airway inflammation by releasing cytokines and coordinating the immune response, and are

therefore central in chronical infectious diseases (Holtzman, Byers et al. 2014).

Immune cells are present in native bronchial tissue and should not be missing in an in vitro model
aiming at reproducing the in vivo tissue realistically. Still, implementing immune cells into an in
vitro model is challenging because of allogenic effects in between cell donors or even interactions
of immune cells and biomaterials (Mengus, Muraro et al. 2018). One also needs to consider that
working with immune cells is demanding. Human immune cells can be isolated from buffy coats,
but need to be freshly isolated and the process of isolating immune cells itself takes about a full
working day (Nazarpour, Zabihi et al. 2012). That means the primary cultivation of a bronchial
epithelium model and parallel immune cell isolation must match timely. Additionally, immune cells
are sensitive to small changes in protocol, increasing variability. In conclusion, an in vitro model
incorporating an immune response is desired but still challenging (Sueki, Matsuda et al. 2014,
Hittinger, Janke et al. 2016, Chandorkar, Posch et al. 2017).

6.2 The in vitro model infection of influenza A virus and the
therapeutical use of Zanamivir

A key result in the thesis is that the bronchial 3D in vitro epithelium model can be infected with the
IAV H3N2 pathogen (Panama/2007/1999, PANIII) (figure 19). Using the spot infection protocol
clearly presented advantages over the submersion protocol (figure 19), probably because the
submerged condition disrupted the air-liquid interface-grown epithelium (figure 19, A). Histology
analysis of infected models showed viable cells up to 48 hours post infection, confirmed by MTT
assay (figure 21, B). Effect of Zanamivir treatment on viral replication was also shown (figure 21,
A, 23). Furthermore, NHBECs in the model responded to IAV infection by secreting interferons,
as measured at both gene and protein levels (figure 27, 28). This innate immune response is
comparable to the native tissue’s response during IAV infection (Denney and Ho 2018).
Altogether, these results indicate that 1AV infection of the models successfully reproduce the

infection in human bronchial epithelia.

One interesting result in the IAV infected models was that tissue viability declines by 96 hours post
infection. As mentioned above, the human based bronchial epithelium model is cultivated in
isolation from other organs it would interact with in the living body. Then a full immune response
was missing, for example recruitment of macrophages, monocytes, and dendritic cells. In
particular, bone marrow derived monocytes guided by the chemokine ligand 2 (CCL2) receptors
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expressed in infected NHBEC (Herold, von Wulffen et al. 2006). In vivo, natural killer cells derived
from lymph nodes also limit the virus spread through cytotoxic activity (Guo, Kumar et al. 2011).
Therefore, several crucial components of the immune response are not present in the model,
explaining the high replication of IAV that likely led to declined cell viability after 96 hours of
infection (figure 19, 20, 21, 22).

Virus infection levels observed in the in vitro model were higher than that observed in other similar
models (Weinheimer, Becher et al. 2012). However, comparing infection in different models is
difficult due to varying cellular composition and their origin in the lungs. The origin of cells in the
lungs is relevant as the distribution of cellular receptors used by the virus to enter target cells
differs in between compartments. The IAV haemagglutinin from H3N2 viruses bind to alpha-(2, 6)-
linkage sialic acid («-2,6-SA) receptors predominantly expressed in ciliated cells (in the nasal,
trachea, bronchus and bronchiole), in goblet cells (in the trachea and bronchus), and in
pneumocytes type | (in the alveoli) (Thompson, Barclay et al. 2006, van Riel, Munster et al. 2007,
de Graaf and Fouchier 2014). The «-2,3-SA and «-2,6-SA receptors are equally expressed in the
nasal and the trachea tissues, while «-2,3-SA receptor becomes more dominant in the bronchioles
and the alveoli (Nicholls, Bourne et al. 2007). Therefore, differences in viral infection and
replication were expected in between models according to the origin of bronchial epithelial cells in
the lungs. Indeed, viral replication in the model using bronchial epithelial cells was higher than in
an ex vivo model using alveolar tissue from human lungs sections from thoracic surgeries
(Szymanski, Toennies et al. 2012, Hocke, Suttorp et al. 2017). Although the ex vivo model tissue
might contain infiltrated immune cells that, as discussed above, help limit viral replication. Still,
lower viral replication in the ex vivo alveolar tissue can also be explained by the lower expressing

of the «-2,6-SA receptors used by IAV to infiltrate target cells.

Here, | compared the model to two commercially available ones: the full-thickness MucilAir™-HF
(figure 22) and the MucilAir™ (without NHLFb) (figure 20). NHBECs in the MucilAir™-HF were
isolated from the nasal tissue of donors, while | used cells isolated from the bronchial tissues in
the model. Surprisingly, viral replication in all three models reached similar levels (figure 20 and
22). However, | did not measure the expression of SA receptors and it is possible that «-2,6-SA
receptors levels are similar in all three models. These results make it clear that while comparing
results from different models one needs to be cautious, especially if models were developed using
different tissue sections in the respiratory tract, as the cellular composition and histology varies a

lot.
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MucilAir™ models infected with IAV and treated with Oseltamivir showed strong inhibition of IAV
replication (Boda, Benaoudia et al. 2018). These authors do not specify the MOI used for infection,
so direct comparisons to the results are not possible. In addition, experiments with an ex vivo
model infected with 1AV in similar conditions to the experiments (H3N2, MOI 0.01) and treated
with Oseltamivir and Q3-capsid also showed strong reduction of virus replication (Lauster, Klenk
et al. 2020). With these results in mind, | tested inhibition of virus replication in the IAV infected
models treated with Zanamivir, Oseltamivir or QR3-capsid (figure 30). Surprisingly, compared to
the above mentioned results, treatment with Zanamivir or Oseltamivir showed only partial
reduction of virus replication, while no inhibitory effect for Qf3-capsid was detectable (figure 30). |
speculate that the higher mucus production and cilia presence observed in the in vitro models
could have prevented the QR-capsid from reaching the epithelial cells. This hypothesis could be
further explored in the future by measuring the QR3-capsid penetrance in the tissue with immune-

fluorescence staining.

Another possible explanation for the underwhelming inhibition of viral replication upon Zanamivir
treatment of IAV infected models is the treatment protocol setup. During Zanamivir experiments,
the working dilution was prepared in PBS and pipetted apically to the model surface (figure 21,
22). Manual pipetting does not ensure equal distribution of Zanamivir throughout the tissue.
Application of Zanamivir in aerosol form (as in clinical usage) could improve drug distribution on
the cultivated tissue (MacConnachie 1999). This could be achieved in the future with a VitroCell®
chamber. These chambers enable a “Cloud System” that produces dense droplets by nebulizing
the applied substance and assures equal drug distribution and air-liquid interface conditions
(Neilson, Mankus et al. 2015, Creager, Zeng et al. 2017, Cao, Coyle et al. 2020). Although
alternatives exist, it is not clear whether better application performances of Zanamivir will impact

its inhibitory effect on AV replication in the models.

The models were treated with drugs apically for mimicking the inhaled administration in patients.
Zanamivir molecules are zwitterions with protonated guanidine side chains (Lindberg, Fedorova
et al. 2015). Similar to carboxy-Oseltamivir (active substance was used, because Oseltamivir is a
prodrug, an in vitro model has no first pass effect to activate it) (Mazak and Noszal 2020). Having
a charged surface is beneficial for several drugs as it influences their pharmacodynamic and
pharmacokinetic behavior (Mazak and Noszal 2020). However, the mucus produced in the lung
lumen (and by cells in the model) is negatively charged as it is mainly composed of proteins. It is
possible that Zanamivir and Oseltamivir attach to the mucus’ surface and fewer molecules reach

target cells, leading to lower effective concentration and decreased inhibitory effects on viral
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replication. Therefore, it would be interesting in future experiments to study Zanamivir and
Oseltamivir location in in vitro model, but also to test whether drug delivery in the basal
compartment in the model (mimicking other forms of drug delivery in patients) improve viral
replication inhibition. Additionally, an attractive question for all substances is if smart delivery

systems as nanogels or LNPs could influence drug delivery.

High serum levels of uteroglobin relate to epithelial cell damage and increased epithelium
permeability (St Helen, Holland et al. 2013, Laucho-Contreras, Polverino et al. 2016, Riviére, Hua-
Huy et al. 2017), followed by high renal clearances. Same effects were seen during asthmatic
illness and bronchoilitis, probably caused by epithelium damage (Egron, Labbé et al. 2020).
Accordingly, uteroglobin secretion has been proposed is a vitality biomarker of bronchial epithelial
tissue, although this has been contested by some (St Helen, Holland et al. 2013).

During IAV infection of the model, secretion of uteroglobin (a. k. a. CC16) was observed (figure
29). Interestingly, while the total amount of uteroglobin in models not infected with IAV increased
over the duration of the infection, no uteroglobin accumulated in the supernatant of models
infected with 1AV (figure 29, B). Besides the total accumulation of uteroglobin during infection, |
also measured the rate of uteroglobin production by cells in the apical compartment in the model
(figure 29, A). The data indicated that uteroglobin production rate remained constant in models
not infected with 1AV, while 1AV infection led to surprising decrease (and this was reversed by
treating infected models with Zanamivir). | speculate that this unexpected result is due to the

reduced overall number of viable cells in infected models.

Regarding literature their data leads to a speculation that uteroglobin diffused to model’s basal
side and increased uteroglobin concentration in medium (serum values) were detectable
(Arsalane, Broeckaert et al. 2000). Additionally, images showed higher signals of uteroglobin in
healthy control than in infected and 1000 nM Zanamivir treated model at 96 hours post infection
(figure 29, C). One reason for lower uteroglobin concentration in medium might be missing
immune cells, probably they trigger uteroglobin secretion. Another aspect could be in vitro model’s
collagen matrix, that refused viral damage and stayed healthy, and no uteroglobin could differ to
basal side (figure 29, C).

Interestingly, uteroglobin concentration of 1000 nM Zanamivir treated model recovered at 48 hours
post infection (figure 29, A) in parallel Zanamivir concentration (basal medium) increased
threefold (figure 21, C), indicated Zanamivir's protective effect. For lower Zanamivir dosed

models, effects were not visible. The low doses might have been more sensitive to small amounts
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of adsorbed Zanamivir by e. g. the cell culture plate or even failure by preparing the applied
dilution. The graph (figure 21, C) is comparable to pharmacokinetic data of clinical study, serum
value of Zanamivir concentration was measured (Cass, Efthymiopoulos et al. 1999, Cass, Brown
et al. 1999). Data of the in vitro model and the clinical study found values in a similar range. The
in vitro model showed fivefold higher values in comparison to the clinical study at 2 hours post
treatment. Increased Zanamivir concentration were caused by Zanamivir application, probands

inhaled the drug instead of two times 10 mg, once 20 mg per day, both applications are approved.

Another explanation is that the static system accumulates the drug. Medium was changed at 48
hours post infection, in contrast in human organism blood circulates constantly, resulted diluted
drug concentration. Furthermore, earlier and more measure time points would provide a more
detailed understanding. Lower dosed models did not detect Zanamivir at early time points,
probably Zanamivir concentration was too small to reach medium side (basal) and most of the
drug just interacted with target. Either it was not clear how much Zanamivir was absorbed by the
model or how much was interacting with the virus or stayed agglomerated with the virus at model
surface. Labeled Zanamivir would be interesting to test, for locating Zanamivir at different time

points.

Gene expression analysis in the models (figure 27, A, B) showed that levels of interferon types |
and lll increase by 24 hours post infection, while type Il interferons did not change. This is in
agreement interferon Il being released by T-cells (Arra and Abu-Amer 2020) not present in the
models. Additionally, a target of the type interferon type Il and Il signaling (MX1) was also found
up-regulated (figure 27, B) (Haller, Staeheli et al. 2007, Verhelst, Parthoens et al. 2012,
Schattgen, Oguin et al. 2016). Contrary to expectation was the up-regulation of CXCL10, as it is
stimulated by the type Il interferon IFN-y (Lu, Masic et al. 2011, Vazirinejad, Ahmadi et al. 2014).
Rath-Deschner and collaborators showed up-regulation of CXCL10 induced by mechanical forces
(Rath-Deschner, Memmert et al. 2021). Because the protocol involves multiple washing steps, it
is likely that CXCL10 expression was induced by sample handling. Still, CXCL10 levels decrease
upon treatment with Zanamivir (figure 27, B). Different levels of the untreated and treated model
might explain that the infected model without treatment got even more affected because of already
damaged cells. Remarkably, this correlation was related to active innate immune response of the

in vitro model.
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6.3 Bronchial epithelium model as a test matrix for drug
delivery systems

Drug delivery to target epithelial cells in the lungs is hampered by presence of mucus and ciliary
movement (Leal, Smyth et al. 2017). Drug delivery systems like thiolated particles facilitate trans-
mucosal delivery (Yin, Ding et al. 2009, Nema, Jain et al. 2013, Brar and Kaur 2020) increasing
bioavailability of the drug (Winkler, Hochhaus et al. 2004, Kim, Ko et al. 2018). Accordingly, the
results using degradable PNIPMAM-(S-S)-dPG nanogels indicate that it passes the mucus layer
and reaches epithelial cells in the model (figure 31, B, C). The hypothesize that disulphide-
containing biodegradable nanogel penetrate mucus by bonding disulfide binds with thiolated
mucus terminus functionated, by doing that they penetrated to epithelial cells and passed mucus
layer according to the results (figure 31, B, C). At the same time, non-degradable nanogels
PNIPMAM-dPG without the disulfide linker got stuck to the mucus and could not reach epithelial
cell layer (31, D, G).

Similarly, the loaded degradable nanogels with Etanercept confirmed the mucus penetration as
well. The result pointed out the probability of the drug delivery, histologically speaking images
proved successful delivery and no harming cytotoxicity was noticed (figure 31, E, F). To further
this research, Etanercept charged nanogel application to an inflamed model would be of interest,
to observe innate immune response behavior. Additionally, testing established inhalable drugs
that must pass mucus and if drug bioavailability increased by testing smart delivery systems, e. g.
to study Zanamivir loaded nanogels at an infected model. For Zanamivir it is known that just 10 -

20 % are bioavailable (Cass, Efthymiopoulos et al. 1999).

LNPs provided another type of a delivery system, to minimize toxicity and increased delivery
efficiency (Allen and Cullis 2013). In combination with PEG, LNP features their transport by
minimizing their size to pass through mucus wire and successful encapsulation with the help of
ionizable cationic lipids (Heyes, Hall et al. 2006, Wang, Lai et al. 2008, Suk, Xu et al. 2016).
Additionally, some LNP were combined with ApoE for enhanced cell uptake (Johnson, Olsen et
al. 2014). LNPs proposed to act as a desired vehicle to transport tools for gene therapy, as they
already received an approval for a treatment of polyneuropathies induced by hereditary

transthyretin amyloidosis (Akinc, Maier et al. 2019).

Curiously, this first experiment showed different behaviors of the varied LNP compositions while
transfecting the NHBEC monolayer (figure 32, A). Our experiment found that the quantitative

result favored LNP combination with DSPC, it is the same helper lipid that is applied for
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transporting Patisiran (Kulkarni, Witzigmann et al. 2019). Positive data presented ES (helper lipid)
as well (figure 32, A), characteristically it supported the encapsulation by its polarity (Kulkarni,
Witzigmann et al. 2019). This was in good agreement with Veldmann [2004], the in vitro data
presented an improved intake by encapsulating the cancer medicament Doxorubicin (Veldman,
Zerp et al. 2004). Preferred PEG combinations were about 1.5 % and 5 %, itis in line with previous
results from Belliveau [2012] (Belliveau, Huft et al. 2012), according to the data the small amount
of 1.5 % PEG enhanced the transfection. Further tests carried out that quality data of LNP
composition clearly transfected the cytoplasm (figure 32, B), Basha [2011] published that DSPC
combinations presented similar results (Basha, Novobrantseva et al. 2011). Another trial of high
content screening was recommended to assure the successful delivery trend of LNP compositions
and to reduce statistical variability. Another suggestion for eventual misinterpretation is that LNPs
themselves sticked at NHBEC cell surface and thus implicated positive signals. For clarification
more fluorescence images of different LNP compositions and negative controls (low delivery
property) should be tested. In conclusion more images of all treatments need to be performed, to
clarify transfection quality, if ApoE had promising advantages. These tests highlighted the
importance of naive tissue as for example for gene therapy by using CRISPR Cas for curing CF.
The preliminary results presented a successful NHBEC monolayer transfection. Cell monolayer
do not exhibit differentiated NHBEC as ciliated and goblet cells, that means no cilia movement
and no mucus to trap LNPs. Especially CF mucus may hamper LNP delivery because patients
show high mucus viscosity (Saint-Criq and Gray 2017). These delivery pretrials were important,
but successful formulation needs to be tested in a more realistic set up as in a human based 3D

bronchial epithelial in vitro model.

Curiously, curcumin passiv charged in particle bilayer muco-penetrated to epithelial surface as
well. Combination of Chol/Tween80/Curcumin (72,5/25/2,5) was successful in trial two (figure 33,
C, F). Histology images of the first trial clearly detected apoptotic cells (figure 33, A, B, D, E).
Irritating data presented LDH analysis, no cytotoxicity was detected (figure 33, G). It might be
explained by storage failure of LDH samples, LDH is just stable for a couple of hours or LDH test
itslef might be to insensitive (Kift, Byrne et al. 2015). Cytotoxicity tests as live/dead staining or
FACS could have been more sensitive tests. Optional is that first trial’s curcumin particles were
not stable, because of the shipment from Canada to Germany. It could have explained no
apoptotic effects of second delivery trial with the same curcumin particle composition, here no cell

harming was observed (figure 33, C, F). A third trial of treatment was performed during my stay
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in Canada, unfortunately because of the emerging situation of COVID-19, all experiments were

stopped.

Curcumin’s properties are anti-inflammatory and anti-oxidative (Hewlings and Kalman 2017) and
could provide an enhancement in chronical pulmonary diseases as e. g. COPD, Asthma. These
features were observed in animal models (Venkatesan, Punithavathi et al. 2007) but the
functionality in a human body is debatable, other publications review contrary results (Lelli,

Sahebkar et al. 2017). More of these preclinical trials in an in vitro setting are unavoidable.
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7. Conclusion

| developed a human based bronchial epithelial in vitro model showing important characteristics
related to the naive tissue in humans, including pseudostratified columnar epithelial and basal
monolayers. Epithelial cells in the model presented cilia on their surface and high mucus level
production associated with goblet cells, highlighting the importance of using a 3D instead of a 2D
model when studying lung tissues. Importantly, IAV infection of the model led to responses similar
to those observed in patients in the clinics, and this could be treated with drugs given to patients
in the clinics. Therefore, the model can be used to study the pathophysiology of influenza infection
and possible help in the development of novel therapies. Like the in vivo scenario, | was also
showed that drug delivery is challenging for bronchial epithelia and smart delivery systems (like
degradable nanogels and LNPs) are a relevant option. In that sense, the model serves as a testing
and discovery platform for drug delivery systems. Furthermore, | used the protocol to develop an
in vitro model for cystic fibrosis using primary cells from patients. | hope this model will facilitate
investigating gene therapies and provide a safe and efficient testing setup. In conclusion, the
model produced here might be useful in studying diverse aspects of preclinical research in the
lung pathophysiology and has the potential to decrease the need of animal models during this

stage of drug development and discovery.
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8. Outlook

The research field of in vitro modeling of human tissues moves towards more complex systems
that recreate more realistic micro-environment settings. The importance of such developments is
already visible for toxicity preclinical trials (Gualtieri, Grollino et al. 2018, Bishop, Haswell et al.
2019). The cell types present in a model and their interactions play an important role and the field
trends to using primary and iPS cells (De Servi, Ranzini et al. 2017, van Riet, Ninaber et al. 2020,
Marinkovic, Sridharan et al. 2021). More advanced models incorporate several cell types (like
fibroblast, endothelial and epithelial cells) to build a vascular system for testing perfusion (Chen,
Yu et al. 2019). Alternative advanced models place tissues on a chip connected by micro tubes
(Schimek, Frentzel et al. 2020), and therefore facilitate pharmacokinetic and pharmacodynamic
studies (Box, Livermore et al. 2015, Herland, Maoz et al. 2020). Furthermore, immune cells (like
dendritic cells, macrophages and natural killer cells) restrict and resolve infections in vivo, and
incorporation of these into in vitro models is desirable (Bahadoran, Lee et al. 2016, Chandorkar,
Posch et al. 2017).

Another great advantage of in vitro models is the use of patient-derived primary cells in
personalized medicine. Close collaborations with hospitals can provide patient’s cells and
personal bronchial epithelial in vitro model for studying individual disease could be created to find
the most effective treatments. Personalized models are particularly relevant for diseases like CF,
because of the wide variety of CFTR mutations and not every treatment is effective for every
patient (Cutting 2015, De Boeck 2020). Other exemplary monogenetic diseases as primary ciliary
dyskinesia and hereditary hemorrhagic telangiectasia might benefit from personalized models
(Yao and Shen 2017). Also, in vitro test models become more relevant for infection trials as
relatively quick results can be obtained and with higher reproducibility for a large number of
samples, while not requiring manipulating the virus and genetically modifing animals to reproduce
the infection (Tan, Ong et al. 2018, Bulitta, Hope et al. 2019, O’Brien and Welch 2019,
Chakraborty, Banerjee et al. 2020).

A final aspect worth mentioning is that 3D in vitro models provide the ideal platform for testing
smart delivery systems in a more realistic setting. Of particular relevant, the need of smart delivery
systems increases with the development of genetical therapies for use in the clinics (Doudna
2020). With 3D in vitro models, new therapeutic opportunities can be tested ideally in a human

based setup.
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In summary, creating an in vitro model that reproduces human tissues precisely at the
morphological and physiological levels remains challenging. Such a model of the airway system,
for example, will have to precisely recreate tissue compartments and its physiological and
anatomic differences, like in the trachea, bronchus, and alveolus (Sahin-Yilmaz and Naclerio
2011, Verleden, Kirby et al. 2021). The advanced 3D in vitro bronchial epithelium model |
developed provides a test platform for future studies on human lung pathophysiology,
personalized medicine, testing smart delivery systems for novel therapies, and can be further
improved by addition of dynamic perfusion systems and incorporation of immune cells.
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