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The lungs are a complex organ that can be sub-divided in regional sections 
that are defined by their function, structure and cellular composition. The 
respiratory compartment consists of the trachea, bronchi, bronchioles 
or small airways, alveoli or air sacs, and the supporting mesenchymal 
compartment of connective tissue, blood vessels and lymphoid tissue. The 
lungs consists of as many as 40 different resident cells types and more 
cell types are being discovered or redefined with the current advances in 
single cell RNA sequencing technology (Montoro et al. 2018; Plasschaert 
et al. 2018; Schiller et al. 2019). The function of the lungs is to facilitate 
the exchange of oxygen and carbon dioxide between the oxygen carriers 
in the blood and the air that we breathe. For the lungs to achieve this, the 
different compartments need to work together seamlessly. The conducting 
lower airways are composed of the trachea that divides into bronchi and 
bronchioles. The bronchioles lead to the alveoli that constitute most of 
the lung surface area and enable gas exchange with the circulating blood. 
The conducting airways are lined with highly specialized pseudostratified 
epithelial cells including ciliated cells, mucus-producing goblet cells and 
club cells, while the underlying basal cells act as progenitors (Crystal et 
al. 2008). The distal part of the lungs contain an average of 450 million 
pulmonary alveoli lined by thin, flat, non-dividing alveolar epithelial type 1 
cells (AEC1) that form a semi-permeable barrier that selectively exchanges 
O2 and CO2. The AEC1 are accompanied by cuboidal alveolar epithelial type 2 
cells (AEC2) that produce pulmonary surfactant proteins that reduce surface 
tension, and function as a progenitor for the alveolar epithelium (Barkauskas 
et al. 2013). The lung epithelium has the capacity to provide defence against 
pathogens and the toxins and pollutants in the inhaled air from the outside 
world (Hiemstra, McCray, and Bals 2015). They are supported in their role in 
host defence by numerous resident - and circulating immune cells (Byrne et 
al. 2015). Among all immune cells present, the alveolar macrophages are of 
special note as they reside permanently in the alveolar compartment to both 
protect the alveolar epithelium from external threats as well as controlling 
the inflammatory response to mitigate collateral damage (Guilliams et al. 
2013; Garbi and Lambrecht 2017). These defences are vital as the lungs are 
continuously challenged by inhaled pathogens, noxious particles, and toxic 
gases present in inhaled air. These inhaled substances pose a health threat 
as both acute and repeated exposure can cause and/or contribute to a range 
of acute and chronic lung conditions that constitute a global health burden. 
All respiratory diseases combined, of which the most frequent are chronic 
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obstructive pulmonary disease (COPD), respiratory infections and lung 
cancer, are directly responsible for one in six deaths worldwide (World 
Health Organization 2018). Furthermore, chronic respiratory conditions 
affect more than one billion people worldwide (World Health Organization 
2017). 

The study of lung biology and pathology is therefore vital but also complicated 
when considering the high diversity in cell types, numbers, function and tissue 
morphology among the different lung regions and disease states. Animal 
models have been widely used to study the lungs, but ethical considerations, 
poor translatability of results obtained from animal experiments to human 
physiology and substantial differences in lung structure and function between 
humans and e.g. mice, have led to an increased demand for alternative 
human in vitro methods to study both lung biology and pathology. However, 
the aforementioned complexity and diversity in lung cell populations are 
important elements to consider when designing an in vitro model of the 
human lungs. This also indicates that at this point in time a single in vitro 
model to study the lung in its entirety is not feasible. Instead, the appropriate 
model will depend on the experimental questions one wishes to answer, with 
the goal of recapitulating the key morphological and functional features of 
(part of) the organ.

Modelling of the human lung

The study of lung disease pathogenesis and drug development, as well as 
inhalation toxicology, requires physiologically relevant models of human 
lung tissue. For many years, animal models have been central in many forms 
of research and still play a role in disease modelling and the study of lung 
development, as well as the development and testing of new drugs. However, 
it is becoming more clear that animal models are not always suitable to study 
human processes (Leist and Hartung 2013). While animals have provided 
seminal insight into lung physiology and pathophysiology, they are limited in 
recapitulating the development, structure, disease symptoms, and responses 
of the human respiratory system. Notably, cellular composition differs 
between mouse and human lungs. In the mouse airways, mucus-producing 
goblet cells are rare and secretory club cells are abundant, whereas the 
opposite applies to human airways (Rock, Randell, and Hogan 2010). 
Although animal models provide access to native tissues and are indeed 
used for modelling human diseases and assessing efficacy of therapeutics in 
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a number of tissues and organs, they are often poor predictors of clinical 
success due to species-species differences in mechanisms of action or 
toxicities of drugs (Uhl and Warner 2015). Lung specific studies equally suffer 
from these limitations, and over-reliance on animals alone to model complex 
human respiratory diseases such as asthma has contributed to the lack of 
new efficacious treatment despite huge research efforts, as animal models 
have a long record of failing to predict clinical efficacy of novel therapies in 
human (Mullane 2011). Furthermore, gene mutations can induce different, 
if any, phenotypes in mice compared to humans (Liao and Zhang 2008). 
Taken together, this summary of limitations demonstrates that animals 
alone cannot be relied upon and are often an imperfect model to provide 
answers for increasingly specialized questions regarding a range of human 
lung diseases and their drug treatment, necessitating the need for human-
specific preclinical or patient specific in vitro models of the lung.

2D cultures and cell sources

The initial difficulty in modelling the lung or features of any organ in vitro 
lies in the challenge to identify and recapitulate the essential structural 
and functional elements of the human organ that govern both healthy and 
pathological responses. In the lung, as in various other organs, the epithelial 
cells lining the organ surfaces facilitate many functions of the lung. Since 
epithelial function and dysfunction is frequently associated with organ 
disease, epithelial cells are a topic of intense research. In trying to mimic the 
lung epithelial layer in vitro, scientists have predominantly relied on simpler 
surrogate models to gain insight into human physiology and pathophysiology. 
2D monolayer cultures of cancer or immortalized cell lines still represents 
the “standard” and most common culture model and alternative to animal 
models. Frequently used examples are the cell line A549 that is derived from 
a lung carcinoma from a patient in 1972 and has an alveolar background 
which enables it to mimic some alveolar features (Lieber et al. 1976). Another 
frequently used cell line is the BEAS-2B cell line, which is derived from the 
bronchial epithelium obtained during autopsy of an individual without cancer 
and immortalized using replication-defective SV40/adenovirus transfection 
(Reddel et al. 1988). These cell lines are relatively cheap to maintain, remain 
stable in culture and can be expanded reliably, making them relatively 
easy to use in (high-throughput) experiments. However, these advantages 
are offset by their limited physiological relevance and clinical predictivity. 
Due to the derivation from tumours, or the immortalization by oncogenic
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transformation, these cells do not recapitulate the differentiated cell types 
of the adult airway, resulting in an improper replication of tissue specific 
function, and also their barrier formation is limited. It often remains unclear 
to what extent the cell lines truly recapitulate the physiological situation, 
which restricts their experimental use. This limited physiological relevance 
results in improper prediction of in vivo tissue function and clinical 
predictivity of drug efficiency.

A function that is lacking in most cell line cultures and which is central to 
lung function is the exposure to air. The next level of complexity from 2D 
cultures and a more advanced representation of the epithelial compartment 
of the lung can be obtained by air-liquid interface cultures. Although this 
can be done with some cell lines, notably Calu-3 (Banga et al. 2012), these 
types of cultures are frequently established with primary cells. Primary cells 
are usually freshly isolated from tissue and used directly or after limited 
expansion. Notable drawbacks of the use of these cells are their limited 
lifespan, proliferative capacity and specific culture requirements. The 
primary tracheal and bronchial epithelial cells can be obtained from various 
sources. For instance, from macroscopically normal, tumour-free resected 
lung tissue from patients that are diagnosed with lung cancer, collected 
during lung volume reduction surgery for late stage COPD, derived from 
tissue that has become available in the context of lung transplantation, or 
from bronchial biopsies or brushings/scrapings that are obtained during 
bronchoscopy. The obtained epithelial cells can be expanded as basal cells 
and frozen until required (Amatngalim et al. 2016). Upon thawing and 
expansion, the basal cells can be seeded on Transwell inserts, with a porous 
membrane, that facilitate both air exposure and nutrient absorption from 
the bottom compartment. The exposure to air initiates differentiation 
of the basal cells and over the course of 2-3 weeks these will develop in a 
pseudostratified epithelial culture resembling the composition of the lining 
of the airways. These cultures have a similar gene expression signature as 
the human airway epithelium in vivo (Dvorak et al. 2011; Ross et al. 2007), 
recapitulate several key functional hallmarks of human airway epithelium, 
and have been successfully used in studying numerous biological processes 
in lung repair, function, host defence and pathophysiology (Gray et al. 
1996; Crystal et al. 2008; Livraghi and Randell 2007; Malavia et al. 2009; 
Amatngalim et al. 2018). As mentioned above, the epithelial cells are often 
isolated from tissue derived from patients that had to undergone surgery

C H A P T E R  1
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because of a disease, mostly lung cancer or COPD. The influence of these 
known and unknown lung diseases or other pathologies on the epithelial 
cell function in vitro is often unknown and can further increase the already 
existing donor variability. Alternative ways in which primary nasal, tracheal or 
bronchial epithelial cells can be obtained is via biopsies or brushes (Banerjee 
et al. 2009; Brewington et al. 2018). These methods do not rely on surgical 
resection and allow sampling of otherwise healthy individuals, although 
especially bronchoscopy required for collection of tracheal and bronchial 
epithelial cells is still invasive. The cells obtained through these methods 
are limited in number and require expansion for use in further experiments. 
This can be problematic as primary cells have a limited proliferative capacity 
and there is thus a risk of cellular senescence. Interestingly, another culture 
technique has shown that this exhaustion could potentially be overcome. The 
inhibition of TGF-β/BMP/SMAD signalling pathways was recently found 
to enable the long-term expansion of primary TP63+ airway basal cells by 
inhibiting terminal differentiation and promoting self-renewal (Mou et al. 
2016). However, it is at present insufficiently clear whether the cells pushed 
beyond their “normal” limits behave in a similar manner compared to the 
freshly obtained cells. Nevertheless, this technique could prove very useful in 
expanding limited cell populations for use in further experiments.

Human induced pluripotent stem cells

When human embryonic stem (ES) cells were first isolated (Thomson et al. 
1998) there was  a strong interest in using these cells in therapy. These cells 
could be obtained from the inner cell mass of a blastocyst and remained 
karyotypically stable in culture and could differentiate to different cell types 
of all three germ layers (Xu et al. 2002). Protocols were developed to direct 
this differentiation but the ethical considerations remained pressing. Then 
in 2006, Yamanaka and colleagues offered new opportunities when they 
first described a method for generating mouse induced pluripotent stem 
cells (Takahashi and Yamanaka 2006). The following year they reported 
successful generation of human induced pluripotent stem cells (hiPSC) 
(Takahashi et al. 2007). By forcefully expressing 4 specific transcription 
factors, now known as the Yamanaka factors, adult human somatic cells can 
be reprogrammed to a pluripotent state. From this pluripotent state, the 
cells can be directed through the embryonic development to the organ or 
tissue of interest. In addition, these cells can proliferate virtually indefinitely 
while maintaining genetic integrity. hiPSC retain the genomic makeup of the

13
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donor and therefore hold great potential to build advanced patient specific 
in vitro models of human tissue and to further our understanding of lung 
physiology and disease. Although the genetic sequence is unaltered during 
reprogramming to hiPSC, the remaining epigenetic memory could influence 
cell behaviour (Takahashi and Yamanaka 2006; Papp and Plath 2011; Brix, 
Zhou, and Luo 2015; Nishizawa et al. 2016). Retaining epigenetic memory 
from the source cell could be interesting for studying patient specific features 
but can also interfere with reprogramming as it can lead to insufficient 
silencing of tissue specific modification (Vaskova et al. 2013; Horvath 
2013). Nevertheless, these cells give interesting prospects for their use in 
regenerative medicine. As they retain the genetic makeup of the donor, upon 
transplantation there is no risk of graft versus host disease, and their use 
allows for the intriguing possibility to become one’s own donor. As of yet it 
is not possible to generate a complete functioning organ, but transplantation 
of organ specific cells or progenitor cells is an enticing possibility. This 
approach has in fact been implemented in various case studies, notably in 
Japan. Initial data of implantation of retinal cells in an individual suffering 
from age-related macular degeneration has shown positive results (reviewed 
in (Cuevas, Parmar, and Sowden 2019; Oswald and Baranov 2018)). The 
retinal progenitor cells were engrafted in the eye and were able to slow or 
completely stop disease progression. As of yet no side effects have been 
reported, although the long-term effects remain unclear.

Initial studies first reported efficient induction into mesodermal and 
ectodermal lineages; however, maturation into the third endodermal germ 
layer remained limited (Kadzik and Morrisey 2012). The induction of 
posterior endoderm cell derivatives that give rise to organs such as the liver, 
intestine, and pancreas became possible in the early 2000s (Spence et al. 
2011; D’Amour et al. 2006; Cai et al. 2007). In 2011, a key study elucidated a 
mechanism permitting stem cell differentiation into lung-specific endoderm 
precursor (Green et al. 2011).

Generation of endodermal cells from hiPSC in vitro is accomplished through 
directed differentiation, a process in which in vivo developmental stages are 
mimicked in vitro using controlled sequences of endogenous signalling factors 
(Murry and Keller 2008). hiPSC are first directed into definitive endoderm 
through activin A simulation, followed by anterior foregut endoderm (AFE) 
induction through dual inhibition of the SMAD pathway by inhibiting thebone 
morphogenic protein (BMP) and transforming growth factor (TGF-β) 
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signalling pathways (Green et al. 2011). Following AFE establishment, 
a ventral patterning step is needed mirroring the morphogenesis of the 
endoderm where the trachea and lung buds eventually emerge ventrally 
(Morrisey and Hogan 2010). AFE ventralization is largely achieved through 
WNT, BMP, retinoic acid and fibroblast growth factor (FGF) signalling (Lee 
et al. 2014; Green et al. 2011) yielding cells expressing transcription factor 
NKX2–1, the earliest marker for lung epithelial lineages (Kimura et al. 1996; 
Xu et al. 2016). From this overall lung progenitor cell, the differentiation can 
be directed to either a proximal or distal fate, to obtain airway and alveolar 
epithelial cells, respectively (Fig. 1).

hiPSC-derived airway epithelial cells 

Progression in the differentiation of NKX2-1+ lung progenitor cells 
towards proximal airway epithelial cells advanced in the past few years. 
Differentiation of hiPSC into airway epithelial cells was achieved in spheroid 
cultures using FGF10, KGF, WNT agonist and Notch inhibition (Konishi et 
al. 2016). More recently, it was shown that activating WNT signalling during 
differentiation efficiently induced a distal fate, whereas suppressing WNT 
signalling following ventralization directed cells towards a proximal fate, 
and resulted in epithelial cells expressing the classic markers SCGB1A1/
CC10 for club cells, MUC5AC (goblet cells), and p63 and Keratin 5 (basal 
cells) (McCauley et al. 2017). Although the timing, concentration and 
method of WNT activation likely plays an important role, since in another 
study it was shown that promoting WNT by inhibiting GSK-3β resulted in a 
mixed population (de Carvalho et al. 2019). To promote cilia development 
of the airway derived hiPSC, Notch inhibition was needed to produce motile 
multiciliated cells characterized by acetylated alpha-tubulin (α-Tub) staining 
(McCauley et al. 2017; Wong et al. 2012; Firth et al. 2014). Another protocol 
used 2D air-liquid interface cultures with FGF18 stimulation to generate a 
mature and polarized epithelial layer, in which motile cilia and mucus could 
be observed at the apical surface (Wong et al. 2015). It was shown that the 
scaffold and micro-environment of hiPSC-derived lung progenitors is a major 
determinant for achieving a mature airway epithelial phenotype, as shown 
using human hiPSC-derived lung organoids (Dye et al. 2015; Dye et al. 2016).

15
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hiPSC-derived alveolar epithelial cells

Over the past years, notable progress has been made using NKX2-1+ lung 
progenitors to generate human alveolar epithelial cells by establishing 
protocols to direct these progenitors towards a distal fate. The combination 
of glucocorticoids, growth factors, and cAMP effectors (dexamethasone, 
8-br-cAMP, IBMX, and KGF/FGF7; collectively known as DCIK) (Gonzales 
et al. 2002; Wade et al. 2006) has been shown to induce alveolar maturation 
through activation of PKA and CDP-choline pathways which upregulate 
lamellar body surfactant production in AEC2 (Andreeva, Kutuzov, and 
Voyno-Yasenetskaya 2007) (Fig. 1). Recognized markers of the distal 
alveolar epithelium include Surfactant Protein C (SFTPC), Surfactant Protein 
B (SFTPB), HTII-280, ABCA3, and LAMP3/DC-LAMP for AEC2, while 
Podoplanin (PDPN), Caveolin (CAV1), and Aquaporin 5 (AQP5) primarily 
define AEC1 cells. Stimulation of 2D cultures of NKX2-1+ differentiated distal 
progenitors with DCIK, FGF10 and WNT activators leads to expression of 
AEC1 and AEC2 markers, mature phenotypic characteristics of lamellar 
bodies, and functional surfactant uptake capability (Huang et al. 2015). AEC2 
markers were found to be abundant in this protocol while AEC1 markers 
were minimally expressed (Chen et al. 2017).

Taken together, the advances in hiPSC differentiation protocols have made 
these approaches very interesting for the study of lung biology. The major 
drawback however is the lengthy and labour-intensive maintenance and

Fig. 1. Overview of the major stages of lung development in humans corresponding to the directed 
differentiation pathways of pluripotent stem cells towards a lung epithelial fate. The various intermediate 
steps of development with key signalling factors and common markers are indicated. Reproduced from Nawroth et al. 
(Nawroth et al. 2019).
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differentiation timelines resulting in limited efficiency. Despite substantial 
advances in differentiation of lung stem cells, full maturation is still a challenge. 
For example, demonstrating SFTPC and SFTPB gene expression was initially 
sufficient to claim AEC2 cell differentiation. Furthermore, achieving an 
optimal balance between AEC1 and ACE2 is complicated. However, with 
the accelerated progress in lung PSC protocols, more strict metrics are now 
being considered to reach the ultimate goal of generating a supply of cells that 
recapitulates the same molecular, biochemical, phenotypical, and functional 
features found in the adult lung (Beers and Moodley 2017). Nevertheless, 
the capability of generating patient specific cell lines that can be directed to 
any cell types will be crucial in eventually developing a truly patient specific 
model.

The 3D culture of lung organoids

Whereas hiPSC have gained importance next to primary lung cells to obtain 
airway and alveolar cells, there have also been important developments in 
culture models. One culture model that has risen in prominence during the 
past couple of years is the culture of spheroids or organoids. An organoid 
can be described as a “miniature organ” suspended in a hydrogel which 
overcomes the 2D constraints and relies on the self-organisation of the cells 
to form 3D structures. Such a structure need consists of different organ 
specific cells and rely on self-organization and self-renewal. As this culture 
technique focusses on the progenitor/stem cells of the organ and because 
the culture conditions facilitate the selection of these cells, organoids can be 
passaged and propagated longer when compared to their 2D equivalents. 

Airway organoids

The first airway organoids were described as early as 1993 (Benali et al. 1993). 
Since then, lung organoids derived from human lung tissues or derived from 
hiPSC have been successfully used to study lung development and disease 
(Barkauskas et al. 2013; Tata et al. 2013; Chen et al. 2017). These methods 
previously required supporting feeder cells to grow, but more recently 
the long-term mesenchymal cell-free expansion of airway organoids was 
demonstrated (Sachs et al. 2019). This allows for the reliable clonal expansion 
of airway cells and has opened new avenues of research.

17
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Alveolar organoids

Growing organoids from alveolar tissue has proven to be more challenging, 
however the reward could potentially be much greater as the proliferating 
AEC2, that serves as a progenitor for the non-proliferating AEC1, rapidly 
loses its phenotype when plated on conventional culture plastic (Mao et al. 
2015). However, when seeded in a 3D hydrogel the phenotype appears to 
be maintained for longer periods of time and the cells could be expanded 
and used for experiments (Glisinski et al. 2020; Barkauskas et al. 2017). To 
date, unfortunately, limited work has been done on primary human alveolar 
epithelial organoids and various studies describe the need for supporting 
mesenchymal cells. The ability to expand the AEC2 reliably under feeder-
free conditions while maintaining phenotype could have major implications 
for the field. The 3D culture also has major implications in the hiPSC field, 
both in differentiation and in propagation. hiPSC-derived organoid cultures 
showed cell maturation of the alveolar epithelium (Jacob et al. 2017; Dye et 
al. 2015). Interestingly, 3D co-culture with human fetal lung fibroblasts and 
stimulation with DCIK resulted in expression of AEC2 specific markers and 
lamellar bodies formation, although functional maturity was not confirmed 
(Gotoh et al. 2014). Long-term expansion of hiPSC-derived alveolar 
epithelial cells, a challenge with conventional 2D distal lung cell cultures, was 
recently achieved using an organoid approach and a refined differentiation 
sequence after AFE induction (Yamamoto et al. 2017). This sequence 
differs from previous protocols by more closely mimicking the distal tip cell 
microenvironment through a preconditioning step of WNT activation, Notch 
inhibition, and FGF10 plus KGF supplementation. These cells were then 
matured using DCIK in organoids co-cultured with fibroblasts. Interestingly, 
co-cultures with fetal lung fibroblasts lines resulted in SFTPC-expressing 
cells (with substantial variability ranging from 2% to 51% SFPTC+ cells), 
whereas incorporating a dermal fibroblast line showed no SFTPC induction. 
Upon passaging, the proportion of AEC2 cells in the culture increased to 
approximately 70%, and AEC1-like cells were also present.

Nevertheless, there are also limitations as reviewed by Fatehullah et al. 
(Fatehullah, Tan, and Barker 2016). Lung organoids consist solely of epithelial 
cells (with or without supporting feeder fibroblasts) and thus lack the native 
organ microenvironment and appropriate architecture that is facilitated by 
structural cells and is often essential in disease development, tissue growth 
and repair. A further drawback of organoid culture is that they are fluid-filled
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with an inward turned lumen, making the apical side of the epithelial cells 
inaccessible. Analysis or stimulation via the physiological relevant side (e.g. 
using airborne substances) is impossible or at least impractical. Measuring 
transmembrane transporter activity via indirect methods in gut organoids 
have been optimized in the context of cystic fibrosis research (Dekkers et 
al. 2016). Evaluating the transport and metabolism of drugs across the 
cell layer, or quantifying the release of inflammatory mediators or newly 
formed virions, is often precluded by the difficulty of accessing and sampling 
luminal contents. Furthermore, as the organoids are suspended in a hydrogel 
matrix, it is unclear if all stimuli concentrations are equally distributed as 
their distribution may be hampered by slow diffusion through the matrix. 
In addition, as the organoids consist of only epithelial cells, they lack tissue-
tissue interfaces, such as the interface between vascular endothelium and 
surrounding stroma and the accompanying immune cells, which are essential 
for the morphology and function of virtually all organs.

All the above discussed culture methods or techniques are frequently used 
in pulmonary research and have provided seminal insight in lung biology. 
However, all these methods lack basic biomechanical forces. The lung 
is a flexible dynamic organ that is in continuous motion. The next step 
in modelling the human lung is incorporating physiological fluidic and 
biomechanical cues, including flow of air or liquid, in an effort to mimic what 
cells experience in vivo.

Organ-on-Chip technology

Organ-on-Chip or Lung-on-Chip are another culture model that has rapidly 
evolved in the past decade. These platforms are micro-engineered culture 
systems that allow continuous perfusion of microchannels on which the cells 
can be exposed to the biomechanical forces discussed in the previous section. 
The “chip” can be constructed to focus on key aspects of the organ of interest. 
For lung physiology, air and liquid flow are important as well as cyclic stretch 
which represents breathing (Benam et al. 2016; Huh, Hamilton, and Ingber 
2011; Huh et al. 2010). The lung-on-chip would provide more complexity than 
can be achieved using static air-liquid interface culture. This is important as 
the influence of the biomechanical forces on the lung and alveolar biology is 
incompletely understood and the lung-on-chip could play a critical role in 
elucidating these interactions (Waters, Roan, and Navajas 2012). The Lung-
on-Chip has the potential to play a role in large scale screening of compounds
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and therapeutics, although further development in both our understanding 
of the biology of cell behaviour in chips as well as a wider distribution and 
acceptance is needed to achieve this. This is however important, since 
for instance the mechanical forces, like stretch, of the chip on the cells 
influence cell function and can alter drug and compound responses (Hassell 
et al. 2017), and therefore testing on a Lung-on-Chip may better predict 
the in vivo situation. Another interesting possibility would be to mimic 
the mechanical consequences of disease progression like the remodelling 
of the epithelium that occurs in COPD or asthma (Grainge et al. 2011). A 
further consideration is the material used in the chip as the properties of 
the material influence different aspects. The materials need to be selected 
to provide structural support to the cells, but also needs to tolerate the 
mechanical forces, and support instrumentation for tissue maintenance 
and experimental readouts. Optimally, the material of the chip needs to 
be non-toxic, optically clear, affordable, non-degrading under cell culture 
conditions, flexible to allow stretching, and not altering the chemistry of the 
fluid environment. Furthermore, the properties of the substrate the cells are 
grown on, such as the stiffness, flexibility, curvature or adsorption, among 
others can influence different cellular differentiation and function (Riaz et 
al. 2016; Discher, Janmey, and Wang 2005). These parameters can influence 
migration (Zaman et al. 2006), proliferation (Ulrich, de Juan Pardo, and 
Kumar 2009), metabolism (Park et al. 2020) or differentiation (Engler et al. 
2004) and likely much more cellular properties, that we are only just starting 
to uncover. The integration all these factors and considerations into a chip 
allows for many new lines of research which have previously been impossible.

At present the organ-on-chip technology is in its infancy despite major 
developments in the last decade. Further development is essential and 
requires research performed by multidisciplinary teams, including biologists 
and engineers. The fact that the technique is both novel and expensive, 
explains why only few studies have been performed using this technology, 
making it difficult to validate and assess the applications.
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Scope of this thesis

The study of airway repair, homeostasis and function requires suitable 
models. Human in vitro culture models could provide a way to reduce the use 
of animal models and generate data that can be better translated to patients. 
In the studies described in this thesis, an effort is made to explore various 
improvements of different current human in vitro models. In chapter 2, 
the use of human induced pluripotent stem cells as a source for obtaining 
alveolar cells is described. The use of these cells as a cell source could provide 
a patient-specific model for in vitro screenings. The generation of alveolar 
type 2 (AEC2)-like cells using our protocol is discussed and these cells were 
subsequently cultured at the air-liquid interface (ALI) to create a model of 
alveolar wound healing at the ALI. In chapter 3, we describe a method to 
utilize organoids to expand human alveolar cells to obtain sufficient numbers 
to reliably establish alveolar epithelial cell cultures. We isolated AEC2 from 
resected lung tissue using HTII-280 coated magnetic beads, and expanded 
these using organoid culture. Once sufficient cells were obtained, we seeded 
the cells on a lung-on-chip system to study the effect of flow and mechanical 
stretch on the alveolar cells. In chapter 4 we continue on the use of organoids 
as a method of expanding cell populations. The technique is applied to obtain 
airway epithelial from clinical samples with low epithelial cell numbers. 
broncho-alveolar lavage (BAL) fluid from adults and tracheal aspirates 
(TA) from preterm new-borns was used to expand airway epithelial cells in 
organoid culture, followed by establishment of ALI cultures to allow exposure 
to airborne substances which is not possible using organoid models. In these 
studies, expansion using organoid or conventional submerged 2D culture 
(from respectively BAL and TA, or bronchial tissue) was compared using the 
properties of ALI cultures as read-out. The proposed culture method could 
provide a tool to study the early factors involved in the development of lung 
diseases, including those occurring early in life such as bronchopulmonary 
dysplasia (BPD). In chapter 5, we increased the cellular complexity of our 
models by including the cross-talk between polarized macrophages and 
airway epithelial cells. In lung tissue, every process relies on the interplay 
between various cell types, which is often not reflected in in vitro models. We 
therefore developed a co-culture model to study the effect of macrophage-
epithelial interactions on airway epithelial wound repair. In chapter 6, we 
focussed on the substrates on which lung epithelial cells can be grown. To this 
end, we evaluated the use of a bio-compatible polymer of poly(trimethylene 
carbonate) (PTMC) for generation of culture membranes. PTMC has the
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theoretical advantage over competitors used in organ-chips, that it is not rigid, 
more flexible (and thus allows stretching) and may be less susceptible to non-
specific adsorption. We thus aimed evaluated the use of PTMC membranes in 
our primary human airway epithelial culture model. Finally, in chapter 7 the 
findings of the studies presented in this thesis are summarized and discussed 
in a wider context of the field together with possible future perspectives.
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Abstract

Research on acute and chronic lung diseases would greatly benefit from 
reproducible availability of alveolar epithelial cells (AEC). Primary alveolar 
epithelial cells can be derived from human lung tissue but  the quality of 
these cells is highly donor dependent. Here, we demonstrated that culture of 
EpCAM+ cells derived from human induced pluripotent stem cells (hiPSC) at 
the physiological air-liquid interface (ALI) resulted in type 2 AEC-like cells 
(iAEC2) with alveolar characteristics. iAEC2 cells expressed native AEC2 
markers (surfactant proteins and LPCAT-1) and contained lamellar bodies. 
ALI-iAEC2 were used to study alveolar repair over a period of 2 weeks following 
mechanical wounding of the cultures and the responses were compared with 
those obtained using primary AEC2 (pAEC2) isolated from resected lung 
tissue. Addition of the Wnt/β-catenin activator CHIR99021 reduced wound 
closure in the iAEC2 cultures but not pAEC2 cultures. This was accompanied 
by decreased surfactant protein expression and accumulation of podoplanin-
positive cells at the wound edge. These results demonstrated the feasibility of 
studying alveolar repair using hiPSC-AEC2 cultured at the ALI and indicated 
that this model can be used in the future to study modulation of alveolar 
repair by (pharmaceutical) compounds.
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Introduction

Alveolar injury resulting in decreased lung function is a hallmark of various 
acute and chronic lung diseases. These include acute respiratory distress 
syndrome (ARDS), emphysema in chronic obstructive pulmonary disease 
(COPD) and idiopathic pulmonary fibrosis (Guillot et al. 2013; Whitsett and 
Weaver 2015). The alveolar epithelium consists of flattened type 1 alveolar 
epithelial cells (AEC1) that allow gas exchange and the cuboidal type 2 alveolar 
epithelial cells (AEC2) that produce surfactant, mediate host defence and act 
as local progenitors for the AEC1 (Herriges and Morrisey 2014; Whitsett and 
Weaver 2015). These AEC are a primary target for inhaled substances; injury 
to these cells is considered a major initiating event for many lung diseases, 
including those above. Endogenous repair has been shown to contribute to 
recovery following injury, but in chronic lung diseases these repair processes 
are either insufficient or impaired (Hogan et al. 2014; Chambers and Mercer 
2015; Rock and Konigshoff 2012; Kneidinger et al. 2011; Skronska-Wasek et 
al. 2017). This results in cumulative damage to the alveolar compartment and 
subsequently reduced diffusion capacity and lung function. Treatments aimed 
at alveolar repair and improving the alveolar barrier integrity are urgently 
needed but none are yet available. Targeting signalling pathways that have 
been shown to be involved in lung repair, including bone morphogenetic 
protein (BMP)/transforming growth factor-β (TGF-β), Hedgehog, fibroblast 
growth factor (FGF), Notch and Wnt signalling (Rock and Konigshoff 2012; 
Schilders et al. 2016), might be attractive therapeutic options. Notably 
among these, Wnt/β-catenin signalling is impaired in AEC in COPD as well 
as in experimental emphysema in mice (Baarsma et al. 2017; Kneidinger et 
al. 2011; Skronska-Wasek et al. 2017). 

For the development of therapies that target AEC, a human (preferable 
patient-specific) in vitro alveolar repair model would be of great benefit. 
Tumour cell lines (A549), immortalized AEC1 and primary AEC are currently 
most widely used for in vitro studies (van den Bogaard et al. 2009; Mao et 
al. 2015). However, immortal cell lines do not fully capture the complexity of 
the alveolar epithelium. Primary human AEC2 (pAEC2) can be isolated from 
resected lung tissue but nearly all patients undergoing lung surgery have an 
underlying disease that affects the yield and function of the isolated cells, 
making them less than ideal for large-scale screening or direct extrapolation of 
outcomes to other conditions (Witherden and Tetley 2001). The availability of 
normal lung tissue, e.g. from non-diseased human lungs otherwise discarded 
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as unsuitable for lung transplantation, is limited. Furthermore, fetal lungs, 
which could also be a source of AEC, may not be ideal to study repair of 
adult lung tissue. Importantly, the use of pAEC2 is further complicated by 
their inability to undergo passage in culture and tendency to differentiate 
spontaneously to terminally differentiated AEC1 confounding their use in 
lung repair studies (Logan and Desai 2015).

Since their initial description in 2007, human induced pluripotent stem cells 
(hiPSC) have been intensely used to study development and disease in vitro, 
and more recently for toxicity screening and drug discovery (Takahashi et al. 
2007). hiPSC lines can be generated from any healthy individual or patient 
and thus potentially represent an unlimited source of tissue-specific cells, 
which can be used as in vitro models for screening effectiveness or toxicity 
of candidate therapeutic agents. Human AEC cultures have been successfully 
derived from human embryonic stem cells (Roszell et al. 2009; Rippon et al. 
2008) and from hiPSC previously (Dye et al. 2015; Ghaedi et al. 2013; Ghaedi 
et al. 2014; Huang et al. 2014; Gotoh et al. 2014; Jacob et al. 2017; McCauley 
et al. 2017; Yamamoto et al. 2017; Tamo et al. 2018). These latter studies 
relied on directed differentiation of hiPSC into the endodermal lineage using 
Activin A, followed by differentiation of this definitive endoderm into foregut 
endoderm through inhibition of TGF-β and BMP signalling. An essential next 
step was the development of NKX2-1+ lung progenitors using a mixture of 
growth factors, that can be directed to an alveolar fate by continued culture 
on tissue culture plastic or embedding in an extracellular matrix as organoids 
(McCauley et al. 2017; Gotoh et al. 2014; Dye et al. 2015). Although, hiPSC-
derived lung epithelial cells have been used for disease modelling (Crane et 
al. 2015),  they have not yet been used to study alveolar repair. The aim of 
the present study was to investigate the feasibility of using hiPSC-derived 
AEC2 (iAEC2) cultured at the air-liquid interface (ALI) as an in vitro model 
to study alveolar repair and to compare this model with that using pAEC2 
isolated from lung tissue.
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Materials and methods

hiPSC maintenance and differentiation into alveolar epithelial cells

The hiPSC lines LUMC0044iCTRL44.9 and LUMC0065iCTRL08 were 
generated and characterized at the LUMC hiPSC core facility from female skin 
fi broblasts (Chen et al. 2017) or from erythroblasts derived from a healthy 
male donor using lentiviral (Warlich et al. 2011) or episomal vectors (Okita et 
al. 2011), respectively. The cells were maintained under fully defi ned serum-
free conditions on vitronectin- (StemCell Technologies, Vancouver, Canada) 
coated 6-well tissue culture dishes (Corning, Corning, NY) in mTeSR1 
medium (StemCell Technologies). The cells were passaged weekly (1:15 split 
ratio) using “Gentle Cell Dissociation Reagent” (StemCell Technologies). 
iAEC2s were generated from hiPSCs by stepwise recapitulation of fetal lung 
development as shown schematically in Fig. 1, and outlined in the Results. 
A detailed description of the culture method and key reagents is listed in the 
online Supplement.

Figure 1. Overview of human induced pluripotent stem cell (hiPSC) diff erentiation into alveolar-like 
cells and culture at the air-liquid interface. The various steps followed to achieve diff erentiation of hiPSC towards 
an alveolar fate is schematized. Following 4 weeks of maturation, the cells are sorted based on EpCAM expression and 
seeded on the Transwell insert for further maturation and culture at the air-liquid interface. See supplement for details.

Isolation and culture of primary alveolar epithelial cells

pAEC2 were isolated from tumour-free lung tissue of patients undergoing lung 
resection at the Leiden University Medical Center (LUMC, The Netherlands). 
The use of surplus lung tissue for research following surgery was within the 
framework of patient care and in line with the “Human Tissue and Medical 
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Research: Code of conduct for responsible use” (2011) (www.federa.org) and 
followed advice of the LUMC Medical Ethical Committee.  Tissue donation 
was based on a no-objection system for coded anonymous use of waste 
tissue, left-over from diagnostic or therapeutic procedures. “No-objection” 
negates the need for individual informed consent and was approved by the 
IRB. All methods were carried out in accordance with relevant guidelines 
and regulations. pAEC2 were isolated and cultured essentially as described 
(Witherden and Tetley 2001). Briefly, resected lung tissue was cut into 
pieces of approximately 5 cm3 and incubated with 10 ml trypsin (0.25% w/v 
in Hanks’ Balanced Salt Solution) for 15 min; this was repeated multiple 
times for a total incubation time of 45 min. Trypsin was then blocked using 
newborn calf serum (NBCS) (Sigma-Aldrich, St. Louis, MO). The tissue 
was cut into smaller pieces in the presence of NBCS and DNase (Sigma-
Aldrich), and passed through strainers of different sizes to obtain single cells 
in suspension. These were plated in uncoated T75 flasks for 2 hours at 37 
°C with serum-free DCCM-1 (Biological Industries, Kibbutz Beit-Haemek, 
Israel) medium to allow attachment of most non-AEC2. Following 2 hours 
of attachment, non-attached (pAEC2) cells were collected and seeded on 1% 
Purecol- (Advanced Biomatrix, Carlsbad, CA) coated Transwell inserts with 
0.4 µm diameter pores (Corning). The pAEC2 were maintained in DCCM-1 
with 10% (v/v) NBCS.

Quantitative real-time PCR

RNA isolation was performed using Maxwell tissue RNA extraction kit 
(Promega, Leiden, The Netherlands) according to the manufacturer’s 
protocol. RNA concentrations were determined using the NanoDrop

34

Gene Forward (5’ to 3’) Reverse (3’ to 5’)
SOX2 TGGACAGTTACGCGCACAT CGAGTAGGACATGCTGTAGGT
FOXA2 ACTACCCCGGCTACGGTTC AGGCCCGTTTTGTTCGTGA
CPM GCGCTGGATTTCAACTACCAC TCCCGCCCAACAGTCTCAT
NKX2-1 AGCACACGACTCCGTTCTC GCCCACTTTCTTGTAGCTTTCC
SOX17 GTGGACCGCACGGAATTTG GGAGATTCACACCGGAGTCA
SOX9 AGCGAACGCACATCAAGAC CTGTAGGCGATCTGTTGGGG
SFTPB CTTCCAGAACCAGACTGACTCA GCTCGGAGAGATCCTGTGTG
SFTPC CTCTCTGCAGGCCAAGCCCG TTCCACTGACCCGGAGGCGT
SFTPD CCTTACAGGGACAAGTACAGCA CTGTGCCTCCGTAAATGGTTT
OAZ1 GGATCCTCAATAGCCACTGC TACAGCAGTGGAGGGAGACC
ATP5B TCACCCAGGCTGGTTCAGA AGTGGCCAGGGTAGGCTGAT
PDPN AACCAGCGAAGACCGCTATAA CGAATGCCTGTTACACTGTTGA
Table 1. Primer sequences.
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ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE) and 
cDNA was synthesized by reversed transcription of 1 µg of RNA, using oligo-
dT primers (Qiagen), dNTP (Promega), and M-MLV Polymerase (Promega) 
in the presence of RNasin (Promega). Quantitative real-time PCR (qPCR) 
was conducted using IQ SYBR green supermix (Bio-Rad, Hercules, CA) and 
a CFX-384 real-time PCR detection system (Bio-Rad). qPCR reactions were  
performed using the primers shown in Table 1 . Reference genes OAZ1 and 
ATP5B were selected using the NormFinder method (Andersen, Jensen, and 
Orntoft 2004). Bio-Rad CFX manager 3.1 software (Bio-Rad) was used to 
calculate the arbitrary gene expression using the Livak method.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 1 hour at 4 °C, 100% methanol 
was added for permeabilization for 10 min at 4 °C, and non-specific binding 
sites were blocked in blocking solution consisting of 5% (w/v) BSA and 
0.3% (v/v) Triton X100 in PBS. Between each step, cells were washed 3 
times with PBS. Subsequently the cells were incubated overnight at 4 °C 
with primary antibody (Table 2) diluted in blocking solution. Next, filters 
were washed 3 times in PBS and stained with secondary antibody, and DAPI 
as nuclear staining. Secondary antibodies (Table 2) and DAPI were also 
diluted in blocking solution and incubated in the dark for 1 hour at room 
temperature. Afterwards, filters were washed 3 times with PBS and mounted 
on microscope slides using ProLong gold antifade (Thermo Fisher). Images 
were made using a Leica TCS SP8 confocal inverted microscope (Leica 
Microsystems, Wetzlar, Germany) and processed using the Leica Application 
Suite Advanced Fluorescence software (LAS AF, Leica Microsystems). 
Protein Company Cat# Dilution
Primary antibodies
NKX2-1 Novus biological NBP2-29434 1:100
Pro-SFTPC R&D H00006440-D01P 1:200
LPCAT1 Atlas antibodies HPA012501 1:100
Podoplanin Abcam ab10288 1:100
Secondary antibodies
Alexa 568 donkey-anti-mouse Invitrogen A10037 1:200
Alexa 488 goat-anti-rabbit Invitrogen A11008 1:200
Alexa 568 donkey-anti-rabbit Invitrogen A10047 1:200
Table 2. Antibodies used for immunofluorescence.

Transepithelial electrical resistance

The epithelial barrier function of epithelial monolayer cultures was determined 
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by measuring the transepithelial electrical resistance (TEER) using the 
MilliCell-ERS (Millipore, Bedford, MA). TEER was expressed as Ω*cm2. 

Electron microscopy

Cells cultured on filter were fixed by adding double concentrated fixative 1 
on 1 to the culture medium (3% GA / 0.2 M cacodylate, final concentration 
1.5% GA / 0.1 M cacodylate buffer). After an 1 hour fixation cells were 
rinsed with 0.1 M cacodylate buffer and postfixed with 1% OsO4 / 1.5% 
ferricyanide / 0.1 M cacodylate buffer. After rinsing with cacodylate buffer 
a second postfixation with 0.5% RuO4 / MQ was performed. After rinsing 
with cacodylate buffer the filter with the fixed cells was carefully cut out 
from the Transwell, cut in small pieces of about 1 x 2 mm and dehydrated 
up to ethanol 70%, followed by mixtures of EPON LX-112 and ethanol 70%. 
The filter pieces were positioned in a mold, allowing cross sections of the 
filter. After polymerization of the EPON,  80 nm ultrathin sections were 
made, and after staining with uranyl acetate and lead citrate, the sections 
were examined with an electron microscope (FEI Tecnai T12 Twin, 120 
kV). Overlapping images were collected and stitched together into separate 
images as previously described (Faas et al. 2012).

Wound healing assay

A circular wound assay was performed as described in (Amatngalim et al. 
2016). Briefly, 500 µl PBS was added to the apical surface of the ALI-cultured 
AEC2 to facilitate mechanical wounding. The wound was applied by using a 
sterile Pasteur pipette with a soft tip to scrape the cell layer, creating a wound 
with a diameter of 3 mm. After wounding, the apical surface of the cultures 
was washed with 200 µl PBS to remove cellular debris. Wound healing was 
assessed by light microscopy, and images were taken at different time points. 
Images were analysed using NIH-ImageJ software (v1.50i).

Data analysis

Statistical analysis was performed in GraphPad PRISM 6.0 (GraphPad 
Software Inc., La Jolla, CA). Data was analysed using one-way ANOVA 
with Tukey correction, or for wound closure with two-way ANOVA multiple 
comparison test. Error bars depict SEM. Differences were considered 
significant at p < 0.05.
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Results

Generation of induced type 2 alveolar epithelial cells (iAEC2s) from 
hiPSC

Selection of reference genes for monitoring diff erentiation. Gene expression 
is commonly used to monitor hiPSC diff erentiation since the cells undergo 
extensive phenotypic changes which can be monitored accurately using

Figure 2. Identifi cation of suitable reference 
genes using NormFinder. Expression value 
of commonly used reference genes showing the 
threshold values obtained by qPCR. Expression in 
LUMC0044iCTRL44.9 and LUMC0065iCTRL08 
and derived defi nitive endoderm. (n=8  independent 
experiments)

Gene name Stability 
value

Intergroup 
variation

hiPSC DE

ATP5B 0.243 ATP5B 0.061 0.161
GNB2L 0.278 GNB2L 0.205 0.252
OAZ1 0.281 OAZ1 0.118 0.029
RPL13 0.305 RPL13 0.246 0.323
GAPDH 0.355 GAPDH 0.795 0.061
B2M 0.372 B2M 0.089 0.117
YWHAZ 0.393 YWHAZ 0.063 0.158
RPS29 0.556 RPS29 0.966 0.268
RPL27 0.625 RPL27 1.248 1.934
RPL30 0.786 RPL30 4.020 3.831
HPRT1 0.804 HPRT1 0.120 0.033
ACTB 0.845 ACTB 3.498 0.402
Table 3. Evaluation of reference gene stability using NormFinder in hiPSC and DE. 

cell-type specifi c reference genes. 
To identify the most suitable 
reference genes, we performed 
NormFinder analysis at the fi rst step 
of diff erentiation (Andersen, Jensen, 
and Orntoft 2004). The variation of 
expression stability of 13 candidate 
reference genes in hiPSC and defi nitive 
endoderm (DE) cells was analysed. Fig. 
2 shows the distribution of Cq values 
of 13 reference genes (Supplemental 
Table 1) in our hiPSC lines and their 
corresponding diff erentiated DE 
derivatives. Table 3 shows the stability 
values of all candidate reference genes 
as well as the inter-group variation. The
three genes with the highest stability were ATP5B (0.243), GNB2L
(0.278) and OAZ1 (0.281), of which the former and latter were chosen 
for further studies. Notably, other frequently used reference genes 
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like GAPDH, B2M and ACTB showed either poor stability values or high Cq, 
making them less suitable for monitoring differentiation. 

Development of differentiation protocol. An overview of the final 
differentiation protocol based on optimized procedures is shown in Fig. 
1 and described in detail in the online supplement. Differentiation was 
monitored using markers described as being associated with different stages 
of differentiation as shown in Fig. 3 and SFig. 1. hiPSC were first plated in 
6-well plates and directed towards DE. 4 days later, DE cells were present 
as evidenced by decreased expression of pluripotency genes and increased 
expression of the endodermal markers SOX17 and FOXA2 (Fig. 3A). DE cells 
were exposed to the SMAD2/3 inhibitor SB-431542 and the BMP inhibitor 
dorsomorphin to induce anterior foregut endoderm (AFE). Dorsomorphin 
resulted in a stronger increase in expression of AFE markers compared to 
treatment with the recombinant BMP inhibitor Noggin (SFig. 1). Successful 
generation of AFE was confirmed after 4 days of differentiation based on 
the decreased expression of the endodermal marker SOX17, maintenance 
of FOXA2 expression, and increased SOX2 expression (Fig. 3A) (Green et 
al. 2011). Following AFE induction, formation of ventral anterior foregut 
endoderm (VAFE) was induced using FGF2, BMP4, CHIR99021 (canonical 
Wnt-activator) and EC23 (retinoic acid pathway agonist). Following 8 days 
of differentiation directed towards VAFE, increased expression of NKX2-1 
and CPM was observed (Fig. 3A), which have been described as the earliest 
markers of lung development expressed in the VAFE (Gotoh et al. 2014; 
Huang et al. 2015). Expression of NKX2-1 at this stage of differentiation 
was markedly enhanced by the presence of FGF2, and this was confirmed 
at the protein level by immunofluorescent staining of NKX2-1 (Fig. 3B, C). 
Expression was observed in a subset of cells, indicating a heterogeneous 
population. Subsequently, the cells were directed to a lung progenitor 
phenotype expressing SOX9 and ID2 by 8 days of exposure to KGF and 
FGF10 (SFig. 3). Following progenitor differentiation, the cells were exposed 
to dexamethasone, KGF, IBMX and 8-Br-cAMP for 6 weeks to direct cells 
to an AEC2 phenotype. The development of AEC2-like cells was verified by 
immunofluorescent staining (Fig 3D, E) and mRNA expression of surfactant 
proteins (Fig. 3J).

In order to obtain a more enriched cell population, after 4 weeks of 
alveolarization EpCAM+ cells were isolated by MACS-based sorting, and the 
cells were next seeded on a Transwell insert and cultured for 2 weeks at the air-
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Figure 3. Diff erentiation of human induced pluripotent stem cells towards an alveolar fate. Expression 
of diff erentiation-associated genes in undiff erentiated hiPSC, DE, AFE and VAFE (n=6 separate experiments from 
2 cell lines). (B-I) Representative images of cells at various diff erentiation stages stained for (B-C) NKX2-1 scale 
bar=50 µm, (D, E) Pro-surfactant protein C expression pre-EpCAM sorting, scale bar=50 µm and 20 µm respectively 
(F, G) Pro-surfactant protein C expression post-EpCAM sorting, scale bar=50 µm (H) LPCAT-1 (green) Podoplanin 
(Red), scale bar=50 µm Nuclei (blue) stained with DAPI. (I) Electron microscopic image of lamellar body in iAEC2 
cells following 2 weeks of ALI culture (n=1) N=Nucleus, M=mitochondria, Arrow=lamellar body, scale bar=1 µm. (J) 
Normalized gene expression of genes associated with a distal lung and alveolar fate (n=3 independent experiments). 
Data shown as mean; error bars represent SEM, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
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liquid interface (ALI). Expression of pro-surfactant protein C (pro-SFTPC) 
was assessed using fluorescent staining (Fig. 3F, G). Following selection and 
2-week ALI culture of EpCAM+ cells, the majority of the cells stained weakly 
positive for the lamellar body-associated enzyme Lysophosphatidylcholine 
acyltransferase 1 (LPCAT-1) (Fig. 3H). Remarkably, after 2 weeks of culture 
the expression of surfactant protein C was maintained and expression of 
podoplanin (PDPN) was detected in some cells. PDPN was not detected 
directly following EpCAM isolation, suggesting a loss of type 2 phenotype 
and an increased expression of protein classically associated with type 1 
phenotype during ALI culture. Staining of EpCAM-isolated cells showed 64.7% 
(n=3, SEM=2.53) positive for NKX2-1 (SFig. 2). To explore contamination 
with other lineages, we analysed expression of genes associated with other 
endodermal and non-endodermal lineages during the differentiation process 
(SFig. 3). We found that none of the markers analysed were expressed at 
higher levels than in pAEC2. Furthermore, staining for various airway 
epithelial cell-associated cellular markers (TP63, FOXJ1, SCGB1A1) indicated 
these were not present in our cultures (data not shown). We further validated 
the final differentiation protocol for generation of iAEC2 by using electron 
microscopy to confirm the presence of lamellar bodies (Fig. 3I).

Comparison of primary and induced AEC2 cultured at the air-liquid 
interface

We next compared characteristics of cultured iAEC2 and pAEC2. To this end, 
EpCAM-sorted iAEC2 and pAEC2 were seeded on Transwell inserts to allow 
culture at the ALI. The cells grew to confluence in approximately 2 weeks. 
They then formed a functional barrier that prevented leakage of medium 
from the basal compartment upon removal of the medium from the apical 
compartment. Establishment of this barrier was confirmed by assessing 
TEER. This showed that pAEC2 increased their barrier over the 2-week 
culture period to 200 Ω*cm2 (Fig. 4A). In contrast, TEER values of iAEC2 
reached a plateau of 80 Ω*cm2 after 1 week of culture. AEC2 were cultured 
for 2 weeks at the ALI and expression of the AEC2-associated markers 
surfactant protein B, C and D (SFTPB, SFTPC and SFTPD), aquaporin 5 
(AQP5) and PDPN, markers associated with an AEC1 phenotype,  were 
analysed at the mRNA level (Fig. 4B). Whereas iAEC2 cells showed overall 
lower levels of expression of AEC2 markers compared to pAEC2 cells, their 
expression was detected at the protein level using fluorescent staining. In 
order to determine if the epithelial cell maintenance could be improved by
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Figure 4. Comparison of hiPSC-derived and isolated AEC2 cells. (A) Change of TEER over 2 weeks of culture 
at the air-liquid interface (n=3 independent experiments from 2 cell lines). (B) Normalized expression of markers 
associated with AEC2 and AEC1 phenotype following 2 week culture at the air-liquid interface (n=7). (C) Normalized  
expression alveolar associated markers following 2 weeks of culture at the air-liquid interface and following stimulation 
with CHIR99021 (n=3). SFTPB/C/D = Surfactant protein B/C/D, AQP5 = Aquaporin 5, PDPN = Podoplanin. Data 
shown as mean; error bars represent SEM, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001

canonical Wnt activation, we stimulated the ALI cultured cells for 1 week 
with the Wnt-activator CHIR99021. Culture of iAEC2 cells with CHIR99021 
caused a signifi cant decrease in expression of SFTPC and an increase of 
AQP5, suggesting bias towards an AEC1 phenotype (Fig. 4). In contrast, in 
the pAEC2, no signifi cant eff ect of CHIR99021 on expression of AEC markers 
was noted. 

Circular wound closure assay

To study repair in the alveolar epithelial ALI model, a circular mechanical 
wound was created by scraping pAEC2 layers cultured at the ALI. In this 
assay, epithelial wound closure was monitored over time showing that 
under control conditions full wound closure was achieved between 72 and 
84 hours. Exposure to the Wnt-activator CHIR99021 following wounding 
caused a non-signifi cant decrease in wound closure rate, whereas exposure 
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to the TGF-β signalling inhibitor SB-431542 significantly increased the rate 
of wound closure (Fig. 5A). Microscopic analysis suggested that in the early 
phases of wound repair, cells migrated into the wound area and displayed 
an elongated morphology. These observations suggested that wound closure 
is achieved by a mix of proliferation and migration. Notably, in cultures 
exposed to CHIR99021, more elongated cells were observed at the wound 
edge, which appeared to delay wound closure (Fig. 5D).

Similar wound closure assays were then performed on iAEC2. Closure was 
slower compared to that observed with pAEC2 and full wound closure was 
only achieved at day 17. This is in line with our observation that the growth 
rate of iAEC2 was markedly lower than of pAEC2. Also in line with the 
observations with pAEC2, exposure of iAEC2 to CHIR99021 following injury 
reduced wound closure compared to control, and for iAEC2 this effect was 
statistically significant. Interestingly, in contrast to pAEC2, SB-431542 did 
not affect iAEC2 wound closure compared to control. 

In line with our findings in pAEC2, CHIR99021 also caused accumulation 
of elongated cells at the wound edge in iAEC2 cultures (Fig. 5B). These 
cells were further characterized by staining for pro-SFTPC and PDPN. The 
results showed that CHIR99021 treatment increased the number of PDPN+ 
cells while decreasing the number of pro-SFTPC+ cells at the wound edge, 
indicating a change in the number of cells retaining AEC2-like phenotype 
(Fig. 5D). Whether this phenotypical change contributes to the decrease in 
wound closure, requires further investigation.

Discussion

In this study, we demonstrated that selection of EpCAM+ cells from 
differentiating hiPSC and followed by ALI culture generates hiPSC-derived 
AEC2-like cells (iAEC2) suitable for studying alveolar wound repair. The 
introduction of an EpCAM-based sorting step during the maturation phase 
resulted in a more homogeneous population of pro-SFTPC+ cells that 
contained lamellar bodies evident by electron microscopy. When analysing 
wound closure at the ALI, we found that the Wnt-activator CHIR99021 
delayed wound closure in both pAEC2 and iAEC2 cultures, with this effect 
being more pronounced and significant in iAEC2. In iAEC2 cultures, and 
not in pAEC2 cultures, this treatment was accompanied by an increase in 
cells positive for PDPN, a marker associated with an AEC1 phenotype, with a 
concomitant decrease in pro-SFTPC positive cells at the wound edge.
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Figure 5. Wound closure assay at the air-liquid interface. (A) Quantifi cation of wound closure of isolated 
pAEC2 cells stimulated with SB-431542 or CHIR99021 (n=3). (B)  Representative images of wound closure of iAEC2 at 
the air liquid interface. (C) Quantifi cation of wound closure of iAEC2 stimulated with SB-431542 or CHIR99021 (n=3). 
(D) Wound edge of iAEC2 during wound closure. SFTPC (Green), Podoplanin (Red). Data shown as mean; error bars 
represent SEM, * p < 0.05, *** p < 0.001, **** p < 0.0001

Before our study, other groups had reported the generation of AEC2 from 
embryonic- (Roszell et al. 2009; Rippon et al. 2008) and induced pluripotent 
stem cells (Gotoh et al. 2014; Dye et al. 2015; Ghaedi et al. 2013; Ghaedi 
et al. 2014; McCauley et al. 2017; Huang et al. 2014; Jacob et al. 2017; 
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Yamamoto et al. 2017; Tamo et al. 2018). Our protocol was largely based 
on these published protocols, with some modifications that improved purity 
and maturity in our hiPSC cell lines. Notably, our differentiation protocol 
required FGF2 for a robust induction of NKX2-1 expression during the 
ventralization step.  Another difference with published protocols is that 
we isolated EpCAM+ cells after 4 weeks of maturation of distal progenitor 
cells in the dexamethasone mixture. EpCAM+-sorted cells were further 
matured for 2 weeks before assessing AEC2-associated marker expression. 
However, based on NKX2-1 staining, the isolated EpCAM+ population 
appeared heterogeneous which may be partly because EpCAM is not an 
alveolar-specific marker. Other studies included sorting at earlier stages of 
differentiation on the basis of carboxypeptidase M (CPM) surface expression 
or using NKX2-1 or pro-SFPTC reporter constructs, to enhance the efficiency 
and homogeneity of AEC2 population (Gotoh et al. 2014; Jacob et al. 2017). 
We reasoned that, compared to these approaches, EpCAM has the advantage 
of being an easily accessible cell surface protein expressed at the last stage 
of differentiation. Furthermore, using surface EpCAM as a marker does not 
require introduction of reporter constructs in hiPSC lines, facilitating wider 
application when using multiple hiPSC lines. Until recently, many studies 
have relied on the expression of pro-SFTPC at the mRNA or protein level to 
determine AEC2 identity but immature AEC2 may also express pro-SFTPC, 
whereas lamellar bodies as examined here by electron microscopy are a 
characteristic of mature AEC2 (Crapo et al. 1983). In addition, we obtained 
indirect evidence for the presence of these lamellar bodies by staining for the 
lamellar body-associated protein LPCAT-1. An important and acknowledged 
drawback in the use of hiPSC-derived cells is their heterogeneity with respect 
to maturation, even when using optimized protocols (Schwartzentruber et 
al. 2018; Wu et al. 2018). In our cultures, we have also assessed markers of 
airway epithelial cells and non-lung epithelial cells in view of the fact that it 
is known that NKX2-1 cells are plastic and may differentiate to other lung 
and non-lung phenotypes (Hurley et al. 2020). Expression of these markers 
was absent or not higher compared to primary alveolar cells. Although our 
iAEC2 cells displayed markers and functions typical of pAEC2, it was unclear 
whether additional cues are required for these cells to fully mature and 
become identical to AEC2 in situ in lung tissue. Single cell RNAseq analysis, 
epigenetic and other –omics based analyses of the iAEC2 might provide more 
information on the maturation state of subgroups of cells in the population. 
This was clearly demonstrated in a recent report by Hurley et al. (Hurley et
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al. 2020), showing how the use of single cell transcriptomics, computational 
modelling and lineage tracing using DNA barcoding can be applied to further 
improve differentiation of hiPSC-derived lung progenitors towards alveolar 
epithelial cells. 

In an effort to mimic the structural orientation of the alveoli more closely, 
we cultured the cells on Transwell inserts to allow air exposure. Our culture 
setup demonstrated the feasibility of culturing and maintaining both the 
pAEC2 and iAEC2 at the ALI. This setup is not only more physiological 
than using submerged cultures as it mimics the luminal air exposure in the 
alveolus, but importantly it also allows exposure to airborne substances such 
as inhaled toxicants and micro-organisms through a more anatomically 
accurate route. Furthermore, the effect of change in conditions as following 
birth when submerged cells are suddenly air-exposed or in ARDS when air-
exposed cells are suddenly submerged in fluid as a result of vascular leakage, 
could be studied in this setup. 

Interestingly, it was reported that in hiPSC-derived AEC2 cultures only few 
cells that express proteins associated with an AEC1 phenotype are detected 
(Huang et al. 2015), which is in marked contrast to cultures of pAEC2 from 
adult lung tissue that rapidly lose surfactant and other AEC2-associated 
markers in vitro (Logan and Desai 2015). This may suggest that the pathway 
driving spontaneous transdifferentiation in adult pAEC2 is not (yet) as active 
in iAEC2. Interestingly, we observed that treatment of iAEC2 cultures at the 
ALI with the Wnt-activator CHIR99021 decreased the number of cells with 
AEC2 characteristics while increasing AEC1-associated markers. Whether 
our findings are related to the use of ALI culture, is unclear at present. 
Furthermore, we cannot firmly conclude that we have obtained AEC1-like 
cells based on the loss of AEC2 markers and the upregulation of PDPN or 
AQP5. In our alveolar wounding model, we noted that this appearance of 
iAEC1-like cells was most pronounced at the wound edge. These findings on 
the effect of CHIR99021 are in apparent contrast to a recent mouse study, 
which suggested that Wnt signalling is required to maintain stemness of AEC2 
cells, and that Wnt signalling prevents transdifferentiation of AEC2 (Nabhan 
et al. 2018; Zacharias et al. 2018). In addition, Xu et al. previously showed 
that the canonical Wnt ligand Wnt3a blocked transdifferentiation of AEC2 
to AEC1 (Xu et al. 2015). To add to the complexity of Wnt signalling during 
generation of hiPSC-derived AEC2, it was demonstrated that temporary 
withdrawal of CHIR99021 is associated with iAEC2 maturation (Hurley et
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al. 2020; Jacob et al. 2017), whereas maintenance of proliferation requires 
adding back CHIR99021 (Hurley et al. 2020). A note of caution is needed, 
since CHIR99021 activates Wnt signalling through GSK3beta inhibition, 
and its mode of action is therefore not specific. Tamo et al. (Tamo et al. 
2018) recently reported that the Wnt-signalling inhibitor IWT increased 
transdifferentiation of iAEC2 to iAEC1 under submerged conditions, further 
pointing to a possible role of experimental design and agents used to study 
AEC transdifferentiation. Another mechanism that has been implicated 
in transdifferentiation of AEC2 to AEC1 is the autocrine action of TGF-β 
(Bhaskaran et al. 2007), which may be antagonized by BMP signalling (Zhao, 
Yee, and O’Reilly 2013). Using the TGF-β inhibitor SB-431542, we noted that 
the wound closure in iAEC2 cultures was unchanged compared to control, 
suggesting that TGF-β induced transdifferentiation does not play a dominant 
role in wound closure of iACE2 at the ALI. 

The marker profile of iAEC2 was largely similar to that of pAEC2 but there 
were differences. First, expression levels of AEC2-specific markers were 
lower in iAEC2. Second, in our wound model,  closure of iAEC2 wounds 
was notably slower than that of pAEC2, which might partly be explained by 
differences in culture media. Whereas pAEC2 are maintained in a rich, new-
born calf serum supplemented medium, iAEC2 are grown in a fully defined 
medium which is suitable for maintenance, but possibly suboptimal for 
expansion. Another important difference between iAEC2 and pAEC2 is that 
the latter were derived in situ in the presence of supporting cells, whereas 
similar cells were absent during differentiation of iACE2 from hiPSC. Our 
pAEC2 isolation protocol yielded a highly enriched population, but we cannot 
exclude minor contamination with mesenchymal cells. Various studies have 
shown the ability of mesenchymal cells (Gotoh et al. 2014; Yamamoto et 
al. 2017) as well as endothelial cells (Lee et al. 2014) to support alveolar 
epithelial cell development. Miller recently reported on the generation of 
a bud tip progenitor-like population of cells by culturing hiPSC-derived 
NKX2-1+ ventral foregut spheroids in presence of FGF7, CHIR99021 and 
retinoic acid (Miller et al. 2018). These cells maintained their multi-lineage 
potential and upon engraftment into murine airways developed into cells with 
characteristics of alveolar and airway cells. We did not use supporting cells 
during the generation of alveolar epithelial cells from hiPSC. Furthermore, in 
our current model of wound repair, we studied closure of alveolar epithelial 
wounds in the absence of other cell types that might influence closure rates. 
In vivo AEC are in close proximity to the surrounding endothelial cells
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allowing efficient gas transfer. Therefore, a limitation of our model is that 
endothelial cells, as well as other alveolar structural cells and for example 
intraluminal macrophages are absent. Furthermore, whereas AEC2 in lung 
tissue are exposed to the mechanical forces of breathing, these forces are 
absent in our model. It has been described that stretching of alveolar cells 
can contribute to maturation and surfactant secretion (Nakamura et al. 
2000). In vivo mechanical cues play a crucial role in organ formation and 
development. The differentiation pressure that could be provided by stretch 
in a lung-on-chip model could provide a more realistic alveolar environment 
and possibly more homogenous populations. 

A major advantage of using hiPSC lines for the development of disease-
relevant models, is that it allows the possibility of generating various 
differentiated cell types from the same cellular and genetic source, for 
example,  cells with endothelial functions expressing endothelial markers 
(CD31, CD144, VWF) (Orlova et al. 2014; Nakamura et al. 2000). We are 
currently exploring which media combinations are suitable for long-term 
co-culture of AEC2 and endothelial cells, either derived from resected lung 
tissue or hiPSC. The cell types that can be generated from hiPSC are not 
limited to AEC2 or endothelial cells, and with the continuous development 
of differentiation protocols, the generation of other cells present in the lung 
parenchyma becomes reality.  

In summary, our study provides support for the use of hiPSC in generating 
relatively mature populations of AEC2 and both confirms and extends 
previous studies in this area (Ghaedi et al. 2014; Gotoh et al. 2014; Huang 
et al. 2015; Jacob et al. 2017; Dye et al. 2015; Tamo et al. 2018; Hurley et al. 
2020). In addition, the study shows that iAEC2 can be used to study epithelial 
repair processes. This is relevant for future studies to evaluate drugs or cells 
that may enhance alveolar repair, an unmet medical need in regenerative 
medicine. 

H I P S C  D E R I V E D  A L V E O L A R  M O D E L

Thesis content_Sander.indd   47Thesis content_Sander.indd   47 25-08-2021   10:2725-08-2021   10:27



Acknowledgements

This study was supported by a grant of the Lung Foundation Netherlands 
(grant # 6.1.14.010). The authors thank Winifred Broekman (LUMC) for 
help in setting up the primary AEC2 cultures, and Matthew Hind (Imperial 
College, London) for hosting Winifred Broekman during her ERS Short-term 
Research Fellowship (STRTF 383-2011).

Author contributions

SR designed, performed and analysed the experiments, interpreted the data, 
prepared the figures and drafted the manuscript; DN provided technical 
support in cell culture; HM, CF and CM provided expertise and training in 
working with hiPSC; TT provided expertise for isolation and culture of primary 
AEC2; CJ and AM performed the EM analysis; TP, DB, AP, RT contributed 
to project discussions as members of the Lung Foundation Netherlands 
consortium (grant # 6.1.14.010) and contributed to manuscript preparation; 
CM provided critical input during manuscript preparation; RR and PH 
designed the study, and supervised experiments and manuscript writing. All 
authors have read and approved the final version of this manuscript. 

Competing interests
The authors declare no competing interests.

Data availability

The datasets of the current study are available from the corresponding author 
upon reasonable request.

48 C H A P T E R  2

Thesis content_Sander.indd   48Thesis content_Sander.indd   48 25-08-2021   10:2725-08-2021   10:27



2

49

References
Amatngalim, G. D., W. Broekman, N. M. Daniel, L.

E. van der Vlugt, A. van Schadewijk, C. Taube, and 
P. S. Hiemstra. 2016. ‘Cigarette Smoke Modulates 
Repair and Innate Immunity following Injury to 
Airway Epithelial Cells’, PLoS One, 11: e0166255.

Andersen, C. L., J. L. Jensen, and T. F. Orntoft.
2004. ‘Normalization of real-time quantitative 
reverse transcription-PCR data: a model-based 
variance estimation approach to identify genes 
suited for normalization, applied to bladder and 
colon cancer data sets’, Cancer Res, 64: 5245-50.

Baarsma, H. A., W. Skronska-Wasek, K. Mutze,
F. Ciolek, D. E. Wagner, G. John-Schuster, K. 
Heinzelmann, A. Gunther, K. R. Bracke, M. 
Dagouassat, J. Boczkowski, G. G. Brusselle, 
R. Smits, O. Eickelberg, A. O. Yildirim, and 
M. Konigshoff. 2017. ‘Noncanonical WNT-5A 
signaling impairs endogenous lung repair in 
COPD’, J Exp Med, 214: 143-63.

Bhaskaran, M., N. Kolliputi, Y. Wang, D. Gou, N. R.
Chintagari, and L. Liu. 2007. ‘Trans-
differentiation of alveolar epithelial type II cells 
to type I cells involves autocrine signaling by 
transforming growth factor beta 1 through the 
Smad pathway’, J Biol Chem, 282: 3968-76.

Chambers, R. C., and P. F. Mercer. 2015.
‘Mechanisms of alveolar epithelial injury, repair, 
and fibrosis’, Ann Am Thorac Soc, 12 Suppl 1: 
S16-20.

Chen, X., J. M. Janssen, J. Liu, I. Maggio, A. E. J. t
Jong, H. M. M. Mikkers, and Mafv Goncalves. 
2017. ‘In trans paired nicking triggers seamless 
genome editing without double-stranded DNA 
cutting’, Nat Commun, 8: 657.

Crane, A. M., P. Kramer, J. H. Bui, W. J. Chung, X.
S. Li, M. L. Gonzalez-Garay, F. Hawkins, W. 
Liao, D. Mora, S. Choi, J. Wang, H. C. Sun, D. 
E. Paschon, D. Y. Guschin, P. D. Gregory, D. N. 
Kotton, M. C. Holmes, E. J. Sorscher, and B. R. 
Davis. 2015. ‘Targeted correction and restored 
function of the CFTR gene in cystic fibrosis 
induced pluripotent stem cells’, Stem Cell 
Reports, 4: 569-77.

Crapo, J. D., S. L. Young, E. K. Fram, K. E. Pinkerton,
B. E. Barry, and R. O. Crapo. 1983. ‘Morphometric 
characteristics of cells in the alveolar region of 
mammalian lungs’, Am Rev Respir Dis, 128: S42-
6.

Dye, B. R., D. R. Hill, M. A. Ferguson, Y. H. Tsai,
M. S. Nagy, R. Dyal, J. M. Wells, C. N. Mayhew, 
R. Nattiv, O. D. Klein, E. S. White, G. H. Deutsch, 

and J. R. Spence. 2015. ‘In vitro generation 
of human pluripotent stem cell derived lung 
organoids’, Elife, 4.

Faas, F. G., M. C. Avramut, B. M. van den
Berg, A. M. Mommaas, A. J. Koster, and R. B. 
Ravelli. 2012. ‘Virtual nanoscopy: generation of 
ultra-large high resolution electron microscopy 
maps’, J Cell Biol, 198: 457-69.

Ghaedi, M., E. A. Calle, J. J. Mendez, A. L. Gard,
J. Balestrini, A. Booth, P. F. Bove, L. Gui, E. S. 
White, and L. E. Niklason. 2013. ‘Human iPS 
cell-derived alveolar epithelium repopulates lung 
extracellular matrix’, J Clin Invest, 123: 4950-62.

Ghaedi, M., J. J. Mendez, P. F. Bove, A.
Sivarapatna, M. S. Raredon, and L. E. Niklason. 
2014. ‘Alveolar epithelial differentiation of 
human induced pluripotent stem cells in a 
rotating bioreactor’, Biomaterials, 35: 699-710.

Gotoh, S., I. Ito, T. Nagasaki, Y. Yamamoto, S.
Konishi, Y. Korogi, H. Matsumoto, S. Muro, T. 
Hirai, M. Funato, S. Mae, T. Toyoda, A. Sato-
Otsubo, S. Ogawa, K. Osafune, and M. Mishima. 
2014. ‘Generation of alveolar epithelial spheroids 
via isolated progenitor cells from human 
pluripotent stem cells’, Stem Cell Reports, 3: 
394-403.

Green, M. D., A. Chen, M. C. Nostro, S. L.
d’Souza, C. Schaniel, I. R. Lemischka, V. Gouon-
Evans, G. Keller, and H. W. Snoeck. 2011. 
‘Generation of anterior foregut endoderm from 
human embryonic and induced pluripotent stem 
cells’, Nat Biotechnol, 29: 267-72.

Guillot, L., N. Nathan, O. Tabary, G. Thouvenin, P. Le
Rouzic, H. Corvol, S. Amselem, and A. Clement. 
2013. ‘Alveolar epithelial cells: master regulators 
of lung homeostasis’, Int J Biochem Cell Biol, 45: 
2568-73.

Herriges, M., and E. E. Morrisey. 2014.
‘Lung development: orchestrating the generation 
and regeneration of a complex organ’, 
Development, 141: 502-13.

Hogan, B. L., C. E. Barkauskas, H. A. Chapman,
J. A. Epstein, R. Jain, C. C. Hsia, L. Niklason, E. 
Calle, A. Le, S. H. Randell, J. Rock, M. Snitow, 
M. Krummel, B. R. Stripp, T. Vu, E. S. White, J. 
A. Whitsett, and E. E. Morrisey. 2014. ‘Repair 
and regeneration of the respiratory system: 
complexity, plasticity, and mechanisms of lung 
stem cell function’, Cell Stem Cell, 15: 123-38.

Huang, S. X., M. D. Green, A. T. de Carvalho,
M. Mumau, Y. W. Chen, S. L. D’Souza, and H. W. 

H I P S C  D E R I V E D  A L V E O L A R  M O D E L

Thesis content_Sander.indd   49Thesis content_Sander.indd   49 25-08-2021   10:2725-08-2021   10:27



50

Snoeck. 2015. ‘The in vitro generation of lung and 
airway progenitor cells from human pluripotent 
stem cells’, Nat Protoc, 10: 413-25.

Huang, S. X., M. N. Islam, J. O’Neill, Z. Hu, Y.
G. Yang, Y. W. Chen, M. Mumau, M. D. Green, 
G. Vunjak-Novakovic, J. Bhattacharya, and H. W. 
Snoeck. 2014. ‘Efficient generation of lung and 
airway epithelial cells from human pluripotent 
stem cells’, Nat Biotechnol, 32: 84-91.

Hurley, K., J. Ding, C. Villacorta-Martin, M. J.
Herriges, A. Jacob, M. Vedaie, K. D. Alysandratos, 
Y. L. Sun, C. Lin, R. B. Werder, J. Huang, A. A. 
Wilson, A. Mithal, G. Mostoslavsky, I. Oglesby, 
I. S. Caballero, S. H. Guttentag, F. Ahangari, N. 
Kaminski, A. Rodriguez-Fraticelli, F. Camargo, 
Z. Bar-Joseph, and D. N. Kotton. 2020. 
‘Reconstructed Single-Cell Fate Trajectories 
Define Lineage Plasticity Windows during 
Differentiation of Human PSC-Derived Distal 
Lung Progenitors’, Cell Stem Cell.

Jacob, A., M. Morley, F. Hawkins, K. B. McCauley,
J. C. Jean, H. Heins, C. L. Na, T. E. Weaver, M. 
Vedaie, K. Hurley, A. Hinds, S. J. Russo, S. Kook, 
W. Zacharias, M. Ochs, K. Traber, L. J. Quinton, 
A. Crane, B. R. Davis, F. V. White, J. Wambach, 
J. A. Whitsett, F. S. Cole, E. E. Morrisey, S. H. 
Guttentag, M. F. Beers, and D. N. Kotton. 2017. 
‘Differentiation of Human Pluripotent Stem Cells 
into Functional Lung Alveolar Epithelial Cells’, 
Cell Stem Cell, 21: 472-88 e10.

Kneidinger, N., A. O. Yildirim, J. Callegari, S.
Takenaka, M. M. Stein, R. Dumitrascu, A. Bohla, 
K. R. Bracke, R. E. Morty, G. G. Brusselle, R. T. 
Schermuly, O. Eickelberg, and M. Konigshoff. 
2011. ‘Activation of the WNT/beta-catenin 
pathway attenuates experimental emphysema’, 
Am J Respir Crit Care Med, 183: 723-33.

Lee, J. H., D. H. Bhang, A. Beede, T. L. Huang,
B. R. Stripp, K. D. Bloch, A. J. Wagers, Y. H. 
Tseng, S. Ryeom, and C. F. Kim. 2014. ‘Lung stem 
cell differentiation in mice directed by endothelial 
cells via a BMP4-NFATc1-thrombospondin-1 
axis’, Cell, 156: 440-55.

Logan, C. Y., and T. J. Desai. 2015. ‘Keeping it together:
Pulmonary alveoli are maintained by a hierarchy 
of cellular programs’, Bioessays, 37: 1028-37.

Mao, P., S. Wu, J. Li, W. Fu, W. He, X. Liu, A. S. Slutsky,
H. Zhang, and Y. Li. 2015. ‘Human alveolar 
epithelial type II cells in primary culture’, Physiol 
Rep, 3.

McCauley, K. B., F. Hawkins, M. Serra, D. C.
Thomas, A. Jacob, and D. N. Kotton. 2017. 

‘Efficient Derivation of Functional Human 
Airway Epithelium from Pluripotent Stem Cells 
via Temporal Regulation of Wnt Signaling’, Cell 
Stem Cell, 20: 844-57 e6.

Miller, A. J., D. R. Hill, M. S. Nagy, Y. Aoki, B. R.
Dye, A. M. Chin, S. Huang, F. Zhu, E. S. White, 
V. Lama, and J. R. Spence. 2018. ‘In Vitro 
Induction and In Vivo Engraftment of Lung 
Bud Tip Progenitor Cells Derived from Human 
Pluripotent Stem Cells’, Stem Cell Reports, 10: 
101-19.

Nabhan, A. N., D. G. Brownfield, P. B. Harbury,
M. A. Krasnow, and T. J. Desai. 2018. ‘Single-
cell Wnt signaling niches maintain stemness of 
alveolar type 2 cells’, Science, 359: 1118-23.

Nakamura, T., M. Liu, E. Mourgeon, A. Slutsky,
and M. Post. 2000. ‘Mechanical strain and 
dexamethasone selectively increase surfactant 
protein C and tropoelastin gene expression’, Am 
J Physiol Lung Cell Mol Physiol, 278: L974-80.

Okita, K., Y. Matsumura, Y. Sato, A. Okada, A.
Morizane, S. Okamoto, H. Hong, M. Nakagawa, 
K. Tanabe, K. Tezuka, T. Shibata, T. Kunisada, 
M. Takahashi, J. Takahashi, H. Saji, and S. 
Yamanaka. 2011. ‘A more efficient method to 
generate integration-free human iPS cells’, Nat 
Methods, 8: 409-12.

Orlova, V. V., F. E. van den Hil, S. Petrus-Reurer, Y.
Drabsch, P. Ten Dijke, and C. L. Mummery. 2014. 
‘Generation, expansion and functional analysis 
of endothelial cells and pericytes derived from 
human pluripotent stem cells’, Nat Protoc, 9: 
1514-31.

Rippon, H. J., S. Lane, M. Qin, N. S. Ismail, M. R.
Wilson, M. Takata, and A. E. Bishop. 2008. 
‘Embryonic stem cells as a source of pulmonary 
epithelium in vitro and in vivo’, Proc Am Thorac 
Soc, 5: 717-22.

Rock, J., and M. Konigshoff. 2012. ‘Endogenous
lung regeneration: potential and limitations’, Am 
J Respir Crit Care Med, 186: 1213-9.

Roszell, B., M. J. Mondrinos, A. Seaton, D. M.
Simons, S. H. Koutzaki, G. H. Fong, P. I. Lelkes, 
and C. M. Finck. 2009. ‘Efficient derivation of 
alveolar type II cells from embryonic stem cells 
for in vivo application’, Tissue Eng Part A, 15: 
3351-65.

Schilders, K. A., E. Eenjes, S. van Riet, A. A.
Poot, D. Stamatialis, R. Truckenmuller, P. S. 
Hiemstra, and R. J. Rottier. 2016. ‘Regeneration 
of the lung: Lung stem cells and the development 
of lung mimicking devices’, Respir Res, 17: 44.

C H A P T E R  2

Thesis content_Sander.indd   50Thesis content_Sander.indd   50 25-08-2021   10:2725-08-2021   10:27



2

51

Schwartzentruber, J., S. Foskolou, H. Kilpinen,
J. Rodrigues, K. Alasoo, A. J. Knights, M. Patel, 
A. Goncalves, R. Ferreira, C. L. Benn, A. Wilbrey, 
M. Bictash, E. Impey, L. Cao, S. Lainez, A. J. 
Loucif, P. J. Whiting, Hipsci Consortium, A. 
Gutteridge, and D. J. Gaffney. 2018. ‘Molecular 
and functional variation in iPSC-derived sensory 
neurons’, Nat Genet, 50: 54-61.

Skronska-Wasek, W., K. Mutze, H. A. Baarsma, K.
R. Bracke, H. N. Alsafadi, M. Lehmann, R. Costa, 
M. Stornaiuolo, E. Novellino, G. G. Brusselle, D. 
E. Wagner, A. O. Yildirim, and M. Konigshoff. 
2017. ‘Reduced Frizzled Receptor 4 Expression 
Prevents WNT/beta-Catenin-driven Alveolar 
Lung Repair in Chronic Obstructive Pulmonary 
Disease’, Am J Respir Crit Care Med, 196: 172-85.

Takahashi, K., K. Tanabe, M. Ohnuki, M. Narita,
T. Ichisaka, K. Tomoda, and S. Yamanaka. 2007. 
‘Induction of pluripotent stem cells from adult 
human fibroblasts by defined factors’, Cell, 131: 
861-72.

Tamo, L., Y. Hibaoui, S. Kallol, M. P. Alves, C.
Albrecht, K. E. Hostettler, A. Feki, J. S. Rougier, 
H. Abriel, L. Knudsen, A. Gazdhar, and T. Geiser. 
2018. ‘Generation of an alveolar epithelial type II 
cell line from induced pluripotent stem cells’, Am 
J Physiol Lung Cell Mol Physiol.

van den Bogaard, E. H., L. A. Dailey, A. J. Thorley,
T. D. Tetley, and B. Forbes. 2009. ‘Inflammatory 
response and barrier properties of a new alveolar 
type 1-like cell line (TT1)’, Pharm Res, 26: 1172-
80.

Warlich, E., J. Kuehle, T. Cantz, M. H. Brugman,
T. Maetzig, M. Galla, A. A. Filipczyk, S. Halle, H. 
Klump, H. R. Scholer, C. Baum, T. Schroeder, and 
A. Schambach. 2011. ‘Lentiviral vector design and 
imaging approaches to visualize the early stages 
of cellular reprogramming’, Mol Ther, 19: 782-9.

Whitsett, J. A., and T. E. Weaver. 2015.
‘Alveolar development and disease’, Am J Respir 
Cell Mol Biol, 53: 1-7.

Witherden, I. R., and T. D. Tetley. 2001.
‘Isolation and Culture of Human Alveolar Type 
II Pneumocytes’, Methods Mol Med, 56: 137-46.

Wu, H., K. Uchimura, E. L. Donnelly, Y. Kirita, S.
A.Morris, and B. D. Humphreys. 2018. 
‘Comparative Analysis and Refinement of Human 
PSC-Derived Kidney Organoid Differentiation 
with Single-Cell Transcriptomics’, Cell Stem Cell, 
23: 869-81 e8.

Xu, W., Y. Zhao, B. Zhang, B. Xu, Y. Yang, Y. Wang,
and C. Liu. 2015. ‘Wnt3a Mediates the Inhibitory 

Effect of Hyperoxia on the Transdifferentiation 
of AECIIs to AECIs’, J Histochem Cytochem, 63: 
879-91.

Yamamoto, Y., S. Gotoh, Y. Korogi, M. Seki,
S. Konishi, S. Ikeo, N. Sone, T. Nagasaki, H. 
Matsumoto, S. Muro, I. Ito, T. Hirai, T. Kohno, 
Y. Suzuki, and M. Mishima. 2017. ‘Long-term 
expansion of alveolar stem cells derived from 
human iPS cells in organoids’, Nat Methods, 14: 
1097-106.

Zacharias, W. J., D. B. Frank, J. A. Zepp, M.
P. Morley, F. A. Alkhaleel, J. Kong, S. Zhou, E. 
Cantu, and E. E. Morrisey. 2018. ‘Regeneration of 
the lung alveolus by an evolutionarily conserved 
epithelial progenitor’, Nature, 555: 251-55.

Zhao, L., M. Yee, and M. A. O’Reilly. 2013.
‘Transdifferentiation of alveolar epithelial type II 
to type I cells is controlled by opposing TGF-beta 
and BMP signaling’, Am J Physiol Lung Cell Mol 
Physiol, 305: L409-18.

H I P S C  D E R I V E D  A L V E O L A R  M O D E L

Thesis content_Sander.indd   51Thesis content_Sander.indd   51 25-08-2021   10:2725-08-2021   10:27



52

Supplementary methods

Generation of induced iAEC2 from hiPSC

Directed differentiation of hiPSC into AEC2-like cells was achieved by 
guiding the cells through sequential embryonic developmental stages. hiPSC 
colonies were grown and maintained on vitronectin (StemCell Technologies, 
Vancouver, Canada) coated (10 µg/ml) 6 well plates (Corning, Corning, 
NY) and cultured in mTESR1 media (StemCell Technologies). The cells 
were passaged weekly 1:15 using Gentle Cell Dissociation reagent (StemCell 
Technologies). Differentiation into definitive endoderm was achieved using 
the STEMdiff definitive endoderm kit (StemCell Technologies) according to the 
manufacturer’s instructions. Single cell suspensions were obtained by using 
Gentle Cell Dissociation reagent at room temperature. After cell counting, 
2x106 cells were seeded in vitronectin-coated 6 well plates. During the first 24 
hours, 10 µM Y-27632 (Cayman Chemicals, Ann Arbor, MI) was added. The 
following day the medium was changed to endoderm medium, supplemented 
with compound A and B (StemCell Technologies), and for the next 3 days 
with addition of only supplements B. Following endoderm induction, cells 
were dissociated using TrypLE select (ThermoFisher, Waltham, MA) at room 
temperature and split in a 1:4 ratio for culture in 6-well plates pre-coated with 
vitronectin. The cells were maintained in serum-free basal differentiation 
medium, consisting of IMDM (ThermoFisher), Ham’s F12 (ThermoFisher) 
containing B27 (Invitrogen, Carlsbad, CA), N2 (Invitrogen), 0.1% (w/v) 
bovine serum albumin Fraction V (Invitrogen), Glutamax (ThermoFisher), 
and primocin (Invivogen, San Diego, USA). To next achieve anterior foregut 
endoderm (AFE) induction, the medium was supplemented with 10 µM SB-
431542 (Sigma-Aldrich, St. Louis, MO) and 2 µM dorsomorphin (Sigma). 
During the first day of AFE formation, medium was supplemented with 10 
µM Y-27632. Using our cell lines, we found that use of dorsomorphin resulted 
in a more robust induction of SOX2 compared to use of the recombinant 
protein noggin (SFig. 1). After 4 days of anteriorization, the cells were washed 
and medium switched to ventralization medium for 8 days for induction of 
ventral anterior foregut endoderm (VAFE). Ventralization medium is basal 
medium supplemented with 2 µM CHIR99021 (Sigma-Aldrich), 30 ng/ml 
recombinant human BMP4 (Life Technologies), 100 ng/ml recombinant 
human FGF2 (Miltenyi Biotech, Bergisch Gladbach, Germany) and 50 nM 
EC23 (Bio-Techne, Minneapolis, MN). During the first day, 10 µM Y-27632 
was added. Importantly, we found that FGF2 was required in our protocol
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to achieve a robust expression of NKX2-1. This was observed both when 
using AFE obtained using noggin (Supplementary Figure 1, middle) as well 
as that obtained using dorsomorphin (Supplementary Figure 1, lower part). 
Following 8 days of ventralization the cells were washed and dissociated 
using TrypLE select at room temperature and split in a 1:2 to 1:4 ratio. 
The cells were maintained in basal differentiation medium supplemented 
with 50 ng/ml recombinant human FGF7 (Tebu-Bio, Heerhugowaard, The 
Netherlands) and 100 ng/ml recombinant human FGF10 (Miltenyi Biotech) 
for 8 days with 10 µM Y-27632 present during the first 24 hours. After 8 
days, the cells were washed and medium replaced with alveolarization 
medium, consisting of basal differentiation medium supplemented with 50 
ng/ml recombinant human FGF7, 50 nM dexamethasone (Sigma-Aldrich), 
100 µM 3-Isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich) and 100 µM 
8-Bromoadenosine 3’,5’-cyclic monophosphate (Sigma-Aldrich). After 4 
weeks of  “alveolarization” the cells were sorting using MACS beads coated with 
anti-EpCAM (Miltenyi Biotech) according to the manufacturer’s instructions. 
The isolated cells are cultured on semipermeable Transwell membranes with 
0.4-µm pore size (Corning Costar, Cambridge, MA). Transwells were coated 
with a mixture of 30 µg/ml PureCol (Advanced BioMatrix, San Diego, CA), 
10 µg/ml BSA (invitrogen) and 10 µg/ml fibronectin (Alfa Aeser, Karlsruhe, 
Germany) in PBS, at 37 °C, 5% CO2. Once confluent, the apical medium was 
removed and the cells were exposed to air. On the insert and at ALI the cells 
where maintained in the “alveolarization” medium.

Compound Concentration Company Cat#
Y-27632 10 µM Cayman Chemical 10005583-10
SB-431542 10 µM Sigma S4317
Dorsomorphin 2 µM Sigma P5499-5MG
CHIR99021 2 µM Sigma SML1046-5MG
FGF2 100 ng/ml Miltenyi Biotech 130-104-925
BMP4 30 ng/ml Life technologies PHC9534
EC23 50 nM Bio-Techne 4011
FGF7 50 ng/ml Tebu-Bio 100-19 B
FGF10 100 ng/ml Miltenyi Biotech 130-093-850
Dexamethasone 50 nM Sigma D4902-25MG
IBMX 100 µM Sigma I5879
8-Br-cAMP 100 µM Sigma B5386-5MG
Table S1. Key reagents used for generation of iAEC2.
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Gene Forward (5’ to 3’) Reverse (3’ to 5’)
RPL22 TCGCTCACCTCCCTTTCTAA TCACGGTGATCTTGCTCTTG
GAPDH TTCCAGGAGCGAGATCCCT CACCCATGACGAACATGGG
RPS29 GCACTGCTGAGAGCAAGATG ATAGGCAGTGCCAAGGAAGA
ACTB TGCGTGACATTAAGGAGAAG TGAAGGTAGTTTCGTGGATG
OAZ1 GGATCCTCAATAGCCACTGC TACAGCAGTGGAGGGAGACC
RPL27 ATCGCCAAGAGATCAAAGATAA TCTGAAGACATCCTTATTGACG
RPL30 ACAGCATGCGGAAAATACTAC AAAGGAAAATTTTGCAGGTTT
YWHAZ ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT
B2M GACCACTTACGTTCATTGACTCC CAGGGTTTCATCATACAGCCAT
GNB2L GAGTGTGGCCTTCTCCTCTG GCTTGCAGTTAGCCAGGTTC
HPRT1 AACCCTGTTGTCAATGCCTC AACACTTCGTGGGGTCCTTTTC
ATP5B TCACCCAGGCTGGTTCAGA AGTGGCCAGGGTAGGCTGAT
RPL13A AAGGTGGTGGTCGTACGCTGTG CGGGAAGGGTTGGTGTTCATCC
Table S2. Primer sequences candidate reference genes.
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Supplementary fi gures

Supplemental fi gure 1. Overview of early optimization. Results show expression of various markers at the 
diff erent stages of diff erentiation, including a comparison of the eff ect of three compounds mixes (SB [SB 431542] 
combined with Nog [Noggin]; the Wnt inhibitor IWR-1, or Dors [dorsomorphin]) on AFE generation(second line of 
fi gures). The lower four lines of fi gures show a comparison of VAFE obtained using AFE generated using the best two of 
these three mixes. RA, retinoic acid analogue EC23; +FGF, +FGF2, CHIR, RA and BMP4. See text for details.
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Supplemental fi gure 2. Staining of NKX2-1 and EpCAM. Images depicting staining of NKX2-1 and EpCAM on 
cytospins of EpCAM-isolated iAEC2 cells.
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Supplemental fi gure 3. Gene expression levels of other endodermal or non-endodermal lineages at the various 
stages of the diff erentiation process compared to primary AEC2 cells. iAEC2: cells cultured for 2 weeks at ALI following 
EpCAM isolation. The following markers were assessed: CDX1, HNF4a, NKX6-1, PAX8, PDX1, Thyroglobulin (TG), 
PAX6, NKX2-1, ID2 and SOX9.
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Abstract

Development of effective treatment strategies for lung tissue destruction as 
seen for example in emphysema would greatly benefit from representative 
human in vitro models of the alveolar compartment. Studying how (altered) 
biomechanical cues in emphysema affect alveolar epithelial repair function 
could provide new insight for tissue repair strategies. Preclinical models of 
the alveolus ideally combine human primary patient-derived alveolar type-
2 cells (AEC2) with advanced cell culture applications such as breathing-
related stretch, to more reliably represent the alveolar microenvironment. 
To test the feasibility of such a model, we isolated primary alveolar type-
2 cells (AEC2) from patient-derived lung tissues including from severe 
emphysema, using magnetic bead-based selection of cells expressing the 
AEC2 marker HTII-280. We obtained pure alveolar feeder-free organoid 
cultures with use of a minimally modified commercial medium which also 
allowed for further expansion of these organoids. Following expansion, 
cells were seeded on Transwell PET inserts and on the Chip-S1 that has a 
flexible PDMS membrane enabling the application of dynamic stretch to cell 
cultures. AEC2 cultured for seven days on Transwells or the Alveolus Lung-
Chip maintained expression of HTII-280, surfactant protein C (SP-C) and 
zonula occludens-1. When cultures were exposed to dynamic cyclic stretch for 
5 days, cells remained viable, expressed HTII-280 and SP-C and displayed a 
slightly elongated organization. The combination of a straightforward culture 
method of patient-derived AEC2 and their application in Organs-on-Chips, 
enabling study of biomechanical cues in AEC2 functioning, provides a next 
step in the development of representative human preclinical models of the 
alveolar compartment.
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Introduction

Chronic obstructive pulmonary disease (COPD) is one of the leading causes 
of death worldwide (World Health Organization 2018). Due to a lack of 
available curative treatments, combined with persistent and long-term 
effects of smoking, the alarming levels of air pollution as well as ageing of 
the population, this is not expected to improve in the near future (Khakban 
et al. 2017). Chronic airway inflammation and progressive destruction of the 
alveolar compartment of the lungs (emphysema) are principal hallmarks of 
this disease (Hogg and Timens 2009; Agusti and Hogg 2019). Alveolar tissue 
destruction reduces the gas exchange capacity and elastic recoil of the lungs, 
thereby progressively affecting quality of life of these patients. Smoking is 
one of the main risk factors for development of COPD. In addition to smoking 
cessation and pulmonary rehabilitation, pharmacological treatment for 
COPD is largely limited to the use of long-acting β2-agonists (LABA), long-
acting muscarinic antagonists (LAMA) and inhaled corticosteroids, which 
do not modify the course of the disease (Miravitlles et al. 2016; Celli and 
Wedzicha 2019). Lung volume reduction surgery (LVRS) can give alleviation 
for patients as it improves breathing by resection of the most damaged part 
of the lungs.Otherwise, lung transplantation is the remaining treatment 
strategy when the decrease in lung function capacity becomes life threatening, 
but this is limited by the availability of matching donor lungs and rejection 
of transplanted lungs. 

Development of new treatments that could halt or reverse the destruction of 
the alveolar compartment or potentially induce regeneration of lung tissue, 
are reliant on human preclinical models of the alveolar compartment, and 
available alternatives such as (tumour-derived) cell lines or animal models, 
unfortunately provide limited translation to in vivo human biology (Uhl 
and Warner 2015). Human induced pluripotent stem cells (hiPSC) offer an 
alternative source, however generation of AEC2 from hiPSC is currently still 
time consuming, costly and the derived alveolar cells generally display an 
immature phenotype (Jacob et al. 2017). 

Isolation protocols of human AEC2 were until recently complex procedures 
that were generally time consuming, required specialized equipment and/or 
complex cell culture media (Witherden and Tetley 2001; Hiemstra, Tetley, 
and Janes 2019) and carried a risk of contamination with mesenchymal cells. 
Furthermore, when AEC2 are propagated in conventional in vitro cell culture 
they tend to differentiate over time to alveolar epithelial type-1 cells (AEC1) 
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(Mao et al. 2015). Finally, since culture-based expansion of AEC2, and 
therefore the yield of AEC2 is limited, the number of isolated cells restricts 
the experimental set-up. Recently, new methods have been published that 
overcome many of these limitations, demonstrating the isolation of murine or 
human AEC2 from lung tissue and subsequent expansion in organoid culture 
(Glisinski et al. 2020; Salahudeen et al. 2020; Katsura et al. 2020). These 
much needed improvements have already shown to be a great step forward, 
and a logical next step is to apply primary AEC2, preferably patient-derived, 
in preclinical models of the alveolar compartment that include additional 
aspects of the alveolar environment, such as capillary blood flow and strain 
caused by breathing motions, as these mechanical forces are highly relevant 
in the alveolus environment but currently understudied (Evans and Lee 
2020). The development of Organs-on-Chips that recapitulate the tissue 
architecture more closely and allow integration of the dynamic biomechanical 
changes and cellular interactions within tissues is highly needed (Benam et 
al. 2016; Zamprogno et al. 2021).

To provide proof-of-principle for a cell culture model that more reliably 
mimics the alveolus microenvironment, we used a straightforward two-step 
protocol for AEC2 isolation from resected human lung tissue derived from 
non-smokers, ex-smokers, smokers and emphysematous tissue from lung 
volume reduction surgery (LVRS) surgery. Dissociation of the lung tissue 
was followed by an HTII-280-based enrichment step of AEC2 using magnetic 
beads, recently also developed by Katsura and colleagues (Katsura et al. 2020). 
This isolation procedure was combined with a feeder-free organoid-based 
culture method that allows expansion and propagation of AEC2 for weeks up 
to several months, whilst maintaining AEC2 characteristics and preventing 
contamination by other cells using a minimally modified commercial 
medium. Once sufficiently expanded, cells were used for successful culture 
on conventional Transwells and innovative Organs-on-Chips, in which we 
demonstrated feasibility of using the organoid-expanded AEC2 to study the 
effect of cyclic stretch on AEC2 phenotype.
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Methods

Isolation, maintenance and expansion of primary alveolar type-2 
cells

Tissue processing: Alveolar type-2 cells (AEC2) were isolated from tumour-
free tissue from patients undergoing lung resection surgery for lung cancer 
(smokers, ex-smokers and non-smokers) or from emphysematous tissue from 
patients undergoing LVRS at the Leiden University Medical Center (LUMC, 
The Netherlands) for emphysema. Patient characteristics are summarized 
in Table 1. The use of surplus lung tissue for research following surgery was 
within the framework of patient care and in line with the “Human Tissue 
and Medical Research: Code of conduct for responsible use” (2011) (www.
federa.org) and followed advice of the LUMC Medical Ethical Committee. 
Tissue donation was based on a no-objection system for coded anonymous 
use of waste tissue, left-over from diagnostic or therapeutic procedures. “No-
objection” negates the need for individual informed consent. All methods 
were carried out in accordance with relevant guidelines and regulations. 

Lobectomy LVRS

Number of donors 17 14

Male/Female 12/5 4/10

Age (years) mean [SD] 62.3 [11.3] 57.1 [2.3]

BMI mean [SD] 27.1 [6.3] 23.3 [2.1]

Smoking Status (non-/ex-/smokers) 3/5/6# 0/14/0

Pack years (ex-/smokers) [SD] 22.8 [15.8]/42.40 [9.56] ## 18.4 [3.4]/-

FEV1 % pred [SD] 89.40 [19.43]### 30.1 [7.7]

DLCO % pred [SD] 79.50 [24.58]# 38.1 [11.4]

Table 1. Patient characteristics of resected lung tissue from lobectomy surgery or lung volume 
reduction surgery (LVRS). Abbreviations: SD (standard deviation); BMI (body mass index); FEV1 (forced expired 
volume in 1 sec); DLCO (diffusion capacity of the lungs for carbon monoxide)
#Data available from 14 lobectomy patients
## Smokers data available from 5/6 lobectomy patients
### Data available from 15 lobectomy patients

The lung tissue homogenate preparation procedure was adapted from 
Witherden et al. (Witherden and Tetley 2001).Resected lung tissue was cut 
into pieces of approximately 5 cm3 and injected with 7.5 mL trypsin (Gibco 
1:250) (0.25% w/v) in Hanks’ Balanced Salt Solution (HBSS)) (ThermoFisher, 
Waltham, MA) and incubated for 15 min at 37oC; this wasrepeated for 
a total incubation time of 45 min. Trypsin activity was inhibited by 
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injecting the tissue with 7.5 mL soybean trypsin inhibitor (SBTI; 0.1% w/v 
in HBSS; St. Louis, Sigma-Aldrich, MO). Next, tissue was manually cut to 
as small as possible pieces during max 10 min. at room temperature (RT). 
The processed tissue was collected in gentleMACS C tubes (Miltenyi, Leiden, 
Netherlands) and ran twice on the gentleMACS tissue dissociator program 
M_lung_02.01 (Miltenyi) for further processing. This solution was then 
passed through a metal sieve to remove the biggest remaining pieces of tissue 
and next through a strainer with a mesh size of 100 µm (VWR international, 
Amsterdam, Netherlands) to obtain a single cell suspension. The cells were 
centrifuged for 5 min at 265 × g and supernatant was removed. If necessary 
(donor dependent), a red blood cell lysis (Miltenyi) was performed. To this 
end, the cell pellet was resuspended in 1 mL magnetic-activated cell sorting 
(MACS) buffer consisting of PBS, 0.1% (w/v) BSA (Sigma-Aldrich) and 2 mM 
EDTA (ThermoFisher) to continue with HTII-280+ selection.

HTII-280+ selection: HTII-280+ AEC2 were isolated using a HTII-280 
monoclonal mouse IgM antibody (Terrace Biotech, San Francisco, CA). 
Total tissue homogenate in 1 mL of MACS buffer was incubated with 25 
µL of undiluted HTII-280 antibody for 15 min at 4°C. Following 5 min. 
centrifugation at 265 × g, cells were incubated with magnetic bead-labelled 
anti-mouse IgM (Miltenyi) for 15 min at 4°C and subsequently MACS 
selection was performed according to manufacturer’s instruction (Miltenyi). 

Culture of alveolar type-2 cells in organoids: HTII-280+ cells were collected 
by centrifugation at 265 × g for 5 min AEC2 were counted in trypan blue 
and resuspended in cold Basement Membrane Extract 2 (BME2, Cultrex, 
Gaithersburg, MD). Alveolar cells (1*105 viable cells/30 µL droplet/well) 
were seeded in a 48 well plate, after which droplets were allowed to solidify at 
37oC. After 10 min, 500 µL complete alveolar organoid medium was added to 
the well. Alveolar cell culture medium consists of alveolar medium (Sciencell, 
Carlsbad, CA) with all supplements from the media kit except the antibiotics, 
which were replaced by the addition of Primocin (Invivogen, San Diego, 
CA). Alveolar cell culture medium supplemented with 4 µM CHIR99021 
(CHIR; Sigma-Aldrich) is further referred to as “complete alveolar organoid 
medium”. At the start of culture or directly upon passaging (until next medium 
refreshment), the complete alveolar organoid medium was supplemented 
with 10 µM Y-27632 (Cayman Chemical, Ann Arbor, MI) for 48 h. Medium 
was refreshed twice a week and cells were passaged approximately every 
2 weeks adapting the passing time to the specific donor growth-rate.  
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For passaging, medium was aspirated, and cold PBS was added to the well 
to dissolve the BME2. The organoid suspension was collected and incubated 
for max 10 min using 1 mL 0.03% w/v trypsin (1:250; Gibco, ThermoFisher), 
0.01% (w/v) EDTA (BDH, Poole, England), 0.1% glucose (BDH) in PBS per 
droplet at 37oC. Two mL SoyBean Trypsin Inhibitor (SBTI; Sigma) solution 
per droplet was added to stop the trypsin activity and organoids were 
further dissociated into fragments by resuspension. The disrupted organoids 
were centrifuged, resuspended in BME2 and re-plated. Organoids were 
subsequently grown under standard cell culture conditions (37oC and 5% 
CO2).

Cytospin preparations: To validate the success of HTII-280+ isolation using 
magnetic beads, cytospin preparations were obtained from the lung tissue 
homogenate single cell suspension before selection (unsorted) and after 
HTII-280+ selection, also including the negative fraction (flow through). 
Cytospin preparations were fixed using 4% formaldehyde (Sigma Aldrich) in 
PBS for subsequent immunofluorescence staining.

Transwell cultures: Transwells were coated with a mixture of 30 µg/mL 
bovine collagen I (PureCol; Advanced BioMatrix, San Diego, CA), 10 µg/mL 
BSA (ThermoFisher), and 10 µg/mL fibronectin (Promocell, PromoKine, 
Bio-connect, Huissen, The Netherlands) in PBS and seeded with either the 
HTII-280+ lung cells directly isolated from tissue (P0) or with the dissociated 
alveolar cells from the organoids at various passages. Alveolar medium 
was added to the basal and apical compartment of the Transwells and 
refreshed twice a week. After 7 days in culture, the Transwells were fixed for 
immunofluorescence staining using 4% formaldehyde in PBS.

Alveolus Lung-Chip cultures: Both channels of the commercial Chip-S1 
(Emulate Inc, Boston, MA) were activated using the provided reagents ER-1 
and ER-2. In short, ER-1 was resuspended in 5 mL ER-2 buffer and directly 
pipetted into both channels of the chip. Next, the chips were placed under 
UV-light for 10 min followed by two washes of both channels with ER-2, 
followed by another round of ER-1, UV and ER-2 washes. After the second 
ER-2 wash, the channels were washed with PBS. Next, both channels were 
filled with 300 µg/mL human collagen IV (Sigma-Aldrich) solution in PBS, 
and incubated overnight at 37oC and 5% CO2, to allow deposition of the 
collagen on the membrane in the Chip-S1.

Next, both channels were washed with complete alveolar organoid medium 
before cells were seeded in the top channel. To seed sufficient AEC2, 9 x 30 µl
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organoid-containing drops of alveolar cells were collected per chip, and 
organoids were dissociated as described when passaging the organoids. 
The cell pellet was resuspended in complete alveolar organoid medium and 
30 µL of this cell suspension was used to seed the top channel of one chip. 
Cells were left to adhere for approximately 6 h in the incubator in presence 
of 10 µM Y-27632. Next, top and bottom channels were infused with pre-
warmed complete alveolar organoid medium containing 10 µM Y-27632, and 
Chips were connected to pre-warmed media-filled fluidic manifolds, named 
Pods (Emulate Inc.). After obtaining liquid-liquid interface connection 
between Chips and Pods, these units were placed in the micro perfusion 
instrument, named “Zoë” (Emulate Inc.). After finishing the initial regulate 
cycle program (which pressurizes the medium to increase gas solubility and 
removes nucleating air bubbles while the system calibrates), the Alveolus 
Lung-Chips were continuously perfused at a flow rate of 30 µL/h in both the 
top and bottom channel. Approximately 24 h after this first regulate cycle 
program, a so-called via-wash was performed, dislodging any bubbles in 
the Pod’s reservoirs fluid vials, followed by a second regulate cycle. Alveolar 
medium in the Pods was refreshed after 48 h (no addition of Y-27632), which 
was repeated every other day throughout the time of culture (all without 
Y-27632). When the cultures reached confluence (usually between ~2-4 
days post-seeding), chips were divided into two groups: control (flow rate 30 
µL/h top and bottom channel flow conditions) and stretch (30 µL/h top and 
bottom channel flow conditions + 10% stretch at 0.25Hz) (Huh et al. 2010).

Imaging of cytospin preparations, organoids, Transwells and Chips

Cytospins preparations and Transwells: Fluorescent staining was performed 
on cytospin preparations, cells cultured on Transwells, and paraffin sections 
of the organoids according to the following protocol. In brief, after fixation 
cells were incubated with permeabilization and blocking buffer (1% w/v 
BSA, 0.3% v/v Triton-X100 (Sigma-Aldrich) in PBS) for 30 min at 4°C. 
Paraffin sections were pre-treated with DAKO pH 9 antigen retrieval solution 
according to manufacturer’s instruction (DakoCytomation, Denmark, 
Glostrup). The primary antibody (Table 2) was added in blocking solution to 
the cells for 1 h at RT. Next the samples were washed with PBS and incubated 
with fluorescent-labelled secondary antibody together with 4′,6-Diamidino-
2-phenylindole (DAPI; Sigma-Aldrich) for 30 min at RT. 

Organoids: After dissolving the droplets with recovery solution (Corning, 
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Corning, NY), the alveolar organoids were fixed in 4% formaldehyde (FA) in 
PBS for 30 min. Next the organoids were taken up in 2% (w/v) low melting 
agarose (ThermoFisher) and embedded in paraffin. Slices of 4 µm were cut 
and the organoids were stained with various antibodies or H&E staining. All 
antibodies used can be found in Table 2. 

Alveolus Lung-Chips: Alveolar cells in the chips were washed with PBS 
and fixed using 4% PFA solution, which was pipetted into both channels 
and incubated for 20 min at RT, washed with PBS and stored in PBS at 4°C 
until staining. Chips were subsequently removed from the carrier and cells 
were blocked and permeabilized using 0.5% (v/v) Triton-X 100 in PBS with 
5% BSA for 1 h at RT. Chips were cut into 2 pieces using a razor blade and 
channels were filled with primary antibodies (Table 2) diluted in the Triton/
BSA buffer and incubated for 1 h at RT. Samples were rinsed three times for 5 
min with PBS. Next, channels were filled with secondary antibodies diluted in 
Triton/BSA buffer which was left incubating for 1 h at RT, followed by a triple 
5 min wash with PBS. DAPI was used to stain cell nuclei. Channels were next 
filled with prolong gold anti-fade (Thermo Scientific) and stored in the dark 
at 4 °C until imaging. Chips were imaged on coverslips 25x75mm (Bellco 
Glass, Vineland, NJ, U.S.A via Electron Microscopy Sciences, Hatfield, PA) 
with 0.13-0.17 mm thickness using a Leica DMi8 microscope equipped with 
an Andor Dragonfly 200 spinning disk confocal using a 10x objective (NA 
0.30), 20x water objective (NA 0.50) or 40x water objective (NA 0.80).
Primary Antibody Species Company Cat. No. Dilution
HTII-280 Mouse Terrace Biotech TB-27AHT-280 1:200
HTI-56 Mouse Terrace Biotech TB-29AHT1-56 1:50
Surfactant protein C Rabbit EMD Millipore Ab3786 1:100

E-cadherin Mouse
BD Transduction 
Laboratories 610182 1:400

RAGE Rabbit R&D systems AF1145-sp 1:50
Keratin 5 Rabbit Abcam ab52635 1:200
ZO-1 Mouse ThermoFisher 339100 1:100

Secondary Antibody Company Cat. No. Dilution
Alexa Fluor 448 Donkey anti Mouse ThermoFisher A21202 1:200
Alexa Fluor 568 Donkey anti Mouse ThermoFisher A10037 1:200
Alexa Fluor 448 Goat anti Rabbit ThermoFisher A11008 1:200
Alexa Fluor 568 Donkey anti Rabbit ThermoFisher A10047 1:200
Table 2. Antibodies
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Results

Generation of alveolar type-2 organoid cultures from homogenized 
lung tissue

We developed a straightforward procedure for isolation of AEC2 from human 
lung tissue, that was recently also reported by another group using healthy 
tissue (Katsura et al. 2020). We dissociated macroscopically normal lung 
tissue derived from lung cancer patients with or without a smoking history 
(current smokers, ex-smokers and non-smokers) and additionally, for the 
first time to our knowledge, also used emphysematous lung tissue from LVRS 
surgery and obtained a single cell suspension using protease digestion. We 
subsequently cultured this single cell suspension in BME2 droplets. AEC2 
organoid formation was rarely observed unless the commercial alveolar 
medium was supplemented with the canonical WNT activator CHIR99021 
(CHIR; a GSK3 inhibitor), resulting in formation of predominantly alveolar 
organoids in P0 and pure cultures after the first passage (Fig. 1A&B). To 
confirm that the use of specialized media was sufficient to direct AEC2 
organoid formation from the total lung homogenate suspension, we next 
cultured the total lung homogenate suspension in our complete alveolar 
organoid medium or in specialized airway organoid medium (Sachs et al. 
2019). When cells from the homogenate were cultured in complete alveolar 
organoid medium, organoids generated were characterized by presence of the 
alveolar marker HTII-280 and absence of the airway basal cell marker keratin 
5 (HTII-280+/KRT5-). Using the airway organoid medium, the development 
of predominantly bronchial organoids was observed (HTII-280-/KRT5+; Fig. 
1C&D). Although HTII-280+-cell clumps were visible in these cultures, they 
remained small and did not progress into organoid development. However, 
despite developing a successful medium to support alveolar organoid 
formation, we noticed that some isolations failed. Characterization of the 
HTII-280+ population in the lung homogenate suspension using cytospin 
preparations, showed a strong donor-dependent ratio of AEC2 to other cells. 
We therefore hypothesized that as a result, the AEC2 to other cell ratio per gel 
drop was insufficient in some donors for successful establishment of alveolar 
organoids. To overcome this issue, we decided to include an enrichment step 
for AEC2. 
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Figure 1. Generation of alveolar type-2 organoid cultures from homogenized lung tissue. Lung tissue 
was enzymatically digested to obtain a single cell suspension which was subsequently cultured in BME2 drops. A, 
Brightfi eld imaging of organoids cultured in alveolar medium supplemented with (+) or without (-) 4 µM CHIR, 
a GSK3 inhibitor. B, Brightfi eld images of H&E staining of AEC2 cells cultured in alveolar medium supplemented 
with (+) or without (-) CHIR. Representative images of experiments performed with N=3 diff erent donors (A, B). C, 
Brightfi eld images of organoids cultured from lung tissue homogenate in alveolar medium (including CHIR) or airway 
organoid medium. Representative image of experiments performed with N=3 diff erent donors. D, Fluorescent imaging 
of organoids stained for HTII-280 (AEC2, green) and Keratin 5 (KRT5; airway basal cells, yellow), nuclei were stained 
with DAPI (blue).

Alveolar type-2 cell enrichment from peripheral lung tissue 
homogenate by HTII-280+ selection

Our initial studies revealed that cell cultures started from the whole lung 
homogenate caused issues with obtaining suffi  cient AEC2 for organoid
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formation in some donors. Therefore, an enrichment step was included 
to fi rst isolate AEC2 from the lung tissue homogenate. Isolation of AEC2 
from peripheral tissue either by selection via adherence steps or EpCAM+

epithelial cell sorting results in an undesired mixture of cell types, including 
AEC2 but also airway epithelial cells and mesenchymal cells. A decade ago, 
Gonzalez and colleagues showed that the AEC2 marker HTII-280 could be

70

Figure 2. HTII-280+ selection of alveolar type-2 cells from homogenized lung tissue. Lung tissue was 
enzymatically digested to obtain a single cell suspension, after which HTII-280 selection via magnetic beads was 
performed. Sorted cells were subsequently cultured in BME2 drops. A, Representative immunofl uorescent images 
of cytospin preparation of lung tissue homogenate (unsorted, sorted and the fl ow-through after sorting). AEC2 were 
stained with HTII-280 (green) and DAPI (blue) for nuclei staining. Representative image from N=3 independent 
experiments with diff erent donors. B, Representative brightfi eld images of organoids derived from the HTII-280+

fraction cultured in alveolar medium. Representative image from N=4 independent experiments with diff erent donors. 
Fluorescent images of organoids stained for HTII-280 (AEC2, green) and surfactant protein C (SP-C, red); nuclei were 
stained with DAPI (blue). Representative images of N=4 diff erent donors. C, Example of amount of lung tissue that is 
minimally required to isolate suffi  cient cells for AEC2 organoid development.
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used to increase the purity of the AEC2 population (Gonzalez et al. 2010). 
This method was based on fl uorescence-activated cell sorting (FACS), which 
requires expensive equipment, skilled personnel and is time-consuming. 
Here we decided to integrate a magnetic bead-based isolation, that was 
recently also reported by Katsura at al. (Katsura et al. 2020). Lung tissue 
homogenate was incubated with an HTII-280 antibody, and next coupled to 
anti-mouse IgM-coated magnetic beads to allow magnetic bead-based AEC2 
isolation. Although 100% pure AEC2 populations could not be achieved using 
this method, the enrichment was signifi cant (Fig. 2A). Using this method, in 
combination with our complete alveolar organoid medium, we could obtain 
suffi  cient AEC2 to establish successful organoid cultures (Fig. 2B), while 
needing only relatively small pieces of tissue (Fig. 2C). We obtained a >85% 
(N=8/9 isolations) success rate using the fi nalized method for the formation 
of alveolar organoids up to P1. This method of isolation proved successful 
when using peripheral tissue obtained from macroscopically normal lung 
tissue from lung cancer surgery with or without a smoking history or COPD. 
In addition, AEC2 isolation from emphysematous lung tissue removed during 
LVRS for severe emphysema was successful in ~71% (10/14) of isolations, 
using diff erent versions of the protocol, but successfully validated with the 
fi nal protocol presented in the methods section for one donor. 

Propagation and expansion of primary alveolar type-2 cells in 
feeder-free organoid cultures

After AEC2 enrichment by HTII-280+ selection, the cells were cultured in 
BME2 to allow organoid formation with the aim to propagate and expand the 
AEC2 for future experiments.  We cultured the isolated AEC2 in a feeder-free

Figure 3. Propagation and expansion of primary alveolar type-2 cells AEC2 in vitro. A, Representative 
immunofl uorescent images of a cross-section of embedded AEC2 organoids after passage 1 and after passage 4. Cells 
are stained for HTII-280 (green) and surfactant protein C (SP-C, red) and nuclei with DAPI (blue). B, Quantifi cation of 
SP-C+ cells in organoids cultured at diff erent passages (P#). N=2-4 diff erent donors.
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organoid system and were able to propagate the AEC2 organoids for weeks 
to months, depending on the donor, while maintaining AEC2 characteristics 
and increasing cell numbers (Fig. 3A). Generally, AEC2 were used for 
experiments before cessation of growth, but when propagated, P6 could 
be reached. It remains unclear which factor(s) play(s) a role in cessation of 
organoid growth. On average 80% of cultures that reached P1 were also able 
to reach passage P3. HTII-280 expression remained positive for all cells in 
the organoids over time of passaging (Fig. 3A) as well as surfactant protein 
C (SP-C) expression (Fig 3B), although SP-C decreased in organoids from 
some donors. Interestingly, propagation and expansion rates were similar 
between macroscopically normal lung tissue and LVRS-tissue derived AEC2 
(observation), even though LVRS-resected lung tissue constitutes the most 
damaged part of the emphysematous lung.

Culturing alveolar type-2 cells on Transwell and Alveolus Lung-Chip 
cell culture platforms

To validate that patient-derived AEC2 propagated as organoids were suitable 
for experiments on traditional Transwells and an Organs-on-Chips platform, 
we dissociated the alveolar organoids and seeded them on Transwell or 
Lung-Chips. For Transwell we used a collagen I/fibronectin/BSA coating, 
since collagen IV coating did not result in successful attachment of the cells 
to the Transwell PET membrane. In contrast, for the Alveolus Lung-Chip, 
collagen IV coating resulted in a good attachment of the cells. AEC2 were 
kept in submerged culture for 7 days after which we fixed the cells and stained 
for AEC1 and AEC2 phenotypic markers and tight junctions. We found that 
AEC2 cultured for seven days, maintained expression of type-2 markers 
HTII-280+ and/or SP-C+, and ZO-1 staining throughout the monolayer (Fig. 
4A), whereas AEC1 markers HTI-56 and RAGE could not be detected. 

Since Organs-on-Chips technology allows a closer representation of the in 
vivo lung microenvironment compared to Transwells, we were interested 
in investigating how breathing-like motions such as cyclic stretch may 
preserve primary AEC2 phenotype in culture. To investigate this, we seeded 
the Alveolus Lung-Chip with AEC2 from 1 to max. 6 donors (donor mix) 
that were expanded via organoid culture and allowed the cells to reach 
confluency in 2-3 days. Next, we cultured the cells for an additional 5 days 
submerged in the presence or absence of dynamic stretch. We noticed 
a quick but small change in morphology of the cells cultured in the chips
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that were exposed to dynamic stretch, which was more pronounced in some 
donor mixes than others (Fig. 4B). Next, we assessed HTII-280 and SP-C 
expression after 5 days of submerged culture in presence or absence of 
dynamic stretch. AEC2 are known to spontaneously diff erentiate toward an 
AEC1 phenotype in culture (Zhao, Yee, and O’Reilly 2013) , but after 5 days 
we still found a substantial amount of HTII-280+ cells in both the controlwe still found a substantial amount of HTII-280  cells in both the control

Figure 4. Alveolar type-2 cell culture after expansion as organoid on the Transwell and Alveolus Lung-
Chip platform. Organoids from donors at diff erent passages were dissociated, mixed and seeded on Transwells or 
the Alveolus Lung-Chip for seven days. A, Fluorescent images of Transwell cultures of AEC2 after seven days of culture. 
Cells were fi xed and stained for HTII-280 (green), surfactant protein C (SP-C, red) or ZO-1 (green) and nuclei with 
DAPI (blue). Representative image from N=4 independent experiments with diff erent donor(mixes). B, Representative 
images of Alveolus Lung-Chip: AEC2 organoids were dissociated and seeded on the Alveolus Lung-Chip platform and 
cultured for 5 days after reaching confl uency (generally within 2-3 days). During these 5 days, some chips were exposed 
to 10% dynamic stretch at 0.25Hz (stretch). C, Cells in the chips were fi xed and cut into two parts, ZO-1 (green), 
phalloidin (red) and a nuclei stain (DAPI, blue) were combined in one half of the chips, in the other half, AEC2 were 
stained with HTII-280 (green) and surfactant protein C (SP-C, red) and nuclei using DAPI (blue). N=4 independent 
experiments using diff erent donor (mixes) per experiment, 1 chip each. D, Fluorescent images of Alveolus Lung-Chip 
cultures that were seeded with a lower cell density as the chips cultured in B, displaying diff erent morphology with 
larger cell size. Cells were stained with HTII-280 (green) and surfactant protein C (SP-C, red) and nuclei using DAPI 
(blue).
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and stretch-exposed chips and ZO-1 expression throughout (Fig. 4C). Since 
we were not successful in counting the cells in the dissociated organoid 
suspension, as we do not obtain a completely single cells suspension, we had 
variable seeding densities between experiments and we did observe that in 
some experiments the initial seeding density was lower than anticipated, but 
despite this the cells reached confluence and expressed HTII-280 (Fig. 4D). 
However, when these cells underwent dynamic stretch, some areas showed 
signs of cell detachment, suggesting that under these additional forces the 
cells may experience difficulties staying attached to the membrane when 
initial cell number is rather low. In addition, these cells displayed a different 
morphology as they were larger in size (Fig. 4D).

Discussion

Here we present a proof-of-principle application of AEC2 isolated from 
relatively small pieces of patient-derived emphysematous and non-
emphysematous lung tissue, which after feeder-free expansion could be 
cultured on classical Transwell and the Alveolus Lung-Chip. AEC2 isolation 
was successful in relatively healthy unaffected lung tissue but also in tissue 
from long-term smokers, COPD patients and emphysematous lung tissue 
that was removed during lung volume reduction surgery. Strikingly, even 
this emphysematous tissue yielded high numbers of AEC2, demonstrating 
the versatility of this protocol for use with both healthy and (very) diseased 
lung tissue. Using a straightforward isolation and expansion method, 
we could culture these AEC2 for weeks up to months in organoids while 
maintaining AEC2 marker expression (Lamers et al. 2021). When expanding 
AEC2 using conventional 2D culture, the transient loss of AEC2 phenotype 
and the increase in AEC1 makers restricts studies from being performed over 
longer time periods and also limits the comparability between independent 
experiments. Using our newly developed protocol we observed that after 7 
days of culture on the Alveolus Lung-Chip, HTII-280+ and/or SP-C+ cells 
were still present, which provides future possibilities to perform functional 
assays on regenerative potential of AEC2. 

The usefulness of HTII-280 as a marker for the isolation of AEC2 has been 
demonstrated previously (Glisinski et al. 2020; Gonzalez et al. 2010; Katsura 
et al. 2020). Isolation of AEC2 based on HTII-280 proved successful as the 
enrichment step was found to be essential due to the variable proportions 
of AEC2 in the total isolated cell suspension derived from different tissues. 
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Although we obtained a pure alveolar organoid culture upon passaging of 
the organoids, we did find additional non-epithelial cells in the isolated 
population at the initiation of organoid culture (P0). However, these cells 
were no longer present in our culture after the first passage. There was 
almost no contamination with airway epithelial cells in the alveolar organoid 
cultures after the first passage. 

When we cultured the cells from the whole lung tissue homogenate (all 
epithelial cells still present) in airway organoid medium (Sachs et al. 
2019), we obtained predominantly KRT5+ airway organoids and many 
small alveolar cell clumps that did not develop further. Conversely, when 
the lung homogenate was cultured in complete alveolar organoid medium, 
analysis of the culture revealed little to no KRT5+ airway epithelial cells but 
predominantly HTII-280+ AEC2 organoids. Although these observations 
provide strong support for the selection pressure issued by these specialized 
media, we cannot exclude that the non-AEC2 present after isolation and 
during the start of the culture may influence success of the alveolar cell 
cultures during the first or succeeding passages. Therefore, if required, for 
example when cells are directly used in experiments, the purity of the AEC2 
population after isolation could be further optimized. To this end, we have 
so far also tested depletion of leukocytes via CD45 selection, which did not 
affect organoid formation. If sufficient AEC2 are present in relation to the 
other cells in the homogenate, this application however does allow for culture 
of small airway epithelial organoids and alveolar organoids from the same 
donor, with cells derived from adult tissue. 

AEC2 are notoriously difficult to cryopreserve and this issue has unfortunately 
not been resolved yet but is focus of our current activities. Nevertheless, we 
were able to store pieces of unprocessed resected lung tissue at -80°C for 
longer periods of time (weeks) and still successfully isolated AEC2, although 
isolation of AEC2 from fresh tissue was preferred as this resulted in a 
significant better yield. 

We observed that whereas alveolar cells grown in organoids retained HTII-
280 expression, some of the organoid cultures (donor dependent) were 
found to decrease expression of SP-C upon prolonged culture. This raises 
the question of which additional markers should be used to define AEC2. 
The loss of SP-C was previously interpreted as a loss of AEC2 phenotype 
(Zhao, Yee, and O’Reilly 2013; Mao et al. 2015), however also AEC2 cultured 
on Transwell and chip demonstrated both HTII-280 and SP-C double or 
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single-positive cells. Transcriptomic analysis has revealed various subsets 
of alveolar cells, characterized by expression of subset-specific genes (Choi 
et al. 2020). These markers could potentially be interesting to use in the 
cultures used in this study. In addition, Choi and co-workers additionally 
showed that various alveolar cell subsets could be derived from AEC2 by 
exposure to (macrophage-derived) IL-1β in mice. It would be interesting 
to assess whether this approach also affects human AEC2 differentiation in 
culture. Interestingly when isolating AEC2 from LVRS donors, we did not 
observe a difference in growth rate or organoid number, suggesting that 
these properties are not affected by in cells isolated from an emphysematous 
environment. One explanation could be is that the isolation procedure 
selects for a more robust AEC2 subset from this tissue, that may be present 
in varying amount in tissue from different donors. However, although tissue 
pieces from different donors are difficult to compare, we did not experience 
that yield was lower from LVRS tissue compared to the other tissues. 
Alternatively, differentiation from AEC2 to AEC1 may be impaired or affected 
in LVRS tissue, and therefore it will be interesting to further study this and 
other characteristics of these cells in culture. 

When seeding the dissociated AEC2 organoids on Transwell or Alveolus Lung-
Chip, we could still detect HTII-280 expression and/or SP-C after 7 days of 
culture. We tried to determine AEC1 numbers after these 7 days of culture, 
however expression of established markers for AEC1 (Kobayashi et al. 2020), 
HTI-56 and RAGE, could not be detected. It is unclear whether this relates to a 
technical issue or whether we were unable to achieve AEC1 differentiation by 
using our complete alveolar organoid medium. Investigations are ongoing to 
gain insight into this observation, but we speculate that the supplementation 
of CHIR contributes to the lack of observed AEC1 markers. The effect of 
canonical WNT activation on the propagation and AEC2 morphology has 
been described previously in organoid cultures (Nabhan et al. 2018). 

The magnetic bead-based solution for enrichment of the AEC2 population 
in the lung homogenate suspension described here and previously (Katsura 
et al. 2020) greatly improves the workflow and time for AEC2 isolation, and 
also the use of minimally modified commercial medium limits the high costs 
often associated with feeder-free organoid culture. Being able to dissociate 
the expanded organoid cultures for seeding on Transwell and/or Lung-Chips 
allows a large range of experimental set-ups including those with gaseous 
exposures, or application of viruses on the luminal side of the alveolar cell
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cultures once air-liquid interface cultures have also been validated with use 
of this procedure. Successful isolation from diseased tissue also extends the 
possible experimental approaches significantly and allows to study repair 
and regeneration using cells derived from a relevant microenvironment. A 
limitation of the method presented here as well as those of others, is that the 
rate of proliferation of the AEC2 is relatively low and the time it takes to obtain 
sufficient cells for experiments also depends on the initial yield of AEC2. In 
Alveolus Lung-Chip cultures, for example, the number of cells needed is 
still significant, which limited our experimental set-up and necessitates the 
use of donor mixes instead of single donors for use in experiments. Future 
endeavours will aim to promote expansion by modulation of signalling 
pathways, and use of AEC2-AEC1 differentiation media (Katsura et al. 2020) 
by determining those culture conditions that allow control over AEC2 to 
AEC1 differentiation, possibly by further modulation of WNT signalling 
(Zacharias et al. 2018). 

The unique set-up of the Alveolus Lung-Chip allows for the implementation 
of cyclic stretch on the alveolar cell cultures (Hassell et al. 2017; Huh 2015). 
Especially with relevance to the lungs, the stiffness of current cell culture 
plastics does not allow application of breathing biomechanics and does not 
mimic the mechanical properties of this soft, dynamic tissue (Butcher, Alliston, 
and Weaver 2009). Application of patient-derived AEC2 in these models 
will aid in elucidating how biomechanical forces related to breathing play a 
role in alveolar homeostasis and disease. Recently, interesting links between 
biomechanics and cellular function have been revealed, as illustrated by 
Park and colleagues (Park et al. 2020) showing that stiffness of the substrate 
impacts bronchial epithelial cell metabolism. Furthermore, an increase in 
stiffness and reduced stretch can lead to cytoskeletal reorganization which 
can influence integrin-mediated latent TGF-β1 activation, which in turn may 
contribute to disease progression in diseases such as COPD (Froese et al. 
2016). However, this has not been studied in relation to alveolar epithelial 
cells. Organoid cultures could support studies on epithelial biology in 
relation to matrix stiffness, however since there is no air-liquid interface 
and no application of strain, a complementary approach with stretchable 
Lung-Chip models is preferred. To establish proof-of-principle that the 
primary AEC2 obtained via our isolation protocol could be cultured under 
cyclic stretch in the Alveolus Lung-Chip, we exposed them to similar levels of 
stretch as previously reported (Hassell et al. 2017) as this was well tolerated 
and mimics what is expected in an alveolus (Waters, Roan, and Navajas
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2012; Fredberg et al. 1997). We observed that the alveolar cells exposed to 
stretch slightly aligned in the direction of the flow and perpendicular to the 
direction of the stretch already within 24 h after initiation of stretch. It is 
at present unclear whether this response mimics behaviour of the alveolar 
cells in situ, especially as this response varied highly between cultures/donor 
mixes. Although this first proof-of-principle showed the feasibility of stretch 
application to these primary alveolar cell cultures, derived from healthy 
and end stage emphysematous lung tissue, future research will focus on the 
impact of different stretch intensities in combination with air-liquid interface, 
preferably in co-culture with other cell types in the chip such as endothelial 
cells and/or fibroblasts. Such extensive experiments are beyond the current 
proof-of-principle as AEC2 cultures would need to be further upscaled. In 
addition, running combinations of different flow and stretch conditions on-
Chip in the same experiment is still restricted due to the current level or 
resources needed for such a set-up using this technology. 

In conclusion, we demonstrate the successful isolation of AEC2 from diseased 
human lung tissue which can subsequently be expanded using feeder-free 
organoid culture. The organoids retain expression of AEC2 markers over time 
and can be dissociated for further experiments. We showed the feasibility 
of culturing these patient-derived AEC2 in the Alveolus Lung-Chip under 
application of cyclic strain. This method is expected to aid future research 
on how forces related to breathing contribute to alveolar homeostasis and 
disease, which is needed in view of the important gaps in our knowledge of 
cellular biomechanics of the human alveolus in health and disease.
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Abstract

Air-liquid interface (ALI) cultures are frequently used in lung research 
but require substantial cell numbers that cannot readily be obtained from 
patients. We explored whether organoid expansion (3D) can be used to 
establish ALI cultures from clinical samples with low epithelial cell numbers. 
Airway epithelial cells were obtained from tracheal aspirates (TA) from 
preterm newborns, and from bronchoalveolar lavage (BAL) or bronchial 
tissue (BT) from adults. TA and BAL cells were 3D-expanded, whereas cells 
from BT were expanded in 3D and 2D. Following expansion, cells were 
cultured at ALI to induce differentiation. The impact of cell origin and 2D 
or 3D expansion was assessed with respect to (i) cellular composition; (ii) 
response to cigarette smoke exposure; (iii) effect of Notch inhibition or IL-
13 stimulation on cellular differentiation. We established well-differentiated 
ALI cultures from all samples. Cellular compositions (basal, ciliated and 
goblet cells) were comparable. All 3D-expanded cultures showed a similar 
stress response following cigarette smoke exposure but differed from the 
2D-expanded cultures. Higher peak levels of antioxidant genes HMOX1 and 
NQO1 and a more rapid return to baseline, and a lower unfolded protein 
response was observed after cigarette smoke exposure in 3D-derived 
cultures compared to 2D-derived cultures. Additionally, TA- and BAL-
derived cultures were less sensitive to modulation by DAPT or IL-13 than 
BT-derived cultures. Organoid-based expansion of clinical samples with low 
cell numbers, such as TA from preterm newborns is a valid method and tool 
to establish ALI cultures.
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Introduction

Recent advances in culture methods offer new and exciting possibilities 
to establish relevant human disease models. Many lung culture models 
include airway epithelial cells (AEC) because of their central role in various 
lung diseases. So far, most traditional methods using primary cells require 
substantial cell numbers to start such cultures and offer limited options for 
expansion either due to cellular senescence (Walters, Gomi et al. 2013) or 
premature differentiation of basal cells (Mou, Vinarsky et al. 2016). Therefore, 
there is a need for methods that allow establishment of cultures from patient 
samples containing small numbers of AEC. One major advance has been the 
culture of cells in matrix resulting in self-organizing 3D organoid cultures. 
Airway organoids can be grown from stem/progenitor cells of different parts 
of the lung and several methods for establishing human airway organoids 
have been described (Barkauskas, Chung et al. 2017, Nikolic, Sun et al. 2018). 
Airway organoids are used in various settings, including studies on viral 
infections (Hui, Ching et al. 2018, van der Sanden, Sachs et al. 2018, Zhou, Li 
et al. 2018), lung cancer (Kim, Mun et al. 2019) and drug responses (Sachs, 
Papaspyropoulos et al. 2019). A recent report demonstrated long-term 
expansion of patient specific airway organoids, without the need for feeder 
cells (Sachs, Papaspyropoulos et al. 2019). The ability of airway organoids to 
maintain patient characteristics is of particular interest for patient specific 
assays as demonstrated in cystic fibrosis research but might also be relevant 
for future research of more complex airway diseases, like asthma, COPD and 
bronchopulmonary dysplasia. 

A major drawback is that airway organoids are oriented inwards, and the 
lumen is filled with fluid. Therefore, studying the effect of external airborne 
stimuli on airway epithelium such as air pollutants, as well as drugs 
administrated through the airways, is not feasible or at the least not practical. 
In contrast, the well-established air-liquid interface (ALI) cultures have 
been widely used to study airway epithelial exposures (Hiemstra, Grootaers 
et al. 2018). We have previously shown effects of whole cigarette smoke 
exposure on differentiation and host defense (Amatngalim, Schrumpf et al. 
2018). Establishment of airway ALI cultures from primary cells, requires the 
availability of AEC that can be isolated from airway tissues that subsequently 
need to be expanded. Especially obtaining AEC from the lower respiratory 
tract is markedly hampered by the need for invasive procedures to obtain 
such samples. Furthermore, the amount of starting material obtained from
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bronchoscopic procedures, is often limited. Because only limited cell numbers 
are required to establish an organoid culture (Sachs, Papaspyropoulos 
et al. 2019), we tested the feasibility to use airway organoids as a means 
to propagate and expand patient-derived cells which can subsequently be 
cultured and studied on ALI. Here we present a functional comparison of 
ALI cultures that were established from organoid-expanded AEC, with 
those derived from AEC that were expanded on conventional tissue culture 
plastic. Furthermore, a functional comparison was made between ALI 
cultures derived from different clinically available samples. We confirmed 
the establishment of AEC culture derived from bronchoalveolar lavage fluid, 
and show that tracheal aspirates of preterm newborns are a viable source for 
establishing ALI cultures.

Methods

Patient material

The use of all adult lung samples that were collected within the framework 
of patient care from adult patients during surgery or bronchoscopy, was in 
line with the “Human Tissue and Medical Research: Code of conduct for 
responsible use” (2011) (www.federa.org) and followed the advice of the 
LUMC Medical Ethical Committee. Tissue donation was based on a no-
objection system for coded anonymous use of residual tissue, left-over from 
diagnostic or therapeutic procedures. “No-objection” negates the need for 
individual informed consent. For the tracheal aspirates, informed consent 
was obtained from parents and approval was given by the Medical Ethical 
Committee (METC nr. MEC-2017-302). All samples were completely 
anonymized.

Bronchial tissue

Macroscopically normal tumor-free bronchial tissue (BT) was obtained 
from patients undergoing resection surgery for lung cancer at the Leiden 
University Medical Center (LUMC; Leiden, The Netherlands). Human 
primary airway epithelial cells (AEC) were then cultured in 2D cultured as 
described previously (Amatngalim, Schrumpf et al. 2018) or 3D as described 
below.
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Tracheal aspirates

Tracheal aspirates were collected using a closed suction system from preterm 
infants (<28 weeks gestational age) in need of mechanical ventilation at the 
neonatal intensive care unit of Erasmus MC Sophia Children’s Hospital. The 
tracheal aspirates collected were directly processed or stored at 4 oC within 1 
h of the procedure. 

Bronchoalveolar lavage

Bronchoalveolar lavage (BAL)-fluid was obtained from patients (>18 years) 
undergoing routine bronchoscopic procedures. The indication for the routine 
bronchoscopic procedure was either excluding atypical infection or suspicion 
of interstitial lung disease and therefore the procedure included a lavage. The 
bronchoscopy was performed according to the protocol of a bronchoalveolar 
lavage of the Department of Pulmonology of the LUMC: The bronchoscope 
was placed in a wedge position within the selected bronchopulmonary 
segment. Room temperature saline was instilled through the bronchoscope, 
with a total volume of between 100 and 200 ml and divided into three to 
five aliquots. Instilled saline is retrieved using a negative suction pressure. 
When the re-collection of fluid exceeded the amount required for the specific 
diagnostic procedures for the patient, the extra fluid could be used for 3D 
organoid expansion. The fluids collected were directly processed or stored at 
4 oC within 1 h of the procedure. 

Human primary epithelial cell culture from bronchial tissue

AEC where cultured as described previously (Amatngalim, Schrumpf et al. 
2018, Schrumpf, Ninaber et al. 2020). Briefly, healthy bronchial tissue (BT) 
was incubated in 0.15% (w/v) Protease XIV (Sigma, St. Louis, MO, US) for 2 
h at 37 ºC. The luminal side of the BT was then scraped in PBS and 90% of 
the obtained AEC were centrifuged and resuspended in keratinocyte serum 
free medium (KSFM)-AEC expansion medium (Supplemental Table S1) for 
2D expansion. The remaining 10% of the AEC was used for 3D expansion; 
additionally, in supplemental Figure S4C we also used 1% of the total AEC 
harvested from the BT (see next section). 2D culture plates were coated with 10 
µg/mL human fibronectin (PromoCell, Bio-connect, Huissen, Netherlands), 
30 µg/mL BSA (Thermo Fisher, Waltham, MA, US) and 10 µg/mL PureCol 
(Cellsystems GmbH, Troisdorf, Germany) for 2 h at 37 ºC.
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For ALI culture, cells were grown until confluence in KSFM-AEC expansion 
medium, trypsinized and 1*105 AEC were plated per coated 12-transwell 
insert (Corning, Corning, NY, US). AEC on inserts were cultured in Bronchial 
epithelial growth medium (BepiCM; ScienCell Research laboratories, 
Carlsbad, CA, US) diluted 1:1 with DMEM with 4500 mg/L D-Glucose 
(stem cell technologies, Vancouver, Canada) with BepiCM supplements 
and 100 U/mL penicillin and 100 µg/mL streptomycin (ScienCell Research 
Laboratories). During submerged culture, cells were kept in medium 
containing 1 nM of the retinoic acid receptor agonist EC23 (bio-techne, 
Minneapolis, MN, US). When cells reached full confluence, the apical side 
was air exposed and medium was only supplied to the basal compartment 
supplemented with 50 nM EC23. The medium was changed three times a 
week. AEC were cultured in standard conditions at 37 ºC in a humidified 
incubator with 5% CO2. The cells were differentiated by culture at the ALI 
for 14 days. During differentiation, cultures were either control-treated, or 
treated with 10 ng/ml IL-13 (Peprotech, London, UK) or 5 µM DAPT (bio-
techne, Minneapolis, MN, US). 

3D expansion of bronchial tissue, bronchoalveolar lavage and 
tracheal aspirate

Organoids were cultured as described before (Sachs, Papaspyropoulos et 
al. 2019). Cells from BT, bronchoalveolar lavage or tracheal aspirates were 
collected by centrifugation at 300g for 5 min at 4 ºC. Cells were resuspended in 
BME2 (Cultrex, Gaithersburg, MD, US) and spotted in drops of 30 µl in a 48-
well plate and incubated at 37 ºC to solidify. After 10 min, 300 µl of organoid 
medium (Supplemental Table S1) was added. Medium was refreshed every 
3-4 days. Every 2 weeks, organoids were split 1:3 to 1:6. When passaging the 
organoids, medium was aspirated and cold PBS was added to dissolve the 
BME. Organoids were collected and incubated for 2 min using soft trypsin 
(3% w/v Trypsin (Thermo Fisher), 1% w/v EDTA (Sigma, E1644), 10% w/v 
glucose in PBS; pH =7.45) at 37 ºC. Trypsin activity was stopped by adding 
soy bean trypsin inhibitor (SBTI, Sigma, T-9128) (11% w/v in KSFM). A 1000 
µl tip with a 2 µl tip on top was used to further disrupt the organoids. The 
disrupted organoids were centrifuged at 300g for 5 min, resuspended in 
30 µl BME droplets and re-plated. Organoids were grown under standard 
culture conditions (37ºC, 5% CO2).

For transfer to ALI culture, cold PBS was added to dissolve the BME and 
organoids were made single cell by first 7 min incubation in soft trypsin at
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37 ºC and disruption of the organoids by using a 1000 µl tip with a 2 µl tip 
on top. The disrupted organoids were centrifuged by 300g for 5 min and 
underwent a second trypsinization of 7 min to obtain a single cell suspension. 
SBTI was added to stop the trypsin action and 1*105 cells were plated per 12-
well transwell insert. After re-seeding on transwell inserts, the cultures were 
treated as described above. 

Acute whole cigarette smoke exposure

After 14 days of differentiation, the epithelial layer was exposed to freshly 
generated whole cigarette smoke using 3R4F reference cigarettes (University 
of Kentucky, Lexington, KY, USA) as previously described (Amatngalim, 
Schrumpf et al. 2018). Cells were exposed in modified hypoxic chambers for 
4–5 min to either cigarette smoke from one cigarette or to a similar airflow 
with room air, after which smoke was removed by ventilation with air for 
10 min. Cells were harvested for analysis 3, 6 or 24 h after cigarette smoke 
exposure.

TEER measurements

Epithelial barrier integrity was determined by measuring the trans-epithelial 
electrical resistance (TEER) using the MilliCell-ERS (Millipore, Burlington, 
MA, US) according to manufacturer’s instruction. TEER values calculated 
as: TEER = (measured value – background value) * surface transwell insert 
in cm2.

Immunofluorescence

Organoid sections. BME was dissolved by adding cold PBS. Organoids were 
centrifuged at 150g for 5 min and fixed overnight in 4% PFA at 4 ºC (Eenjes, 
Mertens et al. 2018). Post-fixation, organoids were collected by letting them 
sink, intact, to the bottom of the tube. Centrifugation was avoided after 
fixation to keep the organoids intact. The organoids were embedded in 4% 
low-melting agarose (Thermo Fisher). Subsequently, the organoids were 
washed in PBS for 30 min and manually de-hydrated by 50 min incubation 
steps in 50%, 70%, 85%, 95% and 2 times 100% ethanol. Organoids were 
further processed by 3 times xylene for 20-30 min, washed 3 times for 20-30 
min in 60 ºC warm paraffin to remove all traces of xylene. The organoids were 
placed in a mold and embedded in paraffin. Paraffin blocks were sectioned at 
5 µm and dried overnight at 37 ºC. 
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Deparaffinization was performed by 2 times 3 min xylene washes, followed by 
rehydration to distilled water. Antigen retrieval was performed by boiling the 
slides in Tris-EDTA (10 mM Tris (Sigma, T6066), 1 mM EDTA (Sigma, E1644) 
buffer pH=9.0 in a microwave at 600W for 15 min. Slides were cooled down 
for 30 min and transferred to PBS. Non-specific bindings sites were blocked 
by incubating the sections for 1 h at room temperature (RT) in 3% (w/v) BSA 
(Roche, Basal, Switzerland 10735086001), 0.05% (v/v) Tween-20 (Sigma, 
P1379) in PBS. Primary antibodies (Supplemental Table S2) were diluted in 
blocking buffer and incubated overnight at 4ºC. The next day, sections were 
washed 3 times for 5 min at RT in PBS with 0.05% Tween-20. Secondary 
antibodies (Supplemental Table S2) were added in blocking buffer and 
incubated for 2 h at RT. DAPI (4’,6-Diamidino-2-Phenylindole) solution (BD 
Pharmingen, San Jose, CA, US, 564907, 1:4000) was added to the secondary 
antibody. After incubation, 3 times 5 min washes in PBS-0.05% Tween-20 
and one wash in PBS was performed, sections were mounted using Miowol 
reagent (2.4% m/v Miowol, 4.75% m/v glycerol, 12% v/v Tris 0.2M pH=8.5 
in dH2O). All sections were imaged on a Leica SP5 confocal microscope. 

Cytospin and membrane ALI culture staining. Cytospins were prepared from 
cells isolated from BT, BAL and TA using a Shandon Cytospin 3 (Marshall 
scientific, Hampton, NH, US), and fixed in 4% PFA at room temperature 
(RT) for 15 min. The membranes were fixed in 4% PFA at RT for 15 min 
and cut from the transwell using a scalpel. Inserts and cytospin samples 
were washed 3 times for 5 min in 0.3% Triton-X100 (Sigma, T8787) in PBS 
and blocked for 1 h at RT in 5% normal donkey serum (Millipore, S30), 1% 
BSA, 0.3% Triton-X100 in PBS. Primary antibodies (Supplemental Table S2) 
were diluted in blocking buffer and incubated overnight at 4 ºC. The next 
day, samples were 3 times rinsed with 0.03% Triton-X100 in PBS followed 
by 3 washes for 10 min at RT in PBS with 0.03% Triton-X100. Secondary 
antibodies (Supplemental Table S2) were added in blocking buffer and 
incubated for 2 h at RT. DAPI solution (BD Pharmingen, 564907, 1:2000) 
was added to the secondary antibodies. After incubation, samples were 3 
times rinsed with 0.03% Triton-X100 in PBS followed by 3 washes for 10 min 
at RT. Samples were covered by a coverslip using Miowol reagent. 

All inserts and cytospins were imaged on a Leica SP5 confocal microscope.

Image analysis  
ImageJ was used to analyze the fluorescence images. For each condition, 
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pictures of 5 non-overlapping fields-of-view were taken at 40x magnification
using the SP5 Leica confocal microscope. The microscopic fields were 
randomly picked from within regions of evenly distributed DAPI positive 
staining throughout the insert. Z-stacks were made of each selected field 
to visualize both the basal and luminal cell layer. The images were further 
analyzed using maximum intensity view. In order to quantify the number 
of ciliated or basal cells, the number of FOXJ1+ and TP63+ nuclei were 
counted per 500 µm2 field. Differentiation to ciliated and secretory cells (club 
and goblet cells) was assessed by determining the percentage of TUBIV+, 
SCGB1A1+, SCGB3A1+ and MUC5AC+ area per 500 µm2 field. Per donor, 5 
fields of 500 µm2 were analyzed. The threshold was set based on the control 
condition and kept constant throughout the quantification of each staining.

RNA isolation, cDNA synthesis and qPCR analysis

RNA isolation was performed using Maxwell tissue RNA extraction kit 
(Promega, Madison, WI, US) according to the manufacturer’s protocol. 
RNA concentrations were determined using the Nanodrop ND-1000 
Spectrophotometer (Nanodrop technologies, Wilmington, DE, US) and 
cDNA was synthesized by reversed transcription of 1 µg of RNA, using 
oligo-dT primers (Qiagen, Venlo, Netherlands), dNTP (Promega) M-MLV 
Polymerase (Promega) in the presence of RNasin (Promega). Quantitative 
real-time PCR (qPCR) was conducted using IQ SYBR Green supermix (Bio-
Rad, Hercules, CA, US) and a CFX-384 real-time PCR detection system 
(Bio-Rad). qPCR reactions were performed using the primers shown in 
Supplemental Table S3. Reference genes RPL13A and ATP5B were selected 
using the NormFinder method. qPCR reactions were performed using specific 
primers (Supplemental Table S3). 

ELISA

CXCL8/IL-8 production by the AEC was determined in the basal medium by 
use of the CXCL8/IL-8 Duoset kit (R&D, Minneapolis, MN, US) according to 
manufacturer’s instructions. 

Statistics

Statistical analysis was performed using Prism5 (GraphPad software, La 
Jolla, CA, US). The statistical tests used for each experiment are indicated in 
the figure legends. N indicates the number of individual donors.
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Results

Effect of expansion method on differentiation of airway epithelial 
cells at the air-liquid interface 

We investigated the infl uence of expansion methods on airway epithelial 
cells (AEC) diff erentiation and their responses to diff erent stimuli. AEC 
isolated from bronchial tissue (BT) were expanded by conventional culture 
on culture plastic (2D) or as organoids (3D) using previously described 
media (Amatngalim, Schrumpf et al. 2018, Sachs, Papaspyropoulos et al. 
2019) (Supplemental Table S1). This comparison was not feasible for AEC 
collected from bronchoalveolar lavage (BAL) fl uid, or from those obtained 
from tracheal aspirates (TA), because of the low numbers of viable cells in 
these samples. Following expansion, AEC from BT (2D and 3D), BAL and TA 
(3D) were grown at the ALI and diff erentiation, response to whole cigarette 
smoke, Notch inhibition and IL-13 stimulation were studied (Fig. 1). 

We fi rst investigated whether the expansion method would infl uence AEC 
diff erentiation. 2D (BT-2D) or 3D (BT-3D) expanded AEC from BT were 
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Figure 1. Schematic overview of expansion method and experimental design. Airway epithelial cells (AEC) 
were isolated from bronchial tissue (BT) and expanded in 2D submerged cultures and 3D organoids. AEC obtained 
from bronchoalveolar lavage (BAL) and tracheal aspirate (TA) were expanded in 3D. Following expansion, AEC were 
re-plated and grown at the air-liquid interface (ALI) for 14 days to induce diff erentiation. These cultures were exposed 
to whole cigarette smoke, or used to study the eff ect of IL-13 or DAPT (Notch inhibitor) on diff erentiation.
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grown at ALI to induce diff erentiation (Fig. 2A). During diff erentiation, trans-
epithelial electrical resistance (TEER) was measured (Fig. 2B). Both BT-2D 
and BT-3D showed a slight increase in barrier function during diff erentiation. 
At ALI day (D) 14, BT-3D showed a higher resistance compared to the BT-2D 
(Supplemental Fig. S1A).

Figure 2. 2D and 3D expansion results in comparable well-diff erentiated ALI cultures. (A) Airway 
epithelial cells were isolated from bronchial tissue (BT) and expanded both 2D and 3D. Following expansion, cells were 
plated on transwell inserts, grown until confl uence, and cultured at the air-liquid interface (ALI) for 14 days. Scale bar = 
200 µm. (B) Trans-epithelial electrical resistance measured during ALI culture. n=6 donors, each n constitutes mean of 
6 ALI cultures per donor. Data are shown as mean ± SEM. (C) Representative images of basal (TP63), ciliated (FOXJ1 
and TUBIV) and goblet (MUC5AC) staining in ALI cultures at day 14. Scale bar = 100 µm. Side view of the cultures 
shows basal cells (TP63 and KRT5) in the basal layer, and ciliated (FOXJ1 and TUBIV), goblet (MUC5AC) and luminal 
(KRT8) cells at the apical side. Scale bar = 25 µm. The graphs show the quantifi cation of each cell marker. Diff erences 
between expansion methods were tested by a paired t-test (n=6 donors), and showed no signifi cant diff erences. Data 
are shown as mean ± SEM.

We quantifi ed the number of basal, ciliated, club and goblet cells at ALI D14. 
We observed a similar cellular composition between BT-2D and BT-3D (Fig. 
2C, Supplemental Fig. S1B). Furthermore, presence of basal cells (KRT5, 
TP63) at the basal side and luminal cells (KRT8) at the luminal side with 
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Figure 3. Diff erentiation of 3D expanded cells from bronchial tissue, bronchoalveolar lavage or 
tracheal aspirates. (A) Airway epithelial cells obtained from bronchial tissue (BT), bronchoalveolar lavage (BAL) or 
tracheal aspirate (TA) were expanded in 3D. Top: cytospin of BT before expansion shows the presence of KRT5+TP63+

basal cells; cytospin of TA and BAL shows KRT5+KRT8+ co-expressing cells in the absence of TP63. Cytospin scale bar 
= 25 µm. Following expansion, cells were plated on transwell inserts, grown until confl uence and cultured at ALI for 14 
days. Middle panels: Bright fi eld images of organoid cultures, scale bar = 200 µm. Lower panels: Immunofl uorescence 
images show a staining of basal cell marker TP63 and KRT5 and luminal cell marker KRT8. All organoids show 
KRT5+TP63+ basal cells at the outer layer and KRT8+ luminal cells orientated inward. Scale bar = 100 µm. (B) Trans-
epithelial electrical resistance was measured at diff erent days of ALI. n=6 donors, each n constitutes mean of 3-6 ALI 
cultures per donor. Data are shown as mean ± SEM. (C) Representative images of basal (TP63), ciliated (FOXJ1 and 
TUBIV) and goblet (MUC5AC) cells at ALI day 14. Scale bar = 100 µm. The graphs show the quantifi cation of each cell
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either cilia (TUBIV) or mucus (MUC5AC) at the apical surface was similar in 
BT-2D and BT-3D ALI-differentiated cultures (Fig. 2C). 

The club cell markers SCGB3A1 and SCGB1A1 showed large variation between 
donors, which made these results inconclusive (Supplemental Fig. S1C). 
Gene expression analysis revealed a comparable expression pattern to the 
immunofluorescence with no differences observed between BT-2D and BT-
3D derived cultures. Expression of the ionocyte marker FOXI1 in the BT-2D-
derived ALI cultures was low and not detected at the protein level (data not 
shown), whereas that of the tuft cell marker TRPM5, and the neuroendocrine 
cell marker CGRP was low in both BT-2D and BT-3D (Supplemental  Fig. 
S1B).

We conclude that the expansion method, 2D or 3D, does not affect the ALI-
induced differentiation of AEC. 

3D expansion of AEC from bronchoalveolar lavage and tracheal 
aspirates generates well-differentiated ALI cultures

We next investigated whether 3D expansion could be used for patient samples 
that contain insufficient AEC numbers for direct 2D expansion. We compared 
ALI cultures derived from BT, BAL and TA that were 3D expanded (Fig. 1, 
3A). We assessed the composition of our starting cell population and found 
substantial numbers of TP63+KRT5+ cells in the BT while the BAL and TA 
only contained some TP63-KRT5+KRT8+ and predominantly KRT8+ luminal 
cells (Fig. 3A). The BAL and TA samples contained debris, aggregates and 
dead cells, which made it difficult to assess the number of basal or luminal 
airway epithelial cells present. Regardless of the number of basal cells, AEC 
from all sources were able to form organoids and be expanded. Interestingly, 
although largely absent in the starting population, analysis showed that 
TP63+KRT5+ basal cells were present in the organoids from all sources (Fig. 
3A), suggesting that the TP63- cells present in BAL and TA are able to give 
rise to TP63+KRT5+ basal cells. 

Following 3D expansion, organoids were dissociated and cultured at ALI for 
14 days. TEER was monitored during differentiation and all 3D expanded 
sources showed a slight increase in barrier function during differentiation
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marker. Side views of the inserts show basal (TP63 and KRT5) and ciliated (FOXJ1 and TUBIV), goblet (MUC5AC) 
and luminal (KRT8) cells. Arrows indicate apical expression of KRT5+ or KRT5+KRT8+ cells (→). Scale bar = 25 µm. 
Differences between the number of cells in ALI cultures of BT, BAL and TA were tested by one-way ANOVA with a Tukey 
correction (n=6 donors). Data are shown as mean ± SEM.
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(Fig. 3B). The ALI cultures obtained from BAL (BAL-3D) and TA (TA-3D) 
had a lower TEER at D0 compared to BT-3D although only the difference 
with TA reached significance (Supplemental Fig. S2A). We observed that the 
cultures of all sources contained comparable numbers of ciliated, goblet and 
secretory cells (Fig. 3C, Supplemental Fig. S2B-2C). For all measured cell 
types, we observed some donor variation in the BAL-3D or TA-3D. mRNA 
expression of TP63, FOXJ1, MUC5AC, SCGB1A1 and SCGB3A1 also did not 
show a significant difference between the cultures. For the ionocyte marker 
FOXI1, the tuft cell marker TRPM5 and neuroendocrine cell marker CGRP, 
no significant differences were found between BT-3D, BAL-3D and TA-3D, 
and expression levels of these markers were low. 

The ALI cultures of BT-3D, BAL-3D and TA-3D all showed TP63+ cells to 
be present at the basal side and FOXJ1+ cells at the apical side (Fig. 3C). 
However, stratification of basal cells (KRT5) and luminal cells (KRT8) 
appeared disturbed in the BAL-3D and TA-3D with KRT5+KRT8+ double 
positive cells and KRT5+ cells at the apical side (arrows, Fig. 3C). Both cilia 
(TUBIV) and mucin (MUC5AC) were found on the apical side of the cultures. 

Taken together, we demonstrate the feasibility of establishing an air exposed 
well-differentiated culture from sources containing limited numbers of AEC 
following 3D expansion. 

Expansion method influences airway epithelial cell response to 
whole cigarette smoke exposure

We next investigated whether the 3D expanded cultures could be suitable 
for modelling airway diseases. ALI cultures were exposed to whole cigarette 
smoke (CS) and gene expression was measured after 3, 6 and 24 h and IL-8 
production was measured after 24 h (Fig. 4A). 

CS induces oxidative stress and the unfolded protein response (UPR) to 
endoplasmic reticulum (ER) stress in AEC (Fig. 4B). We validated and 
compared the response of the air exposed cultures to CS by analyzing different 
ER stress induced genes which previously shown to be responsive to CS 
(Marciniak 2017, Zarcone, van Schadewijk et al. 2017) (Fig. 4B). Expression 
of CHOP and GADD34 were assessed since these are increased as a result of 
both the UPR and the integrated stress response (ISR) that both have been 
linked to oxidative stress (see legend Fig. 4B for details; (van ‘t Wout, Hiemstra 
et al. 2014, Marciniak 2017)); sXBP1 mRNA was assessed to demonstrated 
activation of an ISR-independent UPR. In addition, we assessed expression of 
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Figure 4. Responses to whole cigarette smoke exposure of differentiated ALI cultures from different 
sources. (A) Bronchial tissue (BT) expanded in 2D and 3D and cells from bronchoalveolar lavage (BAL) or tracheal 
aspirate (TA) were 3D expanded. After expansion the cells where re-seeded and differentiated for 14 days. After 14 days, 
ALI cultures were exposed to whole cigarette smoke. After 3, 6 and 24 hrs, response to smoke was analyzed by measuring 
IL-8 production and gene expression of several endoplasmic reticulum (ER) and oxidative stress markers. The control 
was exposed to air and cells were harvested 24 h after exposure. (B) Unfolded protein response (UPR) to endoplasmic 
reticulum (ER) stress (van ‘t Wout, Hiemstra et al. 2014, Marciniak 2017). Protein misfolding within the ER results 
in activation of the three sensors of the UPR: ATF6, PERK and IRE-1. PERK activation results in phosphorylation of 
eIF2α, which results in general translation attenuation with preferential translation of the transcription factor ATF4. 
In addition of PERK, also other kinases may cause phosphorylation of eIF2α as part of the integrated stress response 
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HMOX1 and NQO1 that are both activated by oxidative stress and contribute 
to protection against oxidative stress (Fig. 4C). In BT-2D derived cultures, 
we observed increased expression of HMOX1 3 and 6 h after CS exposure, 
which returned to control levels after 24 h (Supplemental Fig. S3A). All 3D 
expanded cultures showed a similar increase of HMOX1 3 h after CS. In 
contrast to the BT-2D culture, this increase was reduced after 6 h and had 
returned to baseline after 24 h (Supplemental Fig. S3A). Furthermore, the 
BT-3D and BAL-3D cultures showed a higher peak of HMOX1 expression 
3 h after CS exposure compared to BT-2D (Fig. 4C). NQO1 was increased 
in all cultures 3 and 6 h after CS exposure, but only the BT-3D and BAL-3D 
showed a reduction in NQO1 expression after 24 h (Supplemental Fig. S3A). 
Similar to the HMOX1 expression, the BT-3D and BAL-3D cultures showed a 
higher increase in NQO1 compared to BT-2D culture (Fig. 4C). This suggests 
that 3D expanded cultures experience a steeper and more transient increase 
in HMOX1 and NQO1 expression levels after CS exposure. TA-3D showed a 
similar trend but was not-significant. 

Next, we examined CHOP, GADD34 and sXBP1 mRNA as markers of the UPR 
to ER stress following CS exposure. In contrast to what was observed for the 
response to oxidative stress, the increase in CHOP and GADD34 was higher 
in BT-2D compared to all 3D expanded cultures (Fig. 4D). Expression of both 
genes was still increased 24 h after CS exposure in BT-2D (Supplemental 
Fig. S3B). In contrast, the 3D expanded cultures showed already comparable 
levels to air exposure of CHOP and GADD34 6 h after CS exposure (Fig. S3B). 
sXBP1 showed different kinetics in each culture, and only robust increases in 
the BT-2D cultures (Supplemental Fig. S3C, Fig. 4E). Therefore, not only the 
UPR to ER stress was less pronounced in 3D-expanded cultures compared to 
BT-2D, also the kinetics of this response differed between cultures. 

(ISR) to e.g. viral infection, amino acid starvation and oxidative stress (not shown in illustration). ATF4 regulates 
transcription of CHOP and GADD34, which acts as a negative feedback by dephosphorylation of eIF2α. Activation of the 
UPR sensor IRE1α results in splicing of XBP1 mRNA into its active form, sXBP1 mRNA. Activation of PERK also leads 
to the activation of NRF2, which is one of the factors that regulates to the expression of HMOX1 and NQO1. HMOX1 and 
NQO1, both contribute to protection against oxidative stress. Factors assessed in these experiments (CHOP, GADD34, 
sXBP1, HMOX and NQO1) are encircled in red.  (C) qPCR analysis of antioxidant genes HMOX1 and NQO1. Differences 
in gene expression at 3, 6 and 24 h after air or smoke exposure between BT-2D, BT-3D, BAL and TA were tested by 
two-way ANOVA with a Tukey correction (n=3; **** p<0.0001, *** p<0.001, ** p<0.01, *p<0.05). Data are shown as 
mean ± SEM (D-E) qPCR analysis of CHOP and GADD34 (D) and sXBP1 (E). Differences in gene expression after air or 
3, 6 and 24 h after smoke exposure between BT-2D, BT-3D, BAL and TA were tested by two-way ANOVA with a Tukey 
correction (n=3; **** p<0.0001, *** p<0.001, ** p<0.01, *p<0.05). Data are shown as mean ± SEM. (F) ELISA of IL-8 in 
basal medium 24 h after smoke exposure. Differences in gene expression after air or 24 h after smoke exposure between 
BT-2D, BT-3D, BAL and TA were tested by two-way ANOVA with a Tukey correction (n=3; **** p<0.0001, *** p<0.001). 
Data are shown as mean ± SEM.
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As CS exposure results in an inflammatory response, we measured the IL-8 
release of the different cultures. We found that for each culture an increased 
IL-8 production was observed following CS exposure (Supplemental Fig. 
S3D). The release of IL-8 after CS exposure was significantly higher in the 
BAL-3D and TA-3D compared to the BT-2D and BT-3D (Fig. 3F). However, 
BAL-3D and TA-3D already showed high IL-8 production during control 
conditions. 

ALI cultures of BAL and TA are less responsive to Notch inhibition 
and IL-13 stimulation 

We next determined the effect of IL-13 stimulation and Notch inhibition 
(DAPT) on AEC differentiation during ALI. IL-13 stimulation is used to 
induce goblet cell differentiation in in vitro models of asthma (Laoukili, 
Perret et al. 2001, Wills-Karp 2004, Danahay, Pessotti et al. 2015) (Fig. 
5A). Notch inhibition is used to induce and study differentiation towards 
ciliated cells (Tsao, Vasconcelos et al. 2009, Amatngalim, Schrumpf et al. 
2018, Plasschaert, Zilionis et al. 2018). IL-13 stimulation showed a decrease 
in TEER in all cultures, except in the TA-3D which showed an overall lower 
TEER that was not further decreased by IL-13 (Fig. 5B). DAPT stimulation 
did not affect barrier function in cultures from BT, but both BAL-3D and TA-
3D showed a trend towards decreased barrier function. 

As expected, FOXJ1+ ciliated cells were increased in BT-2D and -3D stimulated 
with DAPT and decreased by IL-13 stimulation (Fig. 5C, Supplemental Fig. 
S4B). Similar results were obtained when analyzing tubulin IV (TUBIV)+ 

ciliated cells (Fig. S4A). Conversely, we observed a decrease in the number of 
goblet cells in the DAPT stimulated samples and an increase upon stimulation 
with IL-13 (Fig. 5D). Similar results were found by analyzing gene expression 
of MUC5AC, however this was more variable and not all differences reached 
significance (Supplemental Fig. S4B). Thus, expansion of AEC from BT in 2D 
or 3D does not result in differences in the response to DAPT or IL-13 with 
respect to differentiation into ciliated or goblet cells. 

In contrast, the number of FOXJ1+ ciliated cells did not increase upon DAPT 
exposure in the BAL-3D and TA-3D (Fig. 5C). When we analyzed the number 
of ciliated cells by TUBIV+ staining, we found an increase in the BAL cultures, 
although this was not significant (Supplemental Fig. S4A). In most BAL-3D 
and TA-3D samples, we observed a decrease in MUC5AC+ goblet cells upon 
DAPT stimulation (Fig. 5D). 
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When stimulated with IL-13, we did not observe an increase of goblet cells in 
the BAL and TA cultures (Fig. 5D). The number of ciliated cells did decrease 
upon IL-13 stimulation in both BAL and TA cultures (Fig. 5C). Similar trends 
were found when analyzing gene expression levels (Supplemental Fig. S4B). 
Overall, the BAL and TA cultures proved to be less sensitive to modulation of 
differentiation by DAPT or IL-13. 

We considered the possibility that the reduced response of BAL- and TA-
derived cultures to DAPT and IL-13 is explained by the low number of 
cells present in the BAL and TA, thus requiring a larger number of cellular 
replications compared to BT to achieve similar numbers of cultured cells. To 
address this possibility, we seeded epithelial cells from the same BT as before 
(10% of cells obtained from BT) and at a lower density (1% of cells obtained 
from BT). The cells were expanded in 3D until sufficient cells were obtained 
after which the cells were re-seeded on transwells and differentiated at ALI 
in the presence of DAPT or IL-13. We observed that the control (10%) and 
the diluted concentration (1%) showed similar responses to DAPT and IL-
13 stimulation during differentiation (Supplemental Fig. S4C). This suggests 
that the lower starting numbers alone cannot explain the lower response of 
BAL- and TA-derived ALI cultures to DAPT or IL-13. 

Discussion

In this study, we present an organoid-based method (3D) to obtain sufficient 
numbers of AEC from patient samples that contain low numbers of AEC. We 
present a comparison of well-differentiated ALI cultures established following 
this 3D expansion, with ALI cultures obtained following conventional (2D) 
expansion. 3D expansion allowed us to establish ALI cultures from patient 
samples containing small numbers of AEC, such as BAL fluid or TA from 
intubated preterm newborns. The data presented demonstrates that 
comparable ALI cultures can be established from samples derived from 
2D or 3D expanded AEC from different clinical samples. Importantly, the 
possibility of establishing ALI cultures of AEC obtained from TA presents new 
opportunities of obtaining healthy lung epithelial cell cultures as intubation 
of patients is standard procedure in non-lung related surgical procedures.

Preterm newborns are at a high risk of developing bronchopulmonary 
dysplasia (BPD), which is a result of lung damage induced by high oxygen 
exposure and inflammation induced by mechanical ventilation. Besides 
mechanical ventilation, newborns are exposed to various therapeutic agents
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Figure 5. Eff ect of Notch inhibition (DAPT) and IL-13 stimulation on diff erentiation of ALI cultures.
(A) Airway epithelial cells isolated from bronchial tissue (BT) were 2D or 3D expanded and cells from bronchoalveolar 
lavage (BAL) or tracheal aspirate (TA) were 3D expanded. Cells were diff erentiated at the air liquid interface (ALI) for 
14 days in the absence or presence of DAPT (+D) or IL13 (+I).  (B) Trans-epithelial Electrical Resistance measurements 
at ALI day 14. Diff erences between CTRL, DAPT or IL-13 were tested using a one-way ANOVA, repeated measures with 
a Tukey correction (n=6 donors, each n constitutes 3-6 ALI cultures per donor; * p<0.05). Data are shown as mean ± 
SEM. (C) Representative images of the number of ciliated cells (FOXJ1) after 14 days ALI without or with DAPT (+D) or 
IL13 (+I). The graphs show the quantifi cation of the number of FOXJ1+ nuclei per condition. Diff erences in the number 
of ciliated cells in ALI cultures were tested by paired t-test (n=6 donors; ** p<0.01, * p<0.05). Data are shown as mean 
± SEM. (D) Representative images of the number of goblet cells (MUC5AC) after 14 days ALI without or with DAPT 
(+D) or IL13 (+I). The graphs show the quantifi cation of the percentage of MUC5AC+ area per condition. Diff erences 
in the number of goblet cells in ALI cultures were tested by paired t-test (n=6 donors; ** p<0.01, * p<0.05). Data are 
shown as mean ± SEM.

of which the contribution to the onset of BPD is largely unknown (Naeem, 
Ahmed et al. 2019). Studies into the mechanisms underlying BPD are mostly 
animal based, partly because of diffi  culties in obtaining patient material from 
the preterm newborns (Nardiello, Mizikova et al. 2017). TA are the most
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accessible lung samples available to study preterm newborns (Reicherzer, 
Haffner et al. 2018, van Mastrigt, Zweekhorst et al. 2018). Here, we describe 
a unique method to establish an in vitro patient-specific and disease-relevant 
model that can be used to study the epithelial contribution to the development 
of BPD. This supports previous published methods that obtain AEC from 
newborns, and we provide an accessible method to robustly expand AEC 
and get access to large numbers of AEC from premature newborns for the 
study of BPD (Mou, Vinarsky et al. 2016, Groves, Guo-Parke et al. 2018, Looi, 
Evans et al. 2019). The method described is also robust, as we had a 100% 
success rate in obtaining organoids from TA and BAL samples, possibly in 
part explained by the fact that we made sure that the time between obtaining 
the sample and putting the cells in culture was minimized. Furthermore, as 
preterm newborns are more susceptible to RSV infection (Resch, Kurath-
Koller et al. 2016) and developing asthma (Been, Lugtenberg et al. 2014), an 
in vitro airway model using AEC obtained from preterm newborns has the 
potential to contribute to an increased understanding of disease mechanisms 
in BPD and its consequences later in life. 

We observed a similar epithelial composition of ALI cultures from BT, BAL 
and TA with respect to the presence of basal, ciliated, secretory and goblet 
cells. ALI cultures derived from BAL and TA showed more variation in cellular 
composition, which might be due to intrinsic variability in the technique used 
to harvest these samples. Furthermore, BAL-derived ALI cultures showed a 
tendency towards more goblet cells. It is well-established that the cellular 
composition of the airway epithelium differs at the various anatomical sites 
along the respiratory tract (Yang, Zuo et al. 2017). We could not verify the 
location in the lung from where the AEC or the BAL originated, and therefore 
could not assess whether this could explain some of the observed differences 
between BAL and BT and between the donors. 

In vitro disease modelling requires modulation of epithelial differentiation. 
All ALI cultures stimulated with IL-13 showed a decrease in ciliated cells, 
whereas DAPT decreased goblet cells. However, the expected increase in 
ciliated cells by DAPT and goblet cells by IL-13 was observed in BT-derived 
ALI cultures, whereas this was not found in BAL- and TA- derived cultures. 
Using cells derived from BT, we and others also showed that DAPT stimulation 
of ALI cultures robustly skews the epithelium to a ciliary phenotype (Tsao, 
Vasconcelos et al. 2009, Amatngalim, Schrumpf et al. 2018, Plasschaert, 
Zilionis et al. 2018). However, others have shown that DAPT stimulation did 
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not result in an increase in cilia (Gomi, Arbelaez et al. 2015); interestingly, 
the cultures in that study were established from bronchial brushes which 
contain a high frequency of luminal cells and therefore may be similar to BAL 
and TA cell populations. In contrast, BT-derived AEC contained a substantial 
portion of basal cells, which are classically considered the airway epithelial 
progenitors from which the various luminal cells are derived (Rock, Onaitis 
et al. 2009). Collectively, our observations suggest that luminal cells, as a 
result of their previously described plasticity and possibly through a process 
of de-differentiation (Tata, Mou et al. 2013), can give rise to the TP63+KRT5+ 

basal cells observed in our organoid and ALI cultures. However, as the BAL 
and TA derived ALI cultures were found to be less responsive to modulation 
of differentiation, we speculate that the TP63+KRT5+ basal cells obtained in 
these organoid cultures do not necessarily regain all basal cell functionality. 
This difference in starting population might also help to explain the 
incomplete stratification, and the presence of KRT5+KRT8+ double positive 
cells in the ALI cultures derived from BAL and TA (Mori, Mahoney et al. 
2015, Pardo-Saganta, Law et al. 2015, Watson, Rulands et al. 2015). 

Exposure to CS of all cultures resulted in activation of both an oxidative 
stress, as well as the UPR to ER stress response, but the levels and kinetics 
varied. Both responses may contribute to protection against the effects 
of CS but chronic activation of the UPR to persistent ER stress may also 
contribute to injury (Marciniak 2017). We found an overall higher peak level 
of the oxidative stress response (HMOX1 and NQO1) in the 3D-expanded 
cultures but also a more transient increase, whereas the BT-2D had a more 
limited induction of both HMOX1 and NQO1 which was maintained longer. 
In contrast, the UPR-related genes CHOP, GADD34 and sXBP1, showed 
higher peak expression levels in BT-2D compared to all 3D expanded ALI 
cultures. The TA-3D culture was less responsive than the BT-3D and BAL-
3D cultures, which might be related to the age of the donor. Thus, although 
the composition of the epithelial layer is comparable, these data show a 
clear difference in functional response of the cells to CS based on expansion 
method used. 

A limitation of the present study is the relatively limited number of donors 
for BT, TA and BAL used for the individual experiments. This is the result 
of the fact that we aimed to compare cells derived from various sources, and 
study both effects of sample type and donor on cigarette smoke exposure 
and modulation of cellular differentiation by IL-13 and Notch inhibition. 
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Therefore, to further validate our results, in future studies the number of 
donors should be increased. 

Our study shows that ALI cultures suitable for exposure to airborne 
substances can be established following expansion using organoid cultures 
that are derived from clinical samples containing few and mostly luminal 
AEC. Importantly, our study does show differences in cultures obtained 
following expansion in 3D organoids or conventional 2D culture and provides 
novel insight into the cellular plasticity of luminal epithelial cells. Finally, the 
demonstrated possibility to establish ALI cultures derived from TA of preterm 
newborns opens up exciting new avenues for studying the development and 
treatment of BPD and its consequences later in life.
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Supplementary tables

KSFM-AEC expansion medium
Reagent Company Cat. No. Final Concentration
KSFM Gibco 17005034 n/a
Penicillin / Streptomycin Lonza DE17-602e 100 U/ml 100 µg/ml
Bovine Pituitary Extract Gibco 13028014 0.03 mg/ml
Human EGF Peprotech 315-09 25 ng/ml
Isoproterenol Sigma I-6504 1 µM

Human Adult Organoid medium
Reagent Company Cat. No. Final Concentration
Advanced DMEM:F12 Invitrogen 12634-034 n/a
R-Spondin Peprotech 120-38 500 ng/ml
Noggin Peprotech 120-10C 100 ng/ml
Fgf10 Peprotech 100-26 100 ng/ml
Fgf7 Peprotech 100-19 25 ng/ml
SB202190 Sigma S7067 500 nM
A83-01 Tocris 2939 500 nM
Y-27632 Axon MedChem 1683 5 µM
B27 supplement Gibco 17504-44 1x
N-Acetylcysteine Sigma A9165 1.25 mM
Nicotinamide Sigma N0636 5 mM
Glutamax 100x Invitrogen 12634-034 1x
Hepes Gibco 15630-56 10 mM
Penicillin / Streptomycin Lonza DE17-602e 100 U/ml 100 µg/ml
Primocin Invivogen Ant-pm-1 50 µg/ml

Supplementary Table 1. Medium
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Supplementary Table 2. Antibodies

Primary antibodies
Antibody Species Company Cat. No. Dilution
β-TUBULIN IV Mouse BioGenex MU178-UC 1:100
FOXJ1 Mouse eBioscience 14-9965 1:200
FOXJ1 Goat R&D AF3019 1:100
KRT5 Rabbit Biolegend Poly19055 1:500
KRT8 Rat DSHB TROMA-I 1:100
MUC5AC Mouse Abcam AB3649 1:500
SCGB1A1 / CCSP Rabbit Abcam AB40873 1:200
SCGB3A1 / HIN-1 Mouse R&D systems AF1790 1:200
TP63 Mouse Abcam AB735 1:100

Secondary antibodies
Antibody Company Cat. No. Dilution
Alexa Fluor ®488, 594 
Donkey anti Goat IgG

Jackson ImmunoResearch 705-545-147,  
705-585-147

1:500

Alexa Fluor ®488, 594, 
647 Donkey anti Mouse 
IgG

Jackson ImmunoResearch 715-545-151,  
715-585-151,  
711-605-151 

1:500

Alexa Fluor ®488, 594, 
647 Donkey anti Rabbit 
IgG

Jackson ImmunoResearch 711-545-152, 
711-585-151, 
711-605-152

1:500

Alexa Fluor ®488, 594 
Donkey anti Rat IgG

Jackson ImmunoResearch 712-545-150 
712-585-153

1:500

Supplementary Table 3. qPCR primers

qPCR primers
Name Forward (5’→3’) Reverse (5’→3’)
ATP5B TCACCCAGGCTGGTTCAGA AGTGGCCAGGGTAGGCTGAT
CGRP CCACGCTCAGTGAGGACGAAG AAGTACTCAGATTACCGCACCGC
CHOP GCACCTCCCAGAGCCCTCACTCTCC GTCTACTCCAAGCCTTCCCCCTGCG
FOXI1 TGCTTCAAGAAGGTGCCCCG GGCCAAGGAGGCTGTGCTAG
FOXJ1 GGAGGGGACGTAAATCCCTA TTGGTCCCAGTAGTTCCAGC
GADD34 ATGTATGGTGAGCGAGAGGC GCAGTGTCCTTATCAGAAGGC
HMOX1 AAGACTGCGTTCCTGCTCAAC AAAGCCCTACAGCAACTGTCG
MUC5AC CCTTCGACGGACAGAGCTAC TCTCGGTGACAACACGAAAG
NQO1 GAAGAGCACTGATCGTACTGGC GGATACTGAAAGTTCGCAGGG
RPL13A AAGGTGGTGGTCGTACGCTGTG CGGGAAGGGTTGGTGTTCATCC
SCGB1A1 ACATGAGGGAGGCAGGGGCTC ACTCAAAGCATGGCAGCGGCA
SCGB3A1 TGCTGGGGGCCCTGACA ACGTTTATTGAGAGGGGCCGG 
sXBP1 TGCTGAGTCCGCAGCAGGTG GTCGGCAGGCTCTGGGGAAG
TP63 CCACCTGGACGTATTCCACTG TCGAATCAAATGACTAGGAGGGG
TRPM5 CCTGGGAGACAGTCCAGAAGG CCCCGAGGTACTTGGCAATG
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Supplementary fi gures

Supplemental Figure 1. 2D and 3D expansion results in comparable well-diff erentiated ALI cultures.
(A) Trans-epithelial electrical resistance was measured at ALI D0 and D14. Diff erences between 2D and 3D expansion 
on ALI D0 and D14 were tested using a paired t-test (n=6 donors, each n constitutes 6 ALI cultures per donor). Data 
are shown as mean ± SEM. (B) qPCR analysis of basal cell marker TP63, ciliated cell marker FOXJ1, goblet cell marker 
MUC5AC, ionocyte marker FOXI1, tuft cell marker TRMP5 and neuroendocrine cell marker CGRP. Diff erences in gene 
expression of each cell marker were tested using a paired t-test (n=6 donors). Data are shown as mean ± SEM.  (C) 
Representative images of SCGB3A1+ or SCGB1A1+ cells at ALI D14. BT=bronchial tissue and each number represents 
one donor. The graphs show the quantifi cation of SCGB3A1 or SCGB1A1 (left graphs: immunofl uorescence analysis; 
right graphs: gene expression analysis). Diff erences between expansion methods were tested by a paired t-test (n=3-6 
donors). Data are shown as mean ± SEM.
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Supplemental Figure 2. Diff erentiation of 3D expanded cells from bronchial tissue, bronchoalveolar 
lavage or tracheal aspirates. (A) Trans-epithelial electrical resistance was measured at start of ALI D0 and D14. 
Diff erences between bronchial tissue (BT), bronchoalveolar lavage (BAL) and tracheal aspirate (TA) on ALI D0 and 
day 14 were tested using one way ANOVA with a Tukey correction (n=6 donors, each n constitutes 6 ALI cultures per 
donor); ** p<0.01). Data are shown as mean ± SEM. (B) qPCR analysis of basal cell marker TP63, ciliated cell marker 
FOXJ1, goblet cell marker MUC5AC, ionocyte marker FOXI1, tuft cell marker TRMP5 and neuroendocrine cell marker 
CGRP. Diff erences in gene expression of each cell type marker between expansion methods were tested using one-way 
ANOVA with a Tukey correction (n=6 donors). Data are shown as mean ± SEM. (C) Representative images of the 
number of SCGB3A1+ or SCGB1A1+ cells at ALI D14 per donor. The graphs show the quantifi cation of secretory cells 
and qPCR analysis of SCGB3A1 and SCGB1A1. Each number represents one donor. Diff erences between the number of 
cells in ALI cultures of BT, BAL and TA were tested by one-way ANOVA with a Tukey correction (n=3-6 donors). Data 
are shown as mean ± SEM.
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Supplemental Figure 3. Responses to whole cigarette smoke exposure of diff erentiated ALI cultures 
from diff erent sources. (A) qPCR analysis of antioxidant genes HMOX1 and NQO1. Diff erences in gene expression 
at 3, 6 and 24 h of BT-2D, BT-3D, BAL and TA were tested by one-way ANOVA with a Tukey correction (n=3; **** 
p<0.0001, *** p<0.001, ** p<0.01, *p<0.05). Data are shown as mean ± SEM. (B-C) qPCR analysis of CHOP and 
GADD34 (B) and sXBP1 (C). Diff erences in gene expression at 3, 6 and 24 h of BT-2D, BT-3D, BAL and TA were tested 
by one-way ANOVA with a Tukey correction (n=3; **** p<0.0001, *** p<0.001, ** p<0.01, *p<0.05)., Data are shown 
as mean ± SEM (D) ELISA of IL-8 in basal medium 24 h after smoke exposure. Diff erences in gene expression between 
air or 24 h after smoke exposure in BT-2D, BT-3D, BAL and TA were tested by unpaired t-test (n=3; **** p<0.0001, * 
p<0.05). Data are shown as mean ± SEM.
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Supplemental Figure 4. Eff ect of Notch inhibition (DAPT) and IL-13 stimulation on diff erentiation 
of ALI cultures.  (A) Representative images of the number of tubulin IV+ ciliated cells (TUBIV) at ALI D14 with or 
without DAPT or IL-13. The graphs show the quantifi cation of each cell type. Diff erences in the number of ciliated cells 
was tested by paired t-test (n=6 donors; ** p<0.01, * p<0.05). Data are shown as mean ± SEM. (B) qPCR analysis of 
gene expression of FOXJ1 or MUC5AC at ALI D14 with or without DAPT (+D) or IL-13 (+I) stimulation. Diff erence 
in gene expression was tested by one-way ANOVA with a Tukey correction (n=6 donors; *p<0.05). Data are shown 
as mean ± SEM. (C) AECs were isolated from BT and were 3D expanded using standard starting population (10 % 
of all AEC obtained) or a further diluted starting population (1% of all AEC obtained). After expansion, AEC were 
re-seeded on transwell inserts and treated with DAPT or IL-13 during diff erentiation at ALI. The graphs show the 
quantifi cation of each cell type. Diff erences in the number of ciliated cells (FOXJ1+ and TUBIV+), or number of goblet 
cells (MUC5AC+) were evaluated by one-way ANOVA with a Tukey correction (n=3 donors; ** p<0.01, * p<0.05). Data 
are shown as mean ± SEM.
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Abstract

Airway epithelial cells and macrophages participate in inflammatory 
responses to external noxious stimuli, which can cause epithelial injury. 
Upon injury, epithelial cells and macrophages act in concert to ensure rapid 
restoration of epithelial integrity. The nature of the interactions between 
these cell types during epithelial repair are incompletely understood. Here 
we use an in vitro human co-culture model of primary bronchial epithelial 
cells cultured at the air-liquid interface (ALI-PBEC) and polarized primary 
monocyte-derived macrophages. Using this co-culture, we studied the 
contribution of macrophages to epithelial innate immunity, wound healing 
capacity and epithelial exposure to whole cigarette smoke (WCS). Co-culture 
of ALI-PBEC with LPS-activated M(GM-CSF) macrophages increased 
expression of DEFB4A, CXCL8 and IL6 at 24 hours in the ALI-PBEC, 
whereas LPS-activated M(M-CSF) macrophages only increased epithelial IL6 
expression. Furthermore, wound repair was accelerated by co-culture with 
both activated M(GM-CSF) and M(M-CSF) macrophages, also following WCS 
exposure. Co-culture of ALI-PBEC and M(GM-CSF) macrophages resulted in 
increased CAMP expression in M(GM-CSF) macrophages, which was absent 
in  M(M-CSF) macrophages. CAMP encodes LL-37, an antimicrobial peptide 
with immune modulating and repair enhancing activities. In conclusion, 
dynamic crosstalk between ALI-PBEC and macrophages enhances epithelial 
innate immunity and  wound repair, even upon concomitant cigarette smoke 
exposure.
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Introduction

Airway epithelial cells play a central role in the first line of defense against 
inhaled particles, gasses and pathogens.The epithelial lining acts as a physical 
barrier and epithelial cells produce protective mediators (e.g. cytokines, 
chemokines, antimicrobial peptides) to prevent intrusion of harmful 
substances and pathogens into the lungs. Epithelial cells also mediate 
mucociliary clearance to remove mucus-trapped-particles and pathogens 
from the airways (Hiemstra, McCray, and Bals 2015; Whitsett and Alenghat 
2015). Injury to the epithelial layer, due to e.g. bacterial and/or viral infection 
or inhalation of toxicants (including cigarette smoke), may cause disruption 
of epithelial barrier integrity and impair epithelial repair (Hiemstra, McCray, 
and Bals 2015; Hiemstra et al. 2016). The epithelial repair process is tightly 
controlled to ensure rapid closure of the wound and restoration of lung tissue 
homeostasis. However, chronic insults to the epithelial layer contribute to 
dysfunction of airway epithelial cells and development and progression 
of lung diseases, such as chronic obstructive pulmonary disease (COPD), 
idiopathic pulmonary fibrosis (IPF) and asthma. Epithelial integrity, 
barrier function and host defense responses are impaired in various lung 
diseases (Amatngalim and Hiemstra 2018; Hiemstra, McCray, and Bals 
2015), predisposing these patients to repeated infections and exacerbations. 
Inflammatory cells such as macrophages contribute to the epithelial wound 
repair process by releasing a range of mediators and by providing protection 
against infections following disruption of the epithelial barrier integrity 
(Gardner, Borthwick, and Fisher 2010; Alber et al. 2012).

Macrophages constitute a heterogeneous population of cells resulting 
form their high level of plasticity, and the various subsets contribute to the 
epithelial repair response and host defense (Gordon and Martinez-Pomares 
2017; Snyder et al. 2016). The phenotype of macrophages is tightly controlled 
by their microenvironment, that provides signals for activation and 
differentiation. Insight into these mechanisms has resulted in a classification 
of macrophages based on their activation state and properties. Macrophages 
can thus be broadly subdivided in pro-inflammatory macrophages (known as 
classically activated macrophages, also known as M1 macrophages) and anti-
inflammatory macrophages (known as alternatively activated macrophages, 
also known as M2 macrophages) (Arora et al. 2018; Murray 2017). Pro-
inflammatory macrophages produce proinflammatory cytokines and their 
phenotype is driven by pro-inflammatory stimuli, including TNF-α, IFN-γ 
and lipopolysaccharide (LPS), whereas anti-inflammatory macrophages are 
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more diverse and can be divided into several subsets, which are involved 
in defence against parasitic infections (M2a), immunoregulation (M2b) 
and tissue remodeling and matrix deposition (M2c) (Byrne et al. 2015). 
In the lungs, macrophages are widely present in the airway lumen (airway 
macrophages), the alveolar lumen (alveolar macrophages), and in the lung 
parenchyma and airway wall (interstitial macrophages), whereas monocytes 
can be recruited upon inflammation (Hu and Christman 2019). 

The function and phenotype of these cells depends on the local cytokine 
milieu (Byrne et al. 2015; Puttur, Gregory, and Lloyd 2019). Following injury 
to the lung epithelial lining, both resident macrophages and those derived 
from recruited monocytes contribute to the inflammatory and remodeling 
phase of epithelial repair, although the precise interaction with airway 
epithelial cells is insufficiently studied.

Despite the knowledge gained from various in vivo models on epithelial 
repair, the use of laboratory animals becomes more controversial and 
importantly the translation of results from such animal models to human 
disease is not always straightforward. However, whereas in vitro models 
with (primary) airway epithelial cells have provided much knowledge on the 
mechanism of epithelial wound repair (Amatngalim et al. 2016; Gardner, 
Borthwick, and Fisher 2010), these models do not accurately represent the 
complex cellular network of airway epithelial cells and inflammatory cells, 
including macrophages, that are essential during epithelial wound repair. 
Although various models are available to investigate the interaction between 
airway epithelial cells and immune and inflammatory cells, many of these 
studies have been performed using cell lines for either macrophages, airway 
epithelial cells or both, and are therefore not representative. Furthermore, 
many of these models lack lung specificity. In the present study, we therefore 
combined primary airway epithelial cells with primary monocyte-derived 
macrophages. To study the complex cellular crosstalk and interaction between 
airway epithelial cells and macrophages in more detail, we developed a co-
culture model of human primary bronchial epithelial cells grown at the air-
liquid interface (ALI-PBEC) and human peripheral blood CD14+ monocyte-
derived macrophages, that were polarized to either a pro-inflammatory 
M(GM-CSF) or anti-inflammatory M(M-CSF) macrophagephenotype 
(Van’t Wout et al. 2015). Using this model of primary cells, we studied the 
interaction between M(GM-CSF) or M(M-CSF)macrophages and ALI-PBEC 
and its effect on epithelial innate immunity and repair.
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Materials and methods

Culture of primary bronchial epithelial cells (PBEC)

Primary bronchial epithelial cells (PBEC) were obtained from tumor-free 
lung tissue of patients undergoing lobectomy for lung cancer  at the Leiden 
University Medical Center (Leiden, The Netherlands). The use of this lung 
tissue for research following surgery within the framework of patient care 
was in line with the “Human Tissue and Medical Research: Code of conduct 
for responsible use” (2011) (www.federa.org), that describes the no-objection 
system for coded anonymous further use of such tissue. All PBEC donors 
used for these experiments were considered not to have chronic airflow 
limitation (i.e. not having chronic obstructive pulmonary disease [COPD]), 
based on a predicted forced expiratory volume in 1 sec (FEV1) >85% and 
all had an age of >55 at time of surgery. The cells were isolated, cultured 
and differentiated at the air-liquid interface (ALI) for 14 days (SFig. 1A), to 
develop a well-differentiated epithelial layer, in transwell-inserts in 12-well 
plates ALI as previously described (Amatngalim et al. 2018). During PBEC 
differentiation, the cells were cultured at ALI with Bronchial Epithelial Cell 
Medium-basal (BEpiCM-b ScienCell, Carlsbad, CA, USA) diluted 1:1 with 
DMEM from Stemcell Technologies (Vancouver, Canada) with bronchial 
epithelial cell growth supplements from ScienCell, further supplemented 
with the 50 nM EC-23 (synthetic retinoic acid analogue, Tocris, Bio-Techne 
Ltd. Abingdon, U.K.).Well-differentiated ALI-PBEC were used for further 
co-culture experiments. Approximately 1x106 ALI-PBEC were present on 
these inserts at the time of the experiment. 

Isolation of monocytes and differentiation towards M(GM-CSF)and 
M(M-CSF) macrophagephenotype

CD14 positive monocytes were isolated from fresh buffycoats (Sanquin Blood 
Bank, Leiden, the Netherlands) obtained from healthy controls as described 
previously (Van’t Wout et al. 2015). We seeded 0.5x106 monocytes per well 
of a 12-well plate with either 5 ng/ml GM-CSF (R&D Systems, Minneapolis, 
MN) or 50 ng/ml M-CSF (Myltenyi Biotec, Auburn, CA) to induce polarization 
to M(GM-CSF) or M(M-CSF) macrophages respectively. Following 7 days of 
culture in RPMI 1640 medium (Invitrogen, Breda Life Technologies, The 
Netherlands) containing 10% FCS (Invitrogen), 2 mM l-glutamine, 100 U/ml 
penicillin, and 100 µg/ml streptomycin (all from Bio Whittaker, Walkersville, 
MD, USA), M(GM-CSF) or M(M-CSF) macrophages were stimulated with 
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100 ng/ml lipopolysaccharide (LPS from Pseudomonas aeruginosa, Sigma-
Aldrich, St. Louis, MO) during co-culture experiments (experimental outline 
shown in SFig. 1A). After 7 days, before start of co-culture with ALI-PBEC, 
similar numbers of M(GM-CSF ) and M(CSF) were counted (~3.2x106 

cells/well). M(GM-CSF) or M(M-CSF) macrophages were characterized by 
high expression of CHI3L1 and IL-12/p40 release (M(GM-CSF)) or CD163 
expression and IL-10 release (M(M-CSF)), respectively (SFig. 2).

Co-culture of M(GM-CSF)or M(M-CSF) macrophages and ALI-PBEC

ALI-PBEC were cultured as described above. Twentyfour hours before 
co-culture, the medium of ALI-PBEC was switched to epithelial culture 
medium (Amatngalim et al. 2018) without growth factors, hydrocortisone 
and EC23 (starvation medium, 24h starvation). Co-culturing was performed 
by transfer of the transwell-inserts seeded with ALI-PBEC to another 
12-wells plate that contained the polarized macrophages. All co-culture 
experiment were performed in starvation medium with or without LPS in 
the basal compartment, for activation of macrophages. ALI-PBEC were i) co-
cultured with (LPS-activated) M(GM-CSF) or M(M-CSF) macrophages for 
24 h (SFig. 1A), ii) mechanically wounded and then co-cultured with LPS-
activated M(GM-CSF) or M(M-CSF) macrophages until wound closure, or 
iii) mechanically wounded, exposed to whole cigarette smoke (WCS) and 
subsequently co-cultured with LPS-activated M(GM-CSF) or M(M-CSF) 
macrophages until wound closure. Epithelial wounding was performed as 
described previously (Hiemstra et al. 2016). A list of compounds that were 
used for mechanistic experiments is shown in Table 1. These compounds 
were added during co-culture of ALI-PBEC and M(GM-CSF)/ M(M-CSF) 
macrophages.

120

Compound Concentration Supplier
LL-37 2.5 µg/ml (37)
TGF-β1 5 ng/ml R&D system
anti-LL-37 (Clone III D7 (09/02/00 ST) 1:100 (37)
GM6001 25 µM Merck
SB-431542 5 µM Sigma
Table 1. Compounds
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Whole cigarette smoke exposure

Whole cigarette smoke (WCS) exposure was performed as described 
previously (Amatngalim et al. 2018). In brief, well-differentiated ALI-
PBEC cultures were placed in a modified hypoxic chamber for WCS or air 
(control) exposure. In these chambers, the cultures were exposed to either 
4-5 min of cigarette smoke from 1 3R4F research cigarette (University of 
Kentucky, Lexington, KY) or room air as control. Following 4-5 min of WCS 
exposure, the chambers were ventilated for 10 min to remove smoke from 
the chambers. The transwell inserts were subsequently removed from the 
plate, and transferred to the 12-well plates containing the macrophages for 
co-culture  and placed back at 37°C.

Quantitative RT-PCR

RNA was isolated from ALI-PBEC (from transwell-insert) and macrophages 
(from 12-wells plate at bottom), separately, according to manufacturer’s 
instruction using Maxwell RNA extraction kits (Promega, Madison, WI, 
USA). Quantitative RT-PCR was performed as described previously 
(Amatngalim et al. 2018) using primer pairs listed in Table 2. qPCR reactions 
were performed in triplicate, corrected for the geometric mean of expression 
of 2 reference genes (ATP5B and RPL13A), selected using the NormFinder 
algorithm software (Andersen, Jensen, and Orntoft 2004). Expression 
values were determined by the relative gene expression of a standard curve 
as determined by CFX manager software, and expressed as fold increase 
(Bio-Rad).
Gene Forward primer (5’ to 3’) Reverse primer (3’ to 5’)
ATP5B TCACCCAGGCTGGTTCAGA AGTGGCCAGGGTAGGCTGAT
RPL13A AAGGTGGTGGTCGTACGCTGTG CGGGAAGGGTTGGTGTTCATCC
CAMP TCATTGCCCAGGTCCTCAG TCCCCATACACCGCTTCAC
CXCL8 CTGGACCCCAAGGAAAAC TGGCAACCCTACAACAGAC
IL6 CAGAGCTGTGCAGATGAGTACA GATGAGTTGTCATGTCCTGCA
CD163 TTTGTCAACTTGAGTCCCTTCAC TCCCGCTACACTTGTTTTCAC
CHI3L1 CTGTGGGGATAGTGAGGCAT CTTGCCAAAATGGTGTCCTT
HGF TCCAGAGGTACGCTACGAAGTCT CCCATTGCAGGTCATGCAT
MMP9 ACCTCGAACTTTGACAGCGAC GAGGAATGATCTAAGCCCAGC
PDGFA CACCACCGCAGCGTCAA CCTCACCTGGACTTCTTTTAATTTTG
TGFB1 CTAATGGTGGAAACCCACAACG TATCGCCAGGAATTGTTGCTG
DEFB4A ATCAGCCATGAGGGTCTTG GCAGCATTTTGTTCCAGG
IL-10 GACTTTAAGGGTTACCTGGGTTG TCACATGCGCCTTGATGTCTG
Table 2. Primers used for RT-PCR
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ELISA

Levels of the interleukins (IL), IL-8 (R&D), IL-10 and IL-12/p70 (BD 
Bioscience), and human β-defensin 2 (hBD-2) (Antigenix America) were 
determined in supernatant, basal medium (IL-10, IL-12/p40, IL-8 and 
hBD-2) or in apical wash (IL-8, hBD-2) according to the manufacturer’s 
instructions.

Apical wash 

To assess levels of mediators secreted to the apical side by well-differentiated 
ALI-PBEC, apical washes were collected as described (Amatngalim et al. 
2017). Briefly, apical washes were performed by applying 100 µL PBS for 
10 min. After 10 min the fluid was collected, and stored at -80°C pending 
analysis by ELISA as described above. 

Statistical analyses

Statistical significance of differences was assessed using one-way ANOVA or 
repeated measures analysis, followed by post-hoc analysis using Fisher’s LSD 
multiple comparison test using Graphpad Prism 7. Differences at p<0.05 
were regarded as statistically significant.

Results

LPS-activated M(GM-CSF) and M(M-CSF) macrophages alter 
epithelial innate immunity

As host defense is one of the key functions of airway epithelial cells, we first 
aimed to establish if there is an effect of macrophages on epithelial host 
defense in our co-culture model. To this end we used well-differentiated 
primary bronchial epithelial cells cultured at the air-liquid interface (ALI-
PBEC) in the presence or absence of lipopolysaccharide (LPS)-stimulated 
M(GM-CSF) or M(M-CSF) macrophages (SFig. 1A). Following 24 hours of 
co-culture we measured the epithelial expression of host defense mediators 
(IL6, CXCL8, and DEFB4A). In absence of LPS, we found no effect of M(GM-
CSF) or M(M-CSF) macrophages on the epithelial mRNA expression of 
IL6, CXCL8 or DEFB4A. In presence of LPS, expression of IL6 mRNA was 
increased in ALI-PBEC upon co-culture with both macrophage subtypes (Fig. 
1A). Expression of CXCL8 was increased in ALI-PBEC upon co-culture with 
LPS-activated M(GM-CSF) but not M(M-CSF) macrophages. Furthermore, 
epithelial expression of DEFB4A, the gene encoding hBD-2, was increased
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upon co-culture with LPS-activated macrophages, and this eff ect was 
signifi cantly higher in co-culture with M(GM-CSF) compared to M(GM-
CSF) macrophages (Fig. 1A). Expression of other host defense proteins in 
ALI-PBEC (CAMP, RNASE7) was not altered (data not shown). We further 
investigated this eff ect on ALI-PBEC innate immune responses at the protein 
level (Fig. 1B). Confi rming our fi ndings on gene expression level in ALI-PBEC, 

Figure 1. Activated M(GM-CSF) and M(M-CSF) macrophages modulate epithelial innate immunity. 
Well-diff erentiated ALI-PBEC were co-cultured with M(GM-CSF)  or M(M-CSF) macrophages in the presence and 
absence of LPS and mRNA and protein levels of cytokines and antimicrobial peptides were measured after 24 hours in 
ALI-PBEC. (A) mRNA expression levels of IL6, CXCL8 and DEFB4A were measured in ALI-PBEC upon co-culture with 
(activated) M(GM-CSF) (red bars) and M(M-CSF) (blue bars) macrophages (n= 7 independent ALI-PBEC donors). (B) 
IL-8 and hDB-2 protein levels were measured at 24 hours in basal medium and apical washes (n= 7 independent ALI-
PBEC donors). Data are shown as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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IL-8 was found to be increased in the basal medium of co-cultures with LPS-
activated macrophages but not in the unstimulated controls. No increased 
IL-8 levels were observed in the apical washes. hBD-2 was not detected in 
the basal medium (data not shown) but was secreted on the apical side of 
the ALI-PBEC co-cultured with activated M(GM-CSF), but not M(M-CSF) 
macrophages. Since airway epithelial cells do not respond to LPS (Fig. 1A+B) 
(Jia et al. 2004), these findings show that ALI-PBEC initiate host defense 
responses in co-culture with LPS-activated M(GM-CSF) or M(M-CSF) 
macrophages.

Both activated M(GM-CSF) and M(M-CSF) macrophages enhance 
epithelial wound repair

After demonstrating that LPS-activated macrophages can modulate epithelial 
host defense responses, we next continued by investigating whether LPS-
activated M(GM-CSF) or M(M-CSF) macrophages can alter epithelial wound 
repair. To this end, circular wounds were mechanically created in the epithelial 
layer (Hiemstra et al. 2016), and subsequently co-cultured with activated 
macrophages (SFig. 1B, Fig. 2A). LPS alone in the absence of macrophages 
did not affect epithelial wound closure. However, co-culture with both 
M(GM-CSF) and M(M-CSF)  macrophages significantly increased epithelial 
wound closure compared to epithelial mono-cultures. Complete wound 
closure was reached at 30 and 50 hours post mechanical wounding in the 
presence of activated M(GM-CSF) or M(M-CSF) macrophages respectively, 
whereas mono-cultures reached only 75% at this time-point, indicating that 
epithelial wound closure was enhanced consistently in co-cultures with both 
LPS-activated M(GM-CSF) and M(M-CSF) macrophages.

Since we previously reported that exposure to whole cigarette smoke (WCS) 
decreases epithelial wound closure (Luppi et al. 2005; Hiemstra et al. 2016), 
we investigated whether LPS-activated macrophages also enhanced epithelial 
wound closure in WCS exposed ALI-PBEC cultures. To this end, ALI-PBEC 
were exposed to WCS following wounding and subsequently co-cultured with 
either M(GM-CSF) or M(M-CSF) macrophages (Fig. 2B). In line with our 
previous findings (Amatngalim et al. 2016), WCS exposure delayed wound 
closure especially at early time points (t=8 hours; p=0.065), irrespective 
of co- or mono-culture of ALI-PBEC. Co-culture with both M(GM-CSF) 
and M(M-CSF) macrophages also significantly increased epithelial wound 
closure in WCS-exposed cultures. These data suggest that LPS-activated
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Figure 2. Activated M(GM-CSF) 
and M(M-CSF) macrophages 
enhance epithelial wound repair. 
ALI-PBEC were mechanically injured 
and subsequently co-cultured with 
either activated M(GM-CSF) or M(M-
CSF) macrophages. Wound closure was 
monitored in time using phase-contrast 
light microscopy. Wound closure is 
shown as percentage residual wound 
area. (A) Upon mechanical wounding, 
ALI-PBEC were cultured alone (black 
line) or co-cultured with activated M(GM-
CSF) (red line) or M(M-CSF) (blue 
line) macrophages. (n=4 independent 
ALI-PBEC donors). (B) ALI-PBEC 
were exposed to whole cigarette smoke 
(WCS) and subsequently co-cultured 
with activated M(GM-CSF) (red line) or 
M(M-CSF) (blue line) macrophages (n=7 
independent ALI-PBEC donors).  Data are 
shown as mean ± SEM. * p < 0.05

macrophages increase epithelial wound repair, also following exposure to 
cigarette smoke. 

Macrophage-derived mediators enhance epithelial wound repair

To determine which macrophage-derived mediators contributed to the 
observed enhanced epithelial wound repair, we measured macrophage 
expression of various growth factors (TGFB1, HGF, IL10 and PDGFA), the 
metalloproteinase MMP9 and the antimicrobial peptide CAMP, all of which 
have been implicated in epithelial wound repair (Gardner, Borthwick, and 
Fisher 2010) (Fig. 3A+B). Activated M(M-CSF) macrophages showed higher 
expression of IL10, and to a lesser extent HGF compared to activated M(GM-
CSF)macrophages. Macrophage expression of TGFB1, MMP9 and PDGFA 
was not altered (Fig. 3A+B). Interestingly, LPS-activated M(GM-CSF) 
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Figure 3. Macrophages-derived mediators enhance epithelial wound repair. mRNA expression levels 
of various genes in M(GM-CSF) and M(M-CSF)  macrophages were measured upon co-culture with ALI-PBEC and 
epithelial wounding. (A) Expression levels of CAMP and TGFB1 were measured in (LPS-activated) M(GM-CSF) (red 
bars) or M(M-CSF) (blue bars) macrophages in mono-cultures on upon co-culture with ALI-PBEC. (n=3 independent 
buff y donors). The role of these mediators in epithelial wound closure was assessed by addition of LL-37 and/or TGF-β1 
in wounded ALI-PBEC (n=3 independent ALI-PBEC donors). (B) mRNA expression levels of HGF, IL10, MMP9 and 
PDFGA in M(GM-CSF) (red bars) and M(M-CSF) (blue bars) macrophages was measured by q-PCR (n=3 independent 
buff y donors). Data are shown as mean ± SEM. * p < 0.05, ** p < 0.01
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macrophages showed increased CAMP (encodes LL-37, an antimicrobial 
peptide with immune modulating and wound repair enhancing activities) 
expression only upon co-culture with ALI-PBEC (Fig. 3A). As CAMP 
expression in M(GM-CSF) macrophages was increased in presence of LPS 
and concommitant co-culture with ALI-PBEC, we investigated whether 
this increased CAMP expression may contribute to the observed enhanced 
wound closure in ALI-PBEC. We therefore added LL-37 and/or TGF-β1 
(which is known to contribute to epithelial repair) in wounded ALI-PBEC 
(Fig. 3A). Neither LL-37 nor TGF-β1 alone affected wound closure, whereas 
their combination enhanced wound closure, with complete wound closure 
at 41 hours, as opposed to wound closure at t=30h in presence of activated 
M(GM-CSF) macrophages (Fig. 2A). The prolonged time till wound closure 
upon stimulation with LL-37/TGF-β1 compared to M(GM-CSF) macrophage 
induced wound closure, suggests that additional factors in concert with LL-37 
and TGF-β1 contribute to the observed M(GM-CSF) macrophage-enhanced 
epithelial wound repair.
Therefore, we investigated whether inhibition of the TGF-β pathway (SB-
431542), matrix metalloproteinases (GM6001) or LL-37 (neutralizing 
antibody) altered macrophage-induced enhanced epithelial wound repair 
(SFig. 3). Macrophage-induced epithelial wound closure was delayed by 
both SB-431542 and GM6001. However, since wound closure of ALI-
PBEC monocultures was delayed as well in presence of these compounds, 
we concluded that the observed delayed wound repair was independent of 
the presence of macrophages (SFig. 3). The contribution of these pathways 
to macrophage-induced epithelial wound closure, therefore remained 
inconclusive. We studied the contribution of LL-37 to M(GM-CSF) enhanced 
epithelial wound repair using a selective LL-37 neutralizing antibody, 
however, this did not affect epithelial wound repair (SFig. 3). Collectively, 
these findings suggest that there is crosstalk between ALI-PBEC and 
macrophages and that this contributes to epithelial wound repair. We could 
demonstrate involvement of macrophage-derived factors in enhanced 
epithelial wound closure, including LL-37 (and TGF-β1), but also found that 
cross-talk is not restricted to these factors alone. Additionally, M(M-CSF) 
macrophage-derived IL-10, HGF and MMP9 are likely candidates as driving 
factors of M(M-CSF) enhanced epithelial wound repair, which we did not 
further investigate in view of our observation that both types of macrophages 
enhanced wound repair.
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Two-way crosstalk between ALI-PBEC and M(GM-CSF)macrophages

We established that activated M(GM-CSF) macrophages increase CAMP 
expression only in the presence of ALI-PBEC (Fig. 3A). We hypothesized 
that the increased CAMP in M(GM-CSF) macrophages resulted from cross-
talk between the M(GM-CSF) macrophages and epithelial cells. We tested 
this hypothesis by assessing gene expression in macrophages in experiments 
using conditioned media from ALI-PBEC cultures and epithelial/macrophage 
co-cultures (Fig. 4A). Conditioned medium (CM) was collected from : i. ALI-
PBEC only (ALI-PBEC-CM); ii. co-cultures of ALI-PBEC and macrophages 
(Co-culture-CM); and iii. conditioned medium that was obtained first from 
activated macrophages (24h), and then added to ALI-PBEC mono-cultures 
(24h) (Double-CM) (Fig. 4A). M(M-CSF) macrophages did not alter CAMP 
expression upon stimulation with ALI-PBEC-CM, co-culture-CM or Double-
CM (Fig 4B, blue bars). In contrast, CAMP expression was increased in 
M(GM-CSF) macrophages upon addition of co-culture-CM or Double-CM 
(Fig 4B, red bars). ALI-PBEC-CM was not able to increase CAMP expression 
in M(GM-CSF) macrophages, suggesting that CAMP in M(GM-CSF) 
macrophages is induced only as a result of a two-way crosstalk between the 
M(GM-CSF) macrophages and ALI-PBEC. 

These data suggest that soluble mediators released by M(GM-CSF) 
macrophages, trigger the release of soluble mediators from ALI-PBEC that 
enhance CAMP expression in M(GM-CSF) macrophages.

Discussion 

In this study, we investigated the crosstalk between primary bronchial 
epithelial cells cultured at the air-liquid interface (ALI-PBEC) and polarized 
macrophages. We found that co-culture of well-differentiated ALI-PBEC 
and activated macrophages displayed interactive crosstalk, and influenced 
epithelial innate immune responses and wound repair. 

We show that epithelial IL-6 expression was increased upon co-culture with 
activated M(GM-CSF) and M(M-CSF) macrophages compared to epithelial 
monoculture. IL-6 is a multifunctional cytokine that has also been shown 
to promote intestinal epithelial proliferation (Kuhn et al. 2014). Co-culture 
with activated M(GM-CSF) macrophages furthermore increased epithelial 
expression of DEFB4A and CXCL8. We also confirmed this at protein level 
for DEFB4A, as hBD-2 levels in apical washes were increased upon co-culture 
with activated M(GM-CSF) macrophages. The effect on IL-8 secretion was 
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Figure 4. Eff ect of ALI-PBEC on CAMP expression in M(GM-CSF) macrophages. The mechanisms 
underlying increased CAMP expression in M(GM-CSF) macrophages in co-culture with ALI-PBEC were investigated 
by exposing macrophages to conditioned media (CM) collected from various culture conditions. (A) Overview of the 
culture condition from which the conditioned medium was collected (n=3 independent buff y donors). (B) CAMP
expression at 24h was measured by q-PCR in M(GM-CSF) (red bars) or M(M-CSF) macrophages (blue bars)  upon 
stimulation with the various conditioned media. Data are shown as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001

less clear, which may in part be explained by the fact that IL-8 is produced 
by epithelial cells as well as by activated macrophages and can be secreted in 
the basal compartment. hBD-2 however, is produced mainly by the epithelial 
cells and secreted apically. The induction of hBD-2 in epithelial cells is in line 
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with studies which show that pro-inflammatory cytokines induce hBD-2 (Kao 
et al. 2004; O’Neil et al. 1999) and that microbial products (e.g. LPS) activate 
macrophages to release inflammatory mediators. Activated pro-inflammatory 
macrophages also produce pro-inflammatory cytokines including IL-1β, 
that subsequently enhance epithelial production of antimicrobial peptides 
and inflammatory cytokines (Bals and Hiemstra 2004). This cascade may 
act as an amplifying response to microbial products, as ALI-PBEC are less 
responsive to LPS compared to macrophages (Jia et al. 2004), which we 
also found in our study. These findings suggest that activated macrophages 
alter innate immune responses of well-differentiated ALI-PBEC through the 
release of soluble mediators.

In addition to an altered epithelial innate immune response, we show that 
co-culture with activated macrophages significantly enhanced epithelial 
wound repair. LPS addition to ALI-PBEC alone did not alter wound closure 
compared to unstimulated control. Our observations are in line with an 
in vivo response upon epithelial damage: following epithelial damage, 
pro-inflammatory macrophages are activated during the inflammatory 
phase, produce inflammatory cytokines and display antimicrobial activity 
(Yamada, Fujino, and Ichinose 2016). In the subsequent remodeling phase, 
anti-inflammatory macrophages will contribute to epithelial proliferation 
and migration followed by further restoration of the epithelial barrier and 
resolution of inflammation (Smigiel and Parks 2018).

There was no significant difference between M(GM-CSF) and M(M-CSF) 
polarized macrophages in their wound healing capacity. However, M(GM-
CSF) polarized macrophages consistently induced faster epithelial wound 
closure compared to M(M-CSF) polarized macrophages, but this did not 
reach statistical significance at any of the time points investigated. At 
present, data on the wound healing capacity of pro- versus anti-inflammatory 
macrophages are conflicting (Wynn and Vannella 2016). Whereas one 
study also showed that M2 macrophage administration was not beneficial 
in murine cutaneous wound healing (Jetten et al. 2014), this is in contrast 
with other in vitro studies. These studies show that anti-inflammatory M(IL-
10) macrophages increased wound repair of A549 epithelial cells, compared 
to pro-inflammatory M(IFN-γ) macrophages. This effect may be mediated 
through IL-10 (26) or hepatocyte growth factor (HGF) (Garnier et al. 2018), 
which is a prominent growth factor produced by alveolar macrophages 
(Garnier et al. 2018) and intestinal macrophages (D’Angelo et al. 2013). Also
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in our study, HGF was also expressed in M(M-CSF) macrophages and lower 
in M(GM-CSF) macrophages. Interestingly, expression IL10 was significantly 
higher in M(M-CSF) macrophages compared to M(GM-CSF) macrophages, 
again suggesting that there is cellular crosstalk between ALI-PBEC and 
activated macrophages, although we did not further examine this.

Interestingly, macrophages in bronchoalveolar lavage display higher levels 
of CD163+ anti-inflammatory macrophages compared to levels in induced 
sputum (Kunz et al. 2011), suggesting that macrophages in the airways display 
a pro-inflammatory phenotype, which may aid in the defense against the 
heterogeneity of inhaled substances/pathogens. In contrast, M2-type activity 
of macrophages in the alveolar compartment may protect against excessive 
inflammation and contributes to repair. This is supported by the proposed 
role of M2 macrophages in alveolar repair in a mouse pneumonectomy model 
(Lechner et al. 2017). In our model, we used ALI-PBEC as a model using 
epithelial cells isolated from the large conducting airways, where indeed 
M1 macrophages may induce rapid wound closure, to prevent intrusion 
of harmful pathogens or substances. Dependent on the localization and 
the micro-environment, the phenotype and function of macrophages may 
be adapted, and thereby influence repair processes (Puttur, Gregory, and 
Lloyd 2019). In COPD, macrophage polarization has been described to be 
dysregulated (Hiemstra 2013; Shaykhiev et al. 2009), which suggests that 
epithelial wound repair may be affected. 

In a previous study we showed that cigarette smoke exposure delayed 
epithelial wound closure especially at early time points (Amatngalim et al. 
2016). We confirmed this in the present study, irrespective of co- or mono-
culture of ALI-PBEC. Co-culture with both M(GM-CSF) and M(M-CSF) 
macrophages however, significantly increased epithelial wound closure in 
WCS-exposed. In our model, only airway epithelial cells were exposed to 
WCS, whereas macrophages were remained non-exposed. Other studies 
showed that cigarette smoke exposure also affects macrophage function 
(Strzelak et al. 2018), which we did not further investigate.

M(GM-CSF) macrophages may enhance wound repair in part by the selective 
increased expression of CAMP upon co-culture with ALI-PBEC. We have 
previously shown that  LL-37 drives macrophage polarization towards a pro-
inflammatory macrophage phenotype (van der Does et al. 2010). Part of the 
observed effect of M(GM-CSF) macrophages on epithelial innate immunity 
and wound repair may have been caused by an increased susceptibility of
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epithelial cells to LPS resulting from exposure to macrophage-derived LL-
37 (Shaykhiev et al. 2005). Apart from its prominent role in host defense, 
the antimicrobial peptide LL-37 has been shown to be involved in wound 
repair both in vivo and in in vitro skin models (Ramos et al. 2011; Carretero 
et al. 2008). LL-37 is able to activate airway epithelial cells through EGFR 
transactivation (Tjabringa et al. 2003), which may contribute to wound 
repair. In our model, exogenously added LL-37 enhanced wound repair 
only upon concomitant addition of TGF-β1. A possible explanation for the 
synergistic effect of LL-37 or TGF-β1 on wound repair could be an interaction 
between the putative induction of an epithelial migratory (by TGF-β1) and 
proliferatory phenotype (by LL-37). We also determined the contribution of 
other mediators that may enhance wound repair, but since inhibition of the 
TGF-β1 pathway or MMPs also markedly reduced epithelial wound closure 
in the ALI-PBEC mono-cultures, we could not determine the role of these 
pathways in M(GM-CSF) or M(M-CSF) macrophage-enhanced epithelial 
wound repair.

We did not observe alterations in macrophage polarization during co-culture 
(data not shown). These findings suggest that in our experimental set-up 
ALI-PBEC do not produce strong polarizing factors or the time in co-culture 
is insufficient to influence macrophage polarization. In this study we focused 
on only 2 subsets of macrophages (Van’t Wout et al. 2015), however, for 
future studies our co-culture setup allows incorporation of various other 
macrophage subsets to study epithelial-macrophage interaction (Gindele et 
al. 2017; Boyette et al. 2017; Murray and Wynn 2011). Whereas other studies 
of airway epithelial cell co-cultures either focus solely on the host defense 
aspect of macrophages or use cell lines (Bodet, Chandad, and Grenier 2006; 
Blom et al. 2016; Bauer et al. 2015; Reuschl et al. 2017), we used both 
primary monocyte-derived macrophages and well-differentiated primary 
airway epithelial cells, which better reflects in vivo responses. Furthermore, 
other cell-types, such as structural cells may be incorporated as well, to 
better mimic the in vivo cellular niche. Previous studies have shown that 
macrophage-derived mediators have an effect on dermal fibroblasts (Ploeger 
et al. 2013), and this may also occur in the lung, assisting in modulation of 
epithelial cell function.

Although a limitation of our model is that the cells are cultured in separate 
compartments, and therefore cell-cell interactions are excluded (Leoni et al. 
2015), we were able to reveal crosstalk between macrophages and epithelial
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cells and show that they interact in part through secreted mediators. In 
recent years it has been found that cellular crosstalk may occur through 
extracellular vesicles, and this has also been described for the interaction 
between epithelial cells and macrophages (Lee et al. 2018). Another limitation 
is that we did not extend the co-culture beyond 72 hours, to avoid potential 
problems with different media requirements for primary bronchial epithelial 
cells and macrophages. Future studies are necessary to further optimize this 
model with prolonged co-culture time, without affecting ALI-PBEC integrity 
and/or M(GM-CSF) or M(M-CSF) macrophage polarization. Finally, we used 
CD14-monocyte-derived M(GM-CSF) and M(M-CSF) macrophages in this 
study, whereas these may not fully reflect the repertoire of airway, alveolar 
and interstitial macrophages in the lung (Byrne et al. 2015; Puttur, Gregory, 
and Lloyd 2019). The current culture set-up with 2-weeks differentiated ALI-
PBEC limited the use of freshly isolated lung-derived macrophages, however, 
we did mimic the interaction between airway epithelial cells and recruited 
monocyte-derived macrophages. Furthermore, whereas macrophage 
phenotype in vivo displays plasticity, we simplified our model by using 
polarized macrophages, and thereby could investigate macrophage subtype 
specific responses on airway epithelial innate immunity and repair.

In summary, using primary cells, we show that ALI-PBEC and activated 
macrophage co-culture alters epithelial innate immune responses, enhances 
epithelial wound repair and induces interactive crosstalk between epithelial 
cells and macrophages, thereby better representing the in vivo situation 
compared to mono-cultures of airway epithelial cells.
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Supplementary fi gures

Supplementary Figure 1. Schematic overview of experimental setup. (A) Peripheral blood-derived CD14+

monocytes were cultured in presence of GM-CSF or M-CSF to induce a M(GM-CSF) or M(GM-CSF) macrophage 
phenotype, respectively. After 7 days in culture, macrophages were activated with 100 ng/mL LPS after which they were 
used in co-culture experiments. PBEC were cultured until confl uent after which they were cultured at the air-liquid 
interface (ALI-PBEC) and diff erentiated for 2 weeks. Upon 2 weeks diff erentiation, ALI-PBEC and (LPS-activated) 
macrophages were co-cultured for 24h or until wound closure (B) Epithelial wounding was performed by mechanically 
scraping well-diff erentiated ALI-PBEC, using a template to ensure identical wound surface areas (Amatngalim et al. 
2016). Wound closure was measured over time; representative light microscopic images were taken at various time 
points and are shown here.
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Supplementary Figure 2. Macrophage polarization. (A) mRNA expression of CD163 (M(M-CSF) macrophages 
– blue bars) and CHI3L1 (M(GM-CSF) macrophages – red bars) in (LPS-activated) M(GM-CSF) and M(M-CSF) 
macrophages was measured by q-PCR (n=3 independent experiments). (B) Protein levels of IL-10 (M(M-CSF) 
macrophages – blue bars) and IL-12/IL-23p40 (M(GM-CSF) macrophages – red bars) were measured at 24h after LPS 
stimulation and upon co-culture (n=3 independent experiments). Data are shown as mean ± SEM. * p < 0.05, ** p < 
0.01, *** p < 0.001, **** p < 0.0001.
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Supplementary Figure 3. Inhibition of key repair pathways and molecules during epithelial wound 
repair. To determine the contribution of several pathways that play a role in epithelial wound repair to M(GM-CSF) 
(red line) or M(M-CSF) (blue line)-induced enhanced epithelial wound closure, various inhibitors were added in the 
epithelial mono (black lines)- and co-cultures upon epithelial wounding. Inhibitors of the TGF-β pathway (SB-434215), 
and MMP inhibitor (GM6001) and an anti-LL-37 antibody were added upon wounding and the residual wound area 
was measured over time (n=3 independent ALI-PBEC donors). Data are shown as mean ± SEM.
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Abstract

In vitro lung models are increasingly used in respiratory research, but 
conditions in these models usually poorly reflect the mechanical properties 
of lung tissue. Contrasting traditional 2D cell cultures on plastic, lung 
tissue is much more flexible. A potential alternative to culture plastics are 
culture supports made of a biocompatible material that better mimic the 
mechanical properties of the studied tissue. The aim of the present study 
was to investigate growth and differentiation of primary bronchial epithelial 
cells (PBEC) on flexible membranes based on poly(trimethylene carbonate) 
(PTMC). We cultured the cells on PTMC membranes with different porosities 
and compared their growth to those grown on commercial poly(ethylene 
terephthalate) (PET) membranes in Transwells to allow culture at the 
physiological air-liquid interface (ALI). Whereas PBEC did grow on PTMC 
membranes, the cell cultures did not reach confluence, in contrast to those 
grown on polyethylene terephthalate (PET) membranes. Furthermore, 
whereas PBEC cultured at the ALI on PET membranes showed mucociliairy 
differentiation, such differentiation was absent on PTMC membranes. 
Compared to PET cultures, PBEC cultured on PTMC membranes showed an 
increased expression of epithelial-mesenchymal transition (EMT) markers 
and of TGFβ-R2 on PTMC membranes, which could explain the impaired 
differentiation. Treatment with the TGF-β signalling pathway inhibitor SB-
431542 partly restored differentiation and growth, suggesting that culture 
on PTMC membranes had triggered TGF-β signalling. These findings 
demonstrate that further optimization is needed before use of PTMC 
membranes for culture of primary airway epithelial cells.
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Introduction

Lung related diseases are listed 3 times in the WHO top 10 leading causes of 
death globally (World Health Organization 2018). The lungs are continuously 
exposed to potentially harmful, inhaled substances, including toxicants 
present in air pollution and respiratory pathogens. The airway epithelial cells 
lining the airways play a central role in the defence against these inhaled 
toxicants and pathogens by providing a physical barrier and providing a 
range of chemical and cellular defence mechanisms (Hiemstra, McCray, 
and Bals 2015). An inadequate epithelial defence may result in epithelial 
injury and remodelling, which are hallmarks of many pulmonary diseases 
(Fehrenbach, Wagner, and Wegmann 2017; Skold 2010). However, the 
mechanisms involved are incompletely understood which limits treatment 
options (Halbert et al. 2006). Epithelial cell culture models as well as animal 
models are widely used to study disease mechanisms, but many cell culture 
models use submerged culture conditions and are therefore not suitable 
for exposure to airborne substances. In contrast, air-liquid interface (ALI) 
epithelial culture models trigger differentiation of primary airway epithelial 
cells and allow exposure to airborne substances such as the noxious gases and 
particles that contribute to development of several lung diseases (Lacroix et 
al. 2018). Even though the current in vitro models do not recapitulate all 
features of epithelial function in situ, the use of advanced culture models and 
e.g. patient-derived cells could help to overcome some important limitations 
associated with the use of animal models. These include the poor cross-
species translatability of observations from animal models to the human 
situation resulting from substantial differences in mechanisms and responses 
compared to human lung tissue (Schilders et al. 2016; Mullane and Williams 
2014; Uhl and Warner 2015). 

Continuous advances in the fields of biomaterials and bioengineering 
allows for the use of more biocompatible tissue culture supports in in 
vitro models. For most cell cultures, stiff culture plastics like polystyrene 
(PS), polycarbonate (PC) or polyethylene terephthalate (PET) are used 
(Amatngalim et al. 2016; Amatngalim et al. 2015; Amatngalim et al. 2018). 
PC and PET porous membranes are suitable for culture at the ALI, but these 
are not optimally suited to emulate the lung environment accurately, since 
lung tissue stretches, is not flat and is significantly more flexible (Cox and 
Erler 2011). The lungs are a flexible organ with an average stiffness of ±350 
Pa, whereas stiffness of PS and PET is in the GPa range, which resembles the 
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stiffness of bone (Butcher, Alliston, and Weaver 2009). The effect of material 
stiffness on cellular function has been described in various studies (Discher, 
Janmey, and Wang 2005; Cox and Erler 2011; Park et al. 2020). Currently, 
membranes made of poly(dimethylsiloxane) (PDMS) are frequently used 
in organ-on-chip systems because of their flexibility and transparency 
(Schuller-Ravoo et al. 2018; Huh et al. 2013). However, PDMS has a low 
biocompatibility requiring specific treatments to allow cell attachment, 
shows marked adsorption of various compounds, and the methods used to 
produce the membranes can be cumbersome (Moraes et al. 2009; Wala, 
Maji, and Das 2017). 

An alternative to the currently widely used membranes is poly(trimethylene 
carbonate) (PTMC), a biocompatible polymer that can be used to produce 
a porous, flexible membrane for in vitro culture ALI culture (Pasman et al. 
2020). The production of PTMC membranes is highly tuneable to e.g. facilitate 
formation of pores ranging between 3-8 µm to accommodate transmembrane 
medium transport and possibly migration of leukocytes. Whereas based on 
their mechanical properties, PTMC membranes could potentially better 
mimic lung tissue, the interaction between these membranes and primary 
airway epithelial cells has not been investigated. Overall, cell attachment and 
binding of extracellular matrix (ECM) have been insufficiently studied on 
these novel materials (Bershadsky, Balaban, and Geiger 2003). We recently 
reported a procedure for fabrication of flexible PTMC membranes with 
tuneable pore sizes between 5 and 8 mm and high water transport which 
may support culture at the ALI (Pasman et al. 2020). In an effort to elucidate 
whether these PTMC membranes could be used in an in vitro airway epithelial 
model, we analysed cellular function and differentiation of primary bronchial 
epithelial cells (PBEC) cultured on PTMC membranes, and compared these 
to standard PET Transwell inserts.
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Methods

Fabrication of PTMC membranes 

Poly(trimethylene carbonate) (PTMC) membranes were produced at the 
University of Twente. Over the course of the experiments, adjustments in 
the production of the membranes were made. Although all membranes have 
been manufactured using PTMC, the fabrication method changed slightly, 
ultimately resulting in the method described by Pasman et al. (Pasman et 
al. 2020). Furthermore, different batches of PTMC used to manufacture the 
membranes used in the present study may have contributed to the observed 
differences. As a result, 3 separate membrane batches are employed during 
this study, labeled PTMC1, 2 and 3; Details of the procedure used to prepare 
PTMC3 membranes is published by Pasman et al. Detailed information about 
the difference between the three batches PTMC membranes is presented in 
supplemental figure S1 and supplemental table S1. In the results section, we 
indicated which membranes were used for which experiments. 

Water transport across the membranes

The permeance of the membranes was assessed using Water transport 
across the membranes (Pasman et al. 2020). Circular samples of membranes 
with a diameter of 26 mm were punched from larger membrane pieces and 
compared to commercial PET membranes with 0.4 µm pores (Corning 
Costar, Cambridge, MA) that were cut out from their inserts. The PTMC 
membranes were prewetted overnight in 100% ethanol, after which they were 
placed in an Amicon cell (Merck Millipore, Germany, Amicon cell 8003). 
The PET membranes were used without prewetting with ethanol since they 
performed better this way. A transmembrane pressure (TMP) was applied 
and afterwards the amount of permeated water through the membrane was 
estimated by the water flux.

Membrane morphology

The membrane morphology was assessed by Scanning Electron Microscopy 
(SEM) as described elsewhere (Pasman et al. 2020). Dry membrane samples 
were gold-sputtered under vacuum in a sputter coater (Cressington 108 
Auto) equipped with a pure gold target (Aurion, The Netherlands, cat. 91017-
AU) at 10 mA for 60 seconds. Subsequent imaging was performed on a JSM-
6010LA from JEOL (Tokyo, Japan) at 5 kV.
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Isolation and culture of primary bronchial epithelial cells

Macroscopically normal, tumour-free bronchial tissue was obtained from 
patients undergoing resection surgery for lung cancer at the Leiden University 
Medical Center (LUMC). The use of all lung samples for research that were 
collected within the framework of patient care from adult patients during 
surgery or bronchoscopy, was in line with the “Human Tissue and Medical 
Research: Code of conduct for responsible use” (2011) (www.federa.org). 
This code of conduct describes the no-objection system for coded anonymous 
further use of such samples. PBEC were isolated and expanded in culture as 
previously described (Amatngalim et al. 2018).

Culture of primary bronchial epithelial cells (PBEC)

1*105 PBEC at passage 2 were seeded per well of a 12-well PET membrane 
Transwell insert with pore size 0.4 µm (Corning Costar) or a PTMC 
membrane in a Transwell 12-well plates (Corning Costar). The PTMC 
membranes were inserted and attached to Transwell inserts using custom 
made rings (University of Twente). The standard coating used for PBEC on 
all membranes was 30 µg/ml PureCol (Advanced BioMatrix, San Diego, CA), 
10 µg/ml BSA (Sigma-Aldrich, St. Louis, MO), and 10 µg/ml fibronectin 
(Sanbio, Uden, The Netherlands) in PBS. The membranes were coated for 1 
hour at 37°C.  PBEC were cultured in 1:1 bronchial epithelial growth medium 
(BEpiCM-b; ScienCell) and DMEM medium containing 4500 mg/l D-glucose 
(Stemcell Technologies) (B/D), supplemented with the retinoic acid analogue 
EC-23 (1 nM, Tocris), Hepes (1 mM, Lonza), BSA (1 mg/ml, Sigma-Aldrich), 
penicillin (100 U/ml) and streptomycin (100 µg/ml). Medium was refreshed 
three times a week until confluence was reached. Once confluent, apical 
medium was removed to culture the PBEC at the air-liquid interface (ALI). 
During ALI culture, the volume of the medium in the basal compartment was 
reduced from 1 ml to 600 µl per well to reduce leakage through the membrane 
(which was observed with PTMC membranes in pilot studies), and the EC-23 
concentration was increased to 50 nM to promote differentiation. 

Culture of Calu-3 cells 

Calu-3 cells (ATCC, HTB-55) were cultured in uncoated T-75 flasks with 
Eagle’s minimum essential medium (EMEM; Lonza) supplemented with 
10% fetal calf serum (FCS; Life Technologies, Carlsbad, CA) that was 
refreshed 3 times a week. Once the epithelial cell layer had grown nearly to
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confluence, the cell layers were dissociated using trypsin (Life Technologies) 
and seeded on the PET or PTMC membranes. 1*105 cells were seeded per 12 
well insert without additional coating. After reaching confluence (based on 
visual inspection of the transparent PET membranes; PTMC membranes are 
not transparent), the cells were cultured for 1 week at the ALI. During ALI 
culture, the volume of the medium in the basal compartment was reduced 
from 1 ml to 600 µl per well to reduce leakage through the membrane. 

Pretreatment of membranes with levodopa (L-DOPA)

L-DOPA (Sigma-Aldrich) was dissolved in Tris-buffer (pH 8.5) at 37°C while 
stirring to obtain a 2 mg/ml L-DOPA solution. The solution was sterilized 
by filtering through a 0.22 µm filter (Sigma-Aldrich). The membranes were 
treated with L-DOPA overnight at 37°C, and subsequently washed with PBS. 
Following washing, either extracellular matrix components were added as 
additional coating, or the membranes were used immediately with only 
L-DOPA treatment. 

Trans-epithelial electrical resistance measurement 

Epithelial barrier integrity was determined by measuring the trans-epithelial 
electrical resistance (TEER) using the MilliCell-ERS (Millipore, Burlington, 
MA, US) according to the manufacturer’s instructions.
Gene Forward primer Reverse primer
TP63 CCACCTGGACGTATTCCACTG TCGAATCAAATGACTAGGAGGGG
SCGB1A1 ACATGAGGGAGGCAGGGGCTC ACTCAAAGCATGGCAGCGGCA
FOXJ1 GGAGGGGACGTAAATCCCTA TTGGTCCCAGTAGTTCCAGC
MUC5AC ATTTTTTCCCCACTCCTGATG AAGACAACCCACTCCCAACC
SNAI2 TCGGAAGCCTAACTACAGCGA AGATGAGCATTGGCAGCGAG
SNAI1 TGTGACAAGGAATATGTGAGCC TGAGCCCTCAGATTTGACCTG
SERPINE1 GTGGACTTTTCAGAGGTGGA GCCGTTGAAGTAGAGGGCATT
CCND1 CTGGCCATGAACTACCTGGAC GGTCACACTTGATCACTCTGG
ATP5B TCACCCAGGCTGGTTCAGA AGTGGCCAGGGTAGGCTGAT
ACTB TGCGTGACATTAAGGAGAAG TGAAGGTAGTTTCGTGGATG
Table 1. RT-PCR primers

Immunofluorescence staining

ALI cultures were washed, fixed in 4% w/v paraformaldehyde and stained 
as described before (Eenjes et al. 2018). In brief, after fixation the cells were 
incubated with permeabilization and blocking buffer (1% w/v BSA, 0.3% v/v 
Triton-X100 in PBS) for 30 min at 4°C. The primary antibody was added in 
blocking solution to the cells for 1 h at room temperature (RT). Next, inserts

A I R W A Y  E P I T H E L I A L  C E L L  C U L T U R E  O N  P T M C

Thesis content_Sander.indd   149Thesis content_Sander.indd   149 25-08-2021   10:2725-08-2021   10:27



were washed in PBS and incubated with an Alexa Fluor 488 or 568-labeled 
secondary antibody together with DAPI for 30 min at RT. Images were 
obtained using a Leica SP8 confocal microscope. The list of antibodies can be 
found in table 2.

150

Table 2. Antibodies

Target Species Dilution Company
TP63 Rabbit  1:100 Abcam
TGFβ-R2 Rabbit  1:100 Santa Cruz
Ki-67 Mouse  1:100 Dako
ZO-1 Mouse  1:100 Invitrogen
Anti-Mouse alexa 488 Donkey  1:200 Life Technologies
Anti-Rabbit alexa 568 Donkey  1:200 Life Technologies

Results

PTMC membrane parameters and Calu-3 cell culture

The PTMC membranes fabricated with various hexanol concentrations to 
modulate pore size demonstrated differences in surface topography between 
the side of evaporation (air side) and the side touching the silicon wafer 
during casting (substrate side) (See supplemental figure S1 and supplemental 
table S1). PTMC2 membranes were used to illustrate this observation in Fig. 
1A. Due to the manufacturing process the air side of the membranes have 
a rougher surface area, which has been previously noted and is described 
in detail by Pasman et al.. Depending on the concentration of hexanol in 
the PTMC mixture, the number and size of pores in the membrane varied, 
which can be observed in the SEM images (Fig. 1A). The permeance of the 
membranes was estimated by applying a transmembrane pressure and 
measuring the permeated water compared to that of the commercial PET 
Transwell insert (Fig. 1B). The permeance of all PTMC (1-3) membranes 
was higher with increasing concentrations of hexanol. However, permeance 
of PTMC1 and 2 membranes prepared using the highest concentration of 
hexanol was still lower compared to the PET Transwell insert. The permeance 
of the PTMC3 membranes was vastly higher compared to PET membranes, 
regardless of hexanol concentration. 

To explore the feasibility of establishing ALI cultures on permeable 
PTMC membranes, Calu-3 cells were grown to confluence on the various 
membranes, and next cultured for 7 days at the ALI. For these experiments 
PTMC1 was used (see methods section). We assessed cellular coverage and 
analyzed tight junction protein ZO-1 by immunofluorescence (Fig. 1C). The 
coverage of the Calu-3 cells as well as the staining of ZO-1 increased with
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Figure 1. PTMC membrane characterization. (A) Electron microscopic images of the morphology of PTMC2 
membranes. (B) Permeance of PTMC membranes (batch 1-3) produced with 0, 3, 6 or 9% hexanol compared to 
standard PET membrane Transwell inserts. Data are shown as mean ± SD. (C) ZO-1 staining of Calu-3 cells cultured 
at the air-liquid interface for 7 days on PTMC1 membranes produced with 0, 3, 6 or 9% hexanol compared to those 
cultured on standard PET membrane Transwell inserts.

higher hexanol concentrations, as also described and discussed by Pasman et 
al. (submitted for publication). This is likely partly due to better permeance 
and access to nutrients on more porous membranes, which is essential to 
allow prolonged culture of cells at the ALI. Although the coverage of the cells 
increased with hexanol concentration, it did not reach the cell coverage of 
the PET membrane. This could be a result of batch-dependent differences in 
manufacturing, since the pores in the membrane were not evenly distributed, 
leaving various areas of the membrane non- or insufficiently porous.

Culture of primary bronchial epithelial cells on PTMC membranes

We next compared growth and differentiation of PBEC between PTMC and 
PET membranes. For these experiments PTMC1 was used, and a standard 
coating with Purecol (type I collagen), fibronectin and BSA was used for both 
PTMC and PET membranes. PBEC were grown submerged to confluence on 
the various membranes for 7 days and subsequently cultured at the ALI for 
14 days. During ALI culture, the barrier function was assessed by monitoring 
trans-epithelial electrical resistance (Fig. 2A). The PET Transwell inserts 
showed an increase in barrier function as assessed by TEER measurements 
during 14 days of differentiation (Fig. 2A). However, cultures on PTMC1 
fabricated with increasing concentrations of hexanol (3%, 6% and 9%) did not 
show an increase in barrier function. The PBEC could not be cultured at the 
ALI on the 0% hexanol membranes, as these membranes are not permeable. 
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Gene expression of epithelial differentiation markers was analyzed to asses 
differentiation (Fig. 2B). We could not analyze the 3% hexanol membrane, 
as there were insufficient cells following 14 days culture at ALI to collect 
sufficient RNA for RT-PCR analysis. TP63 (basal cell), SCGB1A1 (club cell), 
FOXJ1 (ciliated cell) and MUC5AC (goblet cell) expression was measured. 
Cells cultured on the PTMC membranes showed a lower expression of 
SCGB1A1 compared to the PET control,  whereas FOXJ1 expression was not 
detected on PTMC while expression on control membranes was present. 
Expression of MUC5AC could be only be detected to a limited extent in 
cells cultured on 9% hexanol PTMC1 membranes, whereas this was readily 
detectable in cells cultured on control PET membranes. Expression of the 
basal cell marker TP63 was comparable or higher on PTMC when compared 
to control. These findings indicate an impaired differentiation of the cells on 
the PTMC1 membranes. Expression of SCGB1A1 could suggests that some 
differentiation was initiated on the PTMC membranes, but the absence of 
FOXJ1 and MUC5AC (with the exception of some expression on 9% hexanol 
membranes) indicates that (further) differentiation was impaired.

Figure 2. Differentiation of primary bronchial epithelial cells cultured on PTMC or PET membranes. 
(A) TEER measurement of PBEC during 21 days of culture at the ALI on PTMC1 membranes prepared using 3, 6 or 9 
% hexanol, and compared to PET membranes. (B) Gene expression of differentiation markers following 14 days ALI 
culture on PET (open bars), or PTMC1 6% or 9% hexanol membranes (closed bars). (C) Gene expression of EMT-
associated markers following 14 days ALI culture on PET, PTMC1 6% or 9% hexanol membranes. n = 2, data are shown 
as mean ± SEM.

Epithelial-mesenchymal transition in PBEC grown on PTMC 
membranes

In an effort to explain the impaired differentiation on PTMC1 membranes, 
we measured activation of various pathways and proteins that are important
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for, or related to differentiation. For these experiments PTMC1 was used. We 
noted that the expression of markers associated with epithelial-mesenchymal 
transition (EMT), Slug (SNAI2), Snail (SNAI1) and PAI-1 (SERPINE1) was 
higher in the cells grown on the PTMC membranes (Fig. 2C). Furthermore, 
as we observed fewer cells on the PTMC cultures, we analysed Cyclin D1, 
a protein involved in the progression of the cell cycle checkpoints. We 
found expression of CCND1 to be higher in the cells grown on the PTMC 
membranes than those grown on PET membranes. These findings could 
indicate that the cells grown on the PTMC membrane are undergoing EMT, 
whereas expression of CCND1 could indicate the proliferative state of the 
cells. These observations are in line with the observed impaired mucociliairy 
differentiation. EMT classically involves activation of the TGF-β pathway, 
and therefore we analysed TGFβ-R2 expression and found this to be highly 
expressed in cells grown on PTMC membranes (Fig. 2D). These observations 
suggest activation of the TGF-β signalling pathway in the PTMC cultures.

Inhibition of TGF-β pathway using SB-431542 

We next examined the role of the TGF-β pathway during differentiation by 
inhibiting TGF-β signalling using an inhibitor (SB-431542) of ALK5 and 
its homologues ALK4 and ALK7. PBEC were cultured on PTMC2 or PET 
membranes with or without SB-431542 during both submerged and ALI 
culture. For this and subsequent experiments the membranes produced with 
9% hexanol were used as these were shown to be the most promising, as 
well as the non-porous control (0% hexanol). The cultures were analysed 
following 14 days culture at ALI. More RNA was isolated from the cultures 
grown on PTMC2 and treated with SB-431542 compared to the same cultures 
without the inhibitor, whereas no difference in RNA yield was observed on 
the PET membranes (data not shown). We next analysed expression of the 
various airway epithelial differentiation markers (Fig. 3A). The addition of 
SB-431542 resulted in lower expression of TP63 and MUC5AC in the PET 
cultures, whereas expression of SCGB1A1 and FOXJ1 was not affected. In 
contrast, the addition of SB-431542 to the PTMC cultures could in part 
restore normal differentiation, as demonstrated by the observation that 
expression of SCGB1A1, FOXJ1 and MUC5AC were all increased following 
inhibition of the TGF-β pathway. Furthermore, the expression of the EMT-
associated genes SNAI1, SNAI2 and SERPINE1 was also highly reduced in 
the PTMC cultures treated with SB-431542 (Fig. 3B). These data suggest 
that activation of the TGF-β pathway plays a role in the disruption of the
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differentiation of the cells on the PTMC membrane. However, as SB-
431542 has an effect on multiple cellular responses and caused a reduction 
in MUC5AC expression in the PET control, it appears not ideal to keep the 
inhibitor present during both the proliferation and differentiation phase. It 
is unclear why the TGF-β pathway is activated in these cultures, as we found 
no increase in TGFB1 expression in the PTMC cultures compared to control 
(data not shown; other TGF-β family members were not investigated). We 
hypothesised that the interaction of the cells with the ECM or directly with 
the PTMC membrane could possibly induce EMT, perhaps by enhancing 
responsiveness to epithelial cell-derived TGF-β. Fibronectin (FN), present 
in our coating, has been described to induce EMT (Park and Schwarzbauer 
2014), although we have not observed a dominant effect of this in our 
standard PET cultures.

Figure 3. Effect of TGF-β signalling pathway inhibition on primary bronchial epithelial cells (PBEC) 
cultured on PTMC or PET membranes. (A) Gene expression of differentiation markers following 14 days ALI 
culture on PET or PTMC2 9% hexanol membranes with or without SB-431542 treatment. (B) Gene expression of EMT-
associated markers following 14 days ALI culture on PET or PTMC2 9% hexanol membranes with or without SB-
431542 treatment. n = 2 donors, data are shown as mean ± SEM.

Effect of fibronectin on differentiation and EMT

To investigate whether FN had an effect on EMT-associated genes in our 
experiments, PBEC were cultured on PET or PTMC 9% membranes. These 
experiments were performed using PTMC1 membranes. The membranes 
were coated with collagen/BSA and with a FN concentration ranging from 1 to 
20 µg/ml. Following 14 days at ALI, gene expression was measured to assess 
differentiation (Fig. 4A). Overall, the expression of differentiation markers in 
PBEC cultured on the different membranes was similar to previous experiments, 
and was not affected by the FN concentration. Again, FOXJ1 was not detected
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on cells grown on PTMC membranes, indicating impaired differentiation. 
Similarly, SNAI2, SNAI1, SERPINE1 and CCND1 were high compared to PET 
control and independent of FN concentration (Fig. 4B). The data presented 
suggest that the increase in EMT-associated genes in the PBEC grown on the 
PTMC membranes is independent of the FN concentration in the coating.

Figure 4. Effect of fibronectin in membrane coating on expression of EMT-associated genes in primary 
bronchial epithelial cells (PBEC) cultured on PTMC or PET membranes. (A) Differentiation-associated 
gene expression in PBEC cultures cultured for 14 days at ALI on PET or PTMC1 9% hexanol membranes with varying 
concentrations of fibronectin. (B) Gene expression in PBEC cultures of EMT-associated genes after 14 days at ALI 
culture on PET or PTMC1 9% hexanol membranes with varying concentrations of fibronectin. n = 2 donors, data are 
shown as mean ± SEM.

L-DOPA as bioadhesive layer between membrane and ECM coating

We next investigated pre-treatment of the membrane surface with L-DOPA 
as a bioadhesive layer to improve the standard coating of the membrane. 
This was based on previous studies, proposing the use of L-DOPA as a non-
toxic bioadhesive layer between ECM proteins and different substrates 
of varying stiffness (Lee et al. 2007). We reasoned that use of L-DOPA to 
improve coating by collagen and FN could limit direct interaction between 
the cells and the membrane, and thus prevent development of the previously 
observed EMT phenotype on PTMC membranes. PTMC3 membranes were 
treated with L-DOPA alone, or treated with L-DOPA and subsequently 
coated using the standard coating (Fig. 5A). First we analysed the growth of 
airway basal cells under submerged conditions. Following 5 days submerged 
culture the cells where fixed and analysed. On the PET Transwell inserts 
we observed a confluent layer of cells when using either L-DOPA alone, or 
treated with L-DOPA and subsequently coated using the standard coating. 
On the 0% hexanol we found limited cell coverage with L-DOPA alone but
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much improved coverage when the additional standard coating was used. This 
effect was not observed when cells were grown on the 9% hexanol membrane, 
on which both conditions showed a similar and incomplete coverage of the 
membrane. Next, we analysed differentiation of the cells when grown at the 
ALI for 2 weeks on either PTMC membranes coated with L-DOPA alone or 
with L-DOPA and the standard coating (Fig. 5B). We analysed the presence 
of acetylated tubulin as a marker of ciliated cells and TGFβ-R2. On the PET 
Transwell inserts we observed a confluent layer of cells in both conditions. We 
detected the presence of cilia in both conditions and the absence of TGFβ-R2. 
On the PTMC 9% hexanol membrane almost no cells were detected on the 
L-DOPA alone and limited coverage was detected after additional standard 
coating. The cultures grown on these PTMC membranes showed no cilia and 
high expression of TGFβ-R2. Based on these observations we conclude that 
L-DOPA pretreatment may increase adherence and growth of submerged 
cultured PBEC, but this does not overcome the problems encountered during 
culture and differentiation at the ALI.

Figure 5. Effect of pretreatment of PTMC membranes using L-DOPA on PBEC culture. (A) Primary 
bronchial epithelial cells cultured submerged on PTMC3 membranes or PET Transwell inserts with L-DOPA alone or 
with additional standard coating. (B) Primary bronchial epithelial cells cultured air-exposed on PTMC3 membranes or 
PET Transwell inserts with L-DOPA alone or with additional standard coating.
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Discussion

PTMC is a biocompatible polymer with properties that make membranes 
formed by PTMC an attractive alternatively to widely used stiff standard 
PET membranes used in Transwell inserts or PDMS membranes (Pasman et 
al. 2020). We analysed the growth and differentiation of primary bronchial 
epithelial cells (PBEC) grown on flexible PTMC membranes compared to 
those cultured on commercial PET Transwell inserts, using three sets of 
consecutive PTMC membranes, numbered 1-3. First, we found that culture 
of Calu-3 cells on the PTMC1 membranes showed incomplete coverage 
after 7 days of ALI culture based on ZO-1 staining. This could be due to 
inhomogeneous distribution of the pores, resulting in some areas of the 
membrane being non-porous, or to the low permeance of the early PTMC1 
membranes, thus not allowing cell growth at the ALI. We were also unable to 
establish a functional cell layer of well-differentiated pseudostratified PBEC 
on these PTMC1 membranes. When assessing epithelial differentiation, we 
observed expression of the club cell marker SCGB1A1, but only limited or no 
expression of FOXJ1 and MUC5AC. This suggests that the differentiation of 
the PBEC on the PTMC membranes was impaired. We found that expression 
of genes associated with EMT was increased in the cells grown on the PTMC1-
2 membranes, suggesting activation of EMT. Furthermore, we found that 
cells grown on PTMC1 membranes had high expression of TGFβ-R2 on their 
surface membrane pointing to involvement of the TGF-β pathway (Rojas et 
al. 2009). Although we could not find an increase in TGFB1 expression in 
the cells grown on the PTMC membranes (data not shown), other ligands of 
TGFβ-R2 or increased sensitivity to TGF-b levels may have led to increased 
TGF-b pathway signalling. We next tried to inhibit the TGF-β pathway using 
SB-431542. Addition of SB-431542 during submerged and ALI culture on 
PTMC2 membranes could in part restore differentiation, as shown by 
increased expression of differentiation markers and a reduction in the EMT-
associated markers SNAI1, SNAI2 and SERPINE1. These results suggest 
that the EMT pathway is activated during culture of PBEC on the PTMC 
membranes. 

PTMC is a relatively new material that can be used to manufacture membranes 
for cell culture through different methods (Pasman et al. 2017; Papenburg 
et al. 2009). Our results indicate that the method of production and the 
subsequent in vitro cell culture need to be further optimized to facilitate long 
term primary airway epithelial cell ALI cultures. The membranes produced
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using the method of (Pasman et al. 2020) are less transparent compared to 
PET Transwell insert making visual inspection of cells during culture difficult.

The induction of the EMT-associated genes is likely the result of the interaction 
between the cells, the membrane and the ECM. We have tried to elucidate 
the contribution of fibronectin present in our coating mixture, since it was 
described in some studies to induce EMT (Park and Schwarzbauer 2014). 
We found no clear effect of FN on the expression of EMT markers and it is 
therefore likely that a combination of factors is involved. We furthermore 
tried to first coat the membranes with L-DOPA as a bioadhesive layer 
between the membrane and the standard ECM coating. Although we did 
find slightly better growth of the PBEC while grown submerged, this effect 
was lost when grown at the ALI. Following ALI culture we observed that 
cells grown on L-DOPA and additional coating did not express acetylated 
tubulin and had high expression of TGFβ-R2. Furthermore, L-DOPA is 
a precursor of dopamine and can be biologically active. The dopamine D1 
receptor is expressed in the airway epithelium but we have not analysed 
whether the pathway is activated when grown on this coating (Matsuyama et 
al. 2018). Other factors described to have a direct effect on cellular function 
include the flexibility and topography of the membrane (Papenburg et al. 
2009; Bershadsky, Balaban, and Geiger 2003; Park et al. 2020). However, 
it is unclear to which extent our observations are linked to the flexibility, 
roughness or (micro)curvature of the membrane and to which extent these 
parameters are sensed by the cells. Furthermore, the pores of the membrane 
are formed by a random process, in which homogeneous distribution of the 
pores cannot be guaranteed, thus leaving some area sparsely porous. This 
could explain why the PBEC could not form a confluent layer on PTMC 
membranes, with important consequences for culture at the ALI since at 
this culture stage cells are fully dependent on delivery of medium through 
the pores. This apparent inhomogeneity of the membranes combined with 
the inter-donor variation of the cells, created an additional barrier in the 
determination of the suitable culture conditions. 

An important limitation to note is that slightly different methods of 
productions were used for the generation of different PTMC membranes. 
The method of manufacturing was changed over time and culminated in the 
one described in Pasman et al. (Pasman et al. 2020). Nevertheless, roughly 
similar problems were encountered using the different membrane sets used 
in the present study. Perhaps further improvements such as those reported
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by Pasman et al. in a manuscript that has been submitted for publication may 
also improve PBEC culture, and future studies are needed to assess this.

Overall, the use of PTMC as a substitute substrate for cell culture offers 
interesting possibilities for expansion of our current toolbox of cell culture 
models. However, various culture and membrane-related parameters require 
further optimization before implementation of PTMC membranes for the 
study of airway epithelial cell biology.
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Supplementary data

Supplemental Figure 1. Production variation in PTMC sets 1-3. Electron microscopic images of the morphology of 
PTMC 1-3 membranes produced with diff erent concentrations of hexanol.
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Supplementary Table 1. Short overview of differences between PTMC membrane preperations.

PTMC1 PTMC2 PTMC3
Polymer solution PTMC:~1000k g/mol PTMC:~1300k g/mol PTMC:~600k g/mol
Casting - - -

Phase seperation 70% humidity 
(ambient air)

50% humidity 
(ambient air)

60% humidity 
(humidifier)

UV-
photocrosslinking

- - -

Washing/
extraction

 5 days demiwater → 
rinising with 100% 
EtOH

1 day 100% EtOH →
1 day 50% EtOH →
4 days 50% EtOH →
1 day 100% EtOH →
rinising with 100% 
EtOH

1 day 100% EtOH →
1 day 50% EtOH →
4 days 50% EtOH →
1 day 100% EtOH →
rinising with 100% 
EtOH
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Summary and General discussion
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Chronic and acute lung diseases affect many people worldwide and are a 
major cause of death (World Health Organization 2018). In order to study 
the mechanisms and signalling pathways that underlie these diseases, 
advanced patient specific models are required. In addition to studying lung 
health and disease, these models are also important and useful for their 
application in high-throughput screening of potential new therapeutics. 
There has been an increased demand for more comprehensive in vitro 
models with better translatability to the in vivo situation. This increased 
demand also relates to the ethical considerations related to the use of animal 
models, as well as the fact that translation of results from animal models 
to humans is often problematic (Uhl and Warner 2015). As a result of this 
demand from both the scientific community and society, there is an urgent 
need for better human in vitro lung models, and a reduction in the use of 
animals for (respiratory) research purposes. This is furthermore highlighted 
by the notion that replacement of animal models is now high on the national 
(Transitie proefdiervrije innovatie 2020) and European (political) agenda 
(European Commission 2020-08-31). 

In the last decades, much progress has been made in the development of 
in vitro models of the lung. Many research groups have transitioned to the 
use of primary cells instead of tumour cell lines or immortalized cell lines. 
Furthermore, culture techniques like air-liquid interface (ALI) and organoids 
have become widely accepted in the field of lung research. The in vitro models 
have also increased in complexity as illustrated by developments in the organ-
on-chip field, despite the fact that this is still somewhat in its infancy. The 
field keeps developing and we understand that all these models have their 
own advantages and disadvantages. In this thesis, several new models and 
improvements in existing models are described, with the aim to contribute to 
the in vitro toolbox required for studying lung biology in health and disease.

In this thesis we have focussed on methods for obtaining patient-specific lung 
cells through different means. We used human induced pluripotent stem 
cells (hiPSC) to develop a differentiation protocol to obtain alveolar-like cells 
as well as endothelial cells from the same donor. We used hiPSC-derived 
alveolar-like cells to study the growth at the ALI and analysed wound repair 
(Chapter 2). We also developed a method to expand and establish cultures 
of primary cells derived from sources with limited amounts of cells (Chapter 
3 and 4). We demonstrate that the few cells present in tracheal aspirates 
of preterm new-borns or the cells present in bronchoalveolar lavage (BAL)
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fluid can be used to develop ALI cultures (Chapter 4). Furthermore, we 
explored the effects of the different substrates that the cells are cultured on. 
Regular culture plastic is much stiffer than the natural matrix in the lung, 
so possible substitutes need to be evaluated. We have studied the effects on 
cell differentiation and function of airway and alveolar cells when cultured 
on poly(trimethylene carbonate (PTMC) and Polydimethylsiloxane (PDMS) 
respectively (Chapter 3 and 7). Finally, as the lungs are at the forefront of 
defence against inhaled pollutants and pathogens, they are supported in 
their function by surrounding immune cells. We have therefore developed a 
co-culture of airway epithelial cells and polarized macrophages. This model 
allowed us to study the interaction and cross-talk between airway epithelial 
cells and macrophages, and the role of this cross-talk in host defence and 
epithelial repair (Chapter 5). 

In the next paragraphs I will highlight and discuss the main findings of this 
thesis. The findings will be placed into perspective of the current field as well 
as their future perspectives. 

The use of human induced pluripotent stem cells in cellular 
models

The development of a model that can be used to analyse physiological relevant 
mechanisms or that can be used to test therapeutics is highly reliant on the 
cells and the sources used. In chapter 2 we used hiPSC-derived alveolar 
epithelial cells to model alveolar epithelial wound closure in vitro at the 
physiologically relevant air-liquid interface (ALI). We unexpectedly found 
that the canonical WNT activator CHIR99021 had a detrimental effect on the 
wound closure. We (as described in chapter 2) and other groups have found 
other instances were canonical WNT activation was beneficial for alveolar 
cell growth (Jacob et al. 2017). However, the unique setup in which the cells 
grown in 2D at the ALI might explain some of these differences. Additionally, 
while CHIR99021 is widely used as an effective canonical WNT activator it 
functions indirectly through the inhibition of GSK3β, which is part of the 
β-catenin destruction complex. It is known that CHIR99021 via inhibition 
of GSK3β can have additional effect on cellular signalling (An et al. 2010). 
Work is being done to compare the effects of CHIR99021 and recombinant 
WNT ligands on the induction of WNT. Unfortunately, this is still ongoing. 
Nevertheless, due to the relative instability of the recombinant WNT ligands 
CHIR99021 is predominantly used but the off target effects could explain 
some of the differences observed.
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Furthermore, we found that EpCAM+ selection of the cells alone was not 
enough to obtain a pure cell population. Other groups have used surface 
expression of carboxyl peptidase M (CPM) for selection or have used NKX-
2.1 or pro-surfactant protein C (SFTPC) reporter lines for selection during, 
at the end of the differentiation protocol or with every consecutive passage 
(Jacob et al. 2017; Gotoh et al. 2014). The introduction of these reporters 
is highly useful for in vitro cultures but will remain an issue if these cells 
will eventually be used for the use in humans. The variation in efficiency of 
differentiation protocols and the accompanying heterogeneity of the obtained 
population highlights the largest hurdles that need to be overcome in hiPSC 
related research, both for modelling the alveoli in vitro and the eventual 
application in humans (D’Antonio-Chronowska et al. 2019; Kilpinen et al. 
2017). For example, the direct single cell analysis of SFTPC-sorted hiPSC-
derived alveolar cells revealed the presence of many different subpopulation 
(Hurley et al. 2020). This illustrates that even the current most leading 
protocols are not yet capable of overcoming this issue but also shows that 
the SFTPC+ cell population might be very heterogeneous. Nevertheless, 
the application of single cell analysis following and during each step in the 
differentiation pathway will provide valuable insight in the different genes 
involved and cell subtypes traversed in generating the cell type of interest 
from the hiPSC state. If the homogeneity of the population is to be increased, 
we likely need to broaden the number of markers used in the validation 
of intermediate stages which are analysed and the methods used in the 
differentiation protocols.

The influence of epigenetic components in hiPSC-based models are currently 
understudied. For instance, it remains largely unclear what epigenetic changes 
occur when a cell changes from one type to another in a forced and relatively 
short timeframe, such as during hiPSC differentiation. Furthermore, it is 
unclear to which extent the residual epigenetic memory could influence cell 
behaviour after cellular reprogramming (Papp and Plath 2011; Takahashi 
and Yamanaka 2006; Brix, Zhou, and Luo 2015). In vivo organogenesis is 
a continuous and dynamic process that is driven by neighbouring tissue 
interaction. In contrast, most current methods of differentiation in vitro 
are directed and highly simplified compared the subtle changes that direct 
lung development in utero, and lack relevant interactions with the local 
(micro)environment. It was shown that the combined culture of anterior and 
posterior gut organoids without additional exogenous factors led to fusion 
of the organoids and further development of the organoid in the respective 
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anterior and posterior organs (Koike et al. 2019). This demonstrates that the 
differentiation and patterning of the structures is subtler and maybe more 
dependent on cell-cell interaction than expected previously. Furthermore, it 
was recently shown that differentiation and growth of hiPSC-derived alveolar 
cells benefited from intermittent withdrawal of triggers for WNT signalling 
(Hurley et al. 2020). The pulse wise activation of WNT signalling created a 
balance between proliferation and differentiation of the cells. This again is 
likely more representative of the in vivo situation where during development 
frequent fluctuations and gradients in concentrations of growth factors are 
expected (Christian 2012; Rosenbauer et al. 2020). A further aspect that is 
insufficiently integrated in many differentiation protocols is the influence of 
the extracellular matrix or signals that are downstream of the cell-matrix 
interaction. Some protocols already utilise 3D/organoid culture in Matrigel 
or substitutes thereof. This could for instance influence changes in geometry 
and polarization of the cells, which in turn affects differentiation and cell 
fate decisions (Kilian et al. 2010; Mosqueira et al. 2014; Warmflash et al. 
2014), but is likely highly specific for different stages or organs (Goetzke et 
al. 2019). The modulation or supplementation of these Matrigel/hydrogel 
with extracellular matrix proteins can have beneficial effects on the growth 
and development as shown with pancreatic progenitors (Greggio et al. 2013). 
Furthermore, it is unclear how other mechanical queues could influence 
differentiation. For instance the interaction of the inner cell mass with the 
extraembryonic tissue and the uterus of the mother during or very shortly 
following gastrulation likely influences the polarization of the early embryo 
(Beddington and Robertson 1998). 

Nevertheless, even with all these hurdles yet to be overcome, hiPSC are 
central in many research areas and more refined protocols are being 
developed continuously. The potential of generating an in vitro model in 
which all involved cells have the same genetic background would have major 
implications. We managed to generate CD31+CD144+ endothelial cells from 
the same hiPSC cell lines that we used to generate alveolar epithelial cells 
(AEC) 2-like. However, we did not manage to generate a stable co-culture 
due to the difficulties of fine-tuning a medium in which both cell types are 
comfortable.

Co-culture of different cell types in in vitro lung models

As emphasized previously, the lungs consist of many different cells, which 
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all have to work in unison to maintain a healthy functioning organ. This 
interaction between cell types is often not reflected in in vitro models, 
which can be partly attributed to culture or cell availability issues. It is 
important to realize that our knowledge on the way different cell types 
contribute and interact during certain responses and mechanisms is still 
limited. Nevertheless, we know that many biological processes are guided 
by an interplay between different cell types, indicating the need for more 
complexity in in vitro models. Different studies have described methods of 
studying cell-cell interaction, such as precision cut lung slices (Akram et al. 
2019; Liu et al. 2019), or ex vivo explants (Powley et al. 2020; Jager et al. 
2014). However, using these methods it is not always clear what cells and 
in what numbers they are present. In chapter 5 we have therefore focussed 
on the development of a defined co-culture model of airway epithelial cells 
with monocyte-derived macrophages polarized using GM-CSF or M-CSF 
(M(GM-CSF) or M(M-CSF)). This model was used to study the contribution 
of macrophages to epithelial repair following a mechanically applied wound. 
We found that the macrophages and especially the M(GM-CSF) macrophages 
had a positive effect on the wound closure of the epithelial cells. It is already 
known that macrophages play a role in tissue repair and homeostasis, but 
these cells are often lacking in epithelial repair models (Wynn and Vannella 
2016; Minutti et al. 2017). The process of wound repair can be studied using 
only the airway epithelial cells (Amatngalim et al. 2016), but the addition of 
macrophages provides another dimension and layer of complexity. In vivo 
even more cell types are involved and thus this model can be expanded by 
adding additional cell types. Individual cell types have been combined in 
previous studies with epithelial cultures that focussed on a specific process 
or mechanism of interest. For instance, the addition of neutrophils to the 
culture has been used to study migration through the epithelial barrier as a 
response to an inflammatory stimulus (Yonker et al. 2017). The co-culture of 
peripheral blood monocytes (PBMC) with epithelial cells was used to study 
the contribution of secreted compounds on immune cell differentiation 
(Luukkainen et al. 2018). The combination with fibroblasts has been described 
as a model to mimic airway remodelling or to study epithelial-mesenchymal 
cross-talk and stimulate epithelial growth (Ishikawa, Ishimori, and Ito 
2017; Skibinski, Elborn, and Ennis 2007). Also, individual co-cultures with 
mesenchymal stem cells have been set up (Schmelzer et al. 2020). Even triple 
co-cultures have been attempted although not solely using primary cells (De 
Rudder et al. 2020; Blom et al. 2016; Alfaro-Moreno et al. 2008).
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The effects of the indirect cross-talk between macrophages and epithelium 
that we describe in chapter 5 are based on a culture setup where the cells 
are cultured in different compartments. All effects observed are thus due to 
secreted compounds and we have not analysed cultures in which cell-cell 
contact was possible. Studies in which cell-cell contact between macrophages 
and epithelial cells was possible show differential effects between macrophage 
subsets on wound healing (Gindele et al. 2017), but also some changes in 
macrophage behaviour or polarization based on the cell-cell interaction (Ji 
et al. 2018; Bauer et al. 2015). However, when cell-cell contact is studied it 
is difficult to separate the interactions of different signalling pathways active 
in the various cell types, although techniques such as single cell or bulk RNA 
sequencing may be helpful in this respect. We show that the compound-based 
cross-talk between M(GM-CSF) and the epithelium results in an upregulation 
of the CAMP gene, that encodes hCAP18/LL-37, an antimicrobial peptide 
central in defence against pathogens and implicated in wound repair. We 
also demonstrate an upregulation in DEFB4B in the epithelium and the 
apical secretion of its gene product the antimicrobial peptide hBD-2. The 
effect of the co-culture on expression of these antimicrobial peptides make 
this model interesting to use for infection studies. Overall, macrophages have 
long been known for their role in both repair as well as host defence in vivo, 
and it will be interesting to see how macrophage-epithelial cell co-cultures 
will contribute to our understanding of the functioning of both epithelial 
cells and macrophages in a variety of processes. 

Organoid based expansion of limited cell populations

Both in chapter 3 and 4 organoid-based cultures were used to expand cells 
that do not proliferate well in 2D or samples that have low cell numbers. 
The use of organoids to grow airway epithelial cell cultures has been used in 
previous studies (Barkauskas et al. 2017; Benali et al. 1993; Tan et al. 2017). 
This culture method has increased in popularity since it was demonstrated 
in the Hubrecht institute that they could be cultured in a mesenchyme-free 
system (Sachs et al. 2019). Now, organoid cultures have become central 
in many fields of research. It was also shown that the organoids could be 
cultured over long periods of time (Sachs et al. 2019), experiencing less 
senescence compared to conventional 2D cultures, which eventually stop 
proliferating (Walters et al. 2013). Other groups have demonstrated that the 
use of dual SMAD inhibition together with Rho-kinase inhibition can be used 
to maintain the proliferative capacity of the airway basal cells (Mou et al. 
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2016). Although this method of expansion had a lower success rate when 
the starting population contained low numbers of cells (Lu et al. 2020). 
Our method of expansion using organoid cultures provides a promising 
and reliable method of obtaining sufficient cells. However, in contrast to 
studies that use organoid-based models (Dekkers et al. 2013), the lung is 
characterized by an air-exposed apical side. We have therefore focussed on 
expansion through organoids to ultimately establish air-exposed cultures. 
The possibility to expand cells from tracheal aspirates of preterm new-borns 
or bronchoalveolar lavage samples and subsequent establishment of in 
vitro cultures was previously not possible. The availability of these in vitro 
cultures of preterm new-borns to study, for instance, the development of 
Bronchopulmonary dysplasia (BPD) was an unmet need (Looi et al. 2019). It 
will now be possible to obtain samples from patients not or not yet suffering 
from lung diseases, building up biobanks before diseases arise. These can be 
diseases that manifest in childhood like asthma or BPD, but also later in life, 
like cancer or chronic obstructive pulmonary disease (COPD). This would 
enable side by side comparison of patient and control sample before onset 
of symptoms, thus allowing discovery of early biomarkers or risk factors. 
The clinical implications of this insight in cellular function before disease 
progression could be substantial. 

We have demonstrated that epithelial cells present in human airway samples 
containing limited cell numbers of which most are luminal cells, can be 
expanded using organoids. Although the flexibility of the lung epithelium is 
suspected, de-differentiation of luminal to basal cells has so far only been 
demonstrated in animal models (Tata et al. 2013). This process has not 
been conclusively demonstrated in humans, although it is suspected. In 
our cultures, we cannot exclude the possibility that the few basal cells in 
our samples are responsible for the expansion. We demonstrate that the 
cultures generated from the samples containing primarily luminal cells do 
not respond to modulation of differentiation by IL-13 or Notch inhibition 
using DAPT as expected. An interesting possibility would be that the luminal 
cells in these cultures de-differentiate to a TP63+KRT5+ “basal” cell, but do 
not fully regain all functionality we classically ascribe to a basal cell. Another 
possibility could be that the very few basal cells initially in the culture have 
been exhausted to such an extent that their differentiation is impaired (Eenjes 
et al. 2018), but this remains unclear. We can also not exclude that other 
cells we did not consider to be able to form lung organoids do contribute to 
organoid formation, as was demonstrated in the intestine where not only
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the stem cells are able to form gut organoids (Serra et al. 2019). Single cell 
analysis could potentially reveal underlaying non-genetic differences in these 
basal cells that could explain the different responses. 

The expansion of the alveolar cells in organoids cultures that we describe in 
chapter 3, again emphasises the observed phenomena that cells cultured in 
a 3D matrix are more capable of maintaining phenotype and proliferative 
capacity, although it remains unclear why or what mechanisms are involved. 
We demonstrate that alveolar cells grown in a 3D matrix maintain their 
proliferative capacity and expression of type 2 alveolar epithelial cell 
markers such as HTII-280 and SFTPC over multiple weeks. The difficulty 
of expanding alveolar cells has led to many studies using either cell lines 
or poorly characterized commercial cells that lack essential features of the 
epithelial cells that line the alveolar lumen (Hassell et al. 2017; Akimoto et 
al. 2016). This method could provide a more accessible way of obtaining 
alveolar epithelial cell cultures. We have so far been unsuccessful in freezing 
pure alveolar cell populations, as single cells or organoids, but if the cells can 
be maintained in matrix they can be transported and used accordingly. 

Lung-on-chip

Lung-on-chip technology has emerged as a highly promising new area of 
study. It combines various different science disciplines and offers a range 
of possibilities for variation in parameters and adaption to the needs of the 
user. It can regulate the biomechanical forces that are sensed by tissue in 
health or disease, and will allow for the long-term study of cells, even allowing 
changing parameters during culture. Central parameters of the lung like 
shear stress (Galie et al. 2014), stretch (Huh 2015), concentration gradients 
(Wang et al. 2013), blood-epithelial barrier function (Booth and Kim 2012) 
or various other relevant physiological parameters can be integrated. It is 
only now when we are starting to expose various different cell types to these 
mechanical forces, that the impact of these forces on cellular function become 
more appreciated. 

We cultured alveolar epithelial cells on PDMS S1 chips from Emulate to 
study the effect of the substrate and mechanical forces. We demonstrate 
that the alveolar cells seeded on chips are better capable of sustained HTII-
280 expression compared to static ALI cultures on Transwell inserts with 
stiff PET membranes. When we expanded the alveolar cells as organoids, 
we observed that virtually all cells maintain HTII-280 expression at the
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apical surface, which is in contrast to cells cultured on Transwell inserts. Our 
observations suggest that the alveolar cells on the chips maintained a balance 
between proliferation and differentiation. We observed that after 7 days there 
was a balance in cells expressing either AEC1 and AEC2 markers. Although 
various groups have analysed the growth of alveolar cells on chip, HTII-280 
expression as a marker for AEC2 has not been used (Jain et al. 2018; Stucki 
et al. 2018). It remains unclear how long the cultures can be maintained and 
how long the culture will be stable as we stopped our experiments after 8 
days on the chips. Furthermore, it is unclear through what mechanism the 
alveolar cells are able to maintain their phenotype on the chip. The control 
samples, in which there was a medium flow present, but that were not exposed 
to additional mechanical forces, also maintained HTII-280 expression. 
Whether this is due to the interaction with the different substrate or that the 
shear stress experienced by the medium has an effect is unclear. 

When the cells were exposed to cyclic stretch, we observed changes in the 
orientation of the alveolar cells. The alveolar cells showed an elongated 
morphology and aligned perpendicular to the direction of the stretch. 
The effect observed is robust and is not present in airway cells exposed to 
stretch (unpublished observations) but it is unclear whether this is a process 
occurring in vivo. This observation is interesting, but also illustrates the 
gap in knowledge that needs to be overcome to utilize this technology to full 
effect. 

Although the lung-on-chip technology is still in its infancy, it has the potential 
of making an impact and replacing many animal models (Reardon 2015). 
Although still expensive and not accessible to most laboratories, it has clear 
advantages over organoid cultures or static ALI cultures. The chips can be 
cultured submerged as well as at ALI whereas the organoids have their apical 
surface turned inwards. This makes it difficult to study physiological relevant 
exposures in organoid systems. The static Transwell culture systems do not 
allow for the application of physiologically relevant forces, however the apical 
surface of the culture is much better accessible. The choice of the model used 
will depend on the research question asked, but using one model will likely 
not be sufficient. More models should be used in parallel to corroborate and 
validate the results. However for this to happen, complex in vitro culture 
models need to become accessible and accepted.
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Validation and acceptance of biological models

A difficult, but central question that arises with every model, is whether the 
added layers of complexity are a better representation of the in vivo situation 
than other models, and whether this increased complexity is required to 
address the specific research question. New or improved models frequently 
can and are only compared to the previous model or the in vivo situation 
in its entirety. Will the addition of more cell types, different substrates or 
mechanical forces provide a better prediction of therapeutic success? This 
will highly depend on the mechanism and interactions of the compounds 
being researched, known or unknown. The effect will most likely be difficult 
to predict beforehand. There are examples of relatively simple and high-
throughput models that provide a high translational value like the successful 
CFTR gut organoid swelling assay (Dekkers et al. 2013). Once an effective 
compound has been identified that could restore CFTR-function using 
this assay, it can be readily tested in patients with the same mutations (de 
Winter-de Groot et al. 2020; Berkers et al. 2019). More complex diseases that 
chronically progress and over time involve more and different cell types are 
more difficult to simulate and subsequently validate. It was shown that the 
application of stretch influenced the migration of tumour epithelial cells and 
influenced the subsequent effectiveness of tyrosine kinase inhibitors (Hassell 
et al. 2017). The complexity of the model and the added interdonor variation 
means that this can likely only be validated by strenuous comparison between 
patients, animal models and in vitro models. 

As the in vitro models become more complex and comprehensive, they 
will have the capacity to substitute, replace or complement in part animal 
experiments. However, most of these models are used in academic settings, 
and predominantly in the labs that developed them. This also leads to the 
lack of standardization in the field as different labs have different interests, 
making it difficult to achieve some consensus. The distribution of many 
culture techniques - with some notable exemptions - is slow. This holds true 
even more for their acceptance by international regulatory authorities and 
industries. Only when extensive validation studies show that an in vitro model 
could replace (part) of animal testing, will it be possible to be considered 
by the regulatory authorities. Comprehensive testing and validation is 
paramount and should not be rushed but the search for in vitro replacements 
should also be intensified. In addition to increasing societal pressures that 
call for a decrease in animal testing, the improvements in culture models also 
make these transitions more feasible.
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Concluding remarks

Over the past decades, in vitro culture models have improved significantly 
and have become a vital tool in the field of lung biology. In this thesis we 
studied and developed different in vitro culture models and their roles in 
studying the lung. We have described different methods for obtaining 
cells, through differentiation of hiPSC (chapter 2), through isolation from 
lung tissue or using organoid-based expansion (chapter 3 and 4). We have 
studied the effects of the substrate the cells are cultured on (chapter 3 and 
6), illustrating that the behaviour of the cells is strongly linked with its 
surroundings. We show impaired differentiation of airway epithelial cells 
on our PTMC membranes and a stable culture of alveolar cells on PDMS. 
This highlights the need for a strong cooperation between different academic 
fields to understand and integrate these findings in future in vitro models. 
We furthermore developed a co-culture setup of airway epithelial cells 
together with macrophages (chapter 5). We demonstrate that the addition 
of macrophages had a dominant effect on processes previously studies using 
only airway epithelial cells showing the importance of cross-talk between cell 
types. 

Finally, the development of better more translatable in vitro models will 
need to be a cooperative effort of many fields. The combination of all topics 
described in this thesis could in the future lead to personalized in vitro models 
for therapeutically screening, as well as reduce the amount of required test 
animals. Although these advances are likely far in the future, the knowledge 
gained, the in vitro models studied and the methods developed could 
contribute to better protocols, screenings and clinically translatable results.
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Nederlandse samenvatting

Miljoenen mensen ter wereld lijden en sterven jaarlijks aan long gerelateerde 
aandoeningen. Deze verschillende longziektes worden gekenmerkt door een 
breed en diverse scala aan ziektebeelden, en kunnen worden onderverdeeld in 
chronische en acute longziekten. Astma, chronische obstructieve longziekte 
(chronic obstructive pulmonary disease; COPD) en interstitiële longziektes 
zijn voorbeelden van chronische longziektes. Onder acute longziektes scharen 
we longontstekingen of infecties en longembolie. In veel van deze gevallen, 
maar met name voor de chronische longziektes, zijn er geen effectieve 
behandelmethodes beschikbaar. De ontwikkeling van nieuwe en betere 
behandelmethodes verloopt traag en wordt mede belemmerd door een gebrek 
aan betrouwbare in vitro modellen. Bij het bestuderen van onderliggende 
mechanismes van ziektes, en het identificeren van aanknopingspunten 
voor therapieën of het testen van potentiële geneesmiddelen, wordt veel 
gebruik gemaakt van cellijnen of diermodellen. Steeds vaker blijkt dat de 
data verkregen via deze methodes lastig vertaalbaar is naar de menselijke 
situatie. Bovendien is er steeds meer maatschappelijke druk om het aantal 
dieren dat wordt gebruikt in wetenschappelijk onderzoek terug te dringen. 
De afgelopen jaren is dan ook veel vooruitgang geboekt in de ontwikkeling 
en implementatie van nieuwe technieken. De inhoud van dit proefschrift 
is gericht op de verdere ontwikkeling en implementatie van nieuwe en 
geavanceerde kweektechnieken voor het bestuderen van de gezonde en zieke 
long. 

In hoofdstuk 2 wordt een model ontwikkeld waarvoor gebruik gemaakt 
wordt van alveolaire cellen verkregen uit geïnduceerde pluripotente 
stamcellen (iPS). Hiervoor werd eerst een protocol ontwikkeld waarmee de 
iPS stapsgewijs door de verschillende stadia van de embryonale ontwikkeling 
wordt geleidt, richting een long fenotype. Door de signalen van differentiatie 
te variëren, en te controleren in concentratie en tijd, kon het celtype worden 
beïnvloed. Door zowel eiwit en genexpressie te meten op verschillende 
tijdstippen tijdens dit process werd de mate van differentiatie bepaald. Na 
de differentiatie werden de cellen geselecteerd op basis van expressie van 
het epitheeleiwit EpCAM. De geselecteerde cellen werden vervolgens in 
kweek gebracht en aan de lucht blootgesteld (air-liquid interface; ALI). In de 
resulterende kweken werd een wond gemaakt door cellen weg te schrapen, 
zodat kon worden bestudeerd hoe deze wond herstelde onder invloed van 
verschillende stimulaties.
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In hoofdstuk 3 wordt een methode ontwikkeld om alveolaire epitheelcellen 
te isoleren uit humaan longweefsel via het oppervlakte eiwit HTII-280. 
De geïsoleerde cellen werden vervolgens gekweekt als 3-dimensionale 
(3D) organoïden in een gelachtige matrix. Met behulp van deze isolatie en 
kweektechniek konden we de alveolaire cellen langer in kweek houden in 
vergelijking met traditionele 2D kweken op kweekplastic. Doordat de cellen 
langer in kweek konden blijven, konden we ze expanderen en vergemakkelijkte 
dit het plannen van experimenten omdat de cellen nu niet direct gebruikt 
hoefden te worden na isolatie. Analyse van surfactant eiwitten en HTII-
280 expressie toonde aan dat de cellen stabiel waren gedurende de kweek. 
De cellen werden vervolgens gebruikt in een Long-Chip systeem waarmee 
de effecten van cyclische stretch op de cellen bestudeerd kan worden. De 
alveolaire cellen groeiden in de Long-Chip en reageerden op cyclische stretch 
door zich anders te oriënteren. Hiermee laten we zien dat de Long-Chip een 
interessant nieuw model is om de alveolaire epitheelcellen te bestuderen.

In hoofdstuk 4 wordt de mogelijkheid onderzocht om vanuit klinische 
monsters met lage aantallen longepitheelcellen, organoïden te maken. 
Deze organoïden werden vervolgens gebruikt om de epitheelcellen te 
expanderen zodat er voldoende cellen konden worden verkregen om aan 
lucht blootgestelde (air-liquid interface; ALI) kweken op te starten. Deze ALI 
kweekmethode is van belang omdat epitheelcellen in de long ook aan lucht 
zijn blootgesteld, en om het effect van blootstelling aan geïnhaleerde stoffen 
(zoals sigarettenrook) te kunnen bestuderen. Eerst werd onderzocht of de 
cellen verkregen via deze nieuwe expansiemethode verschilden van de cellen 
die via de standaard manier uit bronchiaal weefsel (BW) zijn verkregen. 
Vervolgens werd gekeken hoe de cellen verkregen uit tracheaal aspiraten (TA) 
en bronchio-alveolaire lavages (BAL) zich verhouden tot cellen die waren 
verkregen uit BW als ze als ALI werden verder gekweekt. De differentiatie 
van de cellen uit de verschillende bronnen in ALI kweken was vergelijkbaar: 
de kweken bevatten vergelijkbare aantallen basale-, slijmbeker (goblet)- 
en gecilieerde cellen. De verschillende kweken reageerden wel anders op 
blootstelling aan sigarettenrook en blootstelling aan het inflammatoire 
signaalmolecuul IL-13 of de Notch remmer DAPT. De kweken verkregen uit 
TA of BAL reageerde minder sterk op IL-13 stimulatie of Notch inhibitie. 
Mogelijk komt dit omdat  het aantal basaalcellen in de startpopulatie van 
de TA en BAL aanzienlijk lager is dan in de BW. De TA en BAL bestaan 
voornamelijk uit luminale cellen die mogelijk eerst de-differentiëren om 
basaalcellen te worden. Mogelijk zorgt dit voor de vermindering in de respons
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op IL-13 en DAPT die voornamelijk via de basaal cellen loopt. 

In hoofdstuk 5 werd een model ontwikkeld dat het mogelijk maakt om 
de interactie tussen macrofagen en long epitheelcellen te bestuderen. 
Monocyten werden geïsoleerd uit bloed en gepolariseerd naar ‘pro-
inflammatoire’ M1 of ‘pro-reparatie’ M2 macrofagen. Na polarisatie werden 
de macrofagen samengevoegd met de long epitheelcellen die groeiden en 
differentieerden op ALI. De macrofagen groeiden in een eigen compartiment 
waardoor geen cel-cel contact mogelijk was maar alleen interactie via 
uitgescheiden signaalmoleculen. We laten zien dat beide typen macrofagen 
het wondherstel van de long epitheelcellen kunnen versnellen. Opmerkelijk 
is dat in aanwezigheid van M1 macrofagen altijd een net iets snellere 
wondsluiting werd gezien. Daarnaast laten we zien dat interactie tussen M1 
en long epitheelcellen nodig is voor de actieve transcriptie van het CAMP gen 
in de M1 macrofagen. CAMP codeert voor het peptide LL-37 dat een anti-
microbiële functie heeft maar ook reparatie kan stimuleren.  

In hoofdstuk 6 verkennen we de mogelijkheid om Poly(trimethylene 
carbonate) (PTMC) te gebruiken als substraat voor het kweken van long 
epitheelcellen. Dit is vooral interessant omdat veel kweekmateriaal is gemaakt 
van hard plastic, het tegenovergestelde van de long. We laten zien dat de long 
epitheelcellen geen solide cellaag maken op deze membranen. Bovendien is 
de differentiatie van de cellen verstoord. Het lijkt dat de cellen die worden 
gekweekt op deze membranen epitheel-tot-mesenchymale transitie (EMT) 
ondergaan. We laten zien dat de differentiatie gedeeltelijk kan worden 
hersteld door de effecten van TGFβ te inhiberen. Verdere optimalisatie van 
kweek- en productietechnieken zullen nodig zijn om PTMC te gebruiken in 
long kweekmodellen. 

In hoofdstuk 7 worden de hoofdbevindingen van dit proefschrift in 
perspectief gezet, en beschreven hoe deze bijdragen aan de vooruitgang van 
het veld.
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