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Abstract 

The lung is the primary target of many lethal respiratory viruses, causing significant 

global mortality. Lung organoid models are potentially helpful for studying emerging or 

re-emerging viral infections and fostering the development of novel in-vitro therapeutic 

strategies. But existing models have so far failed to accurately mimic the heterogeneity, 

cellular diversity and intricate tubular and branching structures of native lungs. Most 

current models include only cells markers from one single lung region, often primary 

cells harvested from invasive deep lung tissue biopsies. The present study was aimed 

at the creation of a heterogeneous lung organoid model from more readily accessible 

trachea/bronchi cells. Either primary or immortalized bronchial cells were combined with 

fibroblasts feeder cells in an alginate hydrogel coated with base membrane zone 

proteins. Fibroblasts were employed as the primary source of patterning molecules, 

including FGFs. This approach was inspired by the natural process of lung 

development, which involves interactions between epithelial progenitors and 

surrounding mesenchymal cells. The resulting organoid models, reaching maturity in 

only 21 days, offer a shorter fabrication timeline compared to other reported models, 

and they better mimic the diverse cellular and tubular morphology of the lung. Focused 

ion beam microscopy revealed structural heterogeneity within the organoids, as well as 

microvilli structures. Comprehensive characterizations were performed using 

transcriptomics and proteomics. The novel organoid models were found to exhibit 

upregulation in genes related to the respiratory system, tube development, and alveolar 

development. The organoid proteome showed notable improvements in comparison to 

the input cell lines, and higher similarity with the one from adult lung tissues. Notably, 

the functions associated with upregulated proteins in the organoid were specific to the 

lung development, alveolar type II cells, respiratory epithelium, oral mucosa, and 

response to stress. Primary-derived organoids (LOp) exhibit a closer resemblance in the 

regulation of proteins to that observed in adult lung tissue compared to organoids 

derived from immortalized cells (LOi). Despite this, LOi include several enriched 
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pathways specific to the lung, albeit to a lesser extent than their LOp counterparts. 

Notably, both LOp and LOi exhibit a degree of plasticity, irrespective of their cellular 

origin. It was found that both types of organoids express several genes to allow their 

infectivity with coronaviruses and influenza strains. In order to develop a rapid, cost-

effective, and scalable infection model, organoids derived from immortalized cells were 

infected with SARS-CoV-2, influenza H1N1, and H3N2. Viral replication was found in 

the organoid lysate and supernatant. A similar protocol was used to create organoids 

derived from a female donor with asthma. This underscores the potential of organoids 

for future applications in personalized medicine. To enhance the scalability of the 

biofabrication process, we investigated organoid formation via bioprinting and cultivation 

within spinning bioreactors. The organoids described in this study show promise as an 

alternative model to animal studies for drug development and for targeting various lung 

pathologies. 
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Résumé 

Le poumon est la cible de nombreux virus respiratoires mortels. Les modèles 

d'organoïdes pulmonaires sont potentiellement utiles pour étudier les infections virales 

émergentes ou réémergentes et favoriser le développement de nouvelles stratégies 

thérapeutiques in vitro. Mais les modèles existants ne peuvent reproduire fidèlement 

l'hétérogénéité et la diversité cellulaire, ainsi que les structures tubulaires et ramifiées 

des poumons. La plupart des modèles actuels ne contiennent que des marqueurs 

cellulaires d'une seule région pulmonaire, souvent des cellules primaires prélevées lors 

d’une biopsie de tissu pulmonaire. La présente étude visait à créer un modèle 

d'organoïde pulmonaire hétérogène à partir de cellules de la trachée ou des bronches, 

plus facilement accessibles que celles de poumons. Des cellules bronchiques, 

primaires ou immortalisées, ont été combinées avec de fibroblastes dans un hydrogel 

d'alginate recouvert de protéines de la zone de membrane de base. Les fibroblastes 

servent de source principale de facteurs de croissances, y compris les FGFs. Cette 

approche est inspirée par développement naturel des poumons, qui implique des 

interactions entre les progéniteurs épithéliaux et les cellules mésenchymateuses 

environnantes. Les protocoles existants requièrent souvent des facteurs exogènes 

ajoutés à la culture cellulaire. Les modèles d'organoïdes résultants atteignent la 

maturité qu’en seulement 21 jours, offrant aussi un temps de gestation plus court que 

les modèles existants. Les modèles imitent bien la morphologie cellulaire et tubulaire 

diversifiée du poumon. La microscopie par faisceau d'ions focalisé révèle 

l’hétérogénéité structurelle de ces organoïdes, ainsi que la présence de microvillosités. 

Une caractérisation complète de son protéome et transcriptomes a été réalisée. Ces 
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nouveaux organoïdes démontrent une surexpression de gènes liés au système 

respiratoire, au développement tubulaire et au développement alvéolaire. Quant au 

protéome des organoïdes, il offre des distinctions notables par rapport aux lignées 

cellulaires d'entrée, et une similitude plus élevée avec celle des tissus pulmonaires 

adultes. Notamment, les fonctions associées aux protéines surexprimées dans les 

organoïdes sont spécifiques au développement pulmonaire, aux cellules alvéolaires de 

type II, à l'épithélium respiratoire, à la muqueuse buccale et à la réponse au stress. Les 

organoïdes dérivés de cellules primaires (LOp) présentent une ressemblance plus 

étroite dans la régulation des protéines à celle observée dans le tissu pulmonaire adulte 

par rapport aux organoïdes dérivés de cellules immortalisées (LOi). Néanmoins, les LOi 

présentent plusieurs voies enrichies spécifiques au poumon, bien que dans une 

moindre mesure que leurs homologues LOp. Notamment, les LOp et les LOi retiennent 

un degré de plasticité, indépendamment de leur origine cellulaire. Il a été constaté que 

ces deux types d'organoïdes expriment plusieurs gènes permettant leur infection avec 

les coronavirus et la grippe. Dans le but de développer un modèle d'infection rapide, 

économique et évolutif, des organoïdes dérivés de cellules immortalisées ont été 

infectés avec le SARS-CoV-2, la grippe H1N1 et H3N2. La réplication virale a été 

détectée dans le lysat et le surnageant des organoïdes. De plus, un protocole similaire 

a été adapté pour fabriquer des organoïdes dérivés d'une donneuse asthmatique. Cela 

valorise les organoïdes pour applications futures en médecine personnalisée. 
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OAS Oligoadenylate synthetase  

OAS1 Oligoadenylate Synthetase 1 

OAS2 Oligoadenylate Synthetase 2 

OAS3 2'-5'-Oligoadenylate Synthetase 3 

OG Original cell density 

P postnatal days 

P63 Tumor protein p63 

Pa Pascals 

p.adj adjusted p value 

PC Principal Component 

Pcw post-conception weeks 

PDGFRα platelet-derived growth factor-α 

PDMS Polydimethylsiloxane 

PDPN Podoplanin 

PET polyethylene terephthalate 

PNES Pulmonary Neuroendocrinal Cells 

POU2F3 POU class 2 homeobox 3 

REAC Reactome pathways 

RGD Arginine-Glycine-Aspartic Acid. 

RNA Ribonucleic acid 

ROCK1 Rho Associated Coiled-Coil 

Containing Protein Kinase  

Rpm Revolutions per minute  

SARS-CoV Severe acute respiratory 

syndrome coronavirus 

SARS-CoV-2 severe acute respiratory 

syndrome coronavirus 2 

SCGB1A1 Secretoglobin family 1A member 1 

SCGB3A2 Secretoglobin family 2A member 2 

SCNN1G Sodium Channel epithelial 1 subunit 

Gamma 

SFTPA1 pulmonary Surfactant-associated 

protein A1 

SFTPB Surfactant protein B 

SFTPC Surfactant protein C 

SFTPD Surfactant protein D  

SLC6A2 Solute carrier family 6 member 2 

SMC small smooth muscle cells 

SOX2 SRY-box transcription factor 2 

SOX9 SRY-box transcription factor 9 

TEM Transmission Electron Microscopy 

TF Transfect transcription factor binding site 

predictions 

TMT Tandem Mass Tags 

Trpm5 Transient receptor potential cation 

channel subfamily M member 5 

TMPRSS2 Transmembrane Serine Protease 

2 

TPCK Tosyl phenylalanyl chloromethyl ketone 

(TPCK)-treated trypsin 
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TYK2 Tyrosine Kinase 2 

USE1 SNARE In the ER 1 

VEGF Vascular endothelial growth factor 
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Chapter 1: Introduction 

1.1 Introduction Outline 

Over the ages, one of the most pivotal features of evolution of vertebrates has been the 

acquisition of lungs, allowing life above the water, breathing and the disposal of waste 

products such as carbon dioxide1,2. To maintain their core function of gas exchange with 

the cardiovascular system, the lungs require critical cellular interactions1. This chapter 

describes the cellular complexity of the lungs and its functions. One focus is the 

molecular regulation of lung development through branching morphogenesis, a highly 

regulated and repetitive process in which an arborized network is generated3. The 

limitations of animal models and 2D cell monolayers for the study of human lung 

development, function and diseases are stated, in particular on the differences between 

human and mouse lungs. Lung organoids constitute a promising alternative to animal 

models for drug testing. The state of the art of lung organoids is described. Finally, the 

rationale and objectives of the present study are stated. 

 

1.2 The cellular complexity of human lungs 
 

The lower respiratory tract (LRT) is a complex system comprising bronchi, themselves 

branching out into bronchioles terminated  with alveoli4. The functions of these distinct 

anatomical structures are enabled by a heterogeneous cell population, featuring at least 

58 recognizable phenotypes populating both the proximal (bronchi) and distal 

(bronchiole, and alveoli)5–7 lung regions (Fig 1.1. Fig. 1.2). Within the proximal region, 

epithelial cell sub-types such as goblet, basal and ciliated cells contribute to innate 

immunity functions such as mucociliary clearance (Fig 1 B). Mucins, secreted by goblet 
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cells, trap inhaled pathogens. These are then removed through the coordinated beating 

of cilia on ciliated cells, thus preventing pathogens from reaching the distal regions of 

the lungs5. Airway epithelial cells produce and release cytokines directly, in response to 

pathogens. Cytokines promote the recruitment of immune cells, thereby initiating the 

immune response.8,9 Basal cells constitute a pool of adult stems cells. They play a 

leading role in lung regeneration following injury10. Rare cell types are also found, in 

small number, in the proximal airways, including pulmonary neuroendocrinal cells 

(PNEC), Tuft cells and Ionocytes. Pulmonary neuroendocrinal cells influence smooth 

muscle tone and regulate immune responses1. They can detect hypoxic conditions and 

communicate with immune and nervous systems. They also have stem cell properties, 

in particular in pathological conditions11. Brush or Tuft cells, may have important 

adaptive immunomodulation functions12. Ionocytes are associated with liquid absorption 

and salt in the airways13. 

The distal airways are formed by bronchioles and alveolar ducts (Fig.1A-Fig.1.2) which 

ultimately connect to alveolar sacs populated by type I (AT1) and type II cells (AT2)5,7,8. 

Bronchioles are lined with secretory cells that express the SCGB3A2 protein. These 

cells serve as progenitors for alveolar cells8. The gas exchange between air and blood 

is performed by AT1 cells; it is also facilitated by AT2 cells through the production of 

surfactant proteins4. Acting as stem cells within the alveolar region, AT2 cells can self-

renew and generate AT1 cells via alveologenesis5,14.  

Fibroblasts are found abundantly within both proximal and distal regions of the lungs. 

They support the maintenance and survival of AT2 and basal cells through the secretion 

of Fibroblast Growth Factor5,15. They synthetize extracellular matrix (ECM) proteins, 
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which are vital to efficient gas exchange. Fibroblasts support multiple cellular functions5. 

They regulate lung morphogenesis during fetal development5,16. They also perform 

immune functions, such as antigen presentation and bioactive molecules secretion15. 

The pulmonary immune response maintains a delicate balance between defense and 

gas exchange functions, ensuring efficient clearance of pathogens and pollutants. Such 

balance minimizes inflammation and tissue damage, preserving the respiratory system's 

integrity and gas exchange efficiency17.  
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Fig. 1.1 Cellular composition of lower respiratory tract in humans and mice. The lower 
respiratory tract contains multiple epithelial cell types, which are underlined with 
heterogenous mesenchymal cells, including fibroblasts and airway smooth muscle cells 
(ASM). These cells provide extracellular matrix proteins and ligands, which modulate 
epithelial cell differentiation and control airway tube diameter. A) Schematic of the lower 
respiratory tract consisting of trachea and lungs, which are further subdivided into 
proximal (bronchi) and distal regions composed of bronchioles and alveoli. B) 
Schematic of large airways composed of trachea, and bronchi. Multiple epithelial cell 
types line up these regions, including basal cells, secretory cells, ciliated cells, and 
goblet cells. Other rare epithelial cell types such as brush cells, ionocytes, pulmonary 
neuroendocrinal cells (PNEC), and neuroendocrine bodies (NEB) are also found in 
these regions. Large airways harbor cartilaginous rings and submucosal glands 
containing serous cells, mucous cell, and myoepithelial cells. C) Schematic of the small 
airways in humans and mice and representative cells within it. Mice airways are distinct 
from those of humans. The former ones lack basal and goblet cells. Image obtained 
with permission of 1 (License number: 5764250306282). 
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Fig. 1.2 Cellular composition of distal lung, in particular alveoli. A) Schematic showing 
the breathing process in small airways.  Inhaled air is circulated, and oxygen and CO2 

exchange occurs within the endothelial capillary plexus. B) The alveoli are composed of 
two types of epithelial cells, alveolar type 1 (AT1) and alveolar type 2 (AT2) cells. In AT1 
the gas exchange occurs, while AT2 produces surfactant proteins which help the 
breathing process, preventing the alveolus from collapsing. Other abundant cell types 
are the mesenchymal alveolar niche cells (MANC). They support alveolar structures, 
epithelial proliferation, and differentiation. Interstitial fibroblast expressing Axin-2-
positive myogenic precursors (AMPs) and Wnt2 expressing platelet-derived growth 
factor-α (PDGFRα) are subtypes of MANC. Immune cells, specifically interstitial 
macrophages, are part of the alveolar microenvironment. Image obtained with 
permission of 1 (License number: 5764250306282). 
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1. 3 Molecular mechanisms for lung development and branching morphogenesis. 
 

The development of the human LRT requires the interaction between airway epithelium 

and mesenchyme1,5,6,8.  The morphological stages  of lung development includes: (Fig. 

1.3) (1) embryonic (2) pseudo glandular (3) canalicular/saccular and (4) alveolar 

stages1,18,19. During human embryo development, at approximately 4-5 weeks’ 

gestation, the lung endoderm is specified. The anterior foregut endoderm is 

characterized by the expression of the transcription factor NKX2. To activate NKX2, the 

lateral plate mesoderm expresses Wnt2 and Wnt2b, by B-catenin, resulting in the 

upregulation of SOX2. The early respiratory primordium, expressing NKX2, starts to 

elongate to eventually form the tracheal tube.  Concurrently, signals activated by FGF10 

from the mesenchyme promote its outgrowth and differentiation. During the pseudo 

glandular stage, 5-17 weeks after conception, Wntless (Wls)-regulated Notum 

suppresses mesenchymal Wnt. This initiates the branching morphogenesis process to 

develop terminal bronchioles and the extensive arborized network of the lung. This 

process is highly supported by Wnt5a, which activates sonic hedgehog (SHH) in the 

respiratory endoderm. SHH represses FGF10 expression1,19. Signaling from Wn7b-

BMP4 promotes epithelial, small smooth muscle cells (SMC) proliferation, and 

mesenchymal vascular cell (VSMC) differentiation. The epithelium and mesothelium 

produce FGF9, which promotes Wnt2a, facilitating mesenchymal cell proliferation. At 

the same time, SOX9 is expressed in the distal tip of the endoderm1. During the 

saccular or canicular stage (16-26 post conception weeks), the bronchioles become 

more defined and form epithelial sacs. The expression of DKK1 downregulates Wnt, 

which induces the proximal patterning of the epithelium. The distal airway phenotype is 
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patterned by high levels of Wnt signaling mediated by BMP4, FGF, and N-myc proto-

oncogene, N-MYC1,19.  

The alveolarization stage (36 post conception week to 10 years after birth) concludes 

the maturation of alveolar structures. Alveolar type II cells (AT2) cells respond to AXIN2 

and Wnt signaling to regulate lung alveologenesis.  Alveolar type II cells (AC2) cells 

constitute alveolar epithelial progenitors, which can self-renew and differentiate into AT1 

cells1,19.  Low Wnt signaling triggers cellular fate towards an alveolar type I (ATI) 

lineage19,20. Although lung alveologenesis begins at around 36 weeks of pregnancy1,18, 

it persists over at least the first decade of life1.  

As shown in Fig. 1.3, this process is highly complex, and dynamic. It is initiated by the 

mesenchyme and the production of FGF101,19.  

This complex in-vivo morphogenesis process has inspired the organoid formation 

approach followed in the present study, as many others21. In this work lung fibroblasts 

were used as main resource of mesenchymal signals and as the producers of 

fibroblasts growth factors needed to induce the lung organoid formation of airway 

epithelial cells.  
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Fig. 1.3. Lung branching morphogenesis mediated by epithelial-mesenchymal 
interactions and Wnt signaling. A) During embryonic development, the lung buds 
emerge, regulated by Wnt2/2b to establish NKX2 patterning. Endodermal Wnt ligands 
promote FGF10 in the mesenchyme allowing basal cell development. B) The pseudo 
glandular stage, lung buds undergo branching morphogenesis to develop terminal 
bronchioles. Suppression of Wnt is needed for branching morphogenesis. Wnt5a is the 
highest on the distal tip. It suppresses SHH and activates FGF10. Concurrently, FGF9 
from epithelium and mesenchyme promotes Wnt2a, facilitating mesenchymal cell 
proliferation. C) The canicular stage of development, the terminal bronchioles become 
more defined and form epithelial sacs. Proximal and distal patterning occurs. The 
downregulation of Wnt by DKK1 generates proximal patterning. Conversely, high levels 
of Wnt drive distal phenotype through the expression of FGF, BMP4, and N-MYC. D) 
The alveolar structures mature.  AXIN2 and Wnt signaling regulate AT2 alveologenesis. 
BMP4 suppresses the self-renewal of AT2 while inducing AT1 differentiation. The 
developmental period is indicated for humans in post-conception weeks (pcw). Image 
created with BioRender with information of 1,18.  
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1. 4 Animal models  
 

In biomedical research, various living organism, such as mice, zebrafish, fruit flies, and 

nematodes, serve as human models owing to the remarkable conservation of 

fundamental biological mechanisms across species due to evolutionary processes. 

These mechanisms include genetic pathways, cellular processes, metabolic pathways, 

and physiological functions. Conservation allows researchers to study development, 

immune response, and disease pathways across species, aiding in the understanding of 

human health and the discovery of therapeutic targets. Fast-growing species, which can 

generate a large offspring are often preferred in the laboratory such as mice. In addition, 

there is more information and tools to enable genetic engineering in mice than in other 

animals22. However, their maintenance is costly. There are significant physiological, and 

metabolic differences between mice and humans. Several drugs effective in humans 

are toxic for animals, for example ibuprofen and warfarin. One important limitation of the 

mouse models is their inability to include the effect of the human genetic diversity on 

drug response22.  

Intrinsic differences between the signalling pathways activated in mouse stem cells and 

human stem cells have been reported. These are required for their maintenance, 

development, immune response, and disease progression including viral infections22,23. 

Anatomically, the human lung differs substantially from the mouse lung as shown in Fig. 

1.4. The human lung is characterized by respiratory bronchioles (RB) and alveolar 

ducts, which are connected to the alveoli. In contrast, the conducting airways of the 

mouse lungs end directly at the bronchoalveolar junction. This has hampered the study 

of molecular and cellular mechanisms of the human respiratory bronchioles24.  
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A new subtype of epithelial cells, known as secretory cells (SCGB3A2+), was recently 

found in the distal human airways of the RB. This cell type is a progenitor of AT2 cells, 

regulated by Notch and Wnt signling24. The downregulation of this cell type appears to 

be associated with multiple respiratory pathologies such as chronic obstructive 

pulmonary disease. Mouse distal airways lack  these cell types24.  

 

 

Fig. 1.4 Differences between mouse and human distal airways. A) Schematic showing 
the respiratory bronchioles (RB) in human and their absence in mouse lungs. B) Top 
figure: Haematoxylin-and-eosin-stained tissue showing the mouse conducting airways 
(CA) and the direct transition between the bronchioalveolar duct junction and the 
alveolar compartment (BADJ). Bottom gradual figure: Haematoxylin-and-eosin-stained 
tissue showing the transition between the terminal bronchioles and the alveolar duct 
(AD) through the respiratory bronchioles (RB). Scale bar, 100 µm. Image modified 
from24 (License number: 5764250570906). 
 

Additionally, the small airways of human and mice have different cell populations (Fig. 

1.1, 1.5). Basal cells, for example, are only located in the mice trachea, but not in the 

small airways. Instead, the major cell types in mouse lungs are secretory type I 

(previously known as club cells), and ciliated cells, with very few numbers of goblet 
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cells. Following the absence of basal cells in mouse lungs, the secretory cells type I 

respond to injury and differentiate into ciliated cells25.  

 

 

Fig. 1.5 Key differences between epithelial cell components in mouse and human lungs. 
Image obtained with permission from25 (License number: 1477-9129).  
 

According to the FDA, 92% to 96% of all drugs that pass animal tests do not reach the 

market26. The poor translation of animal preclinical models to human patients has 

increased the social and ethical concerns linked to the use of animals in research. 

Government legislation stemming from social aims at ending animal experimentation27.  

In response to this pressure, in 2022, the FDA modernization Act 2.0, was approved. 

This legislation does not ban the use of animals in research, but it recognizes their 
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limitations. It promotes and validates the use of alternative non-animal methods, 

including cell-based assays28. 

The main objective of this thesis, as described in the next sections, is motivated by the 

new legislations and the need to develop more physiological relevant human models.  

 

1.5 Lung-In-Vitro Models. 

1.5.1 Two-dimensional cell monolayers and air-liquid interface models 
 

Two-dimensional cell monolayers are the most used approach in biomedical research 

today. Their use has improved our understanding of cellular signaling pathways in 

health and disease. They are robust platforms for  the identification of potential drug 

candidates, and for the design of drugs for infectious diseases and other pathologies22. 

These models, however, do not recreate the tissue architecture and physiology of 

organs22. The culture of primary bronchial epithelial cells in two dimensional cultures, 

does not allow cell differentiation, or polarization29,30.  

Human bronchial epithelial cells (HBE) cultured in porous membrane to form air-liquid-

interface (ALI) constitute the gold standard for the study of human proximal airways. In 

this type of model, the ALI conditions promote cell differentiation and pseudo-

stratification. It also allows mucus secretion and ciliated differentiation30. Typically, the 

establishment of ALI models requires seeding HBE on a porous polyethylene 

terephthalate (PET) membrane coated with collagen and Fibronectin. Differentiation 

media is added on the basal side of the membrane, while the apical side is exposed to 

air (Fig.1.6). The differentiation media includes insulin, hydrocortisone, retinoic acid, 

transferrin, epinephrine, and epithelial growth factors29. The exposure of cells to air, a 
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small change in the cell culture conditions, improves HBE polarization and 

differentiation in comparison to 2D immersed models. 

 

Fig. 1.6 Air-liquid-interface model of human bronchial epithelial cells. On day 0, 
epithelial cells are seeded on collagen-coated porous membranes. Until day 7, the cells 
grow completely immersed. On day 11, the apical side of the cells (top) is exposed to 
air, and cell differentiation medium is added to the basal side (bottom). Cells start to 
differentiate on day 14. Typically, the culture is maintained over 25 days.  
 
 
In addition to culturing primary HBE on ALI, immortalized cells line such as Calu-3, NCI-

H441, and A549 have been cultured using similar conditions. Calu-3 derived from the 

adenocarcinoma, form a columnar monolayer with mucin and microvilli expression. NCI-

H441, derived from the papillary adenocarcinoma, forms a polarized monolayer with 

AT2 and secretory cells.  A549, derived from the alveolar adenocarcinoma, forms a 

monolayer of AT2 cells, which secretes surfactant proteins31.  

Variations of ALI models use induced pluripotent stem cells (iPSC) instead of airway 

epithelial cells to model proximal airways. In this case, cells are first guided to 

differentiate into endoderm progenitors, followed by anterior foregut progenitors, to 



54 
 

eventually form immature lung cells through the incorporation of FGF10, FGF7, BMP4, 

and FGF18 into BEGM medium. Over a period of 26 days, the cells are cultured 

submerged into the medium. The cells are exposed to air in the apical side over a 

period of 40 days. By the end of this period, cells have reached maturation and 

resemble the proximal airways, expressing ciliated cells markers, along with goblet 

cells, and in lower amounts of basal cell markers32.  

Some degree of complexity has been added to these models by co-culturing airway 

epithelial cells with other cell types such as macrophages33 in the basal side, and/or 

fibroblasts in the apical side of the chamber34.  

Currently, commercially available airways plates are in ALI format from HiTrach35 

representing either the proximal or distal regions of the lung35. These ALI models are 

useful for the study of viral infections, toxicology, cancer, asthma, and cystic fibrosis in a 

high throughput-manner 29,29–31. But they lack integration between proximal and distal 

airway components, 3D architecture22, and active mechanical microenvironmental 

cues36. To overcome the latter limitation, advances in microsystems engineering have 

created biomimetic cell-culture devices, know as organs-on-a-chip36.  

1.5.2 Organ-on-a-chip 

 

The first organ-on-a-chip fabrication was reported in 2010 in the journal Science,  it was 

a representation of the lung37. This system aimed to mimic the alveolar region of the 

lungs by culturing airway epithelial cells and endothelial cells in a microfluidic device.  

Airway epithelium was seeded on the top part of a thin, porous, flexible PDMS 

membrane coated with collagen, while endothelial cells were seeded on the bottom of 

the same membrane, forming a co-culture interface, Fig. 1.7. The airway epithelial cells 
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were exposed to air, while the endothelial cells were cultured immersed. The main 

differences with ALI interfaces, described previously (section 1.5.1), was that the device 

offered a dynamic microenvironment. This model recreated the breathing movements 

by applying vacuum to the side chambers, inducing stretching on the PDMS 

membrane37,38.  

 

Fig. 1.7 First reported “lung-on-chip”. The model provides mechanical cues which mimic 
the breathing process. A) The device was characterized by compartmentalized PDMS 
microchannels to form an alveolar-capillary barrier. B) During inhalation in the living, the 
diaphragm contracts leading to distension of the alveoli. C) Three PDMS layers are 
aligned in irreversible bonds forming microfluidic channels. Scale Bar 200 mm. D) After 
the permanent bonding vacuum is applied to cause 
mechanical stretching. Scale bar, 200 mm. Image obtained with permission from37. 
 
 
Subsequent organ-on-a-chips are described in Table 1.1. In the case of lungs, the 

vacuum chambers were removed from the original design23, probably for simplification. 

Instead, fluid flow is circulated into the lower chamber corresponding to the endothelial 

component. This design is extremely common nowadays. It has been used for studying 

SARS-CoV-2, and for repurposing drugs23.  
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One limitation of the lung-on-a-chip is that PDMS, used as porous membrane, tends to 

absorb biomolecules and compounds. This can complicate drug assessment39. 

Alternative membrane concepts have been investigated, shown in Table 1.1, with 

patterns characteristics of the alveoli, while preventing biomolecules absorption40.  

The cellular complexity of these models has evolved over the years, going from the 

culture of immortalized cells37,41–44 to the use of primary bronchial or alveolar epithelial 

cells40,45–47 along with endothelial cell lines, as shown in Table 1.1. Tri-cultures systems 

have been created using airway epithelial cells, endothelial cells and fibroblasts43 or T-

helper cells46. Matrigel has been used to support the growth of alveolar cells47 instead of 

collagen and fibronectin coatings typical of lungs-on-a-chip41.  

The incorporation of mechanical cues into cell cultures, have resulted in different 

responses to drugs, and treatments than static conditions41. Fluid flow within the 

endothelial compartment leads to tighter cellular junctions than when cells are cultured 

in normal settings 39,41.  These models have proved the relevance of mechanical 

stresses and multicellular cultures under ALI48. They have been used for modelling 

asthma by induction of IL-13 on healthy cells46, to study viral infections such as 

rhinovirus46, influenza and SARS-CoV-223, drug screening23,40,43,44, and other 

toxicological studies37,47, as well as model cancer43,44, thrombosis45, and pulmonary 

edema42.  

There are several companies which commercialize lung-on-a-chip devices representing 

either the bronchi49,50 or the alveolar region of the lung49,50. All these models are 

inspired by the original lung-on-a-chip system23, having typically a porous membrane, 

co-culture system, and continuous fluid flow in the endothelial compartment49,50.   
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As for static ALI models, lung-on-a-chip systems have the main disadvantage of not 

representing the 3D architecture of the lung. The cells, although cultured in dynamic 

conditions, are still in a “2D planar configuration”22,51. This constrains the cells to grow in 

substrates with a high stiffness unrepresentative of the lung. For instance, PDMS 

stiffness varies between 1 MPa to 10 MPa52, while lung stiffness is in the range of a few 

kPa53.  

Cell behavior and structure vary depending on culture conditions54. In 3D matrices cells 

can better communicate with surroundings cells. Changes in migratory characteristics of 

the cells are also observed. These migratory changes alter subcellular structures55.  

Additionally, lung-on-a-chip devices, partially represent only one portion of the lung. 

They model either the bronchi or alveoli, which limits the study of disease progression, 

including viral tropism23,40,43,45,45–48.  

Organ-on-a-chip 
name 

Source of cells Mechanical 
cues 

Product 
description 

Limitations Applications 

Lung-on-a-chip37 Immortalized 
airway epithelium 
and endothelium 

Vacuum 
chamber to 
mimic dynamic 
breathing.  

Co-culture of 
epithelial and 
endothelial 
cells with 
mechanical 
stresses. 
ALI 

Use of immortal 
cell types.  
Representation of 
distal region of the 
lung with proximal 
epithelium cell 
type.  

Nanoparticle 
uptake study  

Human airway-on-
a chip41 

Primary HBE Continuous Fluid 
flow in 
endothelial 
component. 

Representing 
proximal 
region of the 
lung. 
ALI 

PDMS absorbs 
molecules. 
Lack of 
“breathing” motion 
Lack of 
representation of 
distal lung 
regions.  

SARS-CoV-2. 
Drug 
repurposing  
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Primary human 
lung alveolus on-
a-chip45 

Primary AT1 and 
AT2 and vascular 
endothelial cells 
(HUVEC) 

Continuous fluid 
flow on the basal 
chamber. 

Co-culture of 
epithelial and 
endothelial 
cells. 
Endothelial 
cells covered 
the 4 walls of 
the basal 
chamber. 
Perfusion of 
whole blood 
on the basal 
chamber. 
ALI 

PDMS membrane 
has some 
absorption 
problems. 
Use of 
immortalized 
endothelial cells.  
Lack of 
representation of 
the proximal 
region. 
Lack of 
mechanical 
“Breathing” 

Intravascular 
thrombosis  

Second 
generation 
Alveoli-on-a-
chip40 

Primary lung 
epithelial cells, 
and HUVEC 

Cyclic negative 
pressure on the 
basal chamber 
causing 
membrane 
deflection.  

Use biological 
membrane 
done of ECM, 
collagen, and 
elastin, 
mimicking the 
array of 
alveoli. 
ALI 

Lack of 
representation of 
proximal regions 
of the lung. 
No continuous 
fluid flow. 

Drug toxicology.  

Microengineering 
lung-on-a-chip46 

Primary healthy 
human airways, 
and human 
microvasculature 
endothelial cells 
(HMVECS).  

Fluid flow on 
basal chamber 
(endothelial cells 
components) 

Induction of 
asthma by IL-
13, while 
simultaneousl
y infecting 
with 
Rhinovirus. 
Incorporation 
of T-helper 
cells by 
endothelial 
channel.  
ALI  

Lack of 
mechanical 
“breathing” 
motion.  
 
Lack of 
representation of 
distal lung regions 

Viral induced 
exacerbation of 
asthma. 

3D human lung-
on-a-chip47 

Primary human 
alveolar epithelial 
cells and HUVEC 

Fluid flow on 
basal chamber 
(endothelial cells 
components) 

Matrigel is 
used to 
culture 
alveolar 
epithelial cells. 
ALI 

Lack of 
mechanical 
“breathing” 
motion.  
 
Lack of 
representation of 
proximal lung 
regions 

Evaluation of 
toxicity of 
nanoparticles 

Pulmonary 
Edema on a lung-
on-a-chip42 

Alveolar epithelial 
cells (NC1-H441) 
and HMVECS 

Vacuum 
chamber to 
mimic dynamic 
breathing. 
 

Co-culture of 
alveolar cells 
and 
endothelial 
cells under 
mechanical 
stresses. 
ALI 

Use of 
immortalized cells. 
 
Lack of 
representation of 
proximal lung 
region/ 

Pulmonary 
Edema  

Nanofiber 
membrane for 
lung-on-a-chip43 

A549 non-small 
lung cancer cells, 
human fetal lung 
fibroblasts HFL1, 
and human 
endothelial cells 

NA Tri-culture of 
alveolar cells 
and lung 
fibroblasts. 
ALI. 
Use of  
Poly (lactic-
co-glycolic 

Use of 
immortalized cells. 
Static culture 
conditions. 
Lack of 
representation of 
proximal region of 
the lung 

Anti-cancer drug 
treatment 
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acid) (PLGA) 
electrospinnin
g nanofiber 
membrane. 

Lung cancer on -
a-chip platform44 

Lung cancer cell 
line: NCI-H1437 

NA Collagen 
coated glass 
membrane 
contained the 
lung cancer 
cells. 
Electrodes 
were 
integrated on 
the chip to 
monito TEER.  

Monoculture of 
cells 
Static conditions 

Drug testing for 
cancer.  

 
Table 1.1   Lung-on-a-chip microdevices.  

  

1.5.3 Organoids 

Organoids are muti-cellular 3D organ models that mimic specific physiological functions, 

with potential applications in drug screening. Organoids have been shown in recent 

years to address some of the intrinsic challenges of viral infection modeling4. Organoids 

can better recapitulate the cellular organization and physiology of original organs, 

including cell communication22. Physiological mimicry is particularly useful, if not 

essential, for the study of viral-host interactions, which involve more than one cell type 

in the targeted tissue. As an example, severe acute respiratory syndrome-2, SARS-

CoV-2, first infects airway epithelial cells, along with ciliated and goblet cells of the 

proximal lung. If the virus is not cleared, it later infects AT2 cells in the distal lungs as its 

primary target 56. Gut, brain, vascular, kidney, and lung organoids have been used to 

model SARS-CoV-2 and other infectious diseases57. Altogether, these organoids have 

yielded predictive results for drug testing before clinical trials and their use has been 

adopted by pharmaceutical companies58.  

Organoid development typically involves a self-organization process, in which the 

initially disordered cell population is reordered under the guidance of 
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microenvironmental cues51. The architectural rearrangement is triggered by 

differentiation, cell migration, contraction, and cell shape51,59. The successful derivation 

of organoids and their characteristics depends on 1) the physical characteristics of the 

environment, 2) exogenous or endogenous signals, 3) and the initial cell types, as 

shown in Fig. 1.8.  

To promote 3D culture, natural substrates such as Matrigel are most commonly used51. 

Matrigel contains ECM proteins and growth factors purified from Engelbreth-Holm-

Swarm mouse sarcoma. Geltrex is a similar substrate in composition and purification 

method51,60. Intestinal, gastric, mammary gland and lung organoids use 

Matrigel21,51,57,61–66. Collagen is another natural substrate which has been used to grow 

organoids51,67. Alternatively, synthetic chemically-defined substrates have been 

explored for the generation of colon68,69 and brain organoids51,69,70 to overcome the 

variability of natural derived substrates51. But these hydrogels are less bioactive than 

natural substrates51.   

Suspension is another strategy to culture organoids (Fig. 1.8a). It is more commonly 

used in brain organoids with lower concentrations of Matrigel51,71.  Spinning bioreactors 

promote the diffusion of Oxygen and nutrients, preserving organoids over a longer 

time71,72. Finally, organoids, particularly kidney organoids, have been reported to grow 

on air-liquid-interface73. In this method cells are cultured on a thin, porous membrane, 

with cell culture medium only on the basal side of the cells51(Fig. 1.8a).  

In most cases, during the organoid formation, the initial cell population needs to be 

exposed to morphogens at specific time points, which will activate the desired signaling 

pathways, cell differentiation and proper self-organization51.  Some models, for instance 
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mouse optic cup organoids74, rely primarily on their endogenous factors. The initial cell 

population then meets all the requirements to self-organize. But most organoids require 

initial exogenous signals, and in some cases, continuous exogenous signals throughout 

the culture. This is the case for organoids derived from induced pluripotent stem cells 

(iPSC) or embryonic stem cells51, including lung organoids21,57, and organoids derived 

from adult stem cells (ASC)63,65,67,75.  

The initial cell type and concentration constitute the “input” of the system. They vary 

according to specific protocols. The degree of differentiation and patterning depends on 

the initial cell stage. When organoids are derived from single cell populations, the cells 

must go through the complete morphogenesis process, including symmetry breaking, 

differentiation, and maturation (Fig.1.8c)51. More frequently, organoids are derived from 

homogenous cell aggregates (Fig.1.8c). Other protocols, for liver organoids, involve the 

co-culture of already pre-differentiated cell types. Self organization, then,  depends on 

architectural rearrangements51,76. These conditions facilitate and speed up the 

maturation process51.  

The degree of maturation of the final organoid depends on the initial cell type. 

Organoids derived from ASC, reach maturation in-vitro, while organoids derived from 

iPSC remain immature, shown in Fig.1.9. This is also the case for lung organoids 

derived from iPSC21,77. Additionally, organoids derived from iPSC, require longer culture 

time than ASC derived organoids, increasing their cost and the complexity of culture 

conditions21,51. Organoids derived from fetal cells, dissected directly from fetal tissues, 

mature further than iPSC-derived organoids, but less than ASC-derived organoids. The 

generation of this type of organoids creates ethical concerns, which limits their 
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availability51. Immature organoids are normally used for developmental biology 

purposes21,51,77,78. The study of adult diseases requires more mature organoids51,61–

63,65,66,75. Both models are useful depending on their application51.  

 

Fig. 1.8 Methods and considerations for organoid formation. A) Physical characteristics 
of the environment. B) The self-organization of the organoid depends on exogenous 
and endogenous signals. Most models require at least initial exogenous signals, but 
some models require continuous exogenous signals.  C) Possible starting cell 
conditions for organoid formation.  Organoids can be derived from single cells, 
homogenous cell populations or heterogenous co-cultures. Image obtained with 
permission from 51 (License number: 5764251335262). 
 



63 
 

 

 

 

Fig. 1.9 The starting cell type stage determines the level of organoid maturation in-vitro. 
The horizontal axis shows the developmental stage of the initial cell culture. The vertical 
axis shows the degree of maturation of the organoid. Image obtained with permission 
from51 (License number: 5764251335262).  

 

1. 5. 4 Literature survey: Available lung organoids 
 

Existing protocols for the generation of lung organoids vary depending on the initial cell 

type. Initial cell type also determines final organoid characteristics. Such organoids are 

shown in Table 1.2. Two categories of lung organoids have been reported” 1) derived 

from iPSC. And 2) derived from ASC6,21,61–66,75, commonly dissected from deep lung 

tissue fragments61,63,66,75. Existing models do not take advantage of technological 

advances such as bioreactors, composite substrates, mechanical cues, or organ-on-a-

chip culture 21,62–65,65,75,77,78. 
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“Organoids derived from ASC have been designed to mimic only one region of the lung, 

either proximal or distal, for instance alveolospheres61, broncheospheres62, 

tracheospheres6,64 or human airways organoids65”10. All previous models display a 

spheroidal morphology, and do not reproduce the complex branching structures of the 

lung1,61–63,65,75.  Alveolospheres, as described in Table 1.2, are derived from primary 

alveolar type I and type II cells. They use a combination of lung fibroblasts, Matrigel, 

and exogenous factors during the entire culture period. Alveolospheres have been used 

to model SARS-CoV-2, and to test diverse antiviral drugs61. Broncheospheres, Table 

1.2, have been used to study the effects of bacteria and LPS. This model is derived 

from primary bronchial cells using Notch2 as morphogen to trigger the differentiation of 

goblet cells. Alternatively, IL-17A has been used, but yielded reduced numbers of 

ciliated cells62,79. Airway organoids are made using bronchial epithelial cells embedded 

in Matrigel and cultured in enriched growth factor medium (Table 1.2). The associated 

media composition is shown in Table 1.3. These organoids have been used for 

modeling influenza strains65, cystic fibrosis, lung cancer and respiratory syncytial virus 

infection (RSV)66. Variations in the culture medium resulted in greater numbers of 

ciliated, secretory and goblet cells65. Airway Organoids can be expanded up to 19 

passages while preserving their initial characteristics66. Broncheospheres and human 

airway organoids represent only the proximal region of the lung62,65,66. The medium 

composition in Table 1.3 became the gold standard to develop ASC organoids63,65,75. 

Some variations in this medium composition have generated models with different 

characteristics. For instance, a variation of the airway organoids protocol was explored 

in order to guide epithelial cells into distal lung regions75, Table 1.2.  Epithelial cells 
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cultured on Matrigel and in distal differentiation medium gave rise to organoids with AT2 

and AT1 cells. These organoids were named “biopotential organoids”. These organoids 

can be tuned to represent proximal regions or distal regions according to the selected 

medium, but not both simultenously75. Biopotential organoids have been used to test 

omicron infection75. 

The incorporation of TGF-β receptor inhibitor, antioxidants, and p38 MAPK inhibitor, into 

the airway organoid culture medium (Table 1.3), lead to a fast differentiation and 

maturation of the organoids with a proximal and distal mixed phenotype63. This model 

was named ‘complete’ lung organoid (Table 1.2).  It has been used for SARS-CoV-2 

infection63. The model allows viral replication as well as overzealous host response, but 

its morphology is spheroidal63.  

Tracheospheres derived from ASC as their name indicates, are used to model the 

trachea. They use mouse or human epithelial cells embedded on Matrigel and cultured 

with epidermal growth factor and retinoic acid. Tracheospheres, Table 1.2, contain 

basal, and ciliated cells, and they can be expanded at least twice64.  

Since ASC-derived organoids are isolated regional models, they are not optimal for the 

reproduction of viral tropism that evolve heterogeneously in the human body75. The 

infection of these organoids requires their 3D structure and physiological mimicry to be 

mechanically disrupted. Once disrupted, the cellular components of the organoids are 

grown as 2D cell monolayers63,65,75, thereby preventing the opportunity to mimic disease 

progression in a physiological relevant manner. The paucity of ASC, specially obtained 

from deep lung tissue, hampers their scalability. In many cases, LO are formed with 
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already diseased cells, such as cancer cells63,65,66,75. Most of these models are only 

epithelial cell based, lacking a lung mesenchyme62,63,65,66,75.  

Organoid Type Source of 

cells 

Methods and 

exogenous factors 

used 

Product 

description 

Limitations Applications 

ASC derived organoids 

Alveolospheres  Primary 

human 

Alveolar type I 

and type II 

cells61 

  

Distal lung epithelial cells 

are mixed in Matrigel with 

human lung fibroblasts 

(MRC5).  

 

Pneumacult ALI medium is 

used to culture the 

organoids on thin, porous 

membranes. 

 

Exogenous  

factors are used during the 

entire time of the culture: 

50 mg per ml of 

Gentamycin for the first 24 

hr. 

10mM Rho kinase inhibitor 

for the first 48 hr.  

2 mM of the Wnt pathway 

activator is used during the 

entire time of the culture. 

Express 

surfactant 

protein C. 

 

Maturation time 

11 to 18 days.  

 

 

Only resembles 

the distal region 

of the lung.  

 

Spherical 

morphology.  

 

SARS-CoV-2 

infection. 

 

Drug-screening: 

Remdesivir, 

hydroxychloroquine, 

interferon β 

 

Broncheospheres 

 

Primary 

human 

bronchial 

epithelial 

cells62,79 

Bronchial epithelial cells 

cultured in differentiation 

medium with Matrigel are 

plated in 96-well plate 

containing Matrigel. 

 

Exogenous factors: 

100 ng/ml of Pam3CSK4 is 

applied during the whole 

time of culture, and Notch2 

to induce goblet cell 

differentiation.  

Prescence of 

goblet, basal 

and ciliated 

cells. 

 

Notch2 and IL-

17A induces 

goblet cell 

differentiation. 

 

Maturation time 

30 days. 

Only resembles 

proximal region 

of the lung, 

without 

secretory or 

other rare cell 

types. 

 

Spherical 

morphology 

Effect of bacterial 

flagellin and LPS. 

Human Airway 

organoids  
Primary 

human 

bronchial 

epithelial cells 

from deep lung 

tissues of 

patients with 

cancer65.  

Bronchial epithelial cells 

cultured in human airway 

organoid medium and 

‘PneumaCult’ medium 

immersed in Matrigel.  

 

Human organoid medium 

containing multiple 

exogenous factors such 

as: FGF10, FGF7, Noggin, 

Rspondin1.  

Prescence of 

ciliated basal, 

secretory, and 

goblet cells. 

 

Higher 

percentage of 

ciliated, 

secretory and 

goblet cells 

when cultured in 

Only resembles 

proximal region 

of the lung.  

 

Spherical 

morphology. 

 

The 3D structure 

of the organoids 

needs to be 

disrupted to be 

Assess influenza 

virus strains: H1N1, 

H7N9, H7N265 

 

Study of cystic 

fibrosis, lung cancer 

and Respiratory 

syncytial virus 

infection66. 
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‘Pneumacult’ medium.  

 

‘PneumaCult’ 

medium.  

 

Maturation time 

19-23 days.  

infected.  

Vascularized 

human airway 

organoid 

Primary 

epithelium, 

endothelium, 

and lung 

fibroblasts80.  

Mixed cell population 

embedded on Matrigel and 

cultured with ‘Pneumacult’.  

Spherical model 

with small 

protuberances. 

 

Expression of 

goblet, ciliated, 

basal, AT1 and 

AT2 cells.  

 

Maturation time 

21 days.  

 Possible regenerative 

medicine 

applications. 

Tracheospheres  Primary 

epithelium 

from 

mouse/human 

tracheas6,64. 

Tracheal epithelial cells 

embedded in Matrigel 

cultured in thin, porous 

membrane.  

 

Cultured in ALI interface. 

 

MTEC/Plus medium 

containing Retinoic acid, 

Insulin, Epidermal Growth 

Factor, and FBS64,81.  

Expressing 

basal, secretory, 

and ciliated 

cells. 

 

Maturation time 

9 days. 

 

Organoids can 

be expanded at 

least twice.  

Only resembles 

the proximal 

airways 

(trachea) without 

goblet or 

secretory cells.  

NA 

Biopotential 

organoid  

Primary lung 

epithelial cells 

from diseased-

deep tissues75.  

 

To derive proximal lung 

organoids, airway 

organoids culture medium 

was used (Table 1.2) 

 

To derive distal lung 

organoids, distal 

differentiation medium was 

used supplemented with 

50 nM dexamethasone, 

100 μM 8-bromo-cAMP, 

100 μM IBMX, 2% B-27, 

Wnt agonist CHIR99021. 

 

Organoids were embedded 

in Matrigel in low 

attachment plates. 

 

Distal lung 

organoids have 

AT1 and AT2 

cells.  

 

Spherical 

organoids. 

 

The organoids 

represent either 

proximal or 

distal regions of 

the lung (no 

both)  

 

The 3D structure 

of the organoids 

needs to be 

broken and 

cultured as 2D, 

before infection 

SARS-CoV-2 

Omicron Variant 

infection 

‘Complete’ lung 

organoid 

Primary lung 

epithelial cell 

obtained from 

deep lung 

biopsies 

obtained from 

the normal 

regions of lung 

lobes 

Organoids were embedded 

in Matrigel and cultured 

with lung expansion 

medium. 

 

Lung expansion medium 

containing Wnt3, 

Rspondin, and Noggin, 

supplemented with 

Prescence of 

secretory, basal, 

goblet, ciliated 

cells, as well ad 

AT1 and AT2 

cells. 

 

Maturation time: 

7-10 days. 

Spherical lung 

organoids 

without specific 

patterning.  

 

To be infected 

the organoids 

need to be 

broken and 

SARS-CoV-2 

infection. 
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surgically 

resected from 

lung cancer 

tissues63. 

recombinant growth 

factors: 

B27, TGF-β receptor 

inhibitor, antioxidants, p38 

MAPK inhibitor, FGF 7, 

FGF 10, and ROCK 

inhibitor.  

 

Organoids can 

be expanded.  

culture in 2D.  

$3dGRO™ Human 

Lung Organoids 

(PDXO.149-Sigma 

Aldrich)  

Primary lung 

cancer cells 

from various 

lung regions 

(squamous, 

acinar, 

papillary, solid, 

mucinous)82. 

Not available  Prescence of 

AT2 cells, basal, 

goblet, and 

ciliated cells, as 

well as 

pulmonary 

endoderm.  

 

Expression of 

ACE2 and 

TMPRSS 

receptors 

 

Maturation time 

40-60 days.  

Long maturation 

time. 

 

Only cancer 

organoids 

available.  

 

No expression 

of AT1 cells, and 

secretory cells. 

 

 

Possibility to use 

them for viral 

infections studies.  

iPSC derived organoids 

Lung organoid iPSC21  iPSC differentiated into 

foregut were embedded in 

Matrigel. 

 

 

Organoid culture medium 

was supplemented with 

diverse exogenous factors 

varying according to 

specific culture times. As 

specified in Table 1.3 

some of these molecules 

are FGF10, FGF4, FGF7.  

 

 

Fetal airway like 

epithelium 

surrounded by 

mesenchyme.  

 

Presence of 

goblet, ciliated, 

basal, AT1 and 

AT2 cells. 

 

Tubular and 

branching 

morphology.  

 

Maturation time 

85-185 days 

(considering the 

initial iPSC 

differentiation 

into foregut 

endoderm) 

Lack of 

maturation, it 

represents the 

fetal stage of the 

lung. 

 

Inability to study 

adult viral 

diseases. 

 

Long term 

culture. 

 

Required to be 

transplanted into 

mice to improve 

maturation.  

 

 

Evaluate human fetal 

lung malformations77. 

 

 

Model RSV21.  

 

Airway lung 

organoid 

iPSC83  Definitive endoderm stage 

cells were embedded on 

Matrigel and cultured with 

medium containing FGF10, 

retinoic acid, Wnt 

suppressor, and Notch 

inhibitor at different times.  

 

 

Resembles the 

proximal airways 

of the lung 

expressing 

secretory, 

ciliated, and 

basal cells.  

 

Maturation time 

The organoids 

mimic only the 

proximal region 

of the lung.  

 

Spherical 

morphology 

 

Long maturation 

Cystic fibrosis study.  

https://www.sigmaaldrich.com/CA/en/technical-documents/technical-article/cell-culture-and-cell-culture-analysis/mammalian-cell-culture/human-lung-organoids
https://www.sigmaaldrich.com/CA/en/technical-documents/technical-article/cell-culture-and-cell-culture-analysis/mammalian-cell-culture/human-lung-organoids
https://www.sigmaaldrich.com/CA/en/technical-documents/technical-article/cell-culture-and-cell-culture-analysis/mammalian-cell-culture/human-lung-organoids
https://www.sigmaaldrich.com/CA/en/technical-documents/technical-article/cell-culture-and-cell-culture-analysis/mammalian-cell-culture/human-lung-organoids
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around 46 days 

(considering 

initial cell 

differentiation) 

 

time 

Proximal airway 

epithelial 

spheroids 

iPSC84 Organoids cultured in 

medium with Noggin, 

BMP4. Followed by 

medium with Notch 

inhibitor to promote ciliated 

cells differentiation.  

Prescence of 

ciliated, goblet, 

basal, and 

secretory cells 

 

Maturation time 

42 days-56 days 

(long time higher 

number of 

ciliated cells) 

The organoids 

mimic only on 

the proximal 

region of the 

lung. 

 

Spherical 

morphology 

 

Long maturation 

time 

NA 

Lung organoids Embryonic 

cells, and 

iPSC85 

Stem cells were seeded on 

decellularized human lung 

matrices on 96 well plates 

in presence of FGF10. 

Prescence of 

Basal, ciliated, 

and secretory 

cells, and AT2 

cells in lower 

number, with 

adjacent 

mesenchyme. 

 

Maturation time 

110 days.  

 

 

 

Spherical 

structure. 

 

Immature 

phenotype 

NA 

Table 1.2 Existing lung and LRT organoids. There are two main categories of lung 
organoids. 1) The organoids derived from adult stem cells, typically represent one 
region of the lung (either proximal or distal) but not both. They have a spheroidal 
morphology, and a relative short maturation time. They are made with primary cells 
extracted from deep lung tissues from patients with cancer.  2) iPSC-derived organoids. 
These organoids mimic the entire lung. They exhibit a branching morphogenesis, but 
their phenotype remains immature. They require long culture time conditions, increasing 
their cost.   $Commercially available model. 
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Table 1.3 Medium to culture airway organoids. *Conditioned media were produced from 
stable cell lines for production of R-spondin1 and Noggin65. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reagents Company Catalog No. 
Working 

concentration 

Advanced 
DMEM/F12  

Invitrogen  12634010  n/a 

HEPES  Invitrogen  15630-056  1% 

GlutaMAX  Invitrogen  35050061  1% 

Penicillin-
Streptomycin  

Invitrogen  15140-122  1% 

Rspondin1* 
(conditioned 
medium)  

n/a  n/a  10% 

Noggin* 
(conditioned 
medium)  

n/a n/a  10% 

B27 supplement  Invitrogen  17504-044  2% 

N-acetylcysteine  Sigma  A9165  1.25mM 

Nicotinamide  Sigma  N0636  10mM 

Y-27632  Tocris  1254  5µM 

A8301  Tocris  2939  500nM 

SB202190  Sigma  S7067  1µM 

FGF-7  Peprotech  100-19  5ng/ml 

FGF-10  Peprotech  100-26  20ng/ml 

Primocin  InvivoGen  ant-pm-1  100µg/ml 

Heregulin beta-1  Peprotech  100-03  5nM 
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Table 1.4 Cell culture medium used for development of iPSC derived lung organoids. 
Obtained from21. 

 

In contrast, lung organoids derived from iPSC are generally more complex (Table 1.2). 

They typically exhibit an arborized morphology as the native lungs. Unlike to the ASC-

derived lung organoids, most of these models recapitulate both proximal and distal 

regions of the lungs. They are well-suited for the study of lung development77,78,85. 

Some iPSC- derived lung organoids resemble only one region of the lung. Their fate, 

proximal or distal, appears to be determined by the exogenous molecules and 

patterning factors included in the medium. For example Notch inhibitor promotes the 

ciliated differentiation of the proximal airway83,84. But all iPSC-derived lung organoids 

display immature phenotypes resembling those of fetal lung tissues77,78,83–85. This 

hampers their use for viral infection models. These models can only be infected with 

Media Definitive 
endoderm, 
Day 1 

Definitive 
endoderm, 
Day 2 

Definitive 
endoderm
, Day 3 

Definitive 
endoderm, 
Day 4 

Anterior 
foregut 
endoderm, 
days 5-9 

Human lung 
organoid 
maintenance 

Bud tip 
progenitor 
organoid 
medium 

Basal 
Media 

RPM1 1640 RPM1 1640 
0.2% 
HyClone 
FBS 

RPM1 
1640 2% 
HyClone 
FBS 

RPM1 1640 
2% HyClone 
FBS 

(Foregut basal) 
Advanced 
DMEM/F12 
10 mM HEPES 
2 mM L-
glutamine 
5,000 U/ml 
penicillin-
streptomycin 
 

(Foregut 
basal) 
Advanced 
DMEM/F12 
10 mM 
HEPES 
2 mM L-
glutamine 
5,000 U/ml 
penicillin-
streptomycin 

(Bud tip 
basal) 
DMEM 
F12 
200 mM L-
glutamine 
5000 U/ml 
0.05 % 
(vol/vol) 
BSA 
 

Add on 
day of 
use 

Activin A 
100 ng/ml 

Activin A 
100 ng/ml 

Activin A 
100 ng/ml 

Activin A 
100 ng/ml 

10 μM 
SB431542 
200 ng/ml 
Noggin 
1 μM SAG 
500 ng/m 
FGF4 
2 μM CHIR-
99021 

500 ng/ml 
FGF10 
1% FBS 

0.4 μm 
monothiogl
ycerol 
50 μg/ ml 
Ascorbic 
acid 
10 ng/ml 
FGF7 
50 nM 
ATRA 
3 μM 
CHIR-
99021 
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fetal viral diseases as RSV, excluding Influenza H1N1 and H3N2, and SARS-CoV-

221,77,78. In addition, these organoids require around 85-150 days to grow77,78,85, along 

with costly and complex culture conditions21,78,85 (Table 1.4). Such growth rate is too low 

to track epidemic progression and viral evolution in the eventuality of an epidemic.  

Among all lung organoids models, ASC-derived and iPSC-derived, only one is 

commercially available. It is named 3DGROTM (Table 1.2). This model uses primary lung 

cancer cells from various lung regions (squamous, acinar, papillary, solid, and 

mucinous)82. The model has been reported to express AT2, basal, goblet, ciliated cells, 

and pulmonary endoderm. But it apparently lacks secretory and AT1 cells. Its 

maturation time varies between 40 to 60 days, and its application is limited to lung 

cancer research purposes82.  

There is an unmet need for a novel LO that can model mature and diverse structures 

and cellular populations of the LRT involved in viral infections such as influenza and 

COVID. The model should be scalable made from readily accessible cells with simple 

and timely culture conditions.  

1.6 Context and Scope of the Thesis 

1.6.1 Description of the Problem 

The wide use of animal models for the study of disease progression, toxicology, and 

developmental biology, rise ethical concerns, and often fail to guide human clinical 

trials26. Mouse lungs differ substantially from human lungs24 25. This has created a need 

for using lung-in-vitro models with human cells. 2D cell monolayers are robust systems 

easy to implement at low cost22. Modifications in the cell cultures, such as the addition 

of a ALI interface, have significant effects on cell differentiation and polarization, 
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specifically for human bronchial epithelial cells30. Small changes in the cell culture 

conditions have profound impact on the cell behavior30,31.  

Organs-on-a-chip have provided useful tools to add mechanical cues representative of 

the breathing motions of the lung37,38. Over the years,  cellular applications of these 

devices have been improved by using primary cells40,45–47, instead of immortalized 

cells37,41–44. Additionally, co-culture and even tri-cultures43,46 of different cell types of the 

lung have been used. However, these culture methods do not represent the architecture 

of the lung. They consist of “flat cells” which behavior differs from 3D22,51. PDMS used to 

grow lung cells, is stiffer than the tissue52,53. The migration characteristics of cells 

change between 2D and 3D substrates leading to alteration in subcellular structure54. 

One of the most limiting characteristics of the lung-on-a-chip models is their lack of 

integration between different lung regions. They model individually  either the bronchi or 

the alveoli23,40,43,45,45–48.  

Lung organoids have emerged providing 3D self-induced cell cultures51. iPSC derived 

lung organoids resemble the complete lung by having airway epithelial cells from 

proximal and distal lung regions. They display an arborized and sophisticated 

morphology similar to that of the lungs. Unfortunately, these organoids remain 

immature. As such, their applications are restricted to developmental biology, and to the 

study of fetal pediatric diseases. Additionally, the growth of organoids is a slow, and 

costly process21,77,78. Conversely, ASC-derived lung organoids reach a maturation 

representative of adult lungs, which expands their applications. Typically, their culture is 

shorter than that with iPSC-derived lung organoids. But they fail to integrate proximal 

and distal lung regions. Their morphology remains spheroidal21,62–65,65,75,77,78, and the 
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benefits of 3D culturing are lost when such organoids are disassociated to study LRT 

diseases63,65,75. Because these organoids are derived from ASC, they depend on 

harvested deep lung tissue biopsies19-25. Given the invasive nature and the cost of lung 

tissue biopsies86,87 cellular availability is limited from healthy donors63,65,66,75.  

1.6.2 Research Objectives 

The objective of the work described in this thesis was the creation of a novel lung-

organoid model, which can mimic the tubular and arborized architecture of the lungs 

and integrate some of their proximal and distal components, as illustrated in Fig. 1.10. 

One goal was to use airway epithelial cells as input cells from the large airways: 

Trachea/Bronchi, to improve cell accessibility. Another related goal was to induce lung 

organoid formation using immortal cell lines to reduce costs and increase scalability. 

The central objective was to demonstrate the applicability of the model to study LRT 

diseases, such as viral infections, and other pathological conditions.  

The specific aims to deliver the main objective were the following: 

Aim 1: To develop an innovative and standardized methodology for the creation of lung 

organoids with a focus on simplicity and reproducibility. This objective encompasses the 

deliberate manipulation of microenvironmental variables to assess their impact on the 

morphology and viability of lung organoids. Following the establishment of the protocol, 

in-depth analysis of organoid morphology was conducted utilizing focused ion beam 

microscopy to elucidate their structural orientation and cellular architecture. 

Aim 2: To characterize the phenotype of lung organoids derived from both primary and 

immortalized cells. Specifically, this objective aimed to analyze the transcriptome and 
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proteome of the organoids and compare them with the input cells, as well as adult lung 

tissues, providing insight into their molecular profile and functional relevance. 

Aim 3: To evaluate the applicability of lung organoids by investigating the expression of 

key genes associated with susceptibility to Influenza A and coronaviruses. 

Subsequently, the organoids were infected to assess viral replication within the model 

without prior disruption. Additionally, within this aim, efforts were made to establish 

organoids derived from donors with asthma, enabling the examination of disease-

specific responses and potential therapeutic avenues. 

The strategies and rationale of these objectives are described in the following sub-

section.  

Fig. 1.10 Schematic of the lung organoid concept.  
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1.6.3 Rationale, and hypothesis  

As described already in section 1.3, lung development is a dynamic process initiated by 

epithelial progenitors surrounded by mesenchymal interactions21,62–65,65,75,77,78. The 

elongation of the tracheal tube is activated by FGF10 from the mesenchyme, promoting 

basal cell development. Later, during the pseudo glandular stage, FGF10 and FGF9 

facilitate mesenchymal cell proliferation and branching morphogenesis. During the 

canicular stage, proximal and distal patterning of the lungs occurs, guided by gradient 

levels of WNT, FGF, and BMP4. High levels of these molecules are found in distal lung 

regions. The terminal bronchioles become more defined, forming epithelial sacs. During 

the alveolarization stage, the alveolar structures mature1,18. IL-6 and FGF7, produced by 

fibroblasts and BMP inhibitors promote AT2 alveogenesis1,18,88. Elastin and collagen 

secreted by lung fibroblasts has also been linked to AT2 regeneration88. BMP4 

supresses the self-renewal of AT2, while inducing AT1 differentiation1,18.   

Often, lung organoid formation requires the addition of FGF10, FGF7, FGF9, and 

FGF18, along with other biomolecules, listed in Table 1.3, and 1.4, into the culture 

medium at different times21 65. It is clear the FGFs play a critical role for lung 

development and maintenance5,15,88. The protocol in the present study relies on lung 

fibroblasts encapsulated in a soft substrate, in contact with adult airway epithelial cells 

from the large airways (Trachea/bronchi). It was hypothesized that the interaction 

between these cells in a soft substrate containing base membrane zone proteins, would 

yield a sophisticated morphology, different from the spheroidal morphology of the 

current lung organoids21,62–65,65,75,77,78. Another hypothesis was that airway epithelial 

cells, from the proximal region would differentiate into distal lung regions in response to 
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the fibroblast’s interactions, while preserving some of their initial characteristics 

(proximal phenotype). There is evidence of lung development derived from trachea1,18. 

Lung distal organoids have even been developed from bronchial epithelial progenitors75. 

Organ-on-a-chip, and ALI cultures have shown that small changes in the cellular 

microenvironment generate significant changes in cell behavior, even when using 

immortalized cells29 30,31. It is well known that the immortalization process of primary and 

stem cells may lead to a loss of their differentiation potential89. It has been suggested, 

however, that the culture of these cells into a tailored microenvironment may temper 

their loss of stemness 89–93. A few studies have shown that the culture conditions may 

trigger immortalized cell line differentiation92,93. It was hypothesized that our protocol 

would provide a microenvironment favorable to the differentiation of CFBE41-o, a cell 

line, to induce a lung organoid formation with similar characteristics than the organoids 

derived from primary airway epithelium. 

1.6.4 Thesis organization 

This thesis includes five chapters. Chapter 1 is the Introduction. Chapters 2, 3 and 4 

present the results of this work. Each one of these chapters starts with the individual 

contributions of collaborators, professors, and students involved in the project, followed 

by a brief introduction, results, methodology used, and discussion. Chapter 5 describes 

the conclusions and perspectives of this work.  

Chapter 1 provides an overview of the cellular complexity of human lungs and delves 

into the branching morphogenesis process crucial for lung development. It discusses 

the limitations of current animal models used in lung studies and introduces various in-

vitro models, including 2D cellular models, air-liquid-interface (ALI) variations, lung-on-
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a-chip models, and organoids. The chapter explores the methodology, applications, and 

limitations of lung organoids, along with a detailed comparison of media components. 

Finally, it outlines the issues with existing models, the objectives of the present work, 

and the underlying rationale. 

Chapter 2 describes the optimization and development of a novel methodology to 

induce lung organoid formation with primary and immortalized cells. Variations in the 

culture conditions, such as cell density, substrate, cell culture medium, and cell origin 

were evaluated using morphological assays. This protocol was adapted to bioprinting 

techniques, and preliminary results are shown. 

Chapter 3 describes the characterization of pulmonary organoids. Bulk RNA 

sequencing, and tandem mass tags were mainly used to compare the organoid fate with 

their counterparts: human bronchial epithelial cells grow in cell culture inserts in ALI 

interface, and lung fibroblasts. The genetic profile of organoids derived from primary 

and immortalized cells is compared to that of adult lung tissues. Gene Ontology 

databases and String were used to develop an in-depth functional enrichment analysis 

of the organoids. Particular attention was paid to specific cellular markers from proximal 

and distal regions of the lung. Flow cytometry, and qPCR were used to support the 

findings. 

Chapter 4 explores applications of the developed organoids. The chapter starts by 

introducing some of the most frequent respiratory diseases. It shows the upregulation of 

genes on the organoids which are related to viral infectivity of SARS-CoV-2, influenza, 

and their relationship with critical illness. The results of infection of immortalized derived 

organoids, LOi, with influenza H1N1, H3N2, and SARS-CoV-2 are presented, in support 
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of the validity of the model to study adult viral infections. Finally, the chapter explores 

the formation of the organoids with cells from asthmatic patients.  

Chapter 5 summarizes the main conclusions, and the outcomes of the present work. 

The contribution to knowledge in the field of lung-in-vitro models is discussed, as well as 

the evaluation of our initial hypothesis. The last section of this chapter presents 

limitations of our study, future work, and perspectives. 
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Chapter 2 Fabrication methods and protocols 

2. 1 Contributions 

Alicia Reyes Valenzuela developed the protocol for lung organoids. She monitored the 

growth of organoids, their viability, length, and morphology over time. She evaluated the 

effects of different parameters, described in this chapter. She fabricated AlGe, GelMA 

and Al-RGD-Ge hydrogels. Hossein Ravanbakhsh kindly provided lyophilised GelMA. 

Abigail Vikstrom performed the conjugation of alginate with RGD (section 2.3.4). 

Rheological measurements of hydrogels were performed by Guangyu Bao (section 

2.3.4). Lan Anh Hyun adapted the protocol for bioprinting (section 2.3.7) under the 

supervision of Alicia Reyes Valenzuela and Luc Mongeau. 

2.2 Introduction 
 

This chapter describes a novel, reproducible and facile protocol for lung organoid 

formation from primary and immortalized airway epithelial cells.  

The organoid conceptually relies on the interactions between airway epithelial cells and 

fibroblasts, and their growth factors secretion. Given the role of fibroblasts growth 

factors in lung development1,16, cell proliferation, and maintenance of stem cell 

stemness6,15,94, we hypothesized that fibroblast cues would induce differentiation into 

cell  types typical of distal regions of the lung, including AT2 and AT1 cells. This 

approach is different from typical monoculture of airway epithelium cells with exogenous 

fibroblast growth factors61–66,75. Epithelial progenitors, surrounded by mesenchyme, 

trigger the lung development process1,16. To mimic this process, we applied a co-culture 

method of fetal fibroblasts and airway epithelial cells described in detail in this chapter. 

The chapter starts with the evaluation of the biocompatibility of alginate, a commonly 
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used hydrogel for 3D culture, with lung fibroblasts. After determining the safety of the 

substrate, the protocol was optimized in terms of cell density, and cell morphology. An 

elongated morphology was sought rather than a spherical one, as it closely resembles 

the tubular structure and branching patterns observed in the lung3. This choice is crucial 

since the arborized morphology of the lungs is strongly linked to their functionality3,95. 

The intricate branching network of the lung facilitates efficient gas exchange and 

optimal airflow distribution, both essential for respiratory function. Additionally, studies 

have shown that the specific morphological features of the lung are closely tied to its 

gene expression profile, further emphasizing the significance of morphology-function 

relationship1,18,96–98. 

The reproducibility of the protocol for different cell cultures and hydrogel batches was 

evaluated. The effects of the substrate on the organoid formation, cell medium, and 

fibroblast origin were evaluated. These variations were tested using immortalized 

epithelial cells, due to their availability. The resulting organoids were monitored using 

microscopy.  

AlGe was determined to be as the most suitable substrate in conjunction with lung 

fibroblasts, in a density 2 to 1. The incorporation of base membrane proteins (BMZ) was 

needed to induce the organoid formation. The possibility of using bioprinting to 

decrease costs and to enhance the production rate of the model was explored.  

The best parameters for organoid formation were using to further characterize the 

phenotype of the organoids, as described in Chapter 3, and to use them for modeling 

viral infections, as described in Chapter 4.  
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2. 3 Results 

2.3. 1 Alginate-Gelatine as substrate for fibroblasts encapsulation 

Alginate is a frequently used substrate for 3D cell culture due to its biocompatibility, 

biodegradability, and non-antigenicity99–101. Alginate hydrogels, often crosslinked with 

CaCl2, have mechanical properties similar to those soft tissues such as lung, cartilage, 

smooth and striated muscle102,103. Alginate hydrogels retain a high-water fraction 

content useful for many cellular physiological processes104. Gelatin is often incorporated 

into alginate to improve adhesion and cohesion105. Among the mixtures that have been 

used for cell encapsulation, 2% alginate and 5% gelatin hydrogels have yielded optimal 

results105. Lung fibroblasts were encapsulated in alginate-gelatine gel, and their viability 

was tested for 7 days. The percentage of cells alive in AlGe at day 0 was found to be 

94.83%. It was 90.6% at day 5, and 81.16% at day 7, as shown in Fig. 2.1.  

 

Fig. 2.1. Viability of Fibroblasts on AlGe substrate. Representative images of fibroblasts 
encapsulated on AlGe over time. Magnification 10X. Scale Bar 100 μm. 
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2.3.2 Protocol for the Development of Human Lung Organoids from Primary or 

Immortalized Bronchial Epithelial Cells 

Lung fibroblasts (IMR-90) were co-cultured with airway epithelial cells to mimic the lung 

development process. After fibroblasts were encapsulated in AlGe, and the hydrogel 

formed, the culture was maintained overnight with Dulbecco’s Modified Eagle Medium 

(DMEM). “The following day, BMZ proteins within Geltrex, such as laminin, collagen IV, 

entactin, and heparin sulfate proteoglycans were incorporated into the superior portion 

of the hydrogel to form a secondary thin layer”10. Base membrane zone proteins are thin 

sheets underlie the basal side of epithelial cells. These proteins regulate epithelial 

proliferation, differentiation, survival and structural support106. Geltrex, particularly, is 

purified from Engelbreth-Holm-Swarm (EHS) tumor proteins.  

“Primary human bronchial epithelial cells were isolated from human bronchus/trachea 

donors of both sexes, namely one 53-year-old female and one 51-year-old male. The 

bronchus/trachea cells were seeded on top of the secondary layer and cultured with 

Bronchial Epithelial Cell Growth Medium (BEGM). The input cell population contained 

basal cells, positive for p63. These cells can differentiate into all other types of airway 

epithelial cells, including cells normally found in distal regions, as observed in actual 

lungs following lung injury5. At day 3 of culture, cells were maintained in a mixture of 

BEGM: DMEM media with a 1:1 ratio until day 21. The media were changed every two 

days. A similar approach was followed when using cell lines, where parental human 

cystic fibrosis bronchial epithelial cells CFBE41-o, were used. This cell line was 

originally derived from patients with cystic fibrosis expressing F508 Del mutation 107. 

Once immortalized, however, these cells are devoid of any CFTR expression 107,108 and 
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they constitute a good source of bronchial epithelial cells given their commercial 

availability”10. The protocol which provided reproducible and robust results is shown in 

Fig. 2.2, and further detailed in the method section.  

 

Fig. 2.2. Protocol for the development of lung organoids using co-culture of lung 
fibroblasts with airway epithelial cells from primary or immortalized origin.  
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It is well known that the immortalization process of primary and stem cells may lead to a 

loss of their differentiation potential89. It has been suggested, however, that the culture 

of these cells into a tailored microenvironment may temper their loss of stemness 89–93. 

A few studies have shown that the culture conditions may trigger immortalized cell line 

differentiation92,93. We hypothesized that the hydrogel and fibroblasts provided a 

microenvironment favorable to the differentiation of CFBE41-o to induce a lung organoid 

formation representative of the proximal and distal regions. We monitored the 

development of lung organoids generated either with primary cells (LOp) or 

immortalized cells (LOi) using low phase contrast microscopy.  

Figure 2.3 shows representative pictures of the derived LOi organoids and their 

inhomogeneous morphology. The elongated structure of the organoids grew in 

thickness and diameter over time.  

 

Fig. 2.3 Representative phase contrast pictures of lung organoids derived from immortal 
cell lines. Magnification 10X. Scale bar 200 um.   
 



86 
 

Figure 2.4. Shows representative images of organoids derived from primary cells on day 

18. Their morphology is similar to that for the organoids generated with immortal cell 

lines.  

 

Fig. 2.4. Representative phase contrast pictures of lung organoids derived from female 
primary airway epithelium on day 18. Magnification 10X. Scale bar 200 μm.   
 

The reproducibility of the protocol was verified by repeating the protocol three times 

independently. Small variations in the number of elongations and specific shapes were 

observed between batch to batch. But the overall pattern was very similar. Cells formed 

small clusters within the first week of culture. These elongated into a tubular shape by 

day 7. These tubes increased in length and diameter by day 14, and further 

ramifications were formed by day 21. This pattern is illustrated in Fig. 2.5. No obvious 

morphological changes were observed by day 30. After day 30, the organoid became 

more brittle and difficult to handle, and disintegration of the organoid was observed.  
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Fig. 2.5 Representative images of independent lung organoid (LOi) cultures over time. 
Magnification 10X. Red-F-actin. Blue-Nuclei. Scale Bar 500 μm.   

 

2.3.3 Effects of fibroblast density on the organoid formation 
 

To evaluate the effect of fibroblasts on the organoid formation, the protocol for the 

organoid formation was repeated without fibroblast encapsulation. Instead of tubular 

structures, airway epithelial cells formed spheroidal structures, as shown in Fig. 2.6A. In 

a few cases elongated shapes were formed at around day 5, but they disintegrated by 
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day 7. The consistent incorporation of fibroblasts resulted in the formation of tubular 

shapes as shown in Fig. 2.6B 

 

Fig. 2.6 Effect of fibroblasts on the formation of lung organoid (LOi). A) Airway epithelial 
cells in geltrex without lung fibroblasts. B) Images showing typical tubular morphology of 
lung organoids on day 7. Red-F-actin. Blue-Nuclei. Magnification 10X. Scale Bar 200 
µm.   
 

Different input densities of fibroblasts were tested. Organoids were successfully formed 

when using a density of one fibroblast for every two epithelial cells. Reducing the 

number of fibroblasts of one fibroblast for three epithelial cells also resulted in the 

formation of organoids.  A larger number of fibroblasts per epithelial cells, in a 1 to 1 

ratio, disrupted the organoid formation. This caused cells to remain rounded and form 

aggregations with loose packing, as shown in Fig. 2.7. To maintain consistency 

between batches, a 1/2 cell ratio was selected to induce organoid formation.   
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Fig. 2.7 Representative image of resulting cell aggregations on day 7 when fibroblasts 
are incorporated in equal density with airway epithelial cells. Magnification 10X. Red-F-
actin. Blue-Nuclei. Scale Bar 100 μm.  

 

2.3. 4 Comparative Analysis of Hydrogels and Impact on Organoid Development 

Two hydrogel configurations were used to test their impact on organoid formation and to 

evaluate if they can potentially overcome the limitations of AlGe. Gelatin methacryloyl 

(GelMA)-based hydrogels have been used as biocompatible and reproducible 

substrates to allow 3D cell culture, in particular spheroids, and cancer models109. Lung 

fibroblasts were embedded in a GelMA precursor solution and polymerized with UV 

light, as stated in the methods chapter (2.5.4). On the next day, geltrex was added as a 

second layer followed by CFBE in optimized density (5x107/ml). A 3D cellular structure 

was observed in one-half of the samples (Fig.2.8A) with variability in their morphology 

(Fig.2.A). No 3D cellular structure was formed in the remaining samples. Instead, cells 

remained rounded (Fig.2.8B). After day 7 of culture, the 3D structures were disrupted, 

with individual cells clustered together without specific structure like Fig.2.8B.  
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Fig. 2.8. 3D cellular structures generated in GelMA hydrogel on day 7. Red-F-actin. 
Blue-Nuclei. Magnification 10X. Scale Bar 100μm.  
 
 

Alginate, modified with Arginine-Glycine-Aspartic Acid (RGD), was mixed with 5% 

Gelatin (Al-RGD-Ge) to encapsulate lung fibroblasts. RGD conjugation was confirmed 

using Fourier-transform infrared spectroscopy, as show in Fig. 2.9.   

The adhesion of epithelial cells to the hydrogel surface without geltrex was first tested. 

Epithelial cells were not binding to the surface for this RGD concentration. Therefore, 

AlGe was substituted for Al-RGD-Ge as substrate for fibroblast encapsulation.  

 

Fig. 2.9. Fourier Transformed Infrared Spectroscopy Analysis of Alginate (blue) and 
Alginate conjugated with RGD (red).  
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The morphology of organoids in Al-RGD-Ge was found to be similar to the ones 

generated using AlGe as substrate. The incorporation of RGD did not significantly affect 

the size or the viability of the organoids (Fig. 2. 10A, B). The percentage of live cells 

cultured in AlGe at day 30 was 58.42±1.44. In Al-RGD-Ge, it was 55.61±4.22. The 

length of organoids grown in AlGe and Al-RGD-Ge substrate at day 30 was 1.1 cm. The 

stiffness (Fig.2.10C), of AlGe was initially 2.02 kPa. It decreased to 1.56 kPa at day 7. 

Al-RGD-Ge had an initial stiffness of 1.27 kPa which decreased to 481 Pa at day 7. 

These stiffness values are representative of the lung, at around 1.50 kPa53.  

Al-RGD-Ge was found to be more brittle than AlGe, which makes it more difficult to 

handle. There were no significant advantages of using Al-RGD-Ge. Given the 

complexity and cost, AlGe was selected for subsequent studies.  
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Fig. 2.10. Effects of Al-RGD-Ge substrate on organoid formation. A) Viability of 
organoids grown in AlGe (pink) and Al-RGD-Ge (purple) substrate images and 
percentages. Representative micrographs showing in Red-dead cells, and in green-live 
cells on day 7. Magnification 10X. Scale Bar 500 μm. Percentages of live cells in both 
substrates over time. N=3. Two-way ANOVA analysis shows no significant change. B) 
Organoid length over time (μm) N=3. Two-way ANOVA analysis shows no significant 
change. C) Stiffness of AlGe (pink) and Al-RGD-Ge (purple). N=3. Two-way ANOVA 
analysis. P<0.005.  
 

 

2.3.5 Effect of Feeder Cell Sources for Organoid Cultures 
 

To elucidate the role of feeder cells on the organoid morphology, human vocal fold 

fibroblasts (hVFF) were used instead of lung fibroblasts. The hVFF derived organoids 

had a different morphology than that of the ones derived from lung fibroblasts, as shown 

in Fig. 2.11. Instead of one main tubular structure with ramifications, two prominent 

tubular structures were formed enclosed together. This striking difference suggests a 
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significant role of feeder cells in directing the fate of the organoids and influencing the 

branching morphogenesis process. By utilizing hVFF as feeder cells, we provide further 

evidence supporting the hypothesis that the cellular microenvironment, particularly the 

choice of feeder cells, exerts profound effects on the structural organization and 

development of lung organoids. 

 

Fig. 2.11. Organoids derived using vocal fold fibroblasts as feeder cells on day 5. A) 
representative brightfield image. Magnification 4X. Scale Bar 500 μm. B) 
Immunofluorescence images. Red-F-actin. Blue-Nuclei. Magnification 10X. Scale Bar 
100 μm.  
 

2.3. 6 Effect of Culture Medium for Organoid Development 

Lung Organoid Maturation Medium (3dGROTM) was used to culture organoids instead of 

the mixture of DMEM: MEM medium.  3dGROTM is enriched with epithelial growth 

factors, Noggin, and Wnt3A.  According to the supplier, this medium helps to the 

maturation of lung organoids and promotes an arborized morphology. But there was not 

apparent advantage of using this product over DMEM: MEM. The organoids grown in 

both media had a similar morphology at day 7, Fig.2. 12.  At day 16, the organoids 

grown using 3dGROTM were smaller in size with a lower cell density than the ones 

grown in DMEM: MEM.  
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Fig. 2.12. Effect of cell medium on lung organoid culture over time. Representative 
images. Red-F-actin. Blue-Nuclei. Magnification 10X. Scale Bar 500 μm.  
 

2.3.7 Investigation of organoid morphology by Transmission Electron Microscopy 

and Focused Ion Beam Microscopy. 
 

Organoids derived from immortalized cells (LOi) were visualized using Transmission 

Electron Microscopy (TEM) following a 21-day culture period. Figure 2.13 depicts the 

subcellular architecture of LOi along with their extracellular matrix (ECM) interface, 

observed at a magnification of 3300X. Evidence of autophagy was discerned. 

Additionally, Figure 2.14 showcases the subcellular structure of the organoids at a 

magnification of 5500X, while Figure 2.15 presents representative microphotographs of 

LO at a magnification of 7000X. Figure 2.16 shows representative microphotographs of 

LOi using Transmission Electron Microscopy at 8600 X, while Figure 2.17 shows the 

structures at 11000X magnification. 
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Figure 2.13 Representative microphotographs of LOi using Transmission Electron 
Microscopy at 3300X Magnification. Scale Bar 5 μm. Arrows point to signs of 
autophagy. 
 
 

 

Figure 2.14 Representative microphotographs of LOi using Transmission Electron 
Microscopy at 5500X Magnification. Scale Bar 2 μm.  
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Figure 2.15 Representative microphotographs of LOi using Transmission Electron 
Microscopy at 7000 X Magnification. Scale Bar 2 μm 
 

Figure 2.16 Representative microphotographs of LOi using Transmission Electron 

Microscopy at 8600 X Magnification. Scale Bar 1 μm. 
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Figure 2.17 Representative microphotographs of LOi using Transmission Electron 
Microscopy at 11000 X Magnification. Scale Bar 1 μm. 
 

Concurrently, an investigation of LOi was carried out utilizing Focused Ion Beam (FIB) 

Microscopy. Figure 2.18 provides an overview of select regions within an organoid 

cultured for 21 days, captured at lower magnifications. Notably, airway epithelial cells 

are discernible, forming a tubular-like structure. This architectural feature is further 

illustrated in Figure 2.19 at a magnification of 40X. 



98 
 

 

Fig. 2. 18. Overview of LOi at 21 days of culture using light microscopy. A) Magnification 
10 X. Scale Bar 237.8 μm. B-E) Magnification 20 X. B) Scale Bar 118.9 μm C) Scale 
Bar 118.9 μm D) Scale Bar 59.4 μm E) Scale Bar 59. 4 μm.  
 

 

Fig. 2. 19 Microphotographs of airway epithelial cells forming an organoid structure. 
Visualized with light microscopy. Magnification 40X. Scale Bar 59.4 μm.  
 

The organoid was imaged at varying higher magnifications, including 500X, 1000X, 

2000X, and 3500X as depicted in Figures 2.20-2.22. These close observations revealed 

intriguing features, including the alignment of cells within the organoid structure and 
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discernible morphological variations among individual cells. Particularly noteworthy 

were the distinct cellular arrangements observed within different regions of the 

organoid. Some regions exhibited stratified airway epithelial cells, characterized by 

multiple layers of epithelial cells stacked upon each other, while in other regions, a 

pseudostratified arrangement was apparent, where only a single layer of epithelial cells 

was observed. These findings underscore the complexity and heterogeneity of cellular 

organization within the organoid, shedding light on its structural diversity.  

Additionally, images captured at magnifications of 5000X, 8000X, and 10000X are 

presented in Figures 2.23-2.27. These images reveal detailed subcellular structures, 

indications of autophagy, and the presence of microvilli structures (indicated with 

arrows). Microvilli are microscopic membrane cellular protrusions which are involved in 

the process of absorption of nutrients and cellular secretion110. They have a significant 

function in transmitting signals that trigger immune responses111. The emergence of 

microvilli suggests a level of cellular differentiation and specialization within the 

organoids, despite their origin from cell lines that are traditionally considered 

homogeneous29,30. This finding challenges the notion of cellular homogeneity within the 

organoids and underscores their dynamic nature, potentially reflecting a degree of 

cellular plasticity and functional diversity. Notably, the identification of microvilli, which 

are typically associated with brush cells in the lung112, further highlights the organoids' 

ability to mimic essential characteristics of native lung tissue. This aspect emphasizes 

their relevance as a model system for studying respiratory physiology and pathology.  

Autophagy is the process of degrading cytoplasmic components within lysosomes113. 

This process, which is abundant in LOi, serves various physiological functions, including 
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adaptation to starvation, clearance of intracellular proteins and organelles, 

development, anti-aging, elimination of microorganisms, cell death, tumor suppression, 

and antigen presentation113. Interestingly, autophagy has been associated with the 

regulation of lamellar body formation114. Lamellar bodies are concentric structures 

loaded with surfactant proteins specific to AT2 cells114. While the reason for the high 

presence of autophagy in the organoids is not certain, one possibility could be its 

involvement in the development of these organelles. 

 

 

Figure 2.20 Microphotographs of LOi at day 21 using FIB microscopy. A) Magnification 
500X. B) Scale Bar 598X. Scale Bar 50 μm. Arrows indicate the airway epithelial cells in 
a tube-like structure.  
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Figure 2.21 Microphotographs of LOi at day 21 using FIB microscopy with 
magnifications exceeding 1000X. The images reveal multilayers of airway epithelial 
cells exhibiting distinct morphologies, contributing to the formation of the organoid 
structure. Scale Bar 40 μm. A) Magnification 1069X. B-D) Magnification 1076X. E) 
Magnification 1087X.  
 

 

Figure 2.22 Microphotographs of LOi at day 21 using FIB microscopy with 
magnifications of A) 2000X and B) 3500X. Scale Bar 20 μm. 
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Figure 2.23 Microphotographs of LOi at day 21 using FIB microscopy with 
magnifications of 5000X. Scale Bar 5 μm. Arrows indicate microvilli structures.  

 

 

Figure 2.24 Microphotographs of LOi at day 21 using FIB microscopy with 
magnifications of A) 8000X and B) 10000X. Scale Bar 5 μm. Arrows indicate microvilli 

structures. 
 
 

2.3.8 Investigation of bioprinting for the fabrication of lung organoids.   
 

Bioprinting was explored to automate the fabrication of lung organoids to reduce costs 

and reduce variability due to manipulations. The goal is to improve the robustness of the 

model and ease their handling. Biofabricated models can easily be transported to a 
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spinning bioreactor71. The use of spinning bioreactors for culturing organoids enhances 

oxygen and nutrients absorption, allowing preservation over a longer time71,115.  

The LO generated in this study can be used until day 30. Afterwards, some degree of 

disintegration of the organoid is observed. Manipulation of the organoid grown in 

transwells is difficult, hampering potential high throughput characterizations. 

A 3D bioprinter (BioX Cellink) was used to extrude AlGe containing lung fibroblasts 

solution into 96-well plates. A “Droplet” configuration was used while extruding the 

solution. On the second day, a layer of geltrex was used to coat the droplets. After 

polymerization, airway epithelial cells, CFBE, were added on the top of the gel.  

Three different densities were tested. During manual fabrication every organoid had an 

initial cell density of 250,000 cells deposited in 100 µl of AlGe. To keep the cell original 

density, OG, per organoid, 10 million IMR-90 cells per ml were used in bioprinting. 

Every droplet included 25 µl of solution, and approximately 250, 000 cells. To reduce 

the cell concentration, solutions were diluted 100 times, 0.01 OG, or 10 times, 0.1 OG.  

The diameter of the droplets was measured using widefield microscopy. The results of 

the first step of fabrication are illustrated in Table 2.1. It was observed that the droplets 

shrunk over time regardless of the cell density. They were robust and maintained their 

shape beyond 30 days of culture.  The thickness of the droplets was 2 mm, much 

greater than that of 100 µm, achieved by manual methods, thereby improving their 

cohesiveness for handling.  The 0.01 OG cell concentration was used for the deposition 

of Geltrex and CFBE. 

The resulting lung ‘organoids’ were kept for more than 30 days in static conditions, 

without evident disassociation. Organoids could be handled with tweezers and cultured 
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them into a spinning bioreactor over 21 days with no signs of damage. These results 

are illustrated in Fig. 2.25. 

 

Time after printing 

(days) 

Diameter (mm) 

Average 

diameter (mm) 

Standard 

Deviation (mm) % Shrinkage 

Concentration 

OG 0.1 OG 0.01 OG 

2 4724 4729 4368 4607 207 NA 

3 4523 4583 4294 4467 152 3.04 

7  3924 3716 3723 3788 117 15.20 

14  3761 3714 3800 3759 43 0.76 

21  3747 3777 3754 3759 15 0.02 

Table 2.1 Average diameter of bioprinted droplets of AlGe and lung fibroblasts for three 
different cell densities. 

 

Based on the preliminary characterisation results, automated biofabrication has the 

potential to achieve a faster fabrication rate (35 seconds per droplet), higher 

reproducibility (in terms of size), a higher flexibility in varying cell density, and greater 

organoids robustness. 
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Fig. 2.25 Bioprinting lung organoids. A) Schematic representing the overall protocol. 
Generated by Bio Render. B) AlGe droplet with 2 mm of height. C) Representative lung 
‘organoid’ on day 21. Magnification 2X. D) Robustness of ‘organoids’ which can be 
handled with tweezers. E) Lung ‘organoids’ growth on spinning bioreactor. F) Organoids 
were retrieved after being cultured on a spinning bioreactor for 21 days. 
 

2. 4 Discussion 

 

The protocol to induce the formation of lung organoids consists of encapsulating lung 

fibroblasts in 2%Al and 5%Ge. On day 2, BMZ proteins from geltrex are used to cover 

the hydrogel, and airway epithelial cells are seeded on top. The organoids are formed 

early, and over time they form tubular structures with some ramifications. They can be 

kept in culture until day 30. This protocol could be used for both primary airway 
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epithelial cells from trachea/bronchi and immortalized epithelial cells, CFBE. The 

organoids morphology was similar for both type of cell inputs.  

Adjustment of fibroblasts density was instrumental to the formation of organoids. 

Fibroblasts act as feeder or supporting cells to the epithelium. Therefore, the use of an 

equal or greater fibroblasts concentration than that of airway epithelial cells was 

detrimental for the formation of the organoid. Since fibroblasts are encapsulated in 

hydrogels, the hydrogel properties are extremely important to maintain an adequate 

balance between cell viability and proliferation. Alginate-gelatin mixture was found to 

maintain a fibroblasts viability over 80% on day 7 and did not induce their proliferation. 

Conversely, GelMA induced the proliferation of fibroblasts leading to premature 

disruption of the organoid. Another problem with GelMa is the need for crosslinking by 

using UV light. This hydrogel has successfully been used to make spheroids109. But not 

for organoids, which are more complex structures51. UV light can damage the cells 

resulting in carcinogenesis and DNA mutations116.  This may explain the propensity for 

organoid dissociation and their variable morphology. 

The incorporation of RGD was expected to improve the surface adhesion of the 

hydrogel to support epithelial cells growth without geltrex. But the Al-RGD-Ge hydrogel 

did not offer any evident advantage over AlGe and added complexity to the fabrication 

process. Additionally, 2%Al and 5%Ge was found to have a stiffness representative of 

that of the lung, making it a compliant substrate. It is also inexpensive, and its 

preparation is relatively simple in comparison to more sophisticated hydrogels.  

Organoids so far, rely extensively on the use of extracellular matrix proteins contained 

in Matrigel or Geltrex. To induce further differentiation, they use exogenous factors in 



107 
 

cell medium51. For airway organoids (proximal) FGF is added, specifically FGF7, 

FGF10, noggin, R-spondin-1, Primocin and other differentiation molecules65,66. For 

alveolar organoids (distal) Wnt3a, dexamethasone and Primocin are normally used75. 

Other protocols use Wnt activator and Rho kinase inhibitor61. For proximal and distal 

patterning of immature lung organoids, medium is supplemented with FGF4, FGF7, 

Noggin, Wnt inhibitor (CHIR99021) at different times of culture21. Branching media and 

Lung Organoid Maturation Medium (3dGROTM) are also used to induce maturation of 

lung organoids77. According to the information of the product, this medium contains 

Wnt3a, R-spondin-3, and Noggin. We used this medium since it contains a mixture of 

molecules to induce proximal and distal differentiation of the lung. We compared the 

organoids cultured on DMEM: MEM, with the ones cultured using 3dGROTM. Organoids 

grown in DMEM: MEM display more elongated structures and ramifications, as well as 

higher cell density, they look overall more robust than the ones grown in 3dGROTM. Our 

protocol, distinct from others, does not use exogenous molecules since fibroblasts are 

incorporated in the model to produce these factors. Although we are uncertain about the 

quantities and exact molecules that fibroblasts produce under the established culture 

conditions, they seem to be equivalent or even superior to the mixture of differentiation 

molecules normally used. This aspect simplifies the protocol and culture conditions to 

maintain the organoids. Additionally, it reduces the cost per organoid. For instance, 

3dGROTM (Millipore SIGMA) cost cad $622 for 250 ml, while DMEM and MEM cost of  

cad $34 per 500 ml117.  

Our protocol as others relies on BMZ proteins5,21,65,66,77. This is a key component of the 

protocol in the generation of the organoid. However, the use of geltrex alone is not 
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sufficient to induce consistent tubular organoids, which can be maintained over long 

time periods.  

Interestingly, the source of feeder cells affects the morphology, and probably phenotype 

of the organoid. When VFF were used, an atypical morphology was observed. Instead 

of tube with ramifications, two tubes were enclosed together. Future work can be 

directed to the study of the molecules secreted by the two different types of fibroblasts 

to elucidate how they are involved in the branching morphogenesis process.  

Further morphological examination of LOi using FIB microscopy revealed heterogenous 

structures within the organoids. Some regions exhibited stratified epithelium, whereas 

others displayed pseudostratified epithelium. Microvilli were observed on the surface of 

certain cells, indicating the differentiation potential of the CFBE cell line within the 

provided microenvironment post-organoid formation. Interestingly, previous reports 

indicated that this cell line retained its differentiation characteristics similar to primary 

airway epithelium118. Typically, microvilli are found on brush cells in the lung112 and play 

roles in nutrient secretion and absorption, as well as in the activation of immune cells111. 

Some regions of the organoids are characterized by stratified epithelium, while others 

are characterized by pseudostratified epithelium. This underscores the relevance of the 

organoid model since it partially mimics the heterogeneity and complexity of the lungs.  

Transmission electron microscopy and FIB microscopy revealed that autophagy was 

notably abundant in LOi organoids. This process has several physiological roles, such 

as promoting development, adaptation to starvation, clearing proteins, and remarkably 

in the regulation of lamellar body formation113,114. Lamellar bodies are specialized 

organelles containing surfactant proteins specific to AT2 cells114. While the exact reason 
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for the heightened presence of autophagy in the organoids remains uncertain, it is 

plausible that it plays a role in their organelle development. 

The low viability of organoids is a common problem in the field119. Our LOi has a viability 

around 55% on day 30, which can be improved. One strategy to improve this issue, is 

culturing the organoids on spinning bioreactors to allow higher diffusion of oxygen and 

nutrients71. To do this, and to automatize our protocol, we explored the use of 

bioprinting. Further characterization of the ‘organoids’ made with this technique is 

needed to confirm the similarities with manual organoids. Nevertheless, the printed 

‘organoids’ show robustness even when grown on spinning bioreactors. This method 

holds potential to reduce fibroblast density, to enhance organoid viability and to improve 

their manageability.  

Attempts were made to reduce the number of steps in the protocol. For instance, 

fibroblasts and epithelial cells were incorporated simultaneously in geltrex. This led to 

the formation of random cell aggregates, which disassociated easily. Airway epithelial 

cells seeded on geltrex were cultured with fibroblast supernatant. This led to spherical 

lung organoids. Therefore, we confirmed that each step in the protocol developed in this 

chapter is essential for the successful formation of tubular organoids. The protocol was 

reproducible. The organoids reached a length of 1.2 cm at day 21. Such large size has 

only been reported when bioprinting was used to fabricate the model120. Our model is 

the largest self-grown lung organoid. 

Organoid formation depends on living cells, which may be subject to variations between 

cultures and culture conditions. For instance, slight differences in incubator conditions, 

may lead to variation in the proliferation rate of fibroblasts. The protocol developed in 
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this study accounts for these variations, yielding a working range between 1:3 to 1:2 of 

fibroblast per epithelial cells. BMZ proteins are derived from tumor cell lines. There are 

possible variations from batch to batch, mainly reported when using Matrigel60. 

Fibroblast co-culture seems to help to overcome those variations.   

The goal of the protocol was to induce the formation of lung organoids which represent 

the entire phenotype of the lung, including proximal and distal regions using either 

primary airway epithelium or immortalized epithelium.  Based on the morphology 

obtained, we were encouraged to fully characterize these organoids and compare them 

against traditional 2D cultures and adult lung tissues. The results of these experiments 

are presented in Chapter 3.  
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2. 5 Methods  
 

2. 5.1 Cell culture  

CFBE and IMR-90 were cultured in Eagle’s minimum essential medium (VWR, 

CA45000-380) supplemented with 10% (vol/vol) FBS (Sigma-Aldrich, F1051), 2 mM L-

glutamine (Thermo Fisher, A2916801), 1% Penicillin Streptomycin (Fisher Scientific, 

SV30010), and incubated at 37°C in 5% CO2-95% O2. Human Vocal Fold Fibroblasts 

were cultured in DMEM medium supplemented with 10% (vol/vol) FBS (Sigma-Aldrich, 

F1051), 1 % Amino acids (ThermoFisher, 11130051) 1% Penicillin Streptomycin (Fisher 

Scientific, SV30010), and incubated at 37°C in 5% CO2-95% O2. 

2.5.2 Induction of adult human lung organoids derived from airway epithelial 

cells. 

Human fetal lung, IMR90, cells were cultured overnight in different alginate-gelatin 

hydrogels with a density of 250,000 cells per/cm2 using DMEM (Corning, 15-017-CV) 

with Penicillin-Streptomycin (Fisher Scientific, SV30010) non-essential aminoacids 

(Fisher Scientific, LS11140050) and FBS (Sigma-Aldrich, F1051) at 37°C. The media 

was removed, and the hydrogels were coated using 100 μl/cm2 of Geltrex (Thermo 

Fisher, A1413202) for 30 min at 37°C. Afterwards, Human Bronchial CF Epithelial cells 

were seeded on the top with a density of 500,000 cells per/cm2 using EMEM (Corning) 

and L-Glutamine (Thermo Fisher, A2916801) forming a co-culture interface. When 

primary organoids were made, BEGM media (PACB) was used instead of EMEM. The 

next day the medium was substituted by a combination of DMEM and EMEM in a ration 

1:1 supplemented with 3 mM CaCl2 (Sigma, Aldrich, C4901). The organoids were 
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formed by cellular and extracellular matrix interactions. After 5 days of culture, the 

maturation, branching of the organoids was observed. The organoids were cultured in 

solution until day 21 at 37°C under a humidified atmosphere with 5% CO2 and 95% air. 

During culture, the medium was refreshed every two days at most.  

2. 5. 3 Dialysis and lyophilisation of GelMA 

GelMA dialysis was done as previously described109. Gelatin was soaked to a final 

concentration of 10% (wt/vol) in Milli-Q water at room temperature. While stirring, gelatin 

solution was heated at 50°C in a water bath until gelatin was fully dissolved and the 

solution looked clear. A concentration of 0.6 g methacrylic anhydride per 1 g of 

dissolved gelatin was added.  The solution was stirred vigorously over a period of one 

hour until it looked opaque. 

The solution was centrifuged for 3 min to remove unreacted methacrylic anhydride. 

Supernatant solution was diluted with two volumes of preheated Milli-Q water and 

transferred into a dialysis membrane with 12 kDa molecular weight cutoff and dialyzed 

at 40 °C against a large volume of Milli-Q water for 5-7 days until GelMa solution was 

cleared. The water was changing daily. The pH of GelMA solution was adjusted to 7.4 

using 1 M NaHCO3. GelMA solution was sterilized using 0.2 μm filters (SLFGL25BS, 

SIGMA). The solution was transferred to freeze dryer and they were lyophilized for 7 

days109.  

2.5.4 Hydrogel synthesis  

2. 5. 4.1 GelMA.  

Lyophilized GelMA (10%) was added into PBS at 37 °C and mixed with 2.5 x10^6/ ml of 

lung fibroblasts to obtain the precursor solution. The solution was added into ibidi plates 
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and crosslinked with UV to enable the formation of the hydrogel by photo-polymerization 

for 10 min with an exposure of 2.7 mW/cm2.  

2.5.4. 2 AlGe.  

A solution of 2% Alginic acid molecular weight (MW) 212.121 g/mol (Sigma, A0682) was 

prepared in MilliQ water and sterilized with 0.2 μm PES filter (Fisher Scientific, 

FB12566502). The solution was mixed with 5% sterile Gelatin type A (Sigma, G2500). 

The hydrogel was formed by the incubation with 100 mM CaCl2, MW 147.02 g/mol 

(ACP, C-0360) for 15 min. 

2.5.5 Live/Dead Assay 

The viability of the organoids was evaluated after 7, 16 and 30 days of culture using a 

live/dead kit (Fisher Scientific, L3224). The confocal images were acquired using an 

inverted confocal laser scanning microscope (LSM710, Zeiss). Live cells were shown in 

green fluorescence and dead cells were shown in red.  

2.5.6 RGD conjugation  

RGD conjugation was adapted from previous protocols121–124. Overnight 1% of alginate 

(A0682, SIGMA) was dissolved in 0.1 MES buffer, 0.5 M NaCl, at pH 6. Next day, 2 mM 

of EDC and 5 mM NCH (ThermoFisher, 24510) were added into alginate solution, 

allowing its reaction for 15 min. Subsequently, pH was raised to 7.3 and 0.1% RGD 

(AB141092, ABCAM) was incorporated, and let to react for 2 h. 10 mM of 

Hydroxylamine-HCl was used for quenching the NHS. Dialysis was done for 4 h, and 

the solution placed in the freeze-dryer.  
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2.5. 7 Rheological measurements 

 
The shear moduli were determined using a torsional rheometer with parallel plates 

(Discovery HR-2). Isothermal time sweeps were applied at a frequency of 0.1 Hz and 

0.1 % strain at 37 °C. The shear moduli were recorded and analyzed using TA 

instruments software. The Young's modulus (stiffness) was 

calculated by multiplying the shear modulus by 3. Experiments were conducted in 

triplicate.  

2.5.8 Fourier-transform infrared spectroscopy 
 

FTIR spectra were obtained in ATR mode by placing thin pieces (~ 1mm) of the different 

hydrogel’s compositions in the window of a Perkin-Elmer Spectrum II with diamond 

crystal. The 4000 to 400 cm-1 region was measured with a resolution of 0.5 cm-1.   

2.5.9 Immunofluorescence staining 
 

A morphological analysis of the organoids was performed at day 3, 7, 16, and 21 

according to the study design. Organoids were washed with PBS (Fisher Scientific, 10-

010-049) supplemented with 10 mM CaCl2 (Sigma, Aldrich, C4901) three times for 3 

min. Afterwards, the organoids were fixed with 3.7% paraformaldehyde, permeabilized 

with 0.3% Triton X-100 (Sigma Aldrich, T9284), and blocked for 2 h with 10% Goat 

serum (Thermo Fisher, 50062Z) at room temperature. Organoids were cultured with in 

10% goat serum at 4°C for 1 hour. Nuclei and actin filaments were counterstained with 

Hoechst dye (Thermo Fisher H3569) and Phalloidin-647 (Fisher Scientific, A22287) 

respectively. The confocal images were acquired using a Zeiss LSM-710 inverted 

confocal microscope.  
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2.5.10 Transmission electron microscopy of lung organoids 
 

Organoids derived from immortalized cells at 21 days of culture were embedded in resin 

after sequential fixation in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) at 4 

°C. The ultrathin sections were stained with uranyl acetate and examined under an FEI 

Tecnai 12 BioTwin 120 kV scanning transmission electron microscope. 

2.5. 11 Focused Ion Beam microscopy of lung organoids.  

 

Organoids derived from immortalized cells at 21 days of culture were embedded in resin 

after sequential fixation in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) at 4 

°C. The sections were examined under 2.5 nm at 30 kV Focused Ion Beam Microscope.  

2.5.12 Bioprinting lung organoids  

 

A 3D bioprinter (BioX Cellink) was used to extrude 2% alginate and 5% gelatin 

containing lung fibroblasts solution into ultra-low attachment round bottom 96-well plate 

(Thermo Fisher, 7007). The plate was cold before use. The hydrogel was crosslinked 

with CaCl2 for 15 min at room temperature. After, the droplets were covered in DMEM 

(Life Technologies 12430054) and incubated overnight at 37°C. On the next day, cell 

medium was removed, and geltrex was extruded in the droplets-maintained 4°C (print 

bead). The samples were incubated at 37°C for 30 min, and CFBE were added into 

MEM medium (VWR, CA45000-380). The proportion of the IMR-90 to CFBE was keep it 

1:1. The media was changed on day 3, using a combination if DMEM and MEM into 1:1 

ratio. A flow chart of this protocol is illustrated in figure 2.26. 
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Fig. 2.26 Lung organoid fabrication flow chart using bioprinting.  
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Chapter 3 Characterization of pulmonary organoids  

3. 1 Contributions 

Alicia Reyes Valenzuela designed the study and the methodologies. She cultured 

primary and immortalized cells and prepared the organoids needed for the experiments. 

She performed all characterization experiments such as immunofluorescence and RT-

qPCR, and downstream analysis of RNA sequencing data and proteomics. Mark Turner 

designed HPRT primers and provided training on qPCR, and the culture of airway 

epithelial cells. The RNA extraction, library preparation and sequencing services were 

provided by Génome Québec. Upstream bioinformatics analysis of RNA sequencing 

data was performed by Virginie Calderon at the Montreal Clinical Research Institute 

(IRCM). Proteomics analysis was performed using the Proteomics and molecular 

Analysis Platform at Research Institute of the McGill University Health Centre (RI-

MUHC). Jennifer Nedow processed the samples for Tandem Mass Tags. Lorne Taylor 

and Jenna Cleyle performed the upstream data analysis and provided insights for into 

downstream analysis. Flow cytometry analysis was done with the help of Julien Leconte 

of the Flow Cytometer Core Facility at McGill University. John Harahan provided the 

ethics protocol to use human cell lines. Luc Mongeau supervised the study and 

provided guidance and oversight over the entire duration of the project. The data of this 

chapter is included in a manuscript to be submitted.  

 

3. 2 Introduction 

A robust protocol for inducing 3D cellular structures with elongated and tubular 

morphology was described in the previous chapter. Reproducibility, morphology, and 

facile fabrication were considered key factors for protocol selection. In chapter 3, the 
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phenotype of the organoids was investigated by using bulk RNA sequencing and 

proteomics. Additional data included RT-qPCR, immunofluorescence, and flow 

cytometry. RNA sequencing and proteomics allow the study of the expression of 

multiple RNA and proteins simultaneously and the networks they form. The cross 

examination of two complementary methods provides a holistic view of cellular 

phenotypes125. These methods have more relevance than the study of individual 

molecules since genes or proteins rarely act alone or have one single function125.  

The present chapter starts with a comparison between the RNA-sequencing and 

proteomics of lung organoids and traditional 2D cellular monolayers from which the 

organoids are derived from. This analysis confirms the superiority of 3D cultures over 

2D models in reproducing relevant pathways associated with the lung tissue.  

A functional enrichment analysis of the organoids was performed to identify the function 

of the genes upregulated in the organoid. The phenotype of the organoids was then 

compared to that one of adult lung tissues. One common disadvantage of organoids 

derived from iPSC is their fetal phenotype, which hampers their applications to 

development biology and pediatric diseases77. In contrast, the organoids generated in 

the present study show similarities with adult lung tissues, which widen their potential 

applications.  

3.3 Results 

3.3.1 Evaluation of cellular markers and functional enrichment analysis  

Differentiation of six major lung epithelial cells commonly found in lung proximal and 

distal regions 7,63,65,66,75 was evaluated using bulk RNA sequencing. Markers for rare cell 

types were also evaluated1,7,24. For this, nine organoids were processed and divided 
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into three samples, each consisting of three organoids (n=3 per sample), to ensure an 

adequate amount of RNA for analysis. This number was determined based on the 

number of cells per organoid.   

We used multiple markers for different cell types as illustrated in Fig.3.1. All these 

markers haven been extensively used before in other studies for identification of specific 

cell types. We used SOX2 as the main marker to evaluate the multipotency of the 

proximal region of the lung1,77,126, while the marker SOX9 was used to evaluate the 

multipotency of the distal region of the lung1,77. Other markers were used to identify rare 

and recently discovered cells, such as brush cells1, and PNES1, both located within 

proximal lung regions.  

 

Figure 3.1. Used markers for the identification of major and rare cell types in the lung, in 
either the proximal or the distal region.  
 

3.3.1.1 Organoids derived from primary cells. 

We compared the organoid’s gene expression with that from primary bronchial epithelial 

cells (HBE) cultured in filters coated with collagen IV (see methods details), creating an 

air-liquid interface (n=3). The latter model is well-known, and served as the gold 
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standard for proximal airways modelling.30 The genetic expression of organoids was 

also compared with that from fibroblasts cultured in traditional monolayers (n=3).  

As shown in Fig.3.2 and Table 3.1, the signals used to identify basal cells (Cytokeratin 

14, Keratin 5, BNC1, and Tp63) remained the same in the organoids as in the input 

HBE cells. As expected, monolayers of IMR-90 were devoid of any marker of basal 

cells, nor any other cell types from the proximal lung region. It was found that markers 

for secretory cells (SCGB1A1+), ciliated cells (FOXJ1+), and multipotency (SOX2+) 

decreased in level within the organoid in comparison to HBE. Yet, their expression was 

significantly greater than in IMR-90 cell monolayers. It was found that markers of goblet 

cells (MUC5AC, MUC5B, and MUC15) were upregulated within HBE cells in 

comparison to LOp. All cell markers used to identify brush cells and PNECs, except for 

IL-25, were found to be upregulated within the organoid in comparison to HBE and IMR-

90 (Fig. 3.2A). Markers of cells from distal regions of the lung such as secretory 

(SCGB3A2+), Alveolar type II (SFTPC+, SFTPB+, SFTPA1+, SFTPD+) and Alveolar 

type I (HOPX+, PDPN+, AKAP5+) were mostly upregulated within the organoid in 

comparison to HBE and/or IMR-90 cell monolayers, as shown in Fig.3.2B.  

The SFTPB and SFTPA1 remained the same in HBE and LOp. The SFTPC, and 

SFTPD were significantly upregulated in the organoid.  

Generally, markers associated with proximal regions of the lung were downregulated in 

the organoid, while markers associated with distal regions of the lung were upregulated. 

These observations suggest that the input epithelial cells, from proximal regions, 

differentiate into multiple cell types from distal regions while retaining some markers of  
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the proximal regions. Specific adjusted p values, resulting from multiple t-test 

comparisons between IMR-90 and LOp, and HBE and LOp are shown in the Appendix 

(Table A1). The expression of representative genes of alveolar type II cells (SFTPC+) 

was confirmed by parallel flow cytometry results, as shown in Fig.3.3.  

 

 

 

Figure 3.2. RNA sequencing data showing proximal (A) and distal (B) markers of LOp, 
fibroblasts monolayers, and primary bronchial epithelial cells, respectively, in air-liquid-
interface. N=3. Multiple T-test comparison, p.adjust <0.05 in comparison to IMR-90*, 
and in comparison to HBE*. 
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Figure 3.3 Flow cytometry to confirm AT2 cells of organoids derived by primary cells 
LOp. a-c) Percentage of SFTPC+ (AF594) cells detected in each organoid. d) 
Fluorescence minus one (FMO) 594 was used to calibrate the instrument. N=3 
 
 

Differential expression analysis between cell monolayers and LOp, revealed that 153 

genes were up- or downregulated in a statistically significant manner (p adj<0.01 & abs 

(log2 Fold Change shrink=>4).  A functional enrichment analysis of those genes was 

performed using g: Profiler to access to a collection of genes127. This analysis, referred 

as Gene Ontology (GO), allowed the identification of genes from several domains such 

as Molecular function (MF), Biological Process (BP), and cellular components (CC), as 

well as other biological databases127 as shown in Fig. 3.4.  
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Figure 3.4. Functional enrichment analysis of genes with major change between cell 
monolayers and organoids (LOp) (padj. <0.01) using G: Profiler.  Abbreviations: MF-
Molecular Function, BP: Biological Process. CC-Cellular Component. KEGG-Kyoto 
Encyclopedia of Genes and Genomes. REAC - Reactome pathways. WP – 
WikiPathways. TF - Transcription factor binding site predictions. MIRNA - mirTarBase 
miRNA targets. HPA - Human Protein Atlas expression data. CORUM - Manually 
annotated protein complexes from mammalian organisms. HP - Human Phenotype 
Ontology, a standardized vocabulary of phenotypic abnormalities encountered in human 
disease. The display set of terms was selected according to their association with the 
lung, tissue development, and cell differentiation.  
 

Figures 3.5-3.7 show several Biological Process ‘terms’ (set of genes associated with 

specific functions) identified from the functional enrichment analysis associated with 

respiratory system development, tube development and lung alveolus development. 

Many genes from each term were upregulated in the organoid versus cell monolayers. 

As shown in Fig. 3.5, many genes associated with respiratory system development 

appear in HBE and IMR-90. But once the organoids are formed, they combine both of 



124 
 

the upregulated genes of each individual cell type. Additional genes are original and not 

abundantly present in the input cells. This shows that the organoids are more than the 

sum of the characteristics of the initial input of cells used at the beginning of the 

process.  

These results suggest that the organoid constitutes a more heterogeneous respiratory 

system model than HBE or fibroblasts alone. Similarly, all genes associated with tube 

development were upregulated within the organoid versus cell monolayers (Fig. 3.6). 

This suggests that the tubular morphology of the organoids may be a consequence of 

well orchestrated and complex processes similar to those involved during embryonic 

lung development. This observation is also supported by trends for other related terms 

such as alveolar development (Fig. 3.7), branching morphogenesis, tube 

morphogenesis, and morphogenesis of branching structure.   
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Fig. 3.5 Heatmap showing genes associated with respiratory system development 
pathway: Gene Ontology :0060541. Differential expressed genes analysis, comparing 
cell monolayers (HBE, IMR-90) and LOp, (p adj<0.01 & abs (log2 Fold Change 
shrink=>4). 
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Figure 3.6 Heatmap showing genes associated with tube development pathway: GO: 
0035295. Differential expressed genes analysis, comparing cell monolayers (HBE, IMR-
90) and LOp, (p adj<0.01 & abs (log2 Fold change shrink=>4). 
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Figure 3.7. Heatmap showing genes associated with alveolus development in all 
samples. Differential expressed genes analysis, comparing cell monolayers (HBE, IMR-
90) and LOp, (p adj<0.01 & abs (log2 Fold Change shrink=>4). 
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3.3.1.2 Organoids derived from immortalized cells. 
 

Lung organoids fabricated using immortalized cell lines (LOi) in lieu of primary epithelial 

cells were investigated. Markers of basal cells (Cytokeratin 14, p63, and BNC1) were 

absent from the initial cell monolayers (Fig. 3. 8A), as expected given their stage of 

immortalization. Although the expression of these specific genes increased after the 

organoid was formed, relative to CFBE and IMR-90, the increment was not significant, 

except for TP63 which expression was upregulated with respect to CFBE and IMR90. 

This could perhaps indicate that the microenvironment plays a beneficial role in the 

genome even after cells are immortalized92,128. Markers of secretory cells (SGB1A1+) 

from the proximal region, goblet (MUC5B+, MUC2+), brush (TRMP5+, IL25+, 

ALOX5AP+), and PNECS (ASCL1+), were all undetectable or minimal in cell 

monolayers, but they were all significatively upregulated in LOi (Fig.3. 8A). Similarly, 

secretory cells (SGC3A2+) were upregulated in the organoids (Fig.3.8B). These results 

suggest that, regardless of the immortalization of the cells, CFBE have the potential to 

change their phenotype according to their culture conditions, albeit with some 

limitations. Markers for AT2 cells (SFTPC+, SFTPB+, SFTPA1+, SFTPD+) were not 

significantly upregulated in the organoids with respect to CFBE, but SFTPA1+ and 

SFTPD+ increased in LOi in respect to IMR-90 (Fig.3.8B). Interestingly, the expression 

of SFTPC, and SFTPB in LOi was confirmed by parallel immunofluorescence (Fig. 

3.8C). Based on these findings, it is inappropriate to attribute the expression of AT2 

markers in the CFBE cell line to differentiation into AT2 cells. Instead, it is more likely 

that the immortalization process induces changes in the cellular characteristics, leading 
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to the expression of these markers. For markers of AT1, only GRAMD2A+ and 

SCNN1G+, were significatively upregulated in the organoid relative to cell monolayers 

(Fig. 3.8B). PDPN was upregulated in the initial cohort of fibroblasts, and therefore it 

cannot be used to determine the specificity of AT1 cells.  For this reason, HOPX was 

used instead. This marker was found to be minimally expressed in all the groups 

(Fig.3.8B). Therefore, proper differentiation into AT1 could not be confirmed in LOi. 

Specific adjusted p values, resulting from multiple t-test comparisons between IMR-90 

and LOi, and CFBE and LOi are shown in the Appendix (Table A.2). 

Based on the data presented, it is apparent that LOi exhibits a distinct lung tissue 

phenotype. When compared to the input cell types, LOi primarily regulates markers 

associated with the proximal region of the lung. One notable difference between LOi 

and LOp is the lack of upregulation of AT2 and AT1 markers in LOi. 

A functional enrichment analysis was performed to identify the 25 genes that changed 

the most among cell monolayers and LOi with p adj.<0.01. Fig.3.9 shows these ‘terms’ 

(set of genes associated with specific functions) along with their function. Most of the 

functions are associated with extracellular matrix changes. This was expected, given 

the use of BMZ proteins within the gel. There was a total of 259 genes upregulated in 

the organoids. Since a tubular morphology was observed in LOi (Fig.3.10B), the term 

GO:0060441 from gene ontology database corresponding to epithelial tube branching 

for lung morphogenesis was analyzed. Several genes of this term were upregulated in 

LOi in comparison to epithelial cells (Fig. 3.10). Interestingly, some genes needed for 

adequate branching morphogenesis during lung development, such as RSPO2, 

SPRY2129,130, were upregulated in the fibroblasts (Fig.3.10), thereby highlighting the 
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relevance of these cells during lung development. These genes could be used to 

improve branching of the organoid by increasing the fibroblasts density or adding 

fibroblasts growth factors into the media.  

 

 

Fig. 3.8 Characterization of lung organoids derived from immortal bronchial epithelial 
cells (LOi). A) RNA sequencing data showing markers of proximal cells of the lung 
including rare cell types in epithelial cell monolayers, fibroblasts, and derived organoids. 
B) RNA sequencing data showing distal markers of cells of the lung. A-B) N=3. Multiple 
T-test comparisons, * p. adjust <0.05 in respect to IMR-90, *p. adjust <0.05 in respect to 
CFBE. C) Image of LOp organoid on day 21, showing distal markers of the lung. Red-
SFTPC, Green-SFTPB. Blue-Nuclei. Magnification 10 X. Scale Bar 500 µm.  
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Fig.3.9. Functional Enrichment analysis of genes with major change between cell 
monolayers and immortalized derived organoids (p adj.<0.01) by G: Profiler.  
Abbreviations: MF-Molecular Function, BP: Biological Process. CC-Cellular Component. 
KEGG- Kyoto Encyclopedia of Genes and Genomes. REAC - Reactome pathways. WP 
– WikiPathways. TF - Transfac transcription factor binding site predictions. MIRNA - 
mirTarBase miRNA targets. HPA - Human Protein Atlas expression data. CORUM - 
Manually annotated protein complexes from mammalian organisms. HP - Human 
Phenotype Ontology, a standardized vocabulary of phenotypic abnormalities 
encountered in human disease.  
 
 

Quantitative PCR was used to confirm the lung fate of LOi (Fig.3.11) using homeobox 

protein Nkx-2 (NKX2) and Advanced Glycosylation End-Product Specific Receptor 

(AGER), as well as HOPX, and SFTPB, SFTPC. The expression of AT2 markers was 

also confirmed by flow cytometry (Fig.3.12). However, attributing the presence of 

surfactant protein markers (SFTPC and SFTPB) in LOi solely to differentiation into AT2 
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cells is incorrect, as these markers are initially present in the epithelial cells (CFBE). 

Immortalization likely prompts alterations in cellular properties, leading to the expression 

of these markers. Also, the expression of the various markers used was less abundant 

than that in organoids derived from primary cells. Interestingly, the heatmaps showing 

the gene expression of proximal and distal markers in adult lung tissue shows a greater 

resemblance with LOi than with cell monolayers. However, few genes were upregulated 

in LOi in comparison to CFBE. Therefore, although some degree of improvement was 

achieved in LOi relative to the individual cell lines, this does not necessarily imply cell 

differentiation, or that the expression of markers is equivalent to specific cell types.  

 

Fig. 3.10 Heatmap of genes associated with “epithelial tube branching involved in lung 
morphogenesis” Red shows up-regulation. Abundances grouped linked by Average.  
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Fig. 3.11 Genes associated with lung phenotype. Gene expression using qPCR in 
CFBE (pink) and LOi (white).  SFTPB upregulated in organoids in comparison to CFBE. 
N=3. *p<0.05. 
 

 

Fig. 3.12. Flow cytometry to evaluate the number of cells expressing SFTPC+ into 
organoids derived by immortalized cells. a-c) Percentage of SFTPC+ (AF594) cells 
detected in each organoid. d) Fluorescence minus one (FMO) 594 was used to calibrate 
the instrument. N=3 
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3. 3. 2 Proteomics profile of organoids and cell lines 

 

To gain further insight into cellular dynamics, a proteomic analysis was performed using 

Tandem Mass Tags (TMT). The principal component analysis of all samples is shown 

along with that of lung tissues in Fig.3.13, indicated that both types of organoids (LOp 

and LOi) are reproducible. Three samples (n=3) of each type were used for the 

analysis.  A detailed quantitative analysis of initial cells, HBE, IMR-90, and LOp is 

shown in Fig. 3. 14. A number 1361 proteins were shared among these samples. A total 

of 180 proteins were found only in LOp and not in the cell monolayers. A representation 

of the proteins upregulated in LOp respect to cell monolayers are shown in Fig. 3.15. 

The heatmap showing the complete list of upregulated proteins (cluster 2) can be found 

in the appendix (Fig. A1 and Fig. A2). These proteins were analyzed using the STRING 

software to collect information from multiple sources, including text mining data from the 

literature, databases of interaction experiments and complex pathways131. Only nodes 

and networks with high strength (p<0.05) and low false discovery (≤0.001) rate were 

considered. 122 proteins were specific to the respiratory system, 18 were specific to the 

throat, and 105 proteins were specific to lung tissue as shown in Fig. 3.16. These 

proteins form interconnected networks, facilitating coordinated communication and 

regulation of essential cellular functions. Operating within networks enables signal 

amplification, pathway regulation, and adaptation to changing conditions more 

effectively than if they were isolated125. Interestingly a subset of 46 proteins were 

associated with the immune system (Fig. 3.17), and 33 were associated with response 
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to stress, including chemical and oxidative stress, as well as response to external 

stimulus.  

 

 

Fig. 3.13 Principal component analysis of cell monolayers, organoids, and tissues. Blue-
primary bronchial epithelial cells. Orange-immortalized epithelial cells. Green-
Fibroblasts. Purple-Lung organoids derived from primary cells (LOp). Red-Lung 
organoids derived from immortal cell lines (LOi). Grey-Lung Tissue from superior region. 
Pink-Lung Tissue from inferior region. 
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Fig. 3.14 UpSet plot showing the proteomic profile of lung organoids derived by primary 
cells (LOp), and cell lines.  
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Fig. 3.15 Section of heatmap (cluster 2) showing upregulated proteins in LOp in 
comparison to cell monolayers. Abundances grouped, linked by average. Red show 
upregulation and blue downregulation. N=3. 
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Fig. 3.16 Upregulated proteins in LOp with high specificity to the lung showing 
connections on pathways. Generated by STRING. Pathways colors: Blue-from curated 
database, Pink-\experimentally determined. Green-Gene neighborhood. Red-Gene 
fusions. Blue-Gene co-occurrence. Yellow-Textmining. Black co-expression. Dark blue: 
protein homology. 
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Fig. 3.17 Subset of proteins from the immune system upregulated in LOp organoids in 
comparison to cell lines. Generated by STRING. Pathways colors: Blue-from curated 
database, Pink-experimentally determined. Green-Gene neighborhood. Red-Gene 
fusions. Blue-Gene co-occurrence. Yellow-Textmining. Black co-expression. Dark blue: 
protein homology. 
 
 

Wingless related-integrated site (Wnt) was found to be upregulated in LOp, including 12 

proteins from the non-canonical pathway and 28 proteins from the signaling pathway. 

Wnt has been found to regulate epithelial-mesenchymal interactions during lung 
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development19. Notably, wingless related-integrated site typically requires 

supplementation by media for organoid formation21. Here the co-culture of epithelial 

cells and fibroblasts alone provided sufficient signaling and growth factors without need 

for additional processing. Additionally, gene ontology (GO) analysis was conducted on 

the upregulated proteins of LOp. Figure 3.18 presents a summary of overrepresented 

terms, categorizing proteins based on their biological roles or properties in LOp. The 

figure illustrates the number of proteins corresponding to each term and their statistical 

significance. The terms depicted in Figure 3.18 offer insight into the varied biological 

roles and properties of the proteins identified in LOp. Many proteins are associated with 

lung tissue, including lung AT2 cells, lung macrophages, and bronchus and respiratory 

epithelial cells. Additionally, proteins involved in cell differentiation, biogenesis, 

structural development, cell differentiation, and cell migration are represented. The 

proteins upregulated in the organoid are not randomly selected; rather, they play key 

roles in essential functionalities crucial for lung development and function. Together, 

these findings highlight the targeted and purposeful nature of the protein expression 

profile observed in the organoid. 
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Fig.3.18 Overrepresented terms from upregulated proteins (cluster 2) in LOp using gene 
ontology.  
 

The LOp proteins that were downregulated in comparison to HBE were analyzed using 

STRING and found to be associated with cellular and aerobic respiration, as well as 

mitochondrial ATP synthesis (Fig.3.19, Appendix Fig.A3). We speculate that this could 

be due to the ALI culture condition of HBE while the organoids were submerged.  
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Fig. 3.19 Volcano Plot shows the upregulated proteins in LOp (in red) and the 
downregulated proteins (blue) in comparison to pHBE monolayers. Generated by 
VolcaNoseR 
 

The proteomes from organoids derived from immortal cell lines and cell monolayers 

were compared (Fig. 3.20, Fig. 3.23).  1357 proteins were shared between all samples. 

A significant number of 180 proteins were found to be exclusive to the organoids and 

were not identified in the cell monolayers (Fig.3.20). A representation of the proteins 

upregulated in LOi respect to cell monolayers are shown in Fig. 3.21. The heatmap 

showing the complete list of upregulated proteins in LOi (cluster 3) can be found in the 

appendix (Fig. A4 and Fig. A5). Using STRING it was found that proteins upregulated in 



143 
 

LOi were specific to the lung (Appendix Fig.A5-orange) and the immune system 

(Appendix Fig. A5-purple). These two functions are valuable since the models aim to be 

used to model lung infections in vitro. The associated biological functions included 

humoral immune response, antimicrobial humoral response, immune system process, 

viral process, and innate immune response. Surfactant protein A stands out, as it plays 

an important role in the host-defense mechanisms of the lung, including opsonizing 

virus, bacteria, and apoptotic cells; it also modulates the production of cytokines and 

mediators of the inflammatory response132. Similar to the upregulated proteins in LOp, 

the upregulated proteins in LOi also interact with each other, forming interconnected 

networks that facilitate coordinated communication and regulation of essential cellular 

functions (Appendix Fig.A5). Working within these networks allows for more effective 

signal amplification, pathway regulation, and adaptation to changing conditions than if 

the proteins were isolated125.  

Gene ontology (GO) analysis of upregulated proteins in LOi revealed interesting 

biological functions. Fig. 3.22 provides an overview of terms that are overrepresented, 

organizing proteins according to their biological roles or properties in LOi. It shows the 

number of proteins associated with each term and their statistical significance. The 

biological functions associated with the upregulated proteins in LOi are tissue 

development, biogenesis, cell differentiation, and response to stress. This analysis also 

revealed an extensive pool of proteins specific to the lung such as lung macrophages, 

lung AT2 cells, respiratory epithelial cells, and lung mucosa. The presence of autophagy 

in the organoids, as discussed in Chapter 2 (section 2.3.7), suggests a potential 

connection to proteins associated with AT2 cells. Conversely, the cell lines CFBE and 
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IMR-90 have a broad collection of proteins without lung specificity, likely responsible for 

maintaining housekeeping functions133. These proteins were downregulated in LOi.  

Clearly, the proteomic profiles of organoids derived from both cell lines and primary 

cells are more specifically related to the lung and respiratory system than the cell 

monolayers from which they are derived. The organoids also display an upregulation of 

proteins indicative of tissue development, innate immune response, response to 

stimulus, cell differentiation, and viral processes.  

 

Fig. 3.20. UpSet plot showing the proteomic profile of lung organoids derived by 
immortalized cells (LOi) and cell lines.  
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Fig. 3.21 Section of heatmap (cluster 3) showing upregulated proteins in LOi in 
comparison to cell monolayers. Abundances grouped, linked by average. Red show 
upregulation and blue downregulation. N=3 
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Fig. 3.22 Overrepresented terms from upregulated proteins (cluster 3) in LOi using gene 
ontology.  
 

3. 3.3 Comparative study between proteomic profile of organoids and adult lung 

tissues 

 

Significant differences were observed between the proteomes of both types of 

organoids, LOp and LOi. Upregulated proteins in LOp are shown in red (Fig. 3.23) while 

downregulated proteins are shown in blue (Fig. 3.23). Identified using STRING, the 

biological function and specificity of 102 proteins that were upregulated in LOp relative 

to LOi were specific to the lung and respiratory system. They were associated with 

tissue development, multicellular organismal process, response to stimulus, cell 

differentiation, anatomic structure morphogenesis, and viral entry into host cells 

(Appendix Fig. A6). Conversely, proteins that were upregulated in LOi in respect to LOp 

displayed relatively less specific biological functions; they were mostly associated with 
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changes at the DNA level such as DNA repair, DNA metabolic process, and DNA 

conformational change. Only 10 proteins were specific to the lung. 

 

Fig. 3.23 Comparison of proteomic profile of each type of lung organoids (LOp) and LOi. 
Volcano Plot generated by VolcaNoseR. Red upregulated proteins in LOp, Grey-
unchanged proteins between samples. Blue-downregulated proteins in LOp.  
 

Both proteomic profiles were then compared with that of adult lung tissue from three 

male donors aged 42, 51, and 66 years. Males of this age were chosen because of their 

susceptibility to COVID-19. Tissue from both superior and inferior regions was used to 

account for any potential differences in protein levels between the two regions.  

The complete heatmap of proteins in lung tissue and organoids is shown in Fig. 3.24. 

The proteome of these samples was clustered into six groups. Cluster 1 demonstrates 

the similarity of proteins between lung tissues and LOp. Cluster 2 illustrates the 

similarity of proteins in LOi with those in lung tissues. Cluster 3 indicates the 



148 
 

upregulation of proteins in lung tissues compared to the organoids. Cluster 4 shows the 

upregulation of proteins in LOi compared to those in lung tissue. Clusters 5 and 6 

represent the proteins upregulated in both organoids compared to lung tissues.  

As shown in Fig. 3.25, cluster 1, the proteomic profile of LOp has similarities with the 

one of adult lung tissue. It shows resemblance to both lung regions: superior and 

inferior. To reiterate, the primary cells are taken from proximal tissues. There is a 

benefit for the future development of the organoids, to allow easier and safer collection 

of cells from proximal regions of the tissues (throat and bronchi) to reproduce the 

proteome of further distal tissue, itself harder and riskier to collect86,87. 

A numerical analysis was performed to quantify differences between all samples 

(Fig.3.26). As shown in Fig. 3.26A, adult lung tissue and LOp shared 1518 proteins, 

from which 5 were exclusively found in the tissues, and 6 in the organoids. Adult lung 

tissues and LOi shared 1519 proteins, with only 4 proteins absent from the organoids 

(Fig. 3.26B). 
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Fig. 3.24 Heatmap showing the regulation of proteins in lung organoids (LOp and LOi) 
and adult lung tissues (Inferior and Superior). Abundances grouped, linked by average. 
Red show upregulation and blue downregulation. N=3 
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Fig. 3.25 Cluster 1 of heatmap showing the regulation of proteins in lung organoids 
(LOp and LOi) and adult lung tissues (Inferior and Superior). Abundances grouped, 
linked by average. Red show upregulation and blue downregulation. N=3 
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6

 

Fig. 3.26 UpSet plots visualizing the proteins shared between adult lung tissues and 
LOp (A) or LOi (B).  
 

Gene ontology (GO) analysis was conducted on clusters 1, 3, and 6 of the proteome of 

adult lung tissues and organoids. These clusters correspond to sections of the 

proteome representing similarities between LOp and tissues, upregulated proteins in the 

tissues, and upregulated proteins in the organoids, respectively. Fig. 3.27 shows an 

overview of the terms overrepresented in these clusters, organizing proteins according 

to their biological roles or properties. It shows the number of proteins associated with 

each term and their statistical significance. The overrepresented terms in cluster 1 show 

that the proteins in LOp and adult tissues are related to alveolar type II cells, 

inflammatory response, lung macrophages, basal layer, epithelial migration, and 

response to stress. The proteins upregulated in lung tissues in respect to organoids 

(cluster 3) show overrepresented terms related to goblet cells, indicating a higher 

number of these cells in the tissue. Lung epithelial and lung cell differentiation, as well 
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as proteins related to secretory cells, were also found to be functionalities of the 

upregulated proteins in the tissue. On the other hand, the functionalities of the proteins 

upregulated in the organoids in respect to adult lung tissues (cluster 6) are related to 

bronchus respiratory epithelium, oral mucosa, and nasopharynx epithelium. This 

suggests that some of the proteins of the organoids correspond to the proximal lung 

region. Additionally, several proteins related to viruses were found in the organoids, 

such as coronavirus disease, virus replication, viral transmission, and response to virus, 

highlighting the potential application of the model for the study of viral diseases. 

Proteins associated with endothelial cells, alveolar cells, and lung macrophages were 

also found in this cluster.  
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Fig. 3.27 Overrepresented terms from upregulated proteins in LOp and lung tissues 
(cluster 1), adult lung tissues (cluster 3) and lung organoids (cluster 6).  
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In summary, the proteome of organoids was found to be much more similar to that of 

adult lung tissues than the cell monolayers. Only 4 or 5 proteins are found exclusively in 

the tissue and not in the LOi or LOp, respectively. In terms of regulation, the similarity 

was strongest for organoids derived from primary cell lines, as could be expected from 

their increased differentiation capacity. 

Lung organoids derived from primary cells (LOp) offer many advantages, such as 

elevated levels of innate immune response proteins, an enriched pool of lung and 

respiratory system-specific proteins, and clear differentiation into multiple cell types. But 

the lung organoids derived by immortalized cell lines (LOi) remain potentially useful as 

they also present multiple enriched pathway specific to the lung and respiratory system, 

albeit less than their LOp counter parts. Their morphology is also tubular. Their use 

would circumvent the need for primary cells, which are more expensive and challenging 

to acquire and culture than cell lines.  

3. 4 Discussion 
 

In this section, we have utilized the tools of proteomics and transcriptomics to examine 

in depth the lung phenotype of the organoids and in turn quantified their degree of 

similarity to the lung tissue over a wealth of specific respiratory system markers.  

Using differential expression, the results demonstrate that lung organoids are more 

similar to lung tissue that their constituent cell types, thus probably providing better 

predictive models for in vitro screening. Beyond this, we have examined quantitatively 

the similarity of each type of organoid (LOi and LOp) with the adult lung tissue. In terms 

of regulation, lung organoids derived from primary cells showed the greater degree of 
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similarity to tissue. But both organoids share a high number of proteins with adult lung 

tissues.  

One of the primary goals of the development of these new lung organoids is to generate 

in vitro models that were more complex than cell monolayers but remained easy to 

generate for further clinical applications. It is in that lens that the organoids derived from 

primary cells were taken from trachea/bronchi. These cells are more readily accessible 

than previously used primary cells from deeper lung tissues24-26. The data from this 

omics study demonstrate that despite their proximal origin, these cells yield lung 

organoids with upregulated genes that are known to be associated with respiratory 

system development (i.e. TBX4, ZIC3), tube development (i.e. HIP, NOG), and lung 

alveolus development (i.e. HOPX, SFTPD) of the entire lung1,16. 

The easiest organoids to generate remain the ones generated from immortalized cell 

lines (LOi). In the previous chapter, we have described how the use of immortalized 

cells could still lead to differentiation and organoid formation, as evidenced by the 

emergence of tubular morphology. In this chapter, the use of omics supports the 

differentiation of these cell lines into an organoid that mimics in some key functions the 

lung tissue. While the degree of similarity to the lung tissue is decreased compared to 

the more “naïve” primary organoids, it is still improved over cellular monolayers, and 

benefits from the ease of culture of immortalized cell lines.  

One distinction of the present lung organoid (LOp) is the representation of both the 

proximal and distal regions of the lung. Most organoid models only capture one of the 

regions. Our organoids seem to have the advantage of representing both regions in key 

aspects. RNA sequencing data shows co-expression of markers of proximal (i.e. 
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MUC5B, TPR63) and distal (i.e. SFTPC, PDPN) regions of the lung for the LOp.  This 

suggests that these models capture some of the heterogeneity of native lung tissue, 

which add more physiological accuracy than models which only partially represent 

specific lung regions. The presumed benefits of this remains to be demonstrated, which 

is the topic of ongoing investigation. 

Except for basal cells, the expression of proximal markers of these organoids was found 

to decrease as the expression of distal markers increased, including surfactant proteins 

produced by AT2 cells. Surfactant proteins have innate immune functions132. This also 

highlights the cell differentiation process within the organoids.  

In the second chapter of this thesis, we described the tubular and elongated 

morphology of the organoids induced by the incorporation of fibroblasts. Here, we found 

upregulated genes within the organoid associated with tube development, branching 

morphogenesis of epithelial tube, and epithelial tube branching involved in lung 

morphogenesis which suggest a well orchestrated process for the formation of these 

structures. The results show that morphological features are logically associated with 

cellular functions, molecular mechanisms and gene expression patterns134,135. 

Interestingly lung organoids representing proximal or distal regions originated by adult 

cells are spherical, while iPSC derived organoids present a branched morphology and a 

more heterogenous phenotype77.   

Both RNA sequencing and proteome data shown that even in LOi (derived from cell 

lines), there is upregulation of mucin, TP63, Trmp5 and IL-15, markers of goblet, basal 

cells, and brush cells, respectively. The upregulation of markers of brush cells is 

consistent with the microvilli structure identified with FIB microscopy in chapter 2 
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(section 2.3.7). This further support the idea that there is some degree of plasticity on 

these organoids regardless of their cell origin.  The proteomics data of the organoids 

show quantitatively their superiority in comparison to 2D cellular monolayers, even 

when comparing them to ALI models which are considered the gold standard30.  

Although LOp organoids have higher specificity towards the lung than LOi and show 

distal markers. LOi improves accessibility, and model scalability while reducing costs. 

While the cellular composition of these organoids was limited to an immortal bronchial 

cell line, the observed cellular output suggests that, although full differentiation may not 

have been achieved, significant improvements have been made towards a more 

heterogenous model. This indicates the potential for the environment to be auspicious 

for immortal cell differentiation in this case.   

The accuracy of the model could be further improved. For example, endothelial, 

lymphoid, and immune cells could be incorporated. Interestingly proteins from the innate 

immune system, and viral receptor proteins were found upregulated in the organoids, 

which may be beneficial to model viral infections. This aspect will be further discussed 

in Chapter 4.  

 

3. 5 Methods 

3. 5. 1 Cell culture  

CFBE and IMR-90 were cultured in Eagle’s minimum essential medium (VWR, 

CA45000-380) supplemented with 10% (vol/vol) FBS (Sigma-Aldrich, F1051), 2 mM L-

glutamine (Thermo Fisher, A2916801), 1% Penicillin Streptomycin (Fisher Scientific, 

SV30010), and incubated at 37°C in 5% CO2-95% O2.  
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3. 5. 2 CFBE culture in air-liquid interface 

For establishment of ALI, CFBE were seeded on fibronectin (Promo cell, C-43060) 

coated permeable cell culture inserts (Fisher Scientific, 08-771-10) and cultured for 21 

days before the study.  

3.5.3 Primary airway epithelium culture in air-liquid interface  

Primary human bronchial epithelial were provided by Primary Airway Cell Biobank 

(PACB) in the Cystic Fibrosis Translational Research Centre at McGill University. Cell 

from male and female donors of 51 and 53 years old, respectively were used. Cells 

were seeded on collagen IV coated cell culture inserts (Fisher Scientific, 08-771-10) and 

cultured in ALI medium provided by PACB. After 3 days, the apical medium was 

removed, and cells were allowed to differentiate for 28 days at the air-liquid interface 

before study. The medium in the basolateral chamber was changed every two days. 

Once a week, the apical mucus was aspirated carefully to avoid disruption of the 

monolayer. This was followed by washing the apical side with PBS without Ca2+. 

3.5. 4 Bulk RNA sequencing and analysis 

RNA extraction was performed according to the sample type, as follows. 

Lung, RNeasy Plus Universal mini kit (QIAGEN) was used. Frozen tissue samples were 

weighed and processed on ice to prevent thawing. For homogenisation: 900 μl of 

RNeasy Plus Universal Mini Kit provided lysis buffer reagent (i.e. QIAzol) was added to 

the tissues and homogenized using a QIAGEN TissueLyser II with 2,8 mm ceramic 

beads, for 2 cycles of 30 Hz x 2 min plus 1 cycle of 30 Hz x 1 min. Extraction was 

performed according to the manufacturer's instructions. RNA was eluted in 35 μl buffer 

provided with the extraction kit. RNA quality was determined by the RNA Integrity 
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Number (RIN), measured by 2100 Bioanalyzer (Agilent Technologies) using RNA 6000 

Nano kit, following the manufacturer’s protocol. 

Organoid, three organoids were disassociated an integrated as one sample to obtain 

enough RNA per sample. This was done on three independent sets of organoids. 

Therefore 9 organoids were processed and divided in 3 samples. RNeasy Plus 

Universal mini kit (QIAGEN) was used. For homogenisation 900 μl Trizol reagent was 

added to the samples and homogenized using a QIAGEN TissueLyser II with 2,8 mm 

ceramic beads, for 3 cycles of 30 Hz x 2 min. Extraction was performed according to the 

manufacturer's instructions. RNA was eluted in 35 μl buffer provided with the extraction 

kit. 

RNA quality was determined by the RNA Integrity Number (RIN), measured by 2100 

Bioanalyzer (Agilent Technologies) using RNA 6000 Nano kit, following the 

manufacturer’s protocol.  

Cells, miRNeasy mini kit (QIAGEN) was used. Cell samples were homogenized in the 

TRIzol lysis reagent by passing the lysate 10 times through a 20-gauge needle attached 

to a sterile 3 ml plastic syringe. 

Extraction was performed according to the manufacturer's instructions. RNA was eluted 

in 35 μl buffer provided with the extraction kit. RNA quality was determined by the RNA 

Integrity Number (RIN), measured by 2100 Bioanalyzer (Agilent Technologies) using 

RNA 6000 Nano kit, following the manufacturer’s protocol. 

Library preparation 

Ribosomal RNA was depleted from 250 ng of total RNA using QIAseq FastSelect. 

cDNA synthesis was achieved with the NEBNext RNA First Strand Synthesis and 
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NEBNext Ultra Directional RNA Second Strand Synthesis Modules (New England 

BioLabs). The remaining steps of library preparation were done using and the NEBNext 

Ultra II DNA Library Prep Kit for Illumina (New England BioLabs). Adapters and PCR 

primers were purchased from New England BioLabs. 

Library QC  

Libraries were quantified using the KAPA Library Quanitification Kits - Complete kit 

(Universal) (Kapa Biosystems). Average size fragment was determined using a LabChip 

GX II (PerkinElmer) instrument. 

Sequencing 

The libraries were normalized and pooled and then denatured in 0.02N NaOH and 

neutralized using HT1 buffer. The pool was loaded at 175 pM on a Illumina NovaSeq S4 

lane using Xp protocol as per the manufacturer’s recommendations. The run was 

performed for 2x100 cycles (paired-end mode). A phiX library was used as a control and 

mixed with libraries at 1% level. Base calling was performed with RTA v3. Program 

bcl2fastq2 v2.20 was then used to demultiplex samples and generate FASTQ reads.  

Analysis 

The quality of the raw reads was assessed with FASTQC v0.11.8. After examining the 

quality of the raw reads, no trimming was deemed necessary. The reads were aligned 

to the GRCh38 human reference genome with STAR v2.7.6a, with an average of 90 % 

of reads uniquely mapped. The raw counts were calculated with FeatureCounts v1.6.0 

based on the human reference genome (release 108). Differential expression was 

performed using DESeq2 R package. Differentially expressed genes were define using 

adj-pvalue < X and |log2FCshrink|≥4 X leading respectively X, Y, Z DEGs for A vs B, A 
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vs C and B vs C. DEGs heatmap were drawn based on z-score of normalized count. 

Bioinformatics analyses were performed at the Bioinformatics core facility from Montreal 

Clinical Research Institute (IRCM). 

3.5. 5 Tandem Mass Tags 

Sample preparation 

Cells monolayers and organoids were washed with cold PBS (X3) following by 

incubation on ice cold RIPA buffer (Sigma, R0278). The cell monolayers and organoids 

are broken using a plastic cell scraper. Organoids are passed by 21G needle until 

completely disassociated. Cells are collected and centrifuged at 16000 G for 50 min at 

4°C. The supernatants were collected, protein quantification was performed with Qubit 

Protein Assay (ThermoFisher, Q33211), and normalized to 45 ng of protein. Samples 

were stored at -80 °C until their analysis. All the reported proteins had 95% of threshold.  

Experimental procedure  

Samples were treated with TMT-16plex reagents (ThermoFisher Scientific) according to 

the manufacturer’s instructions. Labelled peptides were fractionated using Pierce™ 

High pH Reversed-Phase Peptide Fractionation Kit into 8 fractions.  Each fraction was 

re-solubilized in 0.1% aqueous formic acid and 2 ug of each was loaded onto a Thermo 

Acclaim Pepmap (Thermo, 75 uM ID X 2cm C18 3 uM beads) precolumn and then onto 

an Acclaim Pepmap Easyspray (Thermo, 75uM X 15cm with 2uM C18 beads) analytical 

column separation using a Dionex Ultimate 3000  uHPLC at 250 nl/min with a gradient 

of 2-35% organic (0.1% formic acid in acetonitrile) over three h running the default 

settings for MS3-level SPS TMT quantitation (McAlister et al, 2014 - Anal Chem. 2014 

Jul 15;86(14):7150-8. doi: 10.1021/ac502040v.), on an Orbitrap Fusion instrument 
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(ThermoFisher Scientific) was operated in DDA-MS3 mode.  Briefly, MS1 scans were 

collected at 120,000 resolutions, scanning from 375-1500 m/z, collecting ions for 50ms 

or until the AGC target of 4e5 was reached. Precursors with a charge state of 2-5 were 

included for MS2 analysis, which were isolated with an isolation window of 0.7 m/z. Ions 

were collected for up to 50 ms or until an AGC target value of 1e4 was reached and 

fragmented using CID at 35% energy; these were then read out on the linear ion trap in 

rapid mode. Subsequently, the top 10 (height) sequential precursor notches were 

selected from MS2 spectra for MS quantitative TMT reporter ion analysis, isolated with 

an m/z window of 2 m/z and fragmented with HCD at 65% energy. Resulting fragments 

were read out in the Orbitrap at 60,000 resolutions, with a maximum injection time of 

105ms or until the AGC target value of 1e5 was reached.  

Mass Spectrometry Raw Data Analysis   

 To translate .raw files into protein identifications and TMT reporter ion intensities, 

Proteome Discoverer 2.2 (ThermoFisher Scientific) was used with the built-

in TMT Reporter ion quantification workflows. Default settings were applied, with 

Trypsin as enzyme specificity. Spectra were matched against the human protein 

fasta database obtained from Uniprot (2022). Dynamic modifications were set as 

Oxidation (M), and Acetylation on protein N-termini. Cysteine carbamidomethyl was set 

as a static modification, together with the TMT tag on both peptide N-termini and K 

residues. All results were filtered to a 1% FDR.  

Analysis 

ANOVA (individual proteins). Ratios were calculated based on protein abundances, and 

three biological replicates. For volcano plots, these values were graph as Log2 (Fold 
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Change), versus Log10 p-value (Significance). Changes in the proteome were 

considered only when 2<=Fold Change<=2, and Significance > 2.  

The set of changing proteins of each group was analyzed using the STRING software 

database, available online. https://string-db.org/. STRING collect and scores evidence 

from several sources including text mining of scientific literature, databases of 

interaction experiments and complex pathways, computational interactions, and 

predictions from co-expression30. Only nodes and networks with high strength (p<0.05) 

and low false discovery rate are shown.  

The pipeline of Tandem Mass Tags analysis for all samples is shown in Fig.3.28 

 

Fig. 3.28. Schematic showing the pipeline of proteomics analysis of cell monolayers, 
organoids, and adult lung tissues.  
 
 
 
For gene ontology analysis, protein abundances across different conditions were 

collected in a matrix, and unidentified proteins were imputed with a value of zero. A 

https://string-db.org/
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pseudo-count of one was then added to the matrix, and a z-score was calculated for 

each protein (row-wise). Heatmaps were created in R with the ComplexHeatmap 

package, employing the ward. D2 clustering method on Canberra distances. Clusters of 

proteins were extracted, and overrepresentation analyses were performed on Gene 

Ontology (GO) terms, KEGG pathways, Human Protein Atlas (HPA) tissues, and 

CORUM complexes with the R package gprofiler2 (PMID 31066453). The p-values 

were statistically corrected with the false discovery rate (FDR) correction method. 

Statistically significant terms with adjusted p-values < 0.05 were selected and presented 

in dotplots using the R package ggplot2. Additionally, UpSet plots were created in R 

with the upsetR package to enumerate non-redundant interactions identified among the 

different condition 

 

3.5. 6 Flow cytometry  

To assess the percentages of the types of cells, the LOs were analyzed by flow 

cytometry. Briefly, the organoids were dissociated with Trypsin-EDTA (Fisher Scientific, 

MT25053CI) for 30 min at 37°C. Clumps were disassociated with 21G gauge needle. 

Cell suspension was collected and centrifuged for 5 min. Supernatants were discarded 

and the cell pellets were wash twice with PBS. Samples were fixed with 4% PFA, and 

permeabilized with 0.1% Triton X-100. Subsequently, cells were incubated with 10% 

Goat serum for 15 min. The cells were incubated with antibodies conjugated (Key 

Resources Table) in flow cytometer staining buffer (ThermoFisher, 00-4222-57) for 20 

min. Beads were incubated with single antibodies, and fluorescence minus one (FMO) 

organoid were used to calibrate the instrument. A BD FACS LSR Fortessa was used to 

analyze the samples.  Gating strategy was based on scattering samples by size and 
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granularity. The samples were focused on singlets (height: FSC-H vs width: FSC-W). 

Double screen was done for size scattering. Percentages was graph against histogram. 

Percentages represent one individual marker.  

3.5. 7 Immunofluorescence Staining 

Organoids were washed with PBS (Fisher Scientific, 10-010-049) supplemented with 10 

mM CaCl2 (Sigma, Aldrich, C4901) three times for 3 min. Afterwards, the organoids 

were fixed with 3.7% paraformaldehyde, permeabilized with 0.3% Triton X-100 (Sigma 

Aldrich, T9284), and blocked for 2 h with 10% Goat serum (Thermo Fisher, 50062Z) at 

room temperature. Organoids were cultured with primary antibodies conjugated with 

fluorochromes, diluted in 10% goat serum at 4°C overnight. Nuclei with Hoechst dye 

(Thermo Fisher H3569).  The confocal images were acquired using an LSM-710 

inverted confocal microscope. Surfactant protein B (Santa Cruz-133143-AF488) and 

Surfactant protein C (Santa Cruz, 518029, AF594) were used as markers of alveolar 

type II cells (1:100). Three different organoids were imaged for Surfactant protein B and 

C. 

3. 5. 8 RNA isolation and quantitative PCR 

RNA was extracted using Illustra RNA Spin Mini kit (Ge Healthcare, GE25-0500-71) 

according to the manufacturer’s instructions. RNA (500 ng) was reverse transcribed with 

5X RT Master Mix (Diamed, ABMG486) with incubation at 25°C for 10 min, 42°C for 1 h, 

and 85°C for 5 min. Quantitative PCR (qPCR) was performed using Power track SYBR 

green (ThermoFisher, A46109). The reaction was performed using a QuantStudio 7 

Flex Real-Time PCR system and the following protocol: 20 s at 95°C and 40 cycles at 

95°C (1 s) and 60°C (20 s). Change in gene expression relative to housekeeping gene 
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(∆∆Ct) was calculated using the manufacturer’s software package. Primers were 

predesigned for IDT, except for the house keeping gene HPRT, listed in key Resources 

Table II (Appendix)  
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Chapter 4 Modeling respiratory diseases with lung organoids 

4. 1 Contributions 

Alicia Reyes Valenzuela cultured primary and immortalized cells, and prepared the 

organoids needed for the experiments. She infected organoids with influenza H1N1 and 

H3N2. She modified the original organoid protocol to allow the growth of asthmatic 

organoids and monitor their growth. In addition, she analyzed RNA sequencing data of 

non-infected organoids and tissues. Nathan Markarian performed the organoid infection 

with SARS-CoV-2. He along with Charlotte Fouquet performed RNA extraction of 

infected organoids. In addition, Nathan analyzed viral RNA copies in the organoid lysate 

and supernatant. Charlotte Fouquet analyzed viral supernatant of organoids infected 

with influenza using plaque assay. Silvia Vidal designed the experiments for viral 

infection and provided extensive guidance for the viral study. Luc Mongeau provided 

guidance and oversight during the study.  

4. 2 Introduction  

Lower respiratory infections are among the leading cause of death worldwide136.  

Among them, influenza and coronaviruses are the two major respiratory viruses with 

pandemic potential137. One example of this is the past SARS-CoV-2 pandemic, which 

emerged at the end of 2019138. According to the World Health Organization, the 

pandemic resulted in over 15 million deaths worldwide, with a significant decrease in 

economic growth139. 
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Coronaviruses are characterized by their envelope in single-stranded non segmented 

RNA virus. They have the largest genome of any RNA virus. To date, seven 

coronaviruses which can infect humans have been identified. Some of them are mild 

seasonal respiratory infections, and others have severe clinical manifestations.  

Examples of the former are HCoV-229E, HCoV-NL63, HCoV-OC43 and HCoV-

HKU1140. On the contrary, SARS-CoV, SARS-CoV-2, and MERS are highly pathogenic 

and transmissible coronaviruses141.  

Influenza viruses are enveloped viruses, classified in four genera: IAV, IBV, ICV and 

IDV, all from the Orthomyxoviridae family. IAVs are particularly concerning as they 

cause annual epidemics and occasional human pandemics. They are subdivided based 

on two surface glycoproteins: haemagglutinin (HA) and neuraminidase (NA). The IAVs 

H1N1 and H3N2 currently cause most epidemic diseases in humans. Influenza viruses 

are in constant mutation, in specific in HA and NA, altering their fitness for human 

infections140. Coronaviruses, on the other hand, experience low mutation rates138.  

The overall structure of coronaviruses and influenza are shown in Fig.  4.1. To infect 

humans, influenza viruses, in particular HA, preferentially bind sialic acids inked to 

galactose by α (2,6). This is further processed by trypsin-like proteases. The spike 

protein S of coronaviruses binds to ACE2 receptor, which requires activation by a host 

protease, normally TMPRSS-2140. TMPRSS-2 is also used for cleavage of influenza142.  
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Fig. 4.1 Schematics showing the structure of Coronaviruses and Influenza. Images 
modified from: Online Biology Notes: Influenza Virus (Influenza virus-Structure, Types, 
Nomenclature, Transmission, Pathogenesis, Diseases, Diagnosis and Treatment - 
Online Biology Notes) and Biophysical Society: Coronavirus Structure, Vaccine and 
Therapy Development (Coronavirus Structure, Vaccine and Therapy Development 
(biophysics.org) 
 

Viral infections from influenza and coronaviruses depend on host-specific mechanisms, 

in addition of their molecular evolution, fitness and pathogenesis78,137,140.   

Given their rapid adaptation to the host environment, the circulating viruses are 

genetically distinct from those grown on 2D monolayers78. This has been reported for 

the human parainfluenza virus78. Such genetic alterations often occur in virus envelope 

proteins involved in viral entry and transmission78. This problem has been solved using 

organoids, preserving the viral genetics characteristics, and features as they are in 

natural viral infections13. It is still common, when using lung organoids for viral infection, 

to disrupt their 3D cellular structure to form a monolayer of cells prior to infection75. 

Another disadvantage of current lung organoids to model SARS-CoV-2, and influenza is 

the lack of cellular tropism. For instance, IVA, infects airway epithelium enriched with 

https://www.onlinebiologynotes.com/influenza-virus-structure-types-nomenclature-transmission-pathogenesis-diseases-diagnosis-and-treatment/
https://www.onlinebiologynotes.com/influenza-virus-structure-types-nomenclature-transmission-pathogenesis-diseases-diagnosis-and-treatment/
https://www.onlinebiologynotes.com/influenza-virus-structure-types-nomenclature-transmission-pathogenesis-diseases-diagnosis-and-treatment/
https://www.biophysics.org/blog/coronavirus-structure-vaccine-and-therapy-development
https://www.biophysics.org/blog/coronavirus-structure-vaccine-and-therapy-development
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sialic acid from trachea to bronchioles. Eventually, if the virus is not cleared, it infects 

alveoli140. SARS-CoV-2 infects olfactory epithelium cells as well as secretory and 

ciliated cells from the nose, as well as secretory, ciliated and goblet cells from the 

bronchi (proximal) and ultimately AT2 cells (distal)10,140. Both cellular tropisms of 

influenza and SARS-CoV-2 are illustrated in Fig. 4.2.  

As described in chapter 1, lung organoid models typically represent only one lung 

region, for example alveospheres61, broncheospheres62, tracheospheres6,64 or human 

airways organoids65. They fail to accurately reproduce natural viral infections.  

The growth period for iPSC-derived lung organoid models spans several months21, 

rendering them impractical in the context of a pandemic marked by the rapid emergence 

of new variants141. Furthermore, these organoids retain an immature state, rendering 

them unsuitable for accurately modeling adult viral diseases21,51. 
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Fig. 4.2 Viral tropism of influenza and SARS-CoV-2. Image obtained with permission 
from140 (License number: 5764260448937). 

 

In addition to respiratory viral infections, chronic respiratory diseases are also a 

common cause of death worldwide. In 2019, they were the third leading cause of death, 

including specific diseases such as asthma, pneumoconiosis, chronic obstructive 

pulmonary disease (COPD), interstitial lung diseases and pulmonary sarcoidosis143.  

From these diseases, asthma has the greatest prevalence143.   

Asthma involves proximal and distal regions of the lung. It is characterized by a stage of 

chronic inflammation and continuous structural changes. The former condition is 
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associated with airway hyper-responsiveness and reversible airflow obstruction by 

expansion of mucus glands and excessive proliferation of mucus-secreting cells. The 

increasing susceptibility of airway epithelium to damage triggers the release of growth 

factors, which in turn induce remodelling by mesenchymal cells sustaining chronic 

inflammation144. To the best of our knowledge, no organoid has been used for the 

modelling of asthma so far. 

In this chapter, we aim to explore applications of our heterogenous lung organoids to 

model diseases. The chapter starts by analyzing genes and proteins involved during 

influenza and coronaviruses infections in the organoids and in adult lung tissues. We 

show that organoids have receptors and proteases to allow infectibility by influenza A 

and SARS-CoV-2. Our model was then infected with influenza H1N1 and H3N2, and 

SARS-CoV-2. Our model shows viral infection and replication. The last application we 

explored, was the generation of organoids derived from asthmatic patients, in which 

variations in our original protocol were made to promote organoid formation.  

4. 3 Results 

4.3. 1 Genes and proteins involved in Respiratory viral infections. 

Using RNA sequencing data obtained in Chapter 3, genes associated with critical illness 

in patients with COVID-19 were further analyzed for both type of organoids and adult 

lung tissues. Genes SLC6A2, IFNAR1, IFNAR2, OAS3, OAS1, FOXP4, DPP9, TYK2145 

were identified in 244 critical ill patients with COVID-19. Low levels of IFNAR2 and high 

levels of TYK2 were associated with life threatening disease145. It was observed that 

IFNAR2 was downregulated in the organoids in comparison to the tissue, and TYK2 

was upregulated, as shown in Fig. 4.3. This suggests the potential benefit of using 
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these organoids for modeling severe SARS-CoV-2 infection. In particular, LOi had the 

highest expression of TYK2 and the lowest expression of IFNAR2. Interestingly, 

organoids upregulated OAS complex, including OAS1, OAS2, and OAS3. Of these, 

OAS3 was the most abundant in LOi. “This is an antiviral enzyme which plays a role in 

cellular innate antiviral response. When activated, it inhibits protein synthesis, thus 

terminating viral replication146.“10 Therefore, OAS cluster has been associated with 

potential therapeutic target against COVID-19145.  

Other studies have highlight SCL6A2 as a putative mediator of severity of SARS-CoV-2. 

Indicating that this gene interacts with angiotensin, converting enzyme 2, and allowing 

viral infection147. SCL6A2 is upregulated in adult lung tissues but not in organoids. 

Dipeptidyl peptidase 9, DPP9, has been found to increase in patients with severe 

COVID-19 in male and female patients. It was deemed to contribute to the induction of 

inflammatory response148. Interestingly, this gene was upregulated in organoids, with 

higher expression in LOi, followed by LOp. Similarly, Forkhead box protein P4, FOXP4, 

active in lungs and immune cells, has been associated with higher odds of developing 

long COVID149. This gene was found more abundantly in organoids derived from 

immortal cell lines.  
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Fig. 4.3 Expression of genes associated with critical illness of patients with SAR-CoV-2 
on organoids and adult lung tissues. T-tests (LOp and LOi) * p. adjust<0.05. N=3. 
Upregulation shown in blue. 
 
 

Interferon induced transmembrane genes were also studied. These genes restrict the 

cellular entry of diverse viral pathogens such as influenza A, COVID-19, and Ebola 

virus150. Interferon Induced Transmembrane 3 (IFITM3) was the most abundant 

transmembrane in all the samples,”10 as shown in Fig.4.4. It was also significantly 

increased in LOi.  
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Fig. 4.4 Expression of interferon induced transmembrane genes associated with 
restriction of entry of viral pathogens SAR-CoV-2 on organoids and adult lung tissues. 
T-test (LOp vs LOi) adjust <0.05 in all comparisons. N=3. Upregulation shown in blue. 
 

 

Human host factors required for influenza were investigated through different pathways 

illustrated in Fig. 4.5. These pathways are Coat Protein Complex I (COPI), 

Phosphoinositide 3-kinase- Protein kinase C (IP3-PCK), and endosomal uptake, 

maturation, and acidification. COPI genes are associated with the entry of virus by 

endosomal trafficking151,152. Except for Unconventional SNARE In the ER 1 (USE1), all 



176 
 

other COPI genes were upregulated on LOp, in comparison to tissues and LOi 

(Fig.4.5A).  

The set of genes classified as part of the IP3-PCK pathway help viral entry and enhance 

viral replication152. “In this case, all genes, except for Rho Associated Coiled-Coil 

Containing Protein Kinase (ROCK1), were upregulated in the organoids in comparison 

to the tissues. Between the organoids, LOp has the highest expression of this set of 

genes, as illustrated in Fig.4.5B.  

Endosomal uptake, maturation, acidification, and fusion genes were also investigated 

mainly for their capacity to acidify intracellular organelles allowing viral entry152. These 

genes were upregulated in lung organoids derived from both primary and immortalized 

cell lines compared to tissues. Fig. 4.5C. From these genes, ATPase H+ Transporting 

V1 Subunit A (ATP6V1A), and ATPase H+ Transporting V1 Subunit B2 (ATP6V1B2) 

exhibited the highest expression levels in LOp. While ATPase H+ Transporting V0 

Subunit B (ATP6V0B), ATPase H+ Transporting V0 Subunit C (ATP6V0C), and ATPase 

H+ Transporting Accessory Protein 1 (ATP6AP1) were most expressed in LOi.  
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Fig. 4.5 Expression of human host factors required for influenza, classified in three 
different pathways. A) Coat Protein Complex I. B) Phosphoinositide 3-kinase- Protein 
kinase C. C) Endosomal uptake, maturation, acidification, and fusion. T-test (LOp vs 
LOi) *p adjust<0.05. N=3. Upregulation shown in blue.  
 

Furthermore, entry and priming mechanisms of respiratory viruses, such as 

Angiotensin-Converting-Enzyme 2 (ACE2) and Transmembrane serine protease 2 

(TMPRSS2), were also studied, as shown in Fig. 4.6. The former is the main 

mechanism of entry of SARS-CoV-2153, while the latter is involved in the priming of 

SARS-CoV-2153 or other coronaviruses and influenza154. TMPRSS2 was found 

abundantly in LOp in comparison to the tissues and LOi; ACE2 was found more highly 
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upregulated in tissues than in LOp, and less abundant in LOi. FURIN, was also 

investigated since this protease has the potential to cleave the viral envelope 

glycoprotein, enhancing viral fusion with the host membrane155,156. Several studies have 

discussed its role in SARS-CoV-2 infectivity156,157. FURIN was upregulated in LOi 

relative to LOp”10. RT-qPCR was performed on LOi at day 21 to confirm the expression 

of ACE2 and TMPRSS2. Their expression was confirmed, and it was found upregulated 

in LOi in comparison to CFBE (Fig. 4.6B).  In addition, immunofluorescence was 

performed on LOi at day 7, showing ACE2 and TMPRSS2 on the organoids, as shown 

in Fig. 4.6C.  

The presence, and in some cases upregulation, of these pathways crucial to the 

infectivity of SARS-CoV-2 or Influenza A led us to believe our lung organoids could act 

as good potential models for the progression of these diseases. Towards a fast, and 

scalable model for infection, we chose to focus our infectivity studies on the LOi 

organoids, since their generation from immortalized cell lines make them easier for 

other laboratories to generate. 
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Fig. 4.6 Entry and priming mechanisms of respiratory viruses on organoids. A) 
Comparison between bulk RNA sequencing of proteins relevant to infection on 
organoids and adult lung tissues. T-test (LOp vs LOi) *p. adjust <0.05 N=3. 
Upregulation shown in blue. B) Expression of ACE2, and TMPRSS2 on LOi (green) and 
CFBE (pink) at day 21 using RT-qPCR. N=3.  Two-way ANOVA *p<0.05. C) 
Representative images of LOi at day 7 expressing TMPRSS2, and ACE2, respectively. 
Magnification 10X. Scale Bar 100 µm. 
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4.3. 2 Lung organoids to model influenza infections. 
 

Organoids derived from immortalized cells were infected with influenza H3N2 A/Hong 

Kong/1/68 (COVAR) or influenza H1N1-PR-8 (COVAR) using a multiplicity of infection 

(MOI) of 0.1 for 3 h. Viral replication was evaluated 24 and 48 h post infection using 

plaque assay. Results are shown in Fig. 4.7. Viral infection and replication were found 

from an analysis of the organoid supernatant, while no infection was found in the control 

group.  

 

Fig. 4.7. Representative viral titer (PFU/ml) on supernatant of infected organoids with 
influenza H3N2 (A) or H1N1 (B) at 24 and 48 hpi. N=3. ***p<0.005. Panel B shows 
representative plaque assay results obtained after inoculated serial viral dilutions in 
MDCK cells.  
 

Cell lysate of organoids infected with influenza H1N1-PR-8 was analyzed using 

nucleocapsid protein (NP) and RT-qPCR. Results are shown in Fig. 4.8. As observed, 

viral replication was observed in the organoid lysate, highlighting the infectability of the 

model.  
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Fig. 4.8 Nucleocapsid protein load (log) in organoid lysate after 24 hpi, and 48 hpi of 
influenza H1N1-PR-8. N=3 
 

4.3. 3 Lung organoids to model SARS-CoV-2. 

 

Organoids derived from immortalized cells were infected with two MOI of 0.01 and 

0.001 for 3 h, and viral replication was evaluated 24 and 48 hpi.  

Viral replication on supernatant and organoid lysate was evaluated. Fig. 4.9 and Fig. 

4.10 shows the results of this evaluation, where LOD represent the limit of detection of 

the used method.  Significant SARS CoV-2 RNA was detected in the supernatants of 

infected organoids, and not for the negative controls, indicating successful infection 

(Fig.4.9). There was significant association between the MOI and the number of viral 

copies detected, indicating that the extent of infection in organoids is sensitive to the 

initial viral load. Similarly, a slight increase in the viral replication between 24 and 48 hpi 
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was found. Viral copies were also detected only in the lysate of infected organoids, as it 

shows in Fig. 4.10. As for the supernatant, there was an increment in the viral RNA 

copies of the organoids as the hpi and MOI were increased.  

 
 

 

Fig. 4.9 Viral copies /ml (log10) on supernatant of organoids under MOI: 0.01 and 0.001 
SARS-CoV-2 infected-purple, and non-infected-black, 24 hpi and 48 hpi (n=3). Two-way 
ANOVA p<0.0001 in all comparisons. LOD: Limit of detection.  
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Fig. 4.10 Viral copies/ml (log10) on cell lysate of organoids MOI: 0.01 and 0.001 SARS-
CoV-2 infected-purple, and non-infected-black, 24 hpi and 48 hpi (n=3). Two-way 
ANOVA p<0.05 in every condition. LOD: Limit of detection.  
 
 

4.3. 4 Lung organoids to model Asthma  

 

Organoids derived from primary airway epithelial cells of a donor coded as BA00814, 67 

years old female subject with asthma, were generated. 

Firstly, the pre-established protocol discussed in Chapter 2, was used. But no organoid 

could be formed after 7 days of culture. Instead, cells remained rounded and dispersed 

within the gel as shown in Fig. 4.11A.  

Given the role of fibroblasts promoting chronic inflammation in already inflammatory 

diseases158,159, we modulated the original density of fibroblasts of 2.5x10^6/ml to 

1.6x10^6/ml. However as shown in Fig. 4.11B, no organoid was formed.  
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Fig. 4.11 Brightfield pictures of airway epithelium cultured along different density of 
fibroblasts and Geltrex at day 7. No organoid formation was achieved under these 
conditions.  A) 1 fibroblast per 2 epithelial cells. B) 1 fibroblast per 3 epithelial cells. Red 
arrows pointing airway epithelium. Magnification 10X. Scale Bar 100 μm.  
 
 
Therefore, additional conditions were tested. Figure 4.12 show the morphology obtained 

after culturing 5x10^6 per/ml of airway epithelial cells with 5x10^5 per/ml of fibroblasts, 

final ratio 10:1, at day 6 and day 14. Under this condition, some cells regrouped, but the 

typical organoid achieved with healthy cells was not formed. At day 14 the cells looked 

clustered together without a specific morphology, and cells shedding from the “main” 

structure were observed. Therefore, these conditions were not considered successful.  
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Fig. 4.12. Airway epithelial cells from an asthma donor cultured along with fibroblasts in 
“low” density. Final ration 10:1. Initially, some cells grouped together, but cell shedding, 
and abnormal morphology was observed on day 14. Magnification 10X. Scale Bar 500 
μm. Images processed with ImageJ using the tool “Enhance contrast”.  
 

Subsequently, airway epithelial cells were cultured without fibroblasts, on top of Geltrex. 

At day 3, it was observed cells went into a more tubular morphology with bifurcations as 

shown in Fig. 4.13. However, these structures started to disassociate, some at day 6, as 

shown in Fig. 4.14, while some only at day 11. All structures were disassociated at day 

14, into more sphere like structures, as shown in Fig.4.15.  

 

 

Fig. 4.13. Asthmatic airway epithelial cells cultured without fibroblasts on day 3. 
Elongations and bifurcations were observed. Magnification 10X. Scale Bar 500 μm. 
Images processed with ImageJ using the tool “Enhance contrast”.  
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Fig. 4.14. Asthmatic airway epithelial cells cultured without fibroblasts on day 6. Cell 
disassociation from the main structure was observed, shown in red squares. 
Magnification 10X. Scale Bar 500 μm. Images processed with ImageJ using the tool 
“Enhance contrast”. 
 

 

 

Fig. 4.15 asthmatic airway epithelial cells cultured without fibroblasts on day 11 and day 
14. Structures are broken, and spheres like structures remain. Magnification 10X. Scale 
Bar 500 μm. Images processed with ImageJ using the tool “Enhance contrast”. 
 

Culturing asthmatic airway epithelial cells without fibroblasts lead to better morphology 

but just for short term culture. It has been well documented that during asthma there is 

interleukin storm associated with inflammation160. IL-4, IL-5, and IL-13 are highly 
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abundant160, while low levels of IL-10 are normally found in patients with asthma161. 

Steroid treatment are commonly used for asthma increases IL-10 production160.  

Therefore, we cultured asthmatic airway epithelial cells, without fibroblasts, in a medium 

with 10 ng of IL-10. This condition was found to be optimal. Organoids grew, starting to 

show a robust and tubular morphology at day 4, with continued growth without 

disruption until day 17. From day 14 to day 17, there was not notorious change of 

morphology. The organoids formed under this condition are shown in Fig. 4.16.  

 

Fig. 4.16. Representative images of asthmatic organoids achieved by incorporation of 
IL-10 into the medium. No fibroblasts were incorporated into the culture. Magnification 
10X. Scale Bar 500 μm.  
 

Since IL-10 shows improvement in the organoid formation using only airway epithelium, 

we tested their effect on their culture along with fibroblasts. However, no tubular shape 

was found, instead sphere-like structures were formed and maintained for 11 days of 
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culture (Fig. 4.17). It was observed that not all cells formed a spheroidal structure.  

Results for all conditions tested are summarized in Table 4.1.  

 

Fig. 4.17. Airway epithelial cells cultured with fibroblasts in 10:1 ratio in a medium 
supplemented with IL-10. Magnification 10X. Scale Bar 500 μm.  
 

Condition tested Outcome 

Airway epithelium with lung 
fibroblasts in a 2:1 ratio 

No organoid formation 

Airway epithelium with lung 
fibroblasts in a 3:1 ratio 

No organoid formation 

Airway epithelium with lung 
fibroblasts in a 10:1 ratio  

Cell clustering and “tube” 
like structure observed at 
day 4 but cells dissociated 
by day 14 

Airway epithelium with lung 
fibroblasts in a 10:1 ratio and 
IL-10 

Spheres-like structures were 
formed, and remained 
steady for 11 days 

Airway epithelium without 
fibroblasts  

Tube-like structures were 
formed but disassociated at 
day 11 or 14.  

Airway epithelium without 
fibroblasts, supplemented 
with IL-10  

Organoids were formed 
with a tubular structure. 
The structure was found 
still robust at day 17.  

Table 4.1 Conditions tested and their outcomes for generation of organoids derived 
from a patient with asthma. 
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4. 4 Discussion 
 

In this chapter a few possible applications of pulmonary organoids were explored. It was 

shown that our organoids can be infected with influenza H1N1, H3N2 and SARS-CoV-2. 

Viral replication was observed in all infections and confirmed in organoid lysate in case 

of SARS-CoV-2 and influenza H1N1. Viral titer was found to be within the range of 

previous published work using organoids and cell monolayers for both influenza65 and 

SARS-CoV-261,75. In contrast, to other models, infection did not require rupture75.  This 

may represent a conceptual advantage of the complexity of organoids compared to 

other types of organoids, which are typically disrupted into monolayers before being 

infected. The heterogeneity of the organoid, described in chapter 3, may be beneficial 

for the evaluation of natural viral infection140. The infection took place in the entire 

model, including the organoid and the layer of fibroblasts embedded in Al-Ge. This 

offers another advantage over other lung organoids composed only of epithelial 

cells6,62,64–66. Fibroblasts are relevant for viral infections since they provide a mechanism 

for host resistance, such as cytokine IL-6 and chemokine CCL2 production, as well as 

degradation of ECM proteins by metalloproteinases. They can also provide tolerance to 

the infection by synthesis of collagens and elastin, as wells as production of FGF, 

VEGF, GM-CSF. Ultimately, the balance of secreted products by fibroblasts determines 

the outcome of respiratory viral infection140.  

Several genes associated with SARS-CoV-2 infection and severity were identified in 

LO. This highlights the potential of the model for therapeutic targeting and in-dept viral 

studies. For instance, FOXP4 was found abundantly in LOi. It is associated with the risk 

of having long-term effects of COVID-19149. Therefore, the model can be used for the 
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evaluation of long-term effects of COVID-19, and possible drugs or treatments to 

reverse these effects. This could require an increase in the lifetime of the organoid, as 

discussed in Chapter 2.  

Some of the genes associated with severity of SARS-CoV-2 are present in the model, 

while other genes restricting the entry of the virus are also highly expressed. Future 

work should be aimed at monitoring these genes during infection to evaluate their 

dynamics. They may indicate a compensatory mechanism of the organoid. OAS3, for 

instance, was highly upregulated in LOi. This is known to be an antiviral enzyme146. 

DPP9 was also upregulated in the organoids, a factor associated with increased 

severity of COVID-19148.  

The utilization of primary organoids during infection needs further exploration to 

evaluate donor-specific characteristics, infection dynamics, and therapeutic outcomes. It 

is essential to compare infection dynamics between LOp and LOi, especially 

considering that LOp exhibits higher similarity to adult lung tissues and differentiates 

into distal lung regions. 

Genes associated with permissibility of influenza A, were also found in the organoids. 

While these genes (COPI) were present in both LOp and LOi, LOp exhibited a slightly 

higher upregulation of these genes. Therefore, primary organoids could be preferable 

for future influenza infections. Both strains of influenza used in this study are adapted to 

mice. Results shown in this study are a proof of concept. But for more physiological 

relevant studies, human strains need to be used without adaptation to animals. During 

and after infection with influenza strains, TPCK was added into the viral solution and 

medium. Typically, this is done using animal models, either cells lines or full organisms, 
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to achieve virus cleavage and infection162. The organoid model expresses other 

proteases such as TMPRSS2, which theoretically is sufficient to cleavage influenza142. 

Given the animal adapted strains, the best condition for influenza infection was the 

addition of TPCK.  

The original protocol for organoid formation, was adapted for using cells from a patient 

with asthma. The incorporation of fibroblasts in typical concentrations was not beneficial 

for organoid formation. A lower fibroblast concentration improved the outcome. 

Organoid formation could not be induced without removing the fibroblasts from the 

culture. This observation is interesting because it highlights the essential role of 

fibroblasts in supporting organoid growth under healthy conditions, whereas under 

unhealthy conditions, fibroblasts may contribute to microenvironmental damage, 

inflammation, and impaired remodeling163. It would be interesting to sort out the 

fibroblasts from healthy and unhealthy models to analyze their specific phenotype and 

secretions.   

It was also observed that the use of geltrex alone, with airway epithelial cells from an 

asthma donor, did not grow beyond day 6 without cell shedding. Similar behavior was 

observed when culturing endothelial cells on geltrex. Tubes were formed at the 

beginning of the culture, but their growth was disrupted by day 5. Studies of 

angiogenesis, for instance, in monocultures using geltrex and other substrates are only 

short term164,165. This emphasize geltrex alone may not be sufficient to support the long-

term formation of organoids or three-dimensional structures. 

Even if tubes are formed with healthy epithelial cells under these conditions, these 

structures are temporarily and flatter than when fibroblasts are added.  
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It was only when the medium was enriched with IL-10, that epithelial cells were capable 

of self-organizing into tubular shapes and preserved until day 17. IL-10  has been 

reported to suppress the production of proinflammatory cytokines166.  This approach can 

be further explored to induce lung organoid formation derived from cystic fibrosis and 

emphysema donors, since all these diseases are characterized by chronic 

inflammation167,168.  

To incorporate fibroblasts into diseased organoids, lower cell densities should be tested 

such 1:1000, 1:10,000 ratios in their relationship to airway epithelial cells. This will 

maintain the advantage achieved with our traditional protocol.  

Full characterization of asthmatic organoids developed in this chapter must be done in 

the future, using methods described in Chapter 3. Nevertheless, results are 

encouraging since no other organoid is available to model asthma.  

 

4. 5 Methods  
 

4. 5. 1 RNA sequencing analysis  

The genes were grouped by abundance and analyzed using Z-score. This was 

calculated as the difference between the average of the group of interest (X) and the 

average of the dataset of the gene (μ), and the result divided by the standard deviation 

of the gene (σ), as shown in the following equation (I).  

 

𝑍 =
𝑋 − 𝜇

𝜎
       (𝐼). 
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4.5.2 SARS-CoV-2 infection in human lung organoids 

A clinical viral isolate (isolated prior to November 2020) termed SARS-CoV-2 CP13.32 

passage 2 (Genbank accession no. 599736; lineage B1.1.147) stock was obtained from 

the McGill University Health Center. It was propagated in VeroE6 cells five times. The 

latter stock (P5) was used for infecting the organoid samples. 

Before infection, the organoids were washed twice with plain DMEM. Organoids were 

then inoculated with MOI of 0.001 and 0.01 of SARS-CoV-2 (CP13.32 strain, P5) in 

serum free medium for 3 h at 37°C and were rocked every 15 min. The method of 

infection is shown in Fig. 4.18 The virus is added directly on the organoids, using 300 µl 

of solution per sample.  This method allows the infection of native organoids without 

shape disruption, nor dissociation of the organoid to be cultured as 2D cell monolayers 

before being infected24-26.  

After inoculation, the media was switched to 1ml of DMEM 2% FBS per sample. At the 

indicated times, the organoids and cell culture medium were harvested for detection of 

viral load. The cell-free culture medium was analyzed as “supernatant.” 

 
Fig. 4.18. Viral infection of organoids with SARS-CoV-2. Organoid culture medium is 
substituted by viral solution in serum free media, during an absorption time of 3 h. 
Afterwards, the viral inoculum is removed and substituted by fresh medium. Infected 
organoids are cultured during 24 and 48 h at 37°C. Finally, supernatant and organoids 
are harvested for further analysis.   
 



194 
 

4.5. 3 Influenza infection in human lung organoids  

Triplicates of organoids were infected with the influenza H3N2 Strain with a MOI of 0.1 

using an absorption time of 3 h. Tosyl phenylalanyl chloromethyl ketone (TPCK)-treated 

trypsin (‘TPCK-trypsin) was added into the viral inoculum, and in the fresh media in a 

final concentration of 0.1%. 24 hpi and 48 hpi supernatant was retrieved for further 

analysis. The pipeline of infection is similar to the one shown in Fig. 4.18 with the 

exception of TPCK addition.  

At the indicated times of infections, viral RNA was extracted from 140 µL of supernatant 

using the QIAamp Viral Mini Kit. The primers used are described in the supplementary 

section. SARS-CoV-2 RNA was detected in a 10µL reaction containing 1 µL of extracted 

RNA sample, 200 nM of SARS-CoV-2-specific primers, 1X RT enzyme mix in the 

reaction mixture containing SYBR Green (Power SYBR™ Green RNA-to-CT™ 1-

Step Kit). The one-step RT–qPCR comprises a 30min RT step at 38 °C and 10 min of 

AmpliTaq Gold DNA polymerase activation at 95 °C, followed by 40 cycles of PCR at 

95 °C for 15 s and 60 °C for 1 min. The RNA copy number was calculated from a 

standard curve 10-fold serially diluted RNA made from in vitro transcripts consisting of 

SARS-CoV-2 with known copy numbers. The limit of detection (LOD) was 51 genomic 

copies per reaction.  

4.5. 5 Quantification of SARS-CoV-2 RNA in Cell Lysates using RT–qPCR 

At the indicated times of infections, viral RNA was extracted from cell lysates (organoids 

resuspended in 1mL of TRIzol) using the PureLink RNA Mini Kit (ThermoFisher). The 

primers used are described in the appendix (Table A5). SARS-CoV-2 RNA was 

detected in a 10µL reaction containing 1 µL of extracted RNA sample, 200nM of SARS-
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CoV-2-specific primers, 1X RT enzyme mix in the reaction mixture containing SYBR 

Green (Power SYBR™ Green RNA-to-CT™ 1-Step Kit). The one-step RT–qPCR 

comprises a 30min RT step at 38 °C and 10 min of AmpliTaq Gold DNA polymerase 

activation at 95 °C, followed by 40 cycles of PCR at 95 °C for 15 s and 60 °C for 1 min. 

The RNA copy number was calculated from a standard curve 10-fold serially diluted 

RNA made from in vitro transcripts consisting of SARS-CoV-2 with known copy 

numbers. The limit of detection (LOD) was 48.6 genomic copies per reaction.  

4.5. 6 Plaque Assay  
 

“The plaque assays were performed using a monolayer of MDCK cells. MDCK cells 

were raised in T175 culture flasks. When confluent, they were washed with 10 mL of 

phosphate-buffered saline (PBS). Cells were then detached from flasks using 3 mL of 

trypsin and transferred to a 50 mL tube before spinned at 1200 rpm for 5 min and 

resuspended in complete DMEM. 600,000 cells were then transferred to each well of 6 

well culture plates and were left to grow for 24h so they could form a monolayer. Using 

the thawed supernatant samples collected from the lung organoids, tenfold serial 

dilutions were made (from 10-1 to 10-8) in plain DMEM. Once confluent, the MDCK 

monolayers were washed with PBS and 400 mL of each viral dilution were distributed 

evenly in the appropriate wells. The viral inoculum was left for an absorption period of 1 

h and before being aspirated replaced with 3 mL of CMC mix (98% CMC, 2% BSA and 

0.001% TPCK) per well. The plates were then left to incubate for 72h after which each 

well was fixed with 4 mL of 10% buffered formalin and the MDCK monolayer was 

stained with 400 μl of 0.2% Crystal violet to expose plaques (zones of cell lysis). The 
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plaques in each dilution were then counted and the titer of plaque forming units (PFUs) 

per milliliter in the supernatant was calculated” using the following equation (II). 

𝑃𝐹𝑈 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠

𝐷 ×𝑉
      (𝐼𝐼). 

Where D is the dilution factor and V the volume of diluted virus per well.  

The pipeline of plaque assay is shown in Fig. 4.19. 

 

Fig. 4.19. Plaque assay pipeline. Serial viral dilutions are made with the supernatant of 
infected organoids. These viral dilutions are used to infect MDCK cell monolayers 
during an absorption time of 1 hour. Media containing TPCK is used to cover cell 
monolayers for 72 h. MCDK are fixed with crystal violet to expose plaques.   

 

4.5. 7 Quantification of Nucleocapsid protein for influenza infection using RT-

qPCR 
 

RT-qPCR was performed using Applied BiosystemsTM High-Capacity cDNA Reverse 

Transcription Kit (Catalogue number 4368814) to create a cDNA library from the 

extracted RNA. First, to eliminate DNA contamination, the RNA (10 μL at 40 μg / μL) 

was incubated with an equal volume of 15% DNAse mix in 1st strand buffer for a final 

volume of 20 μL and incubated in the ThermoCycler programmed at 37°C for 15 min, 

followed by denaturant at 95°C for 10 min and maintained at 4°C. Then, 10 μL of 

Reverse transcription mix (20 % buffer, 20 % primers, 8% dNTP, 10 % and 42 % H20) 
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was added to each tube and they were spined and put in the ThermoCycler once more 

programmed at 25°C for 10 min, 37°C for 60 min, 95°C for 7 min and then maintained at 

4°C. The cDNA was then be stored at -20°C until needed for qPCR. 

qPCR was performed using β actin, H1N1 nucleocapsid protein and IFNβ primers from 

Integrated DNA TechnologiesTM(appendix Table A5). The cDNA samples were diluted in 

RNAse free water to make a 1 in 8 dilution. A master mix was made for each primer 

(3.33% forward and 3.33% reverse primers, 83.33% SYBR Green and 10% water) and 

4 μL of sample and 6 μL of mix were added to each well of a 96 well qPCR plate. The 

plate was covered in film, spun, and put in a Thermocyclers with the following program: 

95°C for 15 seconds, 58°C for 20 seconds and 70°C for 15 seconds for 45 cycles. 

Results were then collected and analysed. The change in gene expression relative to 

housekeeping gene (∆∆Ct) was calculated using the manufacturer’s software package.  

4.5. 8 Generation of asthmatic organoids 
 

Human fetal lung, IMR90, cells were cultured overnight in alginate-gelatin hydrogels 

with different density, according to specific conditions. 250,000, 166,000, and 50,000 

cells per/cm2 were used using DMEM (Corning, 15-017-CV) with Penicillin-Streptomycin 

(Fisher Scientific, SV30010) non-essential amino acids (Fisher Scientific, LS11140050) 

and FBS (Sigma-Aldrich, F1051) at 37°C. The media was removed, and the hydrogels 

were coated using 100 μl/cm2 of Geltrex (Thermo Fisher, A1413202) for 30 min at 37°C. 

Afterwards, Human Bronchial Epithelial derived from an asthmatic patient were seeded 

on the top with a density of 500,000 cells per/cm2 using Bronchial Epithelial Cell Growth 

Medium (BEGM) acquired from PACB and L-Glutamine (Thermo Fisher, A2916801) 

forming a co-culture interface. The next day the medium was substituted by a 
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combination of DMEM and BEGM in a ration 1:1 supplemented with 10 mM CaCl2 

(Sigma, Aldrich, C4901). Only when no fibroblasts were used, and the medium was 

supplemented with 10 ng/ml of IL-10 (Abcam, ab259402), did organoids form branching 

structures. The organoids were cultured in solution at 37°C under a humidified 

atmosphere with 5% CO2 and 95% air. During culture, the medium was refreshed at 

most every two days.  

4.5. 9 Statistical analysis  

GraphPad was used for data analysis. Two-way ANOVA was performed for evaluation 

of SARS-CoV-2 infection P<0.05 was consider statistically significant. *p<0.05, 

**p<0.01, ***p<0.005. For influenza infections, since less parameters were used One-

way ANOVA was used. ***p<0.005. T. test was used for the evaluation of differentially 

expressed genes associated with viral infection as described in section 3.5.4. It was 

considered significant when p. adjust was <0.05.  
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Chapter 5: Conclusions and Perspectives 

5.1 Summary and conclusions 

Animal models widely used for the study of biomedical research very often fail to 

indicate outcome of human clinical trials26. Mouse lungs differ substantially from human 

lungs24,25. This has created a need for using lung-in-vitro models with human cells. 

Lung-in-vitro models include 2D cell monolayers, with variations in their culture using 

air-liquid-interface cultures in porous membranes, lung-on-a-chip technologies which 

typically add mechanical cues into the cell culture37,38, and lung organoids. 2D cell 

monolayers, including ALI and lung-on-a-chip do not represent the architecture of the 

lung; they consist of “flat cells” of which the behavior differ from cells in 3D22,51. 

One of the main limitations of the current lung-in-vitro models, including lung organoids, 

is the absence of integration between different lung regions. They can only model 

specifically the bronchi, or the alveoli21,40,41,43,45,47,48,62–65,65,75,77,78. This hampers the 

replication of viral tropism as in the human body140. The main advantage of lung 

organoids over other lung-in-vitro models is that they can better recapitulate the cellular 

organization and physiology of lungs, including cell communication22. However, their 

typical morphology remains spherical21,62–65,65,75,77,78 and the benefits of 3D culturing are 

lost when such organoids are disassociated to study LRT diseases63,65,75. ASC derived 

lung organoids depend on harvested deep lung tissue biopsies19-25. Given the invasive 

nature, and cost of lung tissue biopsy 86,87 the cellular availability is limited, in special 

from healthy donors63,65,66,75.  

In the present study, a new lung-organoid type model, was created. The model 

resembles the tubular and arborized architecture of the lungs, while integrating some of 
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their proximal and distal components in one single model. To improve cell accessibility, 

airway epithelial cells from the proximal airways (Trachea/Bronchi) and, alternatively, 

immortalized bronchial epithelial cells (CFBE) were used instead of deep lung tissue 

biopsies. These models are fast-maturing and show an adult phenotype, two further 

sought-after characteristics. The value of these new lung organoid models is 

demonstrated by their use in modelling infections of important pathogens (COVID19, 

Influenza H3N2, H1N1) and the prevalent asthmatic condition. 

5. 1.1 Protocol for developing lung organoids.  

The building blocks of our model are natural BMZ proteins containing in Geltrex, airway 

epithelium (primary HBE/ immortalized CFBE), porous membrane cell culture inserts, 

and lung fibroblasts encapsulated in a soft substrate made with AlGe. Instead of 

incorporation of exogenous factors to trigger cell differentiation and organoid formation, 

our strategy depends on the patterning molecules, growth factors and cytokines 

released by the fibroblasts grown in these conditions. Minimal exogenous factors were 

supplemented into the cell medium, which can eventually decrease production cost.  

Our rationale for using lung fibroblasts (IMR-90) instead of exogenous factors, as other 

protocols do19-25, was based on the lung development process, which is triggered by 

airway epithelial progenitor cells and their mesenchymal interactions. The secretion of 

FGF10 in the mesenchyme, and its interactions with Wnt signalling1 play a critical role 

for lung differentiation, patterning and branching morphogenesis1,19. It is not surprising 

that most lung organoid protocols incorporate FGF10, FGF7, and FGF18, among 

others, during their culture65,77. We hypothesized that the interaction of these cells in 

AlGe in contact with membrane zone proteins, would trigger the formation of lung 
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organoid with a more sophisticated morphology than the spherical morphology of the 

current lung organoids described in the literature21,62–65,65,75,77,78.  We hypothesized that, 

in response to these cellular interactions, airway epithelial cells from the proximal region 

will differentiate into cells from distal lung regions while preserving some of their initial 

characteristics (proximal phenotype).   

When using immortalized epithelial cells (CFBE), we hypothesized that these cells 

would have favorable conditions to promote their differentiation within the 

microenvironment. These could then induce a lung organoid formation with similar 

characteristics from the ones derived from ASC.  

To test our hypothesis, we first induced the organoid formation using HBE (primary-

LOp) and CFBE (immortalized-LOi) cells. In chapter 2, we described the morphology 

obtained when using these two cell types. Self assembly tubular macro structures were 

formed with both cell types (LOi and LOp). In both cases, the organoid formation started 

with cell clustering in small spherical aggregates, which over time elongated and 

increased their size and thickness. Secondary tubular structures were observed, and 

typically the “end edge” of the organoids had a “saccular” shape. Organoids mature at 

day 21 and they can be kept on culture until day 30. We found that fibroblasts culture 

conditions affect the overall morphology of the organoids. The ideal fibroblast density in 

proportion to epithelium was found to be 1:2 to 1:3. Increasing fibroblast density or 

promoting their proliferation by using a non-neutral substrate (e.g. GelMa) led to the 

prompt disassociation of lung organoids. Cell medium also affects the morphology of 

the organoids. We found that organoids grow better using a mixture of DMEM: 

MEM/DMEM: BEGM for LOi and LOp, respectively, than using branching and Lung 
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Organoid Maturation medium, 3dGROTM medium. Organoids grown in DMEM: MEM 

show more elongated structures and ramifications, as well as higher cell density. We 

also found that the source of feeder cells turned out to be a determining aspect in the 

generation of organoid morphology. Future work is needed to determine if the 

phenotype of the organoids varies according to the origin of the feeder cells.  

Structural heterogeneity was observed in LOi through analysis with FIB microscopy, 

revealing regions with both stratified and pseudostratified epithelium. Additionally, the 

presence of microvilli in certain cells suggests a level of cellular differentiation and 

specialization within the organoids. Despite originating from cell lines typically 

considered homogeneous29,30, the identification of microvilli, commonly associated with 

brush cells in the lung112, underscores the organoids' ability to mimic critical features of 

native lung tissue. 

5.1.2. Organoid phenotypes 

In chapter 3, we fully characterized the proteome and transcriptome of both organoid 

types on 21 days of culture, using tandem mass tags and bulk RNA sequencing, 

respectively. We compared their gene and protein expression with the expression of 2D 

cell monocultures: HBE, CFBE in ALI, and IMR-90. RNA sequencing data show that the 

markers of the major cell types in the lung are found in the LOp. Basal cell markers 

remain the same in both HBE and LOp. However, there was significant downregulation 

of proximal lung markers in LOp, including SOX2, mucins (MUC5AC, MUC5B, MUC15) 

markers of goblet cells, and FOXJ1, marker of progenitors of ciliated cells. Conversely, 

distal markers such as PDPN and HOPX, typically found in AT1, surfactants (SFTPC) 

markers of AT2 were upregulated in LOp. This confirms the heterogeneity of the model 
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and proximal/distal patterning. By functional enrichment analysis, considering the major 

changes in gene expression of LOp, HBE and IMR-90, it was found that the organoids 

showed upregulation in pathways associated with lung development, alveolar 

development process, and branching morphogenesis. This suggest that the morphology 

of LOp it is not a random process. TMT data confirmed the similarity of this organoid 

type with adult lung tissue and confirmed the upregulation of surfactants and the 

downregulation of mucins. All together, the results shows that the use of fibroblasts as 

source of patterning molecules is successful in the generation of an heterogenous lung 

organoid. In the future, the phenotype of this model can be improved. To induce higher 

proliferation of goblet cells, for example, media can be enriched with Notch2, and 

IL17a62,79. However, this process needs to be followed carefully, since increasing of one 

cell population type could result in the reduction of another cell type. 

When utilizing immortalized cells, the LOi organoids exhibit alterations in their RNA 

sequencing compared to cell lines. Although the counts normalized to library size 

overall increased, in comparison to CFBE, and IMR-90, the changes were only 

significant in TP63, SCGB1A1, MUC5B, MUC2, TRPM5, and ALOX5AP, markers of 

basal, secretory cells type I, goblet cells, and brush cells. The upregulation of some of 

these genes can be an indication of inflammation, perhaps caused by fibroblasts. 

However, the upregulation of brush cell markers is consistent with the microvilli 

structures found in LOi organoids using FIB microscopy. This underscores the 

organoid's plasticity, even when formed with immortalized cells. 

Although the morphology of LOi is similar to the morphology of LOp, there is not a linear 

extrapolation of the protocol between primary and immortalized cells. The major 
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changes, based on RNA sequencing, found among LOi, CFBE, and IMR90, were 

related to ECM organization, and not cell differentiation or lung development.  

The proteomics analysis of LOi reveals that LOp exhibits higher specificity towards the 

lung and greater similarity to lung tissue in terms of protein regulation. Quantitatively, 

LOi and tissues share a high number of proteins, with the tissue having only four 

exclusive proteins not found in the organoid. The proteomic analysis revealed the 

superiority of LOi over CFBE and IMR-90, providing a better lung-in-vitro model than 

traditional monolayers. The biological functions of certain proteins, upregulated in LOi in 

comparison to CFBE and IMR90, were associated with response to stress, tissue 

development, oral mucosa, bronchus, and respiratory epithelium, as well as AT2 cells 

and lung macrophages. It appears that the immortalized cell lines through the use of 

environmental cues may have been able to recuperate some, albeit not all, their 

differentiation potential. There is evidence of changes in the phenotype and proteins 

secreted by the cells once the organoids are formed. This highlights the relevance of 

the microenvironment and cell culture conditions. Careful tuning led to the growth of 

organoids at least partly representative of the lung, directly from common immortalized 

cell lines. To improve this model further, it could be valuable to add exogenous factors 

in their culture.  

Future work is needed to gain insights into the structure of the organoid using 

complementary qualitative methods. It is necessary to elucidate if the patterning of 

proximal and distal of LOp is random or if it follows somewhat its tubular morphology. 

Single-cell sequencing can provide depth characterization to assess specific cellular 

composition and track their response to modifications of the protocol.  
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5.1.3. Lung organoid as model of respiratory diseases 

5.1.3.1 Lung organoids for modelling respiratory viral infections.  
 

Some of the genes associated with the severity of SARS-CoV-2 are present in the 

models, while other genes restricting the entry of the virus are also highly expressed. 

This interesting duality may be a compensatory mechanism from the organoids. In any 

case, their presence supports the use of the organoids as model systems for in vitro 

infection. 

TMPRSS2, ACE2, and FURIN were found in LOp and LOi, which highlights the 

potential of LOp and LOi to be infected with coronaviruses.  In the case of influenza A, 

genes associated with various pathways (such as COPI vesicles, IP3-PCK pathway, 

and endosomal uptake and maturation) facilitating infection were identified in both LOp 

and LOi. This information was used as a basis for further infection of these organoids in 

the laboratory.  

Due to their availability, LOi were used instead LOp for viral infections with influenza 

H1N1, H3N2 and SARS-CoV-2. Viral replication was clearly observed in all infections, 

and further confirmed in organoid lysate. In contrast to all previous infections, described 

in the literature75, infection did not require organoid rupture.  

5.1.3.2 Organoids for modelling asthma 

The initial protocol to induce lung organoid was modified to induce lung organoid 

formation with primary airway epithelial cells from patients with asthma. The 

incorporation of fibroblasts using asthmatic cells was not beneficial to the organoid 

formation. This highlights the role of fibroblasts to contribute to health or disease, 

according to their environment163.  
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The final protocol to develop robust organoids from asthmatic cells excluded fibroblasts, 

but required BMZ of Geltrex, and IL-10. The phenotype and characterization of these 

organoids needs to be expanded in the future, but their use holds potential for modeling 

asthma, and drug testing. The use of IL-10 as exogenous factor, can be beneficial to 

induce lung organoid formation from cystic fibrosis and emphysema donors, since all 

these diseases are characterized by chronic inflammation167,168.  

5. 2 Perspectives and Future work 

Given the approval of the legislation FDA modernization Act 2.0 in 2022, the use of 

alternative non-animal methods including cell-based assays is being promoted28. 

Human organoid market is increasing as its value as models has been demonstrated. 

This market was established at 1.1 billion USD in 2021. It is estimated to reach USD 3.7 

billion by year 2027169. Accounting for 9.5% of the global organoids market the lung 

segment is expected to increase from 129.6 million USD in 2022 to 350 million USD 

revenues in 2027169. To date, most commercially available lung in-vitro models are 

iPSC or HBE cultured in ALI conditions to represent proximal regions of the lung. The 

main advantage of these models is their scalability and ease to use, making them a 

valuable tool for scientific research. However, they have several limitations. They 

consist of 2D cellular culture, instead of mimicking the 3D cellular interactions as in the 

human lung. They lack integration with different regions of the lung, as such the holistic 

effect of cell-to-cell communication from proximal and distal region, and their 

contribution to health and disease is limited29,29–31. For instance, viral tropisms cannot 

be accurately represented in this type of model140. Additionally, there is evidence of 

parainfluenza virus mutation when infecting 2D cell monolayers78.  
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Several lung organoid models6,21,61–66,75, are still not commercially available, perhaps 

because of their need for primary cells retrieved from deep lung tissue biopsies19-25. 

Nevertheless, biobanks of organoids are being established around the world. For 

instance, in The Netherlands, the foundation Hubrecht Organoid biobank has available 

several lung organoids from patients with cystic fibrosis, COPD, and lung cancer170. 

There is still a need for healthy organoids to test toxicology of drugs, substances, and 

vaccines. Most lung organoids, see table 1.2, are epithelial based cell model19-25. 

Because of their 3D cellular structure, the incorporation of other cell type is difficult. 

Conversely, the lung model generated in this work has stromal support. Fibroblasts play 

a key role in the progression of the disease88,163. After damage, they produce ECM-

remodelling enzymes, and pro-inflammatory cytokines such as TGF-β and interleukins, 

which can lead to fibrotic tissue34,163.Therefore, their integration into lung-models is 

necessary to evaluate cellular cross-talk in healthy and diseased tissues. In our model, 

fibroblasts do not form part of the main organoid structure.  

Other non-epithelial cell types could be incorporated in lung organoid models, for 

instance, macrophages. Lung macrophages are distributed in proximal and distal 

airways of the lung. They are part of the innate immunity of the lung. They are critical to 

maintain lung homeostasis, and clear pathogens171,172. Their incorporation could be 

beneficial and yield a better understanding of the pathophysiology of respiratory 

infections.  

We explored the integration of monocytes (THP-1) into our model, as shown in Fig. 5.1. 

We used a cell density of 1:1000, and 1:10,000 in relationship to airway epithelial cells. 

The preliminary study showed a potential strategy for the integration of different cell 
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types into organoids. Monocytes were cultured on top of an 8 μm porous membrane for 

24 or 72 h on day 4 of organoid formation. Increasing time and cell density caused 

partial breakdown of the organoid (red arrows). Further studies are needed to confirm 

the integration and the phenotype of monocytes into the culture, and to determine the 

best conditions cell concentration and culture period for their development.  

 

Fig. 5.1 Potential strategy to increase complexity of lung organoids. Monocytes (THP-1) 
were cultured on top of 8 μm porous membranes using two different cell densities: 
1:1000, and 1:10000, in relationship to airway epithelial cells (CFBE) during 24 h or 72 h 
after 4 days post organoid formation. Red arrows show cell debris from the main 
structure. Magnification 10X. Scale Bar 500 μm.   
 

Endothelial cells could also be integrated in lung organoids. This could enrich the model 

by providing an interface with pneumocytes, where gases exchange occurs1. A potential 

strategy to integrate endothelial cells into lung organoids would be to mix the different 

cell types before organoid formation. This has been done with brain organoids173.  
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One key aspect of the integration of non-epithelial cell types into organoids is the 

maintenance of physiologically relevant cell number, as in the human lung. Typically, 

cell co-cultures ratios do not necessarily reflect the ratio in the tissue. For instance, co-

cultures of AT2 with monocytes are typically in a ratio 2:1174, which seems to exceed the 

natural number of macrophages per AT2 in the human lung175.  

There is a new strategy to increase the complexity of organoids, called “assembloids”. 

Assembloids are fused region-specific organoids. In this technique, two different 

organoids are embedded together causing cell migration and ultimately organoid 

fusion176,177. This can be possibly attempted for lung spheroids representing either 

proximal, or distal lung region. For iPSC-derived lung organoids and the model 

generated in this study, this could be a problematic approach, given the morphological 

complexity and heterogeneity of the organoids.  

Despite their physiological mimicry and relevance, organoids still face challenges with 

their viability119.  To improve this, bioreactors can be used to culture organoids for long 

periods of time. Spinning bioreactors promote the diffusion of Oxygen and nutrients, 

preserving the organoids for longer period of time71,72. We demonstrated the feasibility 

of using bioprinting, to create easily manageable 'organoids' that can be cultured in a 

spinning bioreactor without rupture. The impact of this culture method remains to be 

determined. 

The implementation of other automated manufacturing technologies is needed to help 

scale up the production of organoids. This has been done successfully with kidney 

organoids120. This method has generated faster and more reproducible organoids120.  
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To commercialize lung organoids, freezing techniques for organoid cryopreservation, 

need to be explored. There are available protocols for cryopreservation of intestinal 

organoids by StemCell Technologies. In these protocols, the substrate needs to be 

broken, and the organoids fragmented prior to the addition of freezing medium178. The 

incorporation of Rho kinase inhibitors is typically added into the thawing medium to 

improve the cryopreservation. These inhibitors have shown to reduce organoid 

dissociation due to apoptosis by strengthening organoid adhesive properties179,180. 

However, these inhibitors are added after the disassociation of the organoids on small 

fragments178,179.Therefore, this is not the most appropriate methodology to cryopreserve 

the LO generated in this study, since these organoids are 1.2 cm length and show 

elongated and complex morphology. Vitrification is a freezing technique used to 

preserve large objects such as embryos, whole organs, and tissue fragments180,181. This 

technique seems more appropriate to preserve complex organoids. During this process, 

high concentrations of cryopreserving agents in the vitrification solution (Me2SO, 

ethylene glycol and sucrose, raffinose, and dextran) promote the rapid penetration and 

saturation of central areas of the organoid180. In situ, vitrification has been applied to 

cryopreserve lung cancer organoids. Vitrification solution was applied directly on the 

organoid culture well, and it was placed in liquid nitrogen for long term storage182. This 

method could be potentially applied to the organoids generated in this study.  

As we progress in the realm of lung organoid technologies, it is crucial to contextualize 

their capabilities within the broader landscape of in vitro lung models. Comparing and 

contrasting these innovations with other methodologies, including lung-on-a-chip 
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systems, ALI cultures (as demonstrated in this study), and, critically, human clinical 

data, becomes imperative, particularly when simulating disease conditions.  

5. 3 Final contributions 

In this work, we have pioneered a methodology for the development of lung organoids 

derived from ASC originating from more accessible regions of the proximal airways, 

namely the trachea and bronchi. Leveraging fibroblasts, our approach has facilitated the 

formation of tubular structures on a macro-scale, exhibiting markers associated with 

both proximal and distal lung regions. Notably, our model has demonstrated superiority 

when compared to traditional human bronchial epithelial (HBE) grown in air-liquid-

interface. 

Furthermore, our adaptability extends to the formation of organoids from patients with 

asthma, underscoring the potential clinical relevance of our methodology. While we 

have successfully generated organoids with similar morphologies using immortalized 

epithelial cells, it is noteworthy that, although complete cell differentiation was not 

attained, our initial findings reveal distinct phenotypic characteristics compared to the 

cells prior to their incorporation into our microenvironment. 

These organoids hold promise for the evaluation of influenza and coronavirus infections. 

This work establishes a foundational framework for future research in the field. Looking 

ahead, it is essential to focus on enhancing the accessibility of our model to researchers 

from diverse backgrounds, enabling them to explore its nuances from various 

perspectives. We anticipate that our model will serve as a valuable resource of 

inspiration and guidance for future studies, potentially leading to significant 

advancements in respiratory research and therapeutics. 
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Appendix 

 

Table A.1    P. adjust value from multiple t-test comparisons between RNA sequencing 
of LOp vs cell monolayers: HBE, and IMR-90 ↑ means upregulation in LOp 
(p.adjust<0.05). ↓ means downregulation in LOp (p. adjust <0.05). Lower the p value, 
more significant the up or downregulation.  

Lung Region Cell type Genes p.adjust LOp and 

HBE 

p.adjust LOp and IMR-

90 

 

 

 

 

 

 

 

 

 

 

 

Proximal 

Basal p63 0.980 0.000 ↑ 

C14 0.130 0.000 ↑ 

Krt5 0.540 0.000 ↑ 

BNC1 0.150 0.000 ↑ 

Secretory type I SCGB1A1 0.170 0.000 ↑ 

Ciliated cells FOXJ1 0.000 ↓ 0.000 ↑ 

Multipotency SOX2 0.016 ↓ 0.000 ↑ 

Goblet cells MUC5AC 0.000 ↓ 0.000 ↑ 

MUC5B 0.000 ↓ 0.000 ↑ 

MUC2  0.100 0.000 ↑ 

MUC15 0.044 ↑ 0.000 ↑ 

Brush POU2F3 0.021 0.000 ↑ 

TRPM5 0.000 ↑ 0.000 ↑ 

IL-25 0.130 0.018 

ALOX5AP 0.000↑ 0.000 ↑ 

PNEC ASCL1 0.001↑ 0.004 ↑ 

CALCA 0.022 0.003 ↑ 

 

 

 

 

 

 

Distal 

Secretory type II SCGB3A2 0.000↑ 0.001 ↑ 

Multipotency SOX9 0.825 0.264 

AT2 SFTPC 0.000↑ 0.008 ↑ 

SFTPB 
  

SFTPA1 0.177 0.004 ↑ 

SFTPD 0.028↑ 0.000 ↑ 

AT1 HOPX 0.003↑ 0.000 ↑ 

PDPN 0.010↑ 0.000 ↑ 
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Lung Region Cell type Genes p-adj LOi and CFBE p adj LOi and IMR90 

Proximal Basal p63 0.017 ↑ 0.000 ↑ 

C14 0.417 0.189 

Krt5 0.931 0.000 ↑ 

BNC1 0.349 0.000 ↑ 

Secretory type I SCGB1A1 0.007 ↑ 0.005 ↑ 

Multipotency SOX2 0.061 0.001 ↑ 

Ciliated cells FOXJ1 0.063 0.000 ↑ 

Goblet cells MUC5AC 0.018 ↑ 0.000 ↑ 

MUC5B 0.000 ↑ 0.000 ↑ 

MUC2  0.000 ↑ 0.000 ↑ 

MUC15 0.827 0.031 ↑ 

Brush POU2F3 0.054 0.000 ↑ 

TRPM5 0.006 ↑ 0.000 ↑ 

IL-25 0.041 ↑ 0.031 ↑ 

ALOX5AP 0.000 ↑ 0.259 

PNEC ASCL1 0.022 ↑ 0.011 ↑ 

CALCA 0.212 0.036 ↑ 

Distal Multipotency SOX9 0.007 ↑ 0.308 

Secretory type II SCGB3A2 0.018 ↑ 0.009 ↑ 

AT2 SFTPC 0.285 0.060 

SFTPB     

SFTPA1 0.227 0.010 ↑ 

SFTPD 0.849 0.000 ↑ 

AT1 HOPX 0.159 0.654 

PDPN 0.643 0.143 

AKAP5 0.089 0.000 ↑ 

SCNN1G 0.000 ↑ 0.000 ↑ 
 

Table A.2   P. adjust value from multiple t-test comparisons between RNA sequencing 
of LOi vs cell monolayers: CFBE, and IMR-90.  ↑ means upregulated in LOi (p. 
adjust<0.05).  



226 
 

 

Reagent or Resource  Source Identifier  

Antibodies  

SFTPB Santa Cruz SC-133143  

SFTPC Santa Cruz SC-518029  

Hoechst dye Thermo Fisher H3569 

Biological samples 

Human Fetal Lung Fibroblasts, IMR-
90 

Cederlane CCL-186 

Human Bronchial CF Epithelial cells, 
CFBE 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

NA 

Human Primary Bronchial Tracheal 
Epithelial cells (male) 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

BD649 

Human Primary Bronchial Tracheal 
Epithelial cells (female) 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

BD999 

Human Tissue Superior Bronchi 
(male 51 years old) 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

BD649 

Human Tissue Inferior Bronchi 
(male 51 years old) 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

BD649 

Human Tissue Superior Bronchi 
(male 42 years old) 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

BD342 

Human Tissue Inferior Bronchi 
(male 42 years old) 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

BD342 

Human Tissue Superior Bronchi 
(male 66 years old) 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

BD888 

Human Tissue Inferior Bronchi 
(male 66 years old) 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

BD888 

Human Tissue Superior Bronchi 
(male 56 years old) 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

BD743 

Human Tissue Inferior Bronchi 
(male 56 years old) 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

BD743 

Human Tissue Superior Bronchi 
(male 62 years old) 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

BD458 

Human Tissue Inferior Bronchi 
(male 62 years old) 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

BD458 

Human Tissue Superior Bronchi 
(male 59 years old) 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

BD843 

Human Tissue Inferior Bronchi 
(male 59 years old) 

Cystic Fibrosis Translational 
Research Centre (CFTRc) McGill 

BD843 

Chemicals 

Geltrex ThermoFisher A1413202 



227 
 

L-Glutamine ThermoFisher A2916801 

Fetal Bovine Serum Sigma Aldrich F1051 

Dulbecco’s Modified Eagle’s 
Medium (DMEM) 

Corning  15-017-CV 

MEM Non-essential aminoacids  Fisher Scientific LS11140 

Penicillin-Streptomycin Fisher Scientific SV30010 

Minimun Essential Medium (EMEM) Corning  10-010-CMR 

PBS Fisher Scientific 10-010-049 

Goat Serum 10% ThermoFisher 50062Z 

RIPA buffer Sigma Aldrich R0278 

Trizol ThermoFisher 15596026 

Qubit Protein Assay ThermoFisher Q33211 

Compensation beads  ThermoFisher 01-2222-42 

eBioscience Flow cytometry 
Staining Buffer 

ThermoFisher 00-4222-57 

Bovine Serum Albumin  Sigma Aldrich A9647 

Alginate Sigma Aldrich A0682 

Gelatin-type A Sigma Aldrich G2500 

CaCl2 ACP C-0360 

5X RT Master Mix  Diamed ABMG486 

RNA Spin Mini kit  Ge Healthcare GE25-0500-71 

Trypsin  Fisher Scientific MT25053CI 

5X RT Master Mix Diamed ABMG486 

SYBR Green ThermoFisher A46109 

Fibronectin  Promo cell C-43060 

2-Mercaptoethanol  Sigma Aldrich 35600 

Table A.3 Key resources table for methods described in Chapter 3. 
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Table A.4 Key resources table. Primer sequence used in chapter 3 as housekeeping 
gene. 

 
 

Table A.5 Key resources table. Primer sequences used in chapter 4 to evaluate 
infectability of SARS-CoV-2 and Influenza in the organoids.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Primers Forward  Reverse Company 

HPRT  5'-GCGATGTCAATAGGACTCCAG-3' 5'-TTGTTGTAGGATATGCCCTTGA-3' IDT 

Primers  Forward  Reverse Company 

TMPRSS-2 5'CTTTGAACTCAGGGTCACCA-3' 5-
'TAGTACTGAGCCGGATGCAC-3' 

IDT 

ACE2 5'-CATTGGAGCAAGTGTTGGATCTT-3' 5'-
GAGCTAATGCATGCCATTCTCA-
3' 

IDT 

SARS-CoV-
2-
Nucleocapsid 
(N) 

5'-
TAATACGACTCACTATAGGGAAATTTTGGGGACCAGGAAC 
-3' 

5'-
TGGCAGCTGTGTAGGTCAAC-3' 

IDT 

H1N1 PR8 
NP 

5' GGG TGA GAA TGG ACG AAA AA -3' 5-' TCC ATC ATT GCT TTT TGT 
GC -3' 

IDT 

B actin 5'- AAG GAG AAG CTG TGC TAG GTC GTC GC -3' 5'- AGA CAG CAC TGT GTT GGC 
GTA CA -3' 

IDT 

IFN-B 5'- CAT TAC CTG AAG CCC AAG GA -3' 5'- CAA TTG TCC AGT CCC AGA 
GG -3' 

IDT 
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Figure A.1 Complete heatmap of proteins upregulated in LOp (cluster 2) in respect to 
cell monolayers HBE, IMR-90. Abundances grouped, linked by average. Red show 
upregulation and blue downregulation. N=3. 
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Figure A.2 Complete heatmap of proteins in cell monolayers HBE, IMR-90 and LOp 
organoids. Cluster 2 corresponds to the proteins upregulated in the organoid. 
Abundances grouped, linked by average. Red show upregulation and blue 
downregulation. N=3. 
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Figure A.3. Proteins downregulated in LOp in comparison to HBE. Color code: Pink-
Lung. Yellow-Respiratory chain complex. Green-ATP. Generated by STRING. 
Pathways colors: Blue-from curated database, Pink-experimentally determined. Green-
Gene neighborhood. Red-Gene fusions. Blue-Gene co-occurrence. Yellow-Textmining. 
Black co-expression. Dark blue: protein homology. 
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Figure A.4 Complete heatmap of proteins upregulated in LOi (cluster 3) in respect to cell 
monolayers CFBE, IMR-90. Abundances grouped, linked by average. Red show 
upregulation and blue downregulation. N=3. 
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Figure A.5 Complete heatmap of proteins in cell monolayers CFBE, IMR-90 and LOi 
organoids. Cluster 3, correspond to the proteins upregulated in the organoid. 
Abundances grouped, linked by average. Red show upregulation and blue 
downregulation. N=3. 
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Fig. A6 Proteins upregulated in LOi in comparison to cell monolayers with specificity to 
the lung-red, and immune system-purple. Generated by STRING. Pathways colors: 
Blue-from curated database, Pink-experimentally determined. Green-Gene 
neighborhood. Red-Gene fusions. Blue-Gene co-occurrence. Yellow-Text mining. Black 
co-expression. Dark blue: protein homology. 
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Fig. A7 Proteins upregulated in LOp in comparison to LOi. Lung-Orange. Respiratory 
System-Purple. Throat-Green. Response to Stimulus-Pink. Tissue development-Yellow. 
Cell differentiation-Turquoise. Dark yellow-viral entry host cell. Generated by String. 
Pathways colors: Blue-from curated database, Pink-experimentally determined. Green-
Gene neighborhood. Red-Gene fusions. Blue-Gene co-occurrence. Yellow-Textmining. 
Black co-expression. Dark blue: protein homology. 
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