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The presence of those seeking the truth is infinitely to be 
preferred to the presence of those who think they’ve found it. 

from Monstrous Regiment 

It’s still magic even if you know how it’s done.                
from A Hat Full of Sky 

 – Terry Pratchett 
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Introduction 

As with any tissue in the body, over time lung cells become old and die, and are 
replaced with new cells to maintain a functional organ. This task is performed by 
stem cells, a population of usually dormant cells, which after activation have the 
capacity to differentiate into the cell types that need to be replaced. If there is injury 
to the lung, such as following a respiratory infection or due to inhalation of harmful 
particles, the stem cells are able to repair the wound and form new tissue by self-
replicating and differentiating into all the required cell types – this is referred to as 
regeneration. 

The airway epithelium is a cellular layer consisting of several different cell types, 
that lines the airways of the lungs and is in constant contact with inhaled air. It is 
responsive to the outside environment, and therefore represents the lung tissue most 
susceptible to be injured by pathogens and other harmful particles present in the air. 
Many chronic lung diseases are characterized by an initial injury to the epithelium 
that does not get repaired properly. Instead, something in the regenerative process 
goes awry, activating detrimental pathways that accumulate and start remodeling 
the cellular structure. In the end, this adversely affects the function of the whole 
lung. 

The incidence of chronic lung diseases is increasing worldwide due to factors like 
environmental pollution and an aging global population, yet there are no effective 
treatments for these diseases apart from lung transplantation. Therefore, it is 
important to study the function and maintenance of the airway epithelium in 
particular; we need to understand how the epithelium regenerates itself under 
normal circumstances in order to elucidate the underlying mechanisms behind 
chronic lung diseases.  

The vision for the future is to treat chronic lung diseases with stem cell-based 
therapy, and the first step is to identify which stem cells have the capacity to produce 
complete healthy epithelium, as well as which environmental conditions and signals 
the cells need for effective regeneration. This thesis aims to investigate how the 
healthy lung is regenerated and explore whether we can harness this knowledge to 
treat lung diseases that do not yet have a cure. 
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Background 

The human lung airway tree  
The structure and function of the human lung can be compared to a tree in some 
ways. The first is structural; the stem of the tree is the trachea, which divides into 
progressively smaller airways (bronchi, then bronchioles, then small airways before 
ending in alveoli) much like the branches of a tree that end in leaves. The second is 
functional; arguably the most important function of the lung is the gas exchange of 
oxygen from the environment with carbon dioxide from the body via the thin 
cellular barrier between airways and blood vessels. Similarly, the leaves of a tree 
take up carbon dioxide from the air and subsequently release oxygen – a process 
which occurs in the alveoli, though in the opposite direction (O2 is exchanged for 
CO2).  

The lung is a large, complex organ consisting of more than 40 distinct cell types[1], 
which can be subdivided into epithelial, endothelial, mesenchymal and immune cell 
groups[2]. The structural framework of the lung is called the extracellular matrix 
(ECM), a network of cross-linked proteins and other macromolecules that connects 
all cells, to provide a foundation for structures such as the airways, and enable 
signaling pathways between cells[3]. Thousands of blood vessels permeate the lung, 
allowing oxygen uptake for transport by the cardiovascular system. Cartilage and 
smooth muscle tissue help to maintain the structural properties of the lung by 
encircling the bronchi and bronchioles/smaller airways respectively, in order to keep 
them from collapsing[4].  

Breathing is mainly controlled by the diaphragm, a muscle horizontally separating 
the thoracic and abdominal cavity, which when contracting creates a downward 
force subsequently allowing the lungs to expand and inhalation occurs due to 
lowered pressure in the thoracic cavity. When the diaphragm relaxes, the thoracic 
cavity shrinks and the lungs are compressed to exhale[5]. 

The structure of the human lung airways is illustrated in Figure 1. 
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Figure 1. Simplified illustration of the human lung airway structure. 
The curved arrow indicates the direction of the proximal-distal axis. 

The airway epithelium 
The airway epithelium is a cellular layer lining the airways that is in constant contact 
with inhaled air. It is composed of a large number of different cell types with 
different functions, all attached to a basement membrane that separates the 
epithelium from the underlying tissue. The cellular composition, structure and 
function varies along the “airway tree”, thus a directional axis is used to describe 
the location in relation to the trachea: proximal means close to the trachea and distal 
means far from the trachea – or close to the alveoli – see Figure 1. 
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The distal epithelium 
The distal epithelium is an important lung compartment for respiratory function, but 
it is not the main focus of this thesis. Following is therefore a brief overview of the 
main cellular components. 

The distal epithelium resides in the alveoli, where gas exchange occurs. It consists 
mainly of alveolar cell types I and II (AECI and AECII). AECI cells are long and 
thin, providing an optimal path for oxygen molecules to diffuse into the blood 
stream, while AECII cells produce surfactant proteins that regulate the surface 
tension to avoid collapse of the alveolar space. AECII cells also act as progenitors 
for AECIs when regeneration in this compartment is required[6]. Figure 2 illustrates 
the alveolar structure. 

 

Figure 2. The structure of the alveoli and the main cell types of the distal epithelium. 

The proximal epithelium 
The exposure to the outside environment requires the epithelium to act as a first line 
of defense from pathogens and other harmful particles in the inhaled air. The main 
mechanisms of this defense are carried out by the cells in the proximal epithelium. 
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The most common cell types in this compartment of the airways are secretory cells, 
which produce mucus to create a barrier that traps inhaled particles, and ciliated 
cells, whose cilia generate a constant motion that transports the mucus upwards 
through the respiratory tract for ejection [7]. Tight junctions between the epithelial 
cells form an additional protective barrier against outside threats[8], and certain 
epithelial cells produce anti-microbial peptides and cytokine signaling to attract 
immune cells if necessary[9]. 

The most important cell type (for this thesis) in the proximal epithelium is the basal 
cell (BC), which plays the role of stem cell in this compartment and has the capacity 
to self-renew and differentiate into the other epithelial cell types for regeneration of 
new epithelium; both in normal turnover as well as following injury[10]. BCs 
represent around 6 to 30% of the airway epithelial cells, the number decreasing with 
the airway size along the proximal-distal axis[11].  

A few other rare cell types are dispersed throughout the proximal epithelium; among 
them intermediate cells, club cells, tuft cells, neuroendocrine cells and ionocytes[12, 
13]. Previously, little was known about these rare cell types, and the lack of genetic 
markers exclusively associated with their identity meant that immunofluorescence 
or lineage-tracing studies were not able to reliably characterize them. When single-
cell RNA sequencing (scRNA-seq) technically improved and became more readily 
available, these rare cell types could be transcriptionally defined[2]. 

In this way, ionocytes were recently identified and shown to regulate pH and 
viscosity of the airway surface liquid (ASL) by regulation of ion transport through 
CFTR expression[13], though more investigation is needed to determine their role 
in the airway epithelium. Pulmonary Neuroendocrine Cells (PNECs) sense airway 
environmental changes such as toxins, allergens, and mechanical stretch, and 
subsequently release neurotransmitters and neuropeptides. They communicate with 
other epithelial cells as well as the cerebral[14] and immune[15] systems. Tuft cells 
(also called brush cells) have a chemosensory function; they respond to the presence 
of e.g. bacterial peptides and secrete cytokines to activate immune response[16].  

The cells of the proximal epithelium form a so-called pseudostratified epithelium; 
with the ciliated cells, secretory cells and the rare cell types being columnar in shape, 
reaching from basement membrane to lumen (the airspace within the airways), while 
the basal cells are cuboidal and not in contact with air. The position of cells within 
this pseudostratified epithelium can be described as “basal” – closer to the basement 
membrane – and “apical” – closer to the lumen. 

The cell types and structure of the proximal epithelium are illustrated in Figure 3. 
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Figure 3. The cell types and structure of the human proximal epithelium. 

Basal cells 
The basal cell is defined by intracellular TP63 and KRT5 expression, and has long 
been established as an airway epithelial stem cell, capable of giving rise to 
differentiated epithelial cells – mainly ciliated and secretory cells both at regular 
turnover and after injury[17]. Even though many questions still remain on how BCs 
are regulated, decades of research have identified several important molecular 
signals determining the fate of BCs. Importantly, FGFR2-mediated SOX2 
transcription was shown to maintain BC self-renewal[18], as does WNT signaling 
through β-catenin which prevents differentiation[19], while LEF-1 maintains BC 
multipotency[20]. In contrast, NOTCH signaling plays an important role in the 
differentiation process. Activation of NOTCH2 promotes BC development into 
secretory cells and inhibits basal-to-ciliated cell differentiation, while inhibition of 
NOTCH2 and expression of C-MYB gives rise to ciliated cells[21]. In addition, 
while BCs can promote secretory cell maintenance via NOTCH2 signaling, 
inhibition of NOTCH2 by the ligands JAGGED1/2 can cause secretory cells to 
trans-differentiate into ciliated cells[22, 23], while NOTCH3 inhibits secretory cell 
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differentiation[24]. This illustrates how BCs communicate with their surrounding 
progenies to maintain epithelial homeostasis, as well as direct wound-healing 
regeneration; see Figure 4 for a graphical summary. 

Figure 4. Signaling involved in BC self-renewal and differentiation. 
Genes in bold, next to arrows, are associated with promoting self-renewal or differentiation processes, while genes in 
italics inhibit these processes. 

In recent years, lineage-tracing studies and in vitro assays were combined with 
scRNA-sequencing to show that BCs also give rise to ionocytes and PNECs via a 
tuft-like intermediary state[13, 25, 26], however further investigation is needed to 
uncover which signaling mechanisms control the differentiation and maintenance of 
these cell types. 

BCs further interact with their surrounding airway niche cells, such as the 
mesenchymal compartment of the lung, by activating stromal cells that in turn 
secrete activation signals to the BCs in a feedback loop. In homeostasis, the 
epithelium secretes Sonic Hedgehog (SHH) signals that suppress proliferation of 
adjacent mesenchymal cells, and it has been shown that deletion of SHH in epithelial 
cells inhibits mesenchymal quiescence which leads to increased proliferative and 
differentiation activity in epithelial cells[27, 28]. Finally, BCs produce and release 
IL-33 when stressed, showing that they play a role in recruiting immune cells such 
as NKT cells and macrophages[29]. Other BC functions include production of 
laminin for the basal membrane, as well as junctional and adhesive proteins that 
connect the epithelium to the ECM and protect underlying stromal tissue from 
inhaled air[10]. 
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The basal cell is proving to be a heterogeneous population, with signs that there may 
exist subtypes of BCs that have different self-renewal or differentiation capacities. 
For instance, in areas of active epithelial repair and remodeling, basal cells express 
KRT14[30], unlike in homeostasis. In addition, Yang et al (2017)[31] detected 
distinct proximal and distal transcriptomic signatures in BCs taken from proximal 
and distal airways respectively, indicating that BCs carry out differing functional 
roles depending on location in order to maintain the specific cellular composition 
that is required in any specific compartment. Whether this means that distinctly 
different subtypes of BCs exist, or it merely reflects differing cellular states of the 
basal cell, is yet unclear. 

Moreover, additional scRNA-seq studies have shown instances of varied patterns of 
gene expression in primary basal cells[24, 32-34]. BCs located more apically in the 
epithelium, between basement membrane and lumen, were described by Deprez et 
al (2020)[35] as “suprabasal cells” and characterized by lower expression of TP63 
and KRT5 than less mature BCs located basally. Suprabasal cells also expressed the 
squamous cell marker KRT13, and were shown to be actively cycling leading to a 
comparison to the mouse Krt13+ “hillock BCs” that were identified by Montoro et 
al(2018) [13]. 

Subgroups of BCs have been described as “activated BCs, proliferating BCs, 
secretory primed BCs”[24] and attempts at defining an order of development from 
inactive through differentiation-primed have been made[34]; yet consensus has not 
been reached on which newly described basal cell subtypes are valid and how they 
should be defined. This is largely because of the lack of functional evidence 
confirming the results from these gene expression studies. 

All these epithelial maintenance functions show that BCs are important in 
maintaining healthy epithelium, yet they are also highly involved in regenerating 
the epithelium following injury. In disease, BCs are dynamically regulated and 
pathological BC behavior has been observed as part, and potentially the cause of, 
several chronic lung diseases. Chronic Obstructive Pulmonary Disease, Idiopathic 
Pulmonary Fibrosis, Asthma and Squamous Cell Carcinoma all include epithelial 
remodeling features possibly caused by excessive repair processes. These aberrant 
processes involve BC and squamous hyperplasia, as well as skewed differentiation 
towards mucus-producing cells, causing goblet cell hyperplasia[36]. The constant 
proliferation eventually leads to basal stem cell exhaustion (or metaplasia in cancer), 
and the subsequent loss in capacity to regenerate the epithelium[37]. Evidence 
shows that these observations may precede emphysema, leading to the conclusion 
that accelerated loss of lung function begins with disordered airway BC biology, 
which thus constitutes a potential target for development of therapies to prevent the 
progression of disease[38]. 

In 2009, Rock et al[17] showed BC expression of Nerve Growth Factor Receptor 
(NGFR), a cell surface marker that can be used in FACS enrichment of basal cells; 
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which allows for easier purification and selection of basal cells for in vitro assays. 
However, as was explored in paper I of this thesis, NGFR does not select 
exclusively for cells with colony-forming capacity, and investigating the possibility 
of finding additional markers to purify BCs with stem cell attributes is necessary to 
facilitate functional study of these cells. 

Epithelial regeneration 
In homeostasis, i.e. the normal, healthy state of lung function, the epithelial cell 
turnover is very low compared to other epithelial tissues such as gut epithelium[39]. 
Consequently, epithelial stem and progenitor cells are mostly quiescent until an 
injury occurs. 

However, it is still not completely charted how the human lung epithelium is 
regenerated and regulated in different conditions; both in homeostasis and in 
response to acute or chronic injury. 

A phenomenon complicating the matter is that the epithelial composition changes 
gradually along the proximal-distal axis of the human airways[40], with signs that 
the cell type acting as stem or progenitors may differ accordingly[41]. While the BC 
has been established as the principal progenitor of secretory and ciliated cells, there 
have been signs of differentiated cell types also being able to self-renew and even 
transition into other cell types[39, 42]. However, since many of these assays have 
been performed under conditions of severe epithelial damage in a mouse lung injury 
model, or in vitro where a small number of progenitors are required to cover a large 
surface area in epithelium, these instances of epithelial plasticity could also be a 
process strictly occurring in cases of injury when fast regeneration is needed[43, 
44]. 

Furthermore, the cell number ratio and stem cell function varies between mouse and 
human lungs[45], making results from experiments on mouse lungs not always 
applicable to human biology. Most functional studies that have aimed to determine 
the process of epithelial regeneration have been performed in mouse using in vivo 
lineage tracing; this method is the most appropriate to correctly trace cell origin 
when studying differentiation, but is not applicable in humans except in in vitro 
models.  

Since many chronic lung diseases affect the airway epithelium, it is important to 
understand how the epithelium regenerates under normal circumstances, as well as 
to unravel what factors influence the initial spark and development of lung disease 
over time. In this case, the cells that are responsible for regeneration ostensibly 
become aberrant and produce dysfunctional tissue. Other disease-promoting factors 
exhibited by epithelial cells include dysregulation of immune cell recruitment, 
leading immune cells to over-react and give rise to chronic inflammation which 
further hinders wound healing[46]. 
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Lung function and aging 
Aging is a process that involves changing physiological and molecular properties in 
the body, slowly leading to decline in organ function. In general, molecular 
hallmarks of aging include shortening of telomeres, cellular senescence, 
mitochondrial dysfunction and stem cell exhaustion[47, 48]. In the lung, this 
increases sensitivity to oxidative stress and other environmental exposures that lead 
to DNA damage and decreased regeneration, and age is thus one of the largest risk 
factor in developing chronic lung disease[49]. Since the response to injury is 
dependent on retained regenerative capacity, insufficient or aberrant wound repair 
responses such as those occurring in many chronic lung diseases are highly 
correlated with the cellular and molecular environment in the aging lung. 

Stem cell exhaustion has been described in aging lungs, and is believed to be caused 
by accumulating environmental stress factors as well as epigenetic changes, 
telomere shortening and mitochondrial dysfunction[49, 50]. In line, it was recently 
shown that aging results in a reduced number of airways, pointing towards a 
reduction in regenerative capacity over time[51]. Additional factors that influence 
stem cell exhaustion are changes in the niche, including ECM interaction as well as 
signaling from other cells such as fibroblasts and resident immune cells[52]. In the 
airways, the lack of stem cells – in terms of sheer numbers or progenitor capacity – 
leads to impaired regeneration and causes both decline in mucociliary clearance and 
increased epithelial permeability, which in turn increases susceptibility to infection.  

Cellular senescence is induced by aging factors such as DNA damage, oxidative 
stress and mitochondrial dysfunction[53]. A senescent cell exhibits permanent cell-
cycle arrest and anti-apoptotic signaling, yet maintains metabolic function with 
secretion of growth and pro-inflammatory signals. Age-associated deterioration of 
the immune system leads to impaired clearance of senescent cells in the lung, and 
accumulation of senescent cells has been strongly linked to chronic lung 
disease[54]. In addition, age-impaired immune systems are often less responsive to 
antigens, leading to higher vulnerability to infections such as influenza or COVID-
19[55, 56]. In already existing epithelial remodeling, for example in COPD patients, 
these infections can lead to exacerbations in disease progression. Furthermore, 
infections may cause the initial injury that induces repeated wound-healing 
responses which can develop into IPF. 

Together, these age-related symptoms of reduced cellular metabolism, 
accumulation of senescent cells and stem cell exhaustion, form a negative spiral 
leading to decline in lung function and increased susceptibility to both acute and 
chronic injury. Unfortunately, as many symptoms of chronic lung disease overlap 
with regular aging lung physiology[52], errors and delays in diagnosis may 
postpone crucial treatment. This highlights the importance of studying “normal 
aging” in the lung, to better differentiate normal progression from processes that 
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lead to specific disease-related symptoms and pathologies. On a positive note, the 
existing connections between aging and disease means that efforts to treat and slow 
down aging may automatically lead to a decline in chronic lung disease 
development, and vice versa – it is possible that finding new treatments that alleviate 
or reverse pathologies common in lung disease may also translate to an overall 
slowing down of lung aging[57]. 

Chronic Obstructive Pulmonary Disease 
Chronic Obstructive Pulmonary Disease (COPD) is the third leading cause of death 
worldwide, with the majority of deaths occurring in low- and middle-income 
countries[58]. It has long been thought that cigarette smoking is the primary cause 
of the disease[59], yet it has since been shown that 25-45% of patients have never 
smoked. In fact, inhalation of COPD-causing toxic particles are more likely to occur 
through air pollution and occupational exposure than through smoking, and since 
almost half the world’s population experience these conditions in day-to-day 
life[60], this may explain the disease occurrence. Importantly, aging is also a large 
contributing factor for developing COPD[52], greatly increasing incidence even in 
higher income countries where pollution is not as prevalent but advances in 
medicine enables the population distribution to grow older[61]. 

Symptoms and treatment 
COPD is defined as a combination of emphysema, airway obstruction and chronic 
inflammation. It is diagnosed in the clinic through spirometry measurements. The 
ratio between the volume of air exhaled during the first second (Forced Expiratory 
Volume during one second – FEV1) and the total volume of air exhaled (Forced 
Vital Capacity – FVC) is determined as the patient forcibly exhales as hard as they 
can manage. If the FEV1/FVC ratio is lower than 0.70, a COPD diagnosis can be 
established. The degree of severity is judged based on the FEV1% predicted value; 
this is obtained by comparing the patient’s FEV1 value to the mean value from a 
control group of the same age, weight, height and sex.  

GOLD stages I-IV, i.e. mild, moderate, severe and very severe, are classified 
according to defined cutoff values of FEV1 % predicted[62], as shown in Table 1. 
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Table 1. GOLD stage classification and FEV1% predicted values. 

GOLD stage Degree of severity FEV1% predicted 

GOLD I Mild x ≥80 

GOLD II Moderate 50≤ x <80 

GOLD III Severe 30≤ x <50 

GOLD IV Very Severe x <30 

 

Treatment typically includes a combination of inhaled bronchodilators, which relax 
smooth muscle tissue and improves air flow, and corticosteroids, which reduce 
inflammation[63]. In addition to smoking cessation and reduction of other 
environmental influences, these treatments can improve quality of life and reduce 
symptom exacerbations, but will not halt the progression of the disease[64, 65]. In 
addition, symptoms vary greatly from patient to patient, resulting in treatment 
response and optimal combination of pharmaceutical administration being difficult 
to predict[66]. 

In severe cases, lung transplantation becomes the only option, which may prolong 
survival, but the procedure is associated with surgery-related risks and 
complications[67]. The limited access to compatible donor lungs for transplants is 
an additional obstacle. 

Pathology 
Several changes in cell behavior and tissue remodeling occur as a consequence of 
exposure to toxic particles, affecting the various lung compartments differently; all 
combining to develop into a very heterogeneous disease. 

In the alveolar compartment, inflammatory cells respond to inhaled toxins by 
releasing proteolytic enzymes, breaking down elastins and collagens in the ECM 
resulting in reduced structural integrity[68]. Furthermore, oxidative stress induces 
apoptotic signaling causing alveolar cell death through VEGF receptor blockade, 
adding to alveolar breakdown and loss of function[69]. 

However, the narrowing and loss of small airways, as a consequence of aberrant and 
excessive tissue repair, has been shown to precede emphysematous breakdown of 
the alveoli[70, 71]. This gives an indication that the proximal epithelium is the first 
compartment to become affected by COPD-initiating dysregulations, and this cell 
layer should therefore be a priority to investigate in the search for disease-preventing 
therapeutic targets. 

Constant exposure to toxins and stress causes chronic remodeling of both epithelium 
and smooth muscle; causing the airway walls to thicken. Changes in gene expression 
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of stem and progenitor populations cause dysregulation of normal cell turnover and 
differentiation; basal cell hyperplasia is commonly seen in COPD airways. This 
leads to imbalance of epithelial cell types; goblet cell hyperplasia is common and 
leads to excess mucus production, and loss of ciliated cells leads to reduced airway 
clearance and further obstruction[72-74]. Additional effects are squamous 
metaplasia and loss of tight junctions which weakens the epithelial barrier further. 
This, in combination with production of pro-inflammatory mediators, causes 
infiltration of immune cells which adds to airway obstruction[75-78]. 

In COPD caused by smoking, which has been most extensively studied, there are 
signs that the bronchial epithelial remodeling is first caused by changes in basal cell 
behavior[36]. BCs can communicate with the other cells in their environment, as 
well as the ECM, through production of various growth factors and by expressing 
receptors on their cell surface[79]. Epithelial-to-Mesenchymal transition (EMT), a 
feature associated with epithelial wound healing, has been implicated as a COPD-
driving process active in smokers, possibly by BCs through TGF-β1/pSMAD 
pathway[80, 81]. Basal cell hyperplasia is commonly found in COPD epithelial 
tissue, and it has been shown that smoking causes differential gene expression in 
BCs[82]. Smoking-related changes include increased immune cell activation 
through IL-33 and formation of squamous metaplasia EGFR-EGF signaling[83]. 
Yang et al (2017)[31] found that BCs from small airways in smokers acquired 
transcriptomic profiles more similar to proximal BCs; losing distally associated 
genes such as SCGB3A2 and SFTBB an increasingly manifesting EGFR-EGF 
signaling pathway. This indicates that targeting specific gene pathways in BCs may 
be key to reverse remodeling of small airways and prevent obstruction. 

Risk factors and significance of patient history 
As explored, risk factors and causes for COPD are numerous, all contributing in 
varying ways to the unique remodeling features that each patient can exhibit. 
Because of this, studies on the mechanisms behind COPD development can be 
biased by the specific patient cohort that is being studied. In our study (paper I), 
tissue samples were all from individuals living in Sweden, with an environment that 
differs from, for example, rural India or metropolitan London, UK. Not only do 
factors such as ambient pollution and open-fire cooking methods play a role[84], 
but cultural and national differences can influence lung development from a young 
age such as the amount of time spent outdoors and access to sufficient nutrition[85]; 
not to mention genetics[86-88]. In addition, individual pre-natal and early life 
exposure to cigarette smoke, as well as respiratory illness or asthma constitutes risk 
for sub-normal lung development and a decline in FEV1 that may persist into 
adulthood and increase susceptibility to chronic lung disease later in life[89]. 

This contributes to the complexity of determining what pathological features and 
mechanistic signals are common to all COPD patients, and what, if any, subgroups 
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of disease features are exhibited by different patient groups. The fact that COPD 
diagnosis still only involves spirometry, and the only measured parameter is airflow 
limitation, is an issue, since this symptom can be caused by a variety of pathogenic 
features that are not considered. In addition, the rate of lung function decline has 
been shown to be lower in individuals that had a lower FEV1 than normal prior to 
their COPD-related decline[90]. Developing additional tools for diagnosis and 
phenotyping patients could improve care by allowing for treatment tailored to the 
specific remodeling mechanisms present in each type of disease pathology[91, 92]. 

Idiopathic Pulmonary Fibrosis 
Idiopathic Pulmonary Fibrosis (IPF) is the most common interstitial lung disease, 
affecting about 50 in 100 000 people[93]. Though much less common than COPD, 
the disease has a much faster progression of the severity of symptoms resulting in a 
median survival time of only 2-3 years after diagnosis[94]. As with most other 
chronic diseases, the highest risk factor for developing IPF is age, with a doubling 
of incidence every decade after 50 years of age[93]. Other risk factors that have 
been identified include cigarette smoking and inhalation of other toxins, as well as 
genetic predisposition[95]. 

Symptoms and treatment 
IPF is characterized by formation of fibrotic scar tissue, due to progressive injury 
and wound repair in the airways, and excessive deposition of ECM. This results in 
the lungs becoming stiff and dysfunctional, with patients exhibiting shortness of 
breath and persistent coughing. 

As with COPD, there is no cure available, and patient care focuses on slowing 
disease progression and preventing exacerbations, as well as improving quality of 
life through counseling and exercise[96]. There has been some advancement in 
clinically available pharmaceuticals that reduce fibrosis and inflammation, such as 
Pirfenidone and Nintedanib. Pirfenidone acts by suppressing TGF-β1 production, 
which reduces fibroblast proliferation and collagen deposition. In addition, 
Pirfenidone reduces production of the inflammatory mediator TNF-α[97]. 
Nintedanib inhibits fibroblast proliferation and migration by blocking platelet-
derived, fibroblast and vascular endothelial growth factor receptors PDGFR, FGFR 
and VEGFR[98]. These medications have been shown to reduce disease progression 
by up to 50%; however without significantly reducing overall IPF mortality rate[99-
101], and unfortunately causing various adverse effects[102]. 

Lung transplantation remains the option with the best chance of survival, yet this is 
only possible for a few patients due to the strict selection criteria of both recipient 
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and lung donor[103]. In addition to the usual risks and complications associated 
with all transplantation procedures, lung transplantation in IPF patients is especially 
fraught since patients are generally older and often present with comorbidities[104]. 

Pathology 
As the term idiopathic implies, the mechanisms of disease origin and progression 
are not fully known. The current agreed upon theory is that genetic predisposition, 
in combination with a series of micro-injuries to the epithelium, leads to a series of 
defective alveolar repair processes, epithelial-to-mesenchymal transition, 
accumulation of fibrotic tissue and deposition of ECM[105]. Histologically, the IPF 
lung exhibits instances of dense fibrotic tissue such as fibroblastic foci[106], yet 
also shows bronchiolization and “honeycombing”; cystic spaces with muco-ciliated 
epithelium[107]. 

Various genes and cell types have been implicated in this complex process of 
disease progression. Mutations in an AECII gene, surfactant protein C, have been 
shown to cause spontaneous fibrosis in mouse lungs[108], and alveolar cell 
senescence has also been shown to lead to dysfunctional alveolar regeneration and 
fibrosis[109]. Less distally, the thickening of the small airways and loss of terminal 
bronchioles has been reported in early disease stages[110]. In addition, IPF patients 
show overexpression of MUC5B in the bronchioalveolar epithelium, which may 
lead to excessive mucus production and reduced mucociliary clearance as well as 
impairment of normal wound healing[111]. 

The case has also been made that ciliated cells may play a larger role in IPF disease 
progression than previously thought[112]. The beat movement of cilia becomes 
important not only for clearance of excess mucus, but also for the possibility of 
sensing the environment and cell-cell signaling. Cilia have been shown to aid 
fibroblast migration and promote myofibroblast differentiation through the 
hedgehog pathway[113]. 

Recently, several scRNA-seq studies have been performed on lung tissue from IPF 
patients, which have identified various forms of aberrant BC cell types apparently 
prevalent in the disease; almost universally found in distal airways and at typical 
IPF pathological sites with honeycombing, bronchiolization or fibroblastic foci. Xu 
et al (2016)[114] discovered epithelial cells expressing BC genes like TP63, KRT5 
and KRT14, but also a group of “indeterminate” epithelial cells that seemed to 
express both distal and proximal epithelial cell markers, as well as markers of EMT; 
suggesting a disease-specific depart from normal epithelial cell identity as well as 
active pathological change in behavior. Basal-like cells with similar co-expression 
of epithelial and mesenchymal genes were identified as “basaloid” and “KRT5-

/KRT17+” respectively[115, 116]. Carraro et al (2020)[24] also described cells they 
termed “secretory-primed basal (SPB)” in distal IPF lungs, adding to the number of 
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abnormally behaving epithelial progenitors that have been transcriptionally 
described; yet the exact contribution and involvement of these epithelial cells in the 
disease-progressing wound repair process is still undetermined. 

A proposed theory for the function of these basaloid cells found in IPF is the 
capacity to rapidly proliferate, an ability they acquire through initiation of EMT 
giving them mesenchymal stem cell characteristics. Additionally, they express 
laminin for ECM deposition through SOX9 activation, which facilitates wound 
healing and alveolar regeneration[117, 118]. However, basaloid cells from IPF 
tissue also express senescence genes, possibly indicating an attempt to return to 
homeostasis[115]. When not properly controlled or disposed of by e.g. 
macrophages, these senescent BCs accumulate and block wound healing[119]. 

Taken together, IPF is a disease of airway remodeling that heavily involves airway 
epithelial cells and BCs in particular. More investigation is needed to understand 
the interactions between the different disease-promoting processes, and to 
determine whether BCs can be a therapeutic target in IPF. 

The mouse in lung research 
The mouse has been studied extensively in biology research, used as a model to 
understand organs and systems that parallel human biology. Laboratory animal 
research is useful since it enables the study of developmental biology, and breeding 
mouse strains with different genetic properties allows for gene knockout studies, 
lineage tracing, xenogeneic transplants etc. 

Both COPD and IPF have been simulated in different mouse models; though due to 
differences in species biology, this approach may not always generate relevant data. 

Differences between mouse and human lungs 
The mouse, which is the animal model most often used to study lung development 
and disease, has proportionately small lungs to its body – the total lung capacity is 
6000 times smaller compared to humans[120]. Consequently, many factors vary 
between the two species; both structurally and in terms of cellular composition. The 
airways of the mouse have fewer total branches, and cartilage is only present around 
the upper trachea rather than extending to the bronchi as in humans[121]. 

The mouse trachea and the first part of the bronchi are quite similar to the human 
proximal airways; alveolar structure is quite conserved as well. The largest 
difference resides at the transition between airways and alveoli. In mouse, the distal 
airways do not contain BCs and instead possess a higher proportion of club cells in 
the epithelium. The border between mouse distal airways and alveoli is termed 
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Bronchioalveolar Duct Junction (BADJ), and contains Bronchioalveolar Stem Cells 
(BASCs) that express secretory cell and AECII markers[122], and were found to 
give rise to both club cells and AECII cells following injury[123, 124]. 

In contrast, human distal airways gradually transition into alveoli via “respiratory 
bronchioles”, exhibiting a more cuboidal epithelium where BCs are present, yet in 
lower numbers than in intermediate airways. Human distal airways do not feature a 
BADJ, and no cell type identical to the mouse BASC has been identified so far[121]. 
These differences in airway structure makes studying human distal epithelial 
regeneration difficult, since mouse models will not behave similarly when 
replenishing damaged epithelium in these regions. More focus should be put on 
human-derived in vitro models such as organoids and iPSC models of lung 
development. 

Mouse models for lung disease 
Mouse and other rodent models of COPD and asthma have been used since the 
1990’s[125]; yet there are still hurdles to overcome in developing a model that 
encompasses all the complex, different pathological aspects of the disease[126]. The 
mouse is the most commonly used model for COPD, mainly because of practicality 
of handling and availability of reagents such as antibodies[127]. Exposure to 
cigarette smoke induces COPD-like lesions and emphysema in mice, though 
limitations of this model include the prolonged exposure needed to induce 
symptoms and the lack of disease progression after exposure cessation[128]. Other 
methods to model COPD-like symptoms include administration of proteases such 
as elastase, in order to break down elastane and induce alveolar breakdown[129], 
and inducing respiratory viral infections to replicate remodeling due to 
inflammation[130]. The biological differences between mouse and human make it 
challenging to model the more severe stages of COPD since mice do not live long 
enough to develop critical lung function decline[131]. 

Mouse models for IPF and other fibrotic disorders exist as well; the most common 
method to induce fibrosis is intranasal/tracheal administration of bleomycin. This 
causes accumulation of reactive oxygen species, which induces epithelial cell death, 
inflammation and lastly fibroblast and ECM-mediated fibrosis. Since it is 
reproducible and in use globally, many comparable studies have been performed in 
this model[132-134]; however similarly to cigarette smoke-induced COPD, after 
bleomycin administration mice can recuperate[135]. In addition, the tissue damage 
occurs locally where the bleomycin landed at injection, often not reaching the distal 
regions more known to exhibit fibrosis in humans[126]. 
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Other animal models and ethical aspects 
Larger animal species have been used to study lung disease due to their closer 
similarity to humans, with advantages and disadvantages associated with each 
species following their respective biology. Dogs have larger lungs than mice, as well 
as a larger mouth which facilitates intratracheal administration, and their natural 
coughing reflex is relevant when studying COPD. However, species-specific 
reagents are limited[136]. Pigs have a similar organ-to-body weight ratio to humans 
as well as a closely resembling lung structure, but have a narrow mouth opening that 
can hamper experimental procedures[137]. Finally, the lungs of non-human 
primates like the rhesus macaque are exceptionally similar to humans, down to cell 
type ratio in the airway epithelium. Being so genetically close to humans this model 
also allows for the use of human reagents[138]. However, common drawbacks with 
these larger animal models are the increased costs due to requirements for expertise 
in handling housing facilities and specialized equipment[131]. 

There are also ethical implications that need to be considered when using any animal 
model. The “three R principle” of Replacement, Reduction and Refinement[139] 
dictates that, whenever possible, alternate methods should be used instead of animal 
studies. As few animals as possible should be involved, and stress and discomfort 
due to methodology and procedures should be minimized. In addition, it is vital to 
make sure the output is maximized in terms of accurate and applicable information 
gained. Therefore, due to the limitations of modelling and gathering relevant 
experimental data from these complex diseases in animal models, and to reduce 
animal suffering, alternate methods should be implemented. 

3D organoids and re-cellularized ECM scaffolds derived from patients or iPSCs are 
a promising possibility to further our understanding of lung disease and test new 
therapeutic options. Paradoxically however, more knowledge about disease 
mechanisms and progression is needed to reproduce the appropriate pathologies in 
vitro that can generate relevant conclusions. 

Stem cell therapy 
Stem cells, due to their ability to self-renew and differentiate into mature cell types 
with different functions, have long been of interest to medical science as a promising 
future way of treating various chronic and life-threatening diseases. The most 
established stem cell therapy currently approved for use in clinics is hematopoietic 
stem cell therapy (or bone marrow transplantation), which has been used to cure 
several forms of leukemia and other blood disorders with increasing success rates 
since the 1970s[140]. In recent years, as stem cells in other tissues have been 
discovered and their function and characteristics have been determined, the hope to 
develop cures for other diseases has flourished. Research and clinical trials are 
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ongoing for neural stem cell therapies targeting neurodegenerative diseases such as 
Parkinson’s and Alzheimer’s[141], and using mesenchymal stem cells (MSCs) for 
wound and bone repair is also being explored[142, 143]. 

The road from lab to clinic is not without its hurdles. Stem cells, despite their 
regenerative properties, also carry with them the risk of malfunction such as 
uncontrolled proliferation and tumor formation, as well as defective 
differentiation[144]. To develop a clinic-approved stem cell treatment, reliable 
quality control and robust manufacturing must be in place before even clinical trials 
can commence, and the requirements for proceeding to the next step is 
understandably high[145]. 

However, advancements are reported continuously and the field remains promising. 
In addition, injection of pluripotent stem cells is only one approach to stem cell-
based therapy. Other possibilities include cultivating and directing the 
differentiation of stem cells in vitro to produce complete tissue for application in 
vivo, as well as targeting the patient’s own stem cells with known 
activation/differentiation factors or gene therapy in order to stimulate endogenous 
regeneration[146]. 

Stem cell therapy in lung disease 
Given the limited effectiveness of current treatments for chronic lung diseases, and 
the lack of access to lung transplantation for most patients, the need to develop long-
term therapies or curative solutions for lung disorders is clear. Once stem/progenitor 
cells of the epithelium such as BCs and AECII cells were identified, investigations 
started on whether the regenerative properties of these cells could be 
harnessed[147]. 

In mice, transplantation of epithelial progenitor cells has been shown to repopulate 
damaged epithelium[148, 149]. In various human studies, induced pluripotent stem 
cells (iPSCs) have been directed to become epithelial progenitors that differentiate 
into mature epithelial cells in vitro [150-152]. These results suggest the possibility 
of transplanting healthy progenitor cells into patients with acquired diseases such as 
COPD and IPF, but also allows for possible gene therapy to correct mutation-based 
disorders such as Cystic Fibrosis (CF). Importantly however, these avenues still 
need to be thoroughly tested for efficacy and safety in vitro and in animal models, 
before any human trials can be performed[153]. 

Of note, arguably the most studied, and clinically advanced, stem cell-based 
approach to treat lung disease is the use of mesenchymal stem/stromal cells (MSCs). 
These do not differentiate into epithelial or other cell types, but rather act as tissue 
regeneration support through communication with other cells in their environment; 
both epithelial and immune cells. In 2013, Weiss et al[154] performed a placebo-
controlled, randomized clinical trial on COPD patients who got intravenous 
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infusions of MSCs, and detected no serious adverse effects or worsening of disease 
compared to the control group; although no significant improvements were detected 
either. Likewise, Tzouvelekis (2013)[155] and Chambers (2014)[156] performed 
phase 1b trials with endobronchial and intravenous MSC injections respectively in 
patients with mild to moderate IPF, both similarly establishing basic safety of the 
treatment, though without discernible improvement of symptoms. 

More recently, in 2020 Averyanov[157] showed an increase in lung function of IPF 
patients who got high doses of intravenously injected MSCs, and Acute Respiratory 
Distress Syndrome (ARDS) seems to be even more responsive to ameliorative 
treatment with MSCs[158, 159]. Among the more pertinent clinical studies are 
attempts to use MSCs to treat COVID-19 patients with acute respiratory infections; 
MSCs derived from umbilical cord[160], menstrual blood[161] and adipose 
tissue[162] have all been used and proven safe and show slight improvement of 
symptoms. However, due to the acute nature of the ongoing pandemic, these studies 
need to be followed up on and improved by including a larger subject group and 
using more standardized methods[159]. 

As of July 2022, there are 168 clinical trials registered relating to MSCs and 
pulmonary disease[163]. However, there are a lot of unknown factors yet to 
elucidate in order to develop a safe, predictable treatment for lung disorders that can 
be approved for clinical administration[147]. MSCs have different properties 
depending on their source of isolation and they react differently in different niche 
environments[164, 165]; since lung disease pathologies are extremely 
heterogeneous this makes it difficult to predict and control their effect once 
administered in vivo. In addition, the ECM affects behavior of repopulating cells, as 
pointed out by Elowson Rendin et al (2021)[166], making the regulation of 
transplanted MSCs extremely complicated. 

Basal cells and stem cell therapy 
Basal cells are multipotent progenitors of airway epithelium and hold the promise 
of stem cell therapy. Various initial studies have been performed in mouse models, 
to test and optimize BC regeneration. In 2018, Farrow et al[167] tested the effect of 
epithelial disruption to mouse airways before transplantation of human BCs and 
found that denudement of the epithelium by polidocanol increased engraftment of 
the human cells and showed apparent normal epithelium at the end point of the 
study. This has potential for treating cystic fibrosis in which replacement of CFTR-
deficient epithelial cells with gene-edited BCs could vastly improve symptoms. 

Ma et al [149] injected in vitro expanded human SOX9+ (TP63+ KRT5+) BCs into 
bleomycin-injured mouse tracheas in 2018. They observed engraftment and some 
epithelial cell differentiation as well as improved pulmonary function and halting of 
fibrosis. They followed up on these results by treating two patients with 
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bronchiectasis with lobar infusion of autologous, in vitro expanded SOX9+ BCs, 
who both reported improvement of symptoms and quality of life. The biggest 
disadvantage to the study is that unlabeled cells cannot be tracked for confirmation 
of engraftment and contribution to tissue repair, though the irreversible nature of 
bronchiectasis led the authors to believe the amelioration of pulmonary function 
must be due to the transplanted cells. Obviously more studies are needed to confirm 
safety and reproducibility, as well as long-term follow-up on these two patients. 

Ethical considerations 
I would be remiss not to bring up the scandal surrounding Paolo Macchiarini and 
the unethical and unsafe procedures that were performed on several patients with 
various lung/tracheal disorders. From 2011 to 2014, he performed or was involved 
in transplants of synthetic tracheas seeded with stem cells from autologous bone 
marrow in nine patients[168, 169], supposedly due to life-threatening conditions. 
Though follow-up reports promised good engraftment results and improved quality 
of life, later complications were revealed such as the synthetic transplants not being 
coated in functional epithelium and coming loose due to failure to fuse with 
surrounding tissue. Seven of these patients died soon after procedures, but due to 
insufficient reporting it is difficult to establish to what extent this was caused by the 
synthetic tracheas, surgical complications, or other underlying health issues[170]. 
Several of his papers have since been retracted, either forcibly or by the authors 
themselves after being called into question. Macchiarini and colleagues at the 
Karolinska Institute were accused of scientific misconduct, and Macchiarini is as of 
July 2022 being prosecuted for causing bodily harm[171]. 

Tracheal reconstruction using different types of bioengineered scaffolds are still 
being investigated and show promise[172], but the Macchiarini case has highlighted 
the importance of biocompatibility and pre-clinical safety studies on the materials 
used, as well as crucial ethical considerations in study design. Furthermore, the 
scientific community as a whole has been made aware of the value of respecting 
ethical guidelines and transparent reporting[173]. 

Other uses for airway stem/progenitor cells 
Until stem cell therapy becomes available in the clinic, airway stem/progenitor cells 
offer useful applications other than direct therapeutic injection. Culturing them in 
vitro together with differentiation-promoting factors enables the formation of 
2D/3D airway models and lung organoids, which in turn can be used for 
pharmaceutical screening, toxicology assays, and studies comparing epithelial 
tissue derived from healthy versus diseased lungs[174, 175]. An example of in vitro 
airway model use is Air Liquid Interface culture (ALI), as applied by Ji (2018)[176], 
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who evaluated cellular crosstalk between epithelial and immune cells following 
exposure to diesel exhaust. 

Even more structurally complex models can be explored by seeding progenitor cells 
on decellularized lung tissue pieces, in order to evaluate the influence of ECM 
factors on cellular regeneration. This has been done using human bronchial 
epithelial cells (HBECs) on decellularized scaffolds from COPD donors and healthy 
controls, which showed an influence of COPD ECM on the ability of COPD HBECs 
to differentiate[177]. 

To avoid limitations such as obtaining lung tissue for decellularization, and to 
increase simplicity and reproducibility, other avenues are being investigated. An 
example is to use 3D-printing to produce scaffolds made of different combinations 
of manufactured or ECM-derived gels. These complex structures can later be 
repopulated with progenitor cells; alternatively cells can be directly printed into the 
appropriate tissue compartments (referred to as bioprinting)[178]. Methods such as 
these can be used to investigate cell-ECM interactions and cellular migration during 
lung development or wound healing, but are also promising targets for ex vivo 
production of transplantable tissue[179]. 

In brief 
There are still many unknowns regarding the function of BCs, their stem cell 
capacity and interactions with the airway environment, as well as their role in 
chronic lung disease. The aim of this thesis was therefore to further characterize the 
primary human airway basal cell in order to further fill in these knowledge gaps, 
and to examine the possibility of utilizing the BC in stem cell therapy. 

Our vision was to approach the airway stem cell field with the same strategy and 
methods as other research fields involving stem cells and cell-based therapy, setting 
out to characterize the epithelial stem cell hierarchy by examining the different cell 
populations at a single cell level. 
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Aims of thesis 

The overall aim of this thesis was to elucidate basal cell identity and behavior in 
health and disease, to more fully map the normal airway regeneration as well as pin-
point the cell(s) of origin in disease-related aberrant repair processes. In connection 
with this, an additional aim was to identify possible therapeutic targets for chronic 
lung disease and cancer. 

Paper I 
· Develop a FACS sorting method to further purify human primary basal cells 

with colony-forming capacity 

· Compare gene expression heterogeneity and colony-forming capacity of 
primary human basal cells versus cultured basal cells  

· Compare gene expression of human basal cells from healthy and COPD 
tissue 

Paper II 
· Compare gene expression of airway epithelial cells from healthy and IPF 

tissue 

Paper III 
· Create a gene expression atlas of airway epithelial cells from healthy donors 

· Investigate possible changes in differentiation pathways utilized by 
stem/progenitor cells from young and old healthy lung tissue 

Paper IV 
· Use single-cell RNA sequencing to compare healthy lung epithelial cells to 

cells from squamous cell carcinoma tumors 

· Determine the cell of origin and its possible cancer-driving genes 
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Methodology 

Sample sourcing 

Biopsy collection 
Human lung tissue samples were obtained from two major sources. As part of a joint 
project with Lund University Hospital together with other research groups at Lund 
University, volunteering lung tissue donors were invited to get spirometry 
measurements and subsequent bronchoscopies, during which proximal biopsies 
were collected. Both healthy individuals and patients diagnosed with COPD 
participated. 

Bronchoscopy was performed under local anesthetics in accordance with clinical 
routines, and biopsies were taken from airway branching points at generation 4-6; 
several biopsies were pooled for each sample to maximize cell yield. Tissue was 
collected in DMEM/F12 media with 10% FBS and 1% penicillin/streptomycin, and 
stored on ice for transport to the lab. 

Tissue resections from transplants 
The second source for human lung tissue used in this thesis was from lung 
operations performed at Lund University hospital or Sahlgrenska University 
Hospital. Samples included lung tissue from healthy, diseased donors where the 
organ was not matched to a transplant recipient, diseased lung tissue from patients 
receiving a transplant, or tissue from lung tumor removal surgery. Lung tissue was 
processed immediately upon arrival at the lab following the process described 
below. 

Tissue processing 
Lung tissue pieces larger than 5 mm3 were cut into smaller pieces, before adding to 
an enzymatic dissociation media made from cell culture media (PneumaCult-Ex) 
with dispase, collagenase and DNase. Antibiotics were added throughout all 
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processing steps to minimize contamination. Dissociation was performed on a 
shaking table at 37ºC for 90 min or at 4ºC overnight, after which the cell suspension 
was strained using a 100 μm filter. Cells were centrifuged to remove enzymatic 
solution, and were either frozen for storage in liquid nitrogen in DMEM/F12 with 
10% FBS and DMSO, or further analyzed directly. 

Tumor tissue was dissociated using a Miltenyi Biotec gentleMACSTM dissociator in 
combination with a human tumor dissociation kit. 

Cell culture 
Cells were cultured in PneumaCult-Ex medium with antibiotics, to select for airway 
epithelial cells with colony-forming ability – i.e. basal cells. Either total cell 
suspension from enzymatic dissociation of whole lung tissue, or FACS sorted 
purified cell populations, were added to tissue culture plates coated with bovine 
collagen I at approximately 104 cells per cm2, and media was changed after 24 h to 
remove non-adherent cells. Throughout expansion culture, media was changed 
every 2-3 days. 

For passaging or analysis, cells were dislodged using trypsin at 0.05% concentration 
and incubated for 5 min, and cell detachment was aided by pipetting up and down. 
Media was added to dilute trypsin concentration, and cells were centrifuged to 
remove supernatant. 

Colony frequency assays 
Colony frequency assays were performed by FACS sorting various cell populations 
and plating in varying cell numbers. When plating whole lung cell suspension, cells 
were plated at 103, 104 and 105 total cells per cm2 to balance ratio of BCs to other 
cell types in each sample. When plating purified BCs, cell number was also titrated 
and both single cells as well as up to 103 cells per cm2 were assayed. 

Media was changed as described above, and forming colonies were observed 
through a microscope and counted at approximately 7 days after plating. Basal cell 
colonies were judged by their cobblestone morphology; sometimes when plating 
whole lung cell suspension, fibroblast colonies were observed but not counted 
toward the basal cell colony-forming capacity. 

Colony frequency was defined as the number of observed colonies divided by the 
number of originally plated cells. 
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FACS 
Fluorescence Activated Cell Sorting (FACS) is a method that uses epitopes on the 
cell surface to distinguish between, quantify and sort cell types in a sample. This 
method can be used to characterize the cellular composition of a sample, or to verify 
expression of certain genes in gene edited samples, and the sorting function is 
valuable e.g. when culturing specific cell populations separately. 

The FACS method starts by incubating cells with fluorophore-conjugated antibodies 
that specifically target known cell surface markers. The sample is then aspirated into 
a stream of buffer pumped through the FACS machinery, and the cells are led 
through a narrowing tube that lines them up in single file for individual analysis. 
Next, each cell passes through several lasers at different wavelengths, which excite 
the fluorescent molecules attached to the antibodies bound on each cell surface. 

The resulting emission wavelength is detected and quantified, generating data on 
which antibodies, and therefore which markers, are present on each cell (and in what 
numbers). The cells can then be assigned to groups based on the combination of 
markers they express. Finally, the cells pass through a chamber with an applied 
electric current, adding charge to specified cells and a following magnetic field is 
used to divert the cells to different sample collection tubes. 

Method 
Cells were stained for FACS using directly conjugated antibodies at 1/50 dilution in 
PBS with 2%FBS, and 7AAD was added at 1/100 dilution directly before analysis 
for dead cell removal. Flow cytometry analysis and cell sorting was performed on a 
BD FACS CantoII, a BD Aria IIu or BD Aria III, using BD FACSDiva software for 
sorting and FlowJo software for analysis and image presentation. 

Immunohistochemistry/fluorescence 

Staining 
Human lung tissue was fixed in formaldehyde and embedded in paraffin directly 
upon arrival in the lab, and cut into 4 μm thick slices for staining. Tissue sections 
were rehydrated and stained with hematoxylin and eosin, or treated for antigen 
retrieval using a PT Tissue link system (Dako, Agilent Technologies), at either high 
or low pH, before staining with antibodies and fluorophores in sequential incubation 
to avoid unspecific staining of secondary antibodies. Stained sections were mounted 
with fluorescent mounting medium. 
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Visualization and quantification 
Images were obtained with a VS120 virtual microscopy slide scanning system 
(Olympus). Representative images were acquired using the OlyVIA software 
(Olympus). 

Quantification of FTL-expressing cells (paper II) was performed using the open 
software tool Qupath[180]. 

Single-cell RNA sequencing 

Single-cell real-time qPCR 
The method used in paper I for scRTqPCR was Fluidigm, a platform in which pre-
amplified cDNA and Taqman probes are applied in separate wells, which are 
combined using microfluidics to an array on a microchip where RTqPCR reactions 
take place. 

Method 
After antibody staining, basal cells were single-cell FACS sorted to exclude 
doublets; one cell into each well of a 96-well plate containing cell lysis buffer. The 
cell lysate was immediately frozen and stored at -80ºC. Pre-amplification was 
performed using Taqman probes for 48 selected genes, using 27 cycles, and cDNA 
was stored at -20ºC. RTqPCR was performed on a BiomarkHD and 48x48 Dynamic 
Array Chip (Fluidigm). The data was normalized using the housekeeping gene 
GAPDH, and relative intensity was calculated for expression level comparison 
(RI=2Ct(gene)-Ct(rps18)). 

Single-cell RNA Sequencing 
Single-cell RNA sequencing is performed by generating cDNA libraries from single 
cells in a sample that are sequenced to obtain a transcriptome. In this thesis, droplet-
based scRNA-seq was used; in which cells and microbeads are combined in an oil-
water emulsion where water droplets each contain a single cell plus one microbead. 
Each bead has sequences that cellular RNA attaches to, and during reverse 
transcription, which occurs within each droplet, cDNA strands with barcoded ends 
are generated. The barcodes contain a sample-identifying sequence (index), a 
barcode sequence that is associated with every gene expressed by a specific cell, 
and a unique molecular identifier (UMI). The UMI permits differentiation between 
individual RNA molecules, allowing for elimination of multiple transcripts of the 
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same strand. Thus, the cDNA from all cells can be pooled for the sequencing step 
while remaining traceable to their cell and sample of origin. 

After sequencing, data processing, normalization and analysis is performed using 
bioinformatics, and lists of differentially expressed genes by specified cell 
populations can be generated. Gene ontology can be used to identify pathways and 
processes active in each cell. In addition, various analyses such as unsupervised 
clustering and differentiation trajectories can be used, to analyze similarities and 
relationships between cells on a transcriptome level. 

Method 
The single-cell RNA sequencing libraries were attained using the 10x Chromium 
system and libraries were sequenced on Nextseq500 or Novaseq600. Cell Ranger 
pipeline was used to analyze raw data; for exclusion parameters and details on data 
analyses, see the individual papers. 
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Results and Discussion 

Paper I 

Human Primary Airway Basal Cells Display a Continuum of 
Molecular Phases from Health to Disease in Chronic Obstructive 
Pulmonary Disorder 
COPD is a chronic lung disease that affected 319.9 million people worldwide in 
2019[181], and its incidence is steadily increasing. Apart from a severe decrease in 
life quality for patients, the consequences are also high in terms of the economic 
burden on society[182]. In addition, the highest incidence is reported in low- to 
middle-income countries[58], where access to medication and treatment is scarce. 

Today there is no cure for COPD apart from lung transplantation, which is not 
available to most patients[65]. Instead, patients are treated to alleviate symptoms, 
usually using bronchodilators and corticosteroids. Therefore, we aimed at 
identifying the cells responsible for disease progression, in order to work toward a 
possible alternative cell-based treatment for COPD. 

The airway epithelium is the first barrier of defense against any inhaled toxins, and 
thus the epithelial cells are at highest risk of dysregulation due to environmental 
factors. Specifically the basal cells, the progenitors of the bronchiolar epithelium, 
have been shown to be the first cell type to acquire aberrant behavior due to smoking 
inhalation, possibly losing their capacity to repair the airways and thus becoming 
the initiating spark in COPD[36]. However, at the time when we started work on 
this project, little was known about the true identity, frequency and location of 
primary functional human epithelial basal stem cells, and no isolation protocol 
existed. In fact, most literature was based on precultured primary cells, which leads 
to an in vitro selection bias and other artifacts. 

Therefore, our aim with this study was to delineate the basal cell compartment in 
healthy lungs and in COPD in order to identify any disease-related changes that 
could hint at potential targets for therapy. 

 



46 

Results 

NGFR+ Exclusively Marks Human Basal Cells with Colony-Forming Capacity 
We first attempted to purify the primary basal cell population by optimizing a FACS 
sorting protocol. Healthy human airway tissue biopsies were dissociated into single-
cell suspension, stained with flow cytometry antibodies and sorted in different 
populations. To evaluate our gating strategy, we performed colony-forming 
experiments in order to verify a basal cell population that retained self-renewal 
capacity. Comparing NGFR+ FSChigh and NGFR+ FSClow cells, the colony-forming 
capacity was found exclusively in the FSChigh population, reinforcing this strategy 
as a means of further purifying basal cells with progenitor properties. To further 
validate this result, we index sorted cells from the NGFR+ FSChigh and compared the 
FACS profiles of colony-forming and non-colony-forming cells. The cells were 
equally distributed throughout the gates, showing that no further sub-division could 
be done using these markers to select for colony-forming capacity. 

Single-Cell RNA Analysis on Primary Human Basal Cells Reveals High 
Heterogeneity 
Our next line of questioning was related to the exhibited heterogeneity of the sorted 
basal cell population as only 10% of the sorted human basal cells showed self-
renewal capacity. We performed real-time qPCR on NGFR+ FSChigh single sorted 
cells. We selected 48 genes to test for based on their association with basal cells, 
stem cell and differentiation capacity, proliferation, and mature differentiated 
epithelial cells. We were able to use clustering to identify four subgroups of basal 
cells, possibly corresponding to different stages of quiescence, activation and 
differentiation; confirming our hypothesis of primary basal cell heterogeneity and 
possibly explaining the lack of stem cell properties of some subgroups in vitro. We 
also showed differential expression of several cell surface markers, that can be 
tested for use additional markers for purifying basal cell sub-populations. 

Cultured Human Basal Cells Possess Higher Colony Frequency Potential and 
Altered Gene Expression Compared with Primary Basal Cells 
Subsequently, we tackled the question of whether primary human basal cells change 
or acquire different characteristics when cultured in vitro. Since our experiments 
show a sevenfold increase in colony-forming capacity between the first and second 
culture passage, and a change and homogenization in NGFR and EPCAM 
expression occurs, we hypothesized that culture enriches for colony-forming cells 
with similar gene expression profile, which could affect the conclusions from any 
assays performed on pre-cultured cells as opposed to primary cells. We single-cell 
sorted cultured basal cells and performed RT qPCR using the same 48 genes as 
previously. The results showed a more homogeneous gene expression within the 
cultured basal cell group compared with the primary BCs, with KRT14 and KI67 
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being expressed exclusively in the cultured cell group while only primary BCs 
expressed HLF; suggesting that cultured basal cells are in a more active proliferating 
state, similar to that of injury conditions in vivo. 

Single-Cell RNA Sequencing Identifies a Molecular Continuum of Pathological 
Changes between Basal Cells from Healthy Airways and Patients with COPD 
Finally, we aimed to characterize the global gene expression profiles of primary 
human basal cells from healthy versus COPD airways at the single cell level. We 
first analyzed the epithelial cell populations by FACS and IHC, and found a 
significant increase in BC frequency in the COPD samples. This is supported by 
other studies where BC hyperplasia is a common find in COPD airways[183]. Next, 
we performed single-cell RNA sequencing on four healthy and four GOLD stage 
IV COPD samples. We defined all KRT5 expressing cells as BCs, and unsupervised 
hierarchical clustering identified 4 clusters of cells with varying numbers of BCs 
from healthy and diseased patients. Interestingly, cluster 1 contained mostly healthy 
cells but a few from COPD, while cluster 4 contained mostly COPD cells but some 
from healthy samples. This suggests that some BCs in end-stage COPD airways still 
retain a healthy gene expression profile – a promising target for future induction of 
endogenous regeneration. 

Using gene ontology analysis on the significantly upregulated genes in cluster 4, we 
found that BCs from COPD were expressing genes connected to proliferation, stress 
and inflammation, suggesting an ongoing damage repair process in response to high 
levels of stress. BCs in cluster 1, however, expressed healthy functional pathways 
such as WNT signaling, cell-cell adhesion and mitochondrial activity. Looking at 
clusters 2 and 3, we interpreted them to represent intermediate stages of a 
hypothetical disease development process from healthy to end-stage COPD. In order 
to further investigate this notion of a continuum of BC states, we created a 
pseudotime vector that illustrated the changes in gene expression in BCs from 
cluster 1 through cluster 4. Here, we could see genes associated with stress and 
hypoxia response increase in expression across the vector, indicating a progression 
from healthy state through a pathological development of COPD symptoms. 

Finally, we were interested in GADD45B, a gene that was upregulated in BCs from 
COPD tissue that is associated with stress response[184]. We performed 
immunofluorescent staining on fixed and embedded airway tissue sections from 
healthy and COPD donors in order to test for GADD45B at the protein level. We 
found high GADD45B expression in TP63+ BCs in COPD tissue, but no expression 
in healthy BCs, aligning with our sequencing results. 
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Discussion 
Basal cells and their homeostatic properties remain elusive, since they are difficult 
to purify and study in vitro. The lack of surface markers to sort primary BCs has 
been addressed in this study, and we successfully used FSChigh as an additional gate 
criterion to enrich for BCs with proliferating properties. This is a step forward in 
our ability to extract BCs from donated tissue, for use in culture assays on primary 
BCs, and will enable further therapeutic studies creating organoids for pharmaceutic 
or genetic marker screening. The gating strategy essentially constitutes a selection 
of larger cells among the NGFR+ population. We know that BCs are largely 
quiescent in non-injured airways[185], so a majority of primary BCs should not be 
actively cycling, thus being larger. The reason for the seeming correlation between 
size and colony-forming capacity still remains unclear. 

While this gating strategy is certainly a step forward in our ability to purify said 
population with expansion ability, it remains to be discovered how to study other 
intermediate basal cell states or cell types. In our single-cell RT qPCR assay, we 
brought to light the possible presence of BCs that were primed for differentiation, 
which may not retain self-renewal ability but nevertheless could reconstitute a 
limited area of epithelial injury. Finding new surface markers that allow us to 
separate these cell types or states would enable us to further clarify the BC 
regenerative mechanisms. This is an important area of future study that we initiated 
by including CD markers in our assay, and should be further pursued given 
sufficient resources and access to more primary samples. 

Numerous other ideas for future study were sparked by this project; for example 
exploration of CD55 and HLF which both stood out in the qPCR assay as expressed 
by subgroups of BCs. CD55 expression has been linked to therapeutic resistance in 
endometrioid and breast cancer tumors by providing protection from induced cell 
lysis[186, 187], suggesting that CD55-expressing BCs may exhibit a higher 
proliferation or survival in vitro. In contrast, HLF is responsible for maintaining 
quiescence and stemness in hematopoietic stem cells[188], and it would be 
interesting to test whether HLF-expressing BCs are similarly regulated. Gene 
knockout of these genes of interest could be performed to test for functional effects 
in vitro with proliferation/differentiation assays. 

A significant point we made is the radical change in gene expression and variance 
in BCs after culture, which shows how in vitro assays based on passaged cells or 
BC-derived cell lines do not reflect the conditions existing in vivo. Since functional 
assays are crucial to verify results from sequencing assays and to investigate the role 
of specific genes in cell function, it is important to use primary cells as much as 
possible. Culture simulates a state of epithelial ablation or injury, where BCs with 
high proliferation tendencies succeed over quiescent or differentiation-primed cells. 
this makes the assay replicate conditions of injury-response more than homeostasis. 
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The upregulation of several genes associated with disease and stress response in 
BCs from COPD tissue promoted further avenues of study to determine early 
disease detection markers or therapeutic targets. We demonstrated an increased 
expression of GADD45B in COPD BCs; GADD45B is a gene demonstrated to 
respond to stress signals and apoptosis by activation of p38 and the MAPK cascade, 
as well as to activate p53[184]. Moreover, it has been detected in various cancer 
tumors and linked to tumor cell survival, for which it has been proposed as a 
therapeutic target[189]. Interestingly, GADD45B was recently identified as a 
biomarker and potential therapeutic target in IPF, but not in COPD[190]. The 
microarray datasets used from that study, however, only contained samples from 
COPD GOLD stage II patients; the GADD45B levels may have been low and thus 
disregarded. Taken together, GADD45B remains a gene of interest for further study, 
and it remains to be determined whether it contributes to COPD pathology and if it 
could become a target for COPD treatment. 

As Shaykhiev (2021) comments in the editorial of our work in the same journal 
issue[191], limiting our study is the low sample number; both in terms of overall 
donor numbers (and correspondingly cell numbers), but also in terms of 
representation of disease stages. COPD is a heterogeneous disease, and analyzing 
cells from more patients would be of great benefit to separate variation in gene 
expression due to differing cell types versus patient-to-patient variation. Another 
valuable addition would be to similarly characterize BCs from lung tissue with less 
severe disease development, such as patients with stage I-III COPD according to 
GOLD standard. Nevertheless, Shaykiev highlighted our study as a new and 
innovative approach to understand disease progression in COPD. 

In conclusion, this paper revealed the presence of BCs with healthy gene signatures 
in end-stage COPD airways. This proposes the exciting avenue of targeting 
endogenous repair in patients, provided we uncover what makes these cells resistant 
to the disease changes or how to activate them for regeneration that outcompetes 
cells with aberrant behavior. In addition, we showed that BC gene expression 
profiles could be ordered in a continuum of gradual upregulation of genes associated 
with COPD pathology, such as stress and hypoxia response, cell proliferation and 
wound healing signals. Studying this virtual progression of disease-related changes 
could give an indication of pathways to target in order to stop or reverse disease 
exacerbations, as well as providing new biomarkers to facilitate earlier diagnosis. 
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Paper II 

Ciliated (FOXJ1+) Cells Display Reduced Ferritin Light Chain in the 
Airways of Idiopathic Pulmonary Fibrosis Patients 
IPF is a devastating disease with the short overall median survival of 2-3 years [94] 
and 5 year survival rate of 48% in Sweden[192]. Aging, and the resulting epithelial 
cell senescence, is among the highest risk factors for developing the disease[193]. 
With the worldwide population getting older[61], new therapies need to be 
developed to more effectively treat IPF patients. 

The disease mechanisms are complicated and not yet fully understood; however a 
currently emerging theory is that injury to the airway epithelium, followed by 
repeated aberrant repair, is the initial spark of the continuous dysfunctional 
remodeling of lung tissue in IPF[194]. Previously thought to be a disease of alveolar 
injury and dysrepair, the mucociliary epithelium, and ciliated cells in particular, 
have now received interest as important players in disease progression[112, 195-
197]. 

In this study, we wanted to more closely characterize mucociliary epithelial cells 
from IPF patients, and to compare with healthy counterparts in order to find disease-
specific changes. The aim was to identify cell types with aberrant gene expression 
that may contribute to disease pathology, as well as possible therapeutic targets. 

Results 

Immunohistochemistry and Immunofluorescence Show Typical Structures 
Associated with Disease in Lung Tissue from IPF Patients 
We obtained lung tissue from healthy donors and IPF patients, and first stained 
sections containing airways with H&E as well as with KRT5 and FOXJ1 in order 
to visualize the epithelial structures. As expected, we found regular airways lined 
with epithelium in the healthy tissue, containing KRT5+ BCs and FOXJ1+ ciliated 
cells. In tissue from IPF patients, we also found typical IPF-associated pathological 
features such as honeycomb cysts; indicating that our subsequent gene expression 
analyses should give information on disease-related cellular identities. 

Single-Cell RNA Sequencing Identifies Molecular Differences between Ciliated 
Cells from IPF Patients and Healthy Control Cells 
Next, we performed single-cell RNA sequencing on cells from healthy and IPF lung 
tissue; we enriched for epithelial cells by FACS sorting 7AAD- CD45- CD31- cells. 
We confirmed the presence of epithelial cells using known markers (basal, mucus, 
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ciliated and alveolar cells). Initial analysis showed that ciliated cells separated into 
two disease-specific clusters; indicating that ciliated cells exhibited the highest gene 
expression differences between healthy and IPF epithelial cell types. We identified 
several genes of interest that were among the top up- and downregulated genes in 
IPF ciliated cells versus healthy ciliated cells: SYT8, FTO, NEAT1 and FTL, 
GSTA2, FOS respectively. FTL encodes Ferritin light chain, part of a complex that 
regulates iron metabolism and intra-cellular storage[198]. Interestingly, excess iron 
accumulation has been previously reported in IPF lung tissue and is thought to 
contribute to pathogenesis[199]. 

Ciliated Cells in IPF Lung Epithelium Exhibit Increased Expression of Ciliated 
Pathways 
Using gene ontology analysis, we identified pathways and biological processes that 
were upregulated in healthy and IPF ciliated cells (for a detailed list, see paper II). 
As expected, healthy ciliated cells exhibited epithelial cell activity such as epithelial 
differentiation, cell-cell adhesion and WNT signaling/planar cell polarity, as well as 
general biological processes such as RNA processing, translation and protein 
folding, and mitochondrial electron transport. However, IPF ciliated cells 
extensively upregulated pathways associated with cilium morphogenesis and 
function. This has been observed in other studies[200], reinforcing our results and 
suggesting a part in IPF pathogenesis played by ciliated cells. 

Ciliated Cells in IPF Patients Display Reduced FTL Protein Levels 
Finally, we wished to further study the expression of FTL in ciliated cells, starting 
by verifying its presence at the protein level. We obtained formalin-fixed, paraffin 
embedded lung tissue sections from healthy and IPF patients, which we stained 
using IHC antibodies for FOXJ1 and FTL. Looking at healthy airway epithelial 
structures, we identified FTL expression in ciliated cells (FOXJ1+); while the 
expression of FTL in IPF samples was more sporadic and entirely absent in many 
sections of ciliated epithelium. Further evaluating these findings, we used 
Qupath[180] to quantify FTL expression in FOXJ1+ cells and found a difference in 
mean percentage of FTL expression of 21% between healthy and IPF samples. 

Discussion 
As mentioned, ciliated cells have emerged as a new area of interest in IPF 
pathogenesis, due to their multi-faceted roles in airway epithelial function. Excess 
mucin production has been established as a usual IPF symptom, which may lead to 
airway obstruction, as well as impaired wound repair due to disruption of signaling 
and cell-cell interaction[111]. It stands to reason that ciliated cells will be affected 
by this increased need for mucus clearance. Moreover, the ability of cilia to sense 
the cellular microenvironment contributes to immune signaling through cytokine 
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antimicrobial production, which may impact mechanisms of disease-associated 
cellular dysregulation[201]. In addition, cilia coordinate various wound-repair 
sequences by promoting fibroblast migration[113]. Finally, it has long been known 
that a regular histological feature of IPF lungs is the presence of honeycomb cysts 
and areas of bronchiolization, where apparent mucociliary epithelium appears. 
Taken together, we were interested in characterizing ciliated cells and their role in 
IPF.  

In this study, we identified genes and pathways that were differentially expressed 
between ciliated cells from healthy and IPF tissue. Pathways connected to cilium 
formation and maintenance were overrepresented, an interesting observation that 
leads to further questioning how the activity of ciliated cells may affect disease 
progression. In a mouse fibrosis model, Kim et al (2022)[197] recently showed a 
relationship between cilium-associated genes and fibrosis development; particularly 
interesting was their conditional deletion of a cilium gene (lft88) in Krt5+ cells 
resulting in decreased formation of Krt5+ cystic pods and delayed ciliogenesis. 
Although Krt5+ pods have not been observed in humans, they are similar to 
honeycombing found in IPF patients and are undoubtedly of interest since 
Krt5+/KRT5+ cells are progenitors of ciliated cells in both mouse and human. 

In particular, a few genes of interest were identified from the top differentially 
expressed genes in ciliated cells. Upregulation of FTO and NEAT1 in IPF cells 
suggest a link between IPF and cancer pathology, since these genes have both been 
associated with progression of lung cancer[202-204], though not previously 
identified in IPF tissue. SYT8, which was also upregulated in IPF ciliated cells, is 
involved with exocytosis. Active formation of extracellular vehicles contributes to 
signaling between cells and influences the microenvironment, and has been 
implicated both in contributing to pathogenesis in lung disease and considered as a 
therapeutic delivery vehicle[205]. 

FTL was downregulated in IPF ciliated cells compared to healthy, which we also 
confirmed as a decreased FTL protein expression in IPF ciliated airways. FTL 
encodes a subunit of Ferritin, a protein complex responsible for various forms of 
iron metabolism and safe storage[198, 206]. Iron is an important component of 
cellular metabolism, but is also prone to free radical formation[207] which is toxic 
in high amounts. In addition, iron availability to pathogens increases their 
proliferation and survival, which is why iron levels are regulated by immune cells 
such as macrophages[208]. In IPF, excess iron accumulation has been reported[209, 
210] and has been shown to contribute to lung deterioration in mice[199, 211].
Interestingly, Ali et al (2020)[199] showed that treatment with iron chelators
reduced the decline in lung function in a bleomycin-induced mouse model,
suggesting the possibility of ameliorating IPF patient symptoms by targeting iron
metabolism[212].
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Our study found a reduced level of FTL in IPF ciliated cells, and it is possible that 
impaired iron regulation by the epithelium leads to formation of free radicals leading 
to oxidative stress, contributing to pathogenesis. Since iron chelator treatment was 
needed daily for the fibrosis mouse model to improve by reducing free pulmonary 
iron, an alternate longer-term solution could be to target cellular ability to more 
effectively store iron in less toxic forms, e.g. by increasing FTL expression. 
Therefore, it is important to further determine why ciliated cells in IPF exhibited 
lower FTL levels, such as whether it comes from BCs that give rise to ciliated cells, 
due to a mutation or other inhibition of gene expression, or whether it is a 
consequence of other factors in the pathological environment. Should a stem cell 
therapy treatment be considered for induced regeneration of healthy epithelium in 
IPF patients, the microenvironment and free iron levels may be necessary to take 
into account, in case injected BCs or subsequently differentiating ciliated cells lose 
their ferritin expression due to external factors. 

An advantage of our study is the use of human tissue samples since bleomycin-
induced rodent fibrosis models do not completely capture the same disease state 
affecting human patients[135]; though a limiting factor is the availability of patient 
samples. Furthermore, other aspects need to be further studied to reinforce our 
conclusions and determine whether FTL expression in ciliated cells is affecting IPF 
pathogenesis, such as testing for overall lung iron levels in IFP airway tissue. In 
addition, other genes involved in the ferritin-iron storage function should be tested 
for, such as ferritin heavy chain (FTH1) and divalent metal transporter 1 (DMT1). 

Finally, airway-resident macrophages are greatly involved in iron storage to combat 
pathogens by limiting accessible iron[213, 214], and have exhibited impaired iron 
sequestration ability in IPF lungs with excessive iron levels[215]. We detected high 
FTL expression in macrophages in some airways of our IPF tissue sections, and it 
remains to be investigated whether these macrophages contribute to iron 
neutralization. 

  



54 

Paper III 
A Single-Cell Atlas of the Human Airway Epithelium Suggesting a New 
Convergence Point in Basal Cell Differentiation and Identifying 
Transcriptional Changes in the Aging Lung  
In order to develop more effective treatment, such as stem cell therapy, for chronic 
lung disease, the mechanisms regulating human lungs during regeneration and in 
steady state need to be described in detail. The epithelium is an important part of 
lung function, and learning the pathways its stem/progenitor cells go through during 
repair is crucial. The basal cell, progenitor of the airway, is proving to be 
heterogeneous in its gene expression and differentiation capacity, with important 
regulatory mechanisms still unknown. 

Furthermore, most chronic lung diseases such as COPD, IPF and lung cancer are 
negatively associated with aging[216], which argues the importance of delineating 
the changes that occur within the “healthy” aged lung in order to understand and 
provide a context for the development of lung disease. Lung function has been 
shown to be heavily affected by the aging process; both at the organ level, with 
difficulties breathing (reduced muscle capacity and airway elasticity) and at the 
cellular level (shorter telomeres, increased expression of cellular senescence 
markers, increased DNA damage, oxidative stress, and apoptosis)[217]. The aging 
process may be accelerated by the decline in stem cell function due to stem cell 
exhaustion similar to what has been described in the hematopoietic system[218]. In 
addition, older individuals show a significantly reduced ability to repair damage and 
regenerate a healthy lung compared to younger patients[219]. It has been 
hypothesized that the inability of aged lung tissue to re-initiate growth signaling 
may contribute to its slow, restricted, and even failed response to injury. Hence, it 
is critical to understand how aging impairs the mechanisms of regeneration of the 
human lung. 

To this end, we set out to create a single-cell transcriptomic atlas of healthy human 
airway epithelial cells with the aim of comparing the gene expression between the 
old and young cells. 

Results 

Generating a single cell atlas of the human airways 
To generate a comprehensive cell atlas of the human lung airways, we collected 
human lung bronchoscopies from 8 healthy donors that had never smoked and had 
normal lung physiology; 5 were categorized as young (23-40 years old) and 3 as 
aged (64-75). The tissue was processed immediately and sent for sequencing within 
a maximum time of 2-3 hours after collection. High quality single-cell 
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transcriptomes were obtained from >42 000 airway epithelial cells using the 10x 
platform. Using highly variable genes as input, we initially identified cellular 
clusters corresponding to known epithelial cell populations as well as resident 
immune cells based on expression of canonical genes. Taken together, we have 
successfully generated a unique reference library for studying human lung biology 
during normal physiology and aging. 

Transcriptome on human lung airway epithelium 
Since one of the main interests of this study was to further delineate the hierarchy 
within the human lung airway epithelium, we initially selected all EPCAM+ cells. 
However, we and others have found that EPCAM is not a ubiquitous marker of 
epithelial cells so we also included EPCAM- cells that clustered together with the 
EPCAM+ cells for further analysis. We grouped the clusters based on the canonical 
markers known for the different cell types in the lung airway epithelium: BCs 
(KRT5+), suprabasal cells (KRT4+), goblet cells (MUC5AC+), mucociliary cells 
(SCGB1A1+ FOXJ1+), ciliated cells (FOXJ1+) and ionocytes (ASCL3+). The 
distribution of these epithelial cells is in line with previous publications. 

Pseudotime analysis shows differential gene expression in young and aged 
epithelial cells 
Next, in order to compare the epithelial cell differentiation process between young 
and old patients, we performed pseudotime analyses on these two age groups 
separately. Pseudotime is the name given to an artificial time vector (timeline) 
introduced to plot against gene expression allowing a visualization of the continuous 
change in gene expression. We generated a pseudotime vector going from BCs to 
differentiated cells and as expected, while genes associated with BCs decreased, 
genes connected to differentiated cell types such as goblet cells and ciliated cells 
increased over “time”. Interestingly, we discovered a range of genes that differed 
along this virtual time axis between young and old epithelial cells. Several genes 
associated with protein-folding homeostasis and anti-apoptosis were overexpressed 
in the aged group, especially in differentiated cells; suggesting that these cells may 
be experiencing more stress due to age factors. Of note, genes associated with 
antigen presentation were overall lower expressed in the aged cells, possibly 
contributing to a higher susceptibility to infections and other airway pathologies in 
older patients. 

RNA velocity identifies origin of basal cell activation and differentiation 
The KRT5+ TP63+ BCs are known to have self-renewal capacity and the ability to 
differentiate into the effector cell types of the human lung airway epithelium. In 
order to investigate the possibility of changed regeneration capacity in older 
epithelium, we compared BCs from young and old donors. Interestingly, we 
identified a number of genes that were differentially expressed between young and 
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old BCs, suggesting the presence of different cellular states or functions that exist 
among the BC population. This is consistent with recently published single-cell 
data. 

In order to identify the cluster populated with basal cells primed to differentiate, and 
thus the starting point of differentiation, we performed RNA velocity analysis on 
the KRT5+ cells. This calculates the ratio of spliced to unspliced RNA in each cell 
at the time of sequencing, and predicts in which direction the cells are likely to move 
in terms of cellular maturity[220]. Notably, the velocity analysis showed young and 
old BCs starting from different points but converging before moving toward further 
differentiation. We speculate that once the basal cells are stimulated by the 
environment to differentiate, they go from the quiescent/naïve state through the 
divergence point identified by velocity. From there the cells may undergo 
asymmetrical cell division where one cell can differentiate and one cell return to its 
original quiescent state. 

Single cell sequencing identifies transcriptional changes in the aging 
differentiated cell populations 
Finally, we were interested in the effects of aging on the differentiated cell 
populations, and performed gene ontology analysis on the upregulated genes in aged 
goblet cells, mucociliary cells and ciliated cells as well as their young counterparts. 
There were some genes and pathways that were differentially expressed by cells 
from the two age groups within each cell type. Interestingly, aged goblet cells 
exhibited upregulation of lung fibrosis and DNA damage response pathways, and 
mucociliated cells upregulated genes known to be oncogenic such as FOS, JUN and 
ATF3; indicating a stressful environment existing in the aged epithelium and 
suggesting that aged epithelial cells may be more prone to cell transformation and 
cancer development. In contrast, young goblet and mucociliated cells exhibited 
upregulation of genes associated with the innate immune system, antigen processing 
and presentation and MHC class II protein binding; suggesting that aging 
differentiated epithelial cells are losing some of their immune system function and 
may be more susceptible to disease and infections. 

Discussion 
Aging is a complicated process with a large number of factors contributing to 
changes in health and function at the molecular, cellular and organ level. scRNA-
seq provides a powerful opportunity to examine the transcriptome in specific cell 
types, and we have uncovered interesting differences between both progenitors and 
differentiated cell types in young and aged samples. Due to the complex nature of 
all the interacting processes occurring during aging, it is difficult to determine which 
changes in gene expression is due to age in particular, and which are due to other 
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environmental factors. To strengthen the data, more donors in both age ranges would 
be beneficial to study, to reduce inter-patient variability bias. 

In addition, the differentially expressing genes and transcription factors should be 
verified in functional assays, in order to determine their possible influence on 
epithelial function and regeneration. Various mouse models of aging exist, such as 
telomerase knockout mice, that simulate accelerated aging, and naturally aged wild 
type mice. These have to some extent been used to determine regeneration capacity 
after lung injury[221, 222], and could be used to study the effect of overexpressing 
transcription factors found to be upregulated in aged epithelial cells. However, 
mouse models of aging mostly exhibit changes in the distal compartment of the 
lungs, with emphysema-like breakdown of alveoli and loss of AECII cells, while 
the effect of aging in the proximal epithelium is less well characterized. In addition, 
it is difficult to recapitulate all effects of aging in a knockout model, since so many 
different cellular and molecular changes accumulate and drive aging processes 
forward[223]. Furthermore, the shorter lifespan of mice and the structural 
differences between mouse and human lungs makes it difficult to translate results 
from aging mouse models to human biology. To alternatively simulate aging lung 
epithelium, in vitro models using human cells could be used, such as organoids and 
3D printed tissue derived from aged donor samples. 

In this study, we described the differential gene expression in basal cells from aged 
and young samples, and aged BCs were found to have a higher level of DNA 
damage and oncogene expression, as well as a lower level of cell-cell adhesion 
compared to younger cells. This suggests that age affects the ability of BCs to act 
as stem cells and repair the epithelium following injury, and falls in line with 
previous literature showing similar defects in aged tissues[218]. 

Using RNA velocity and pseudotime analysis, we observed that aged and young 
BCs reach a point of converging gene expression, while the differentiating cells 
from the two age groups once again differ in transcriptome. This suggests that the 
“primed for differentiation” BC state is retained in older individuals, while 
quiescent BCs, as well as differentiated cell types, differentially express pathways 
such as cell-cell interactions and signaling during aging. This would also be of 
interest to study functionally; an option could be to use ALI differentiation culture 
of young and aged BCs separately and sequence the cells at various time points to 
confirm these results of converging gene expression profiles that again diverge 
during differentiation[34]. In connection with this, the effects of certain genes of 
interest could be tested using inhibitors or gene knockout to see the effects on 
epithelial regeneration, similar to the method used by Goldfarbmuren et al 
(2020)[25], who investigated ciliated cell differentiation over time in ALI culture 
by scRNA-sequencing at several time points and subsequently knocking out 
FOXN4 in BCs to observe a block in ciliogenesis. 
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Taken together, we have generated a single cell atlas of the human airway 
epithelium during healthy aging that provides a good basis for further unraveling 
the epithelial cell hierarchy in the healthy lung, and have shown interesting age-
related differences between lung progenitors that should be studied further. 
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Paper IV 

Single Cell Analysis of Primary Human Squamous Lung Carcinoma 
Shows High Heterogeneity of Tumor-Associated Epithelial Cells 
Every year 1.8 million patients die of lung cancer[224], which represents more 
deaths than of colon-, breast-, and prostate cancers combined[225]. One of the 
biggest challenges today is that most patients are diagnosed too late and cannot be 
operated on, which has a great adverse effect on survival. Thus, patients are often 
treated with chemotherapy that non-specifically targets all proliferative cells leading 
to severe side effects and a high relapse rate. Relapse can partly be explained by the 
heterogeneous cell populations in the tumor, accounting for the different tumor 
characteristics[226], along with the existence of cancer initiating stem cells (CIC), 
which are believed to initiate and drive the disease, and to be resistant to 
chemotherapy[227]. Therefore, more specific treatments are needed that target the 
CIC in order to prevent or inhibit tumor formation. Although some therapies have 
been approved that target more common mutations in lung cancer such as ERG, 
ALK, MET and HER2, due to the CIC and complex tumor heterogeneity most 
patients develop resistance to their therapy irrespective of treatment[228]. 

Approximately 40% of all lung cancers are diagnosed as squamous cell carcinoma 
(SCC)[229], and are believed to be originating from the transformation of the 
squamous cells lining the airways. Still, how and from what cell SCC arises is not 
clear; but research has suggested that SCC is caused by initial changes in the airway 
BCs[230, 231]. In SCC, chronic stress and injury induced by toxins like smoking 
and pollution can result in BC proliferation (hyperplasia), possibly due to an 
increased need of repair. The constant proliferation may eventually lead to BC 
metaplasia and finally cancer[36, 232]. Here, using scRNA-seq on primary tumor 
tissue, our aim was to characterize the different cell types contained in human lung 
SCC, to investigate the dynamics within the tumors and potential mechanisms 
regulating tumor progression, as well as search for a cell of origin to potentially 
target in future therapy. 

Results 

Successful single-cell sequencing on human lung squamous cell carcinoma 
We performed scRNA-seq on primary SCC cells isolated from fresh tumor tissue. 
The analysis was then pooled with our healthy single cell atlas as a reference (Paper 
III). In total we analyzed 75 000 cells, 33 500 of which were SCC tumor cells. 
Unsupervised clustering had cells from the two tumors clustering separately from 
each other as well as from the healthy cells; which was expected due to the 
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heterogeneous nature of SCC. However, some cells clustered together with the 
healthy cells, indicating that the separate clustering was not merely due to individual 
donor variation. 

Interestingly, the majority of tumor cells expressed TP63 and KRT5, BC cell 
markers that are also used in SCC diagnosis[233]. These cells also expressed MKI67 
and TOP2, showing high proliferation compared to epithelial cells in steady state. 
Combined with the lack of overlap of these cells and SCGB1A1+ or FOXJ1+ cells, 
this indicates that the tumors may originate from hyperproliferative BCs that lack 
the ability to differentiate into secretory or ciliated cells. This is in line with previous 
findings that place BCs as the cell of origin in SCC tumors[234, 235]. 

Single-cell RNA sequencing analysis reveals ongoing epithelial-to-mesenchymal 
transformation and identifies a potential cancer-driving population 
We next focused the analysis on the cluster containing cells from tumor 1, due to its 
high cell number and frequency of tumor cells. Unsupervised clustering divided the 
tumor in multiple differentially expressing cell populations, showing heterogeneity 
in gene expression and supporting the theory of clonal heterogeneity within the 
tumor. Interestingly, EPCAM expression divided the KRT5+ cells in two distinct 
clusters, with the EPCAMlow/- cells expressing known mesenchymal genes such as 
VIMENTIN, COL6A, ACTA2, DECORIN and COL1A2. This indicates a subset of 
KRT5+ cells that are going through EMT, possibly at a different stage of tumor 
progression. 

In order to identify the most naïve cancer cell state, or cell type of origin, we used 
the RNA velocity algorithm. We were able to identify a cluster of KRT5+ EPCAM+ 
cells from which all the RNA velocity arrows pointed outward; indicating that this 
cluster represented the earliest state of the cancer originating cells in terms of 
developing into differentially expressing tumor cell types. 

Transketolase is highly upregulated in SCC 
Comparing the genes expressed by cells in tumor 1 and the healthy cells, we 
identified two genes that were highly upregulated by the tumor cells; Keratin 6A 
(KRT6A) and transketolase (TKT). KRTA6 is known to be hyper-expressed in 
multiple cancer forms and was recently shown to promote proliferation and 
metastasis via epithelial-to-mesenchymal transition, and to affect cancer stem cell 
transformation in lung adenocarcinoma[236]. TKT is an enzyme regulating the 
pentose-phosphate pathway and is important for generating NADPH and 
nucleotides. Interestingly, TKT has been shown to be overexpressed in multiple 
cancer forms, counteracting oxidative stress[237] as well as promoting EMT[238]. 
We used immunofluorescence to verify TKT expression at the protein level, staining 
paraffin-fixed tissue sections from the sequenced tumors with TKT and KRT5. SCC 
tumor cells showed clear co-localization of KRT5 and TKT, supporting our gene 
expression findings. 
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Discussion 
We showed for the first time an in-depth single-cell characterization of primary 
human lung SCC, illustrating the capacity and importance of scRNA-seq to identify 
multiple tumor cell stages and several possible mechanisms regulating 
tumorigenesis. Since CICs are often resistant to chemotherapy and other 
conventional cancer treatments, it is crucial to find the cell responsible for tumor 
formation for specific therapeutic targeting. The basal cell has been linked to 
squamous metaplasia leading to tumor expansion in several studies, and the high 
expression of TP63 and KRT5 throughout both of our tumor samples reinforces the 
theory that BCs are the cell of origin of squamous cell carcinoma development. Our 
scRNA-seq data provides a base for determining the genes and mechanisms 
responsible for the dysregulation of aberrant BC behavior, which can enable us to 
find therapeutic targets for halting tumor propagation and possibly preventing 
relapse. 

TKT was upregulated in KRT5+ cells from tumor 1 versus healthy cells, both 
transcriptionally and at the protein level as confirmed by immunofluorescence. Of 
note, the expression of TKT was mainly found in the nucleus which is in line 
with recent findings suggesting that TKT may have an additional non-metabolic 
role in tumorigenesis[239] apart from promoting EMT and resistance to stress. 
This finding supports our gene expression analysis and suggest TKT as a 
potential target for cancer therapy. Tseng et al (2018)[240] showed that 
oxythiamine, a known inhibitor of TKT, significantly reduced the viability of 
breast cancer cells in cell culture, as well as inhibited metastasis in an 
orthotopically injected mouse model. Taken together, this shows promise for 
TKT inhibitors as possible treatment in lung cancer; though similar assays 
should be performed on SCC cells to ascertain whether these are similarly 
affected by the metabolic pathways associated with TKT. 
Relapse and death is often caused by metastasis, which has been shown to occur 
earlier in the disease stage than previously thought[241, 242]. In addition, cells 
undergoing EMT acquire invasive properties and are able to cross the basal 
membrane into the bloodstream[243]. Given that we observed EMT-related genes 
upregulated in a portion of KRT5+ tumor cells, it would be valuable to pursue further 
studies to assess the potential motility and re-seeding potential of these cells, as well 
as to investigate the possibility that blocking the EMT process could prevent 
metastasis. 

Pagano et al (2017)[231] identified a subset of cells within an immortalized HBEC 
cell line exhibiting high motility in vitro, and showed that when injected 
intravenously in mice, these cells were capable of migration and colonization of the 
lung, suggesting metastatic behavior. It remains to be determined whether this 
highly motile subset of epithelial cells exists in vivo, and whether this migration 
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behavior can be exhibited by primary SCC tumor cells. However, the link between 
this motility exhibited by airway epithelial cells with differentiation capacity and 
our finding that BCs are the origin of SCC tumor formation is worth considering, 
since the key to prevent metastasis and relapse could be to target these highly motile 
cells. 

We sequenced cells from two tumors obtained from two different patients. Analysis 
of the cells from tumor 2 will show whether the differences in gene expression 
between tumor 1 and healthy cells are patient-specific or shared by SCC tumors. 
Any common markers we could find between tumors from different lung cancer 
patients would be of high interest to use as future biomarkers for easier diagnosis 
and tumor characterization; however sequencing of additional tumors is needed to 
verify this due to the high patient-patient variability. 
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General discussion 

Challenges and considerations 
A large portion of the work involved in any scientific study is never acknowledged 
or published. For this thesis, a lot of initial work went into optimization of the 
process of sample handling and preparation, to ensure the cells studied maintained 
as much of their primary characteristics as possible. The success of in vitro cell 
expansion in particular was highly affected by logistical factors such as the time 
taken from biopsy sampling to culture plating of the cells; we were lucky to have 
the hospital within a short walking distance, but still had to adjust dissociation and 
incubation times to keep them at a minimum while extracting as many cells as 
possible. Another factor that influenced the survival and quality of our cells was 
cryopreservation; as far as possible, we tried to use fresh cells for culture assays. 
Similarly, FACS sorting of the cells to purify the population of interest was also 
detrimental to the colony-forming capacity. 

On the topic of sample preparation, when using primary cells in particular, any 
process they are exposed to can have effects on assay readout, such as the enzymes 
used to dislodge the cells from the basement membrane. It has been reported that 
the use of collagenase in tissue dissociation can cause the cells to respond by 
expressing heat shock proteins and oncogenes like FOS and JUN, which can 
introduce bias in transcriptomic analyses[244]. In addition, cell death or stress can 
increase mitochondrial reads in scRNA-seq which has to be taken into account 
during data processing, and the possibility of certain cell populations being more 
sensitive to hypoxia than others may lead to a skewed cell ratio in the analysis[245]. 

A sometimes frustrating aspect of attempting to culture primary cells from lung 
epithelial tissue is the high risk of contamination, not as a result of failing to use 
antiseptic laboratory practice but coming from the samples themselves. As 
described in the introduction, the airway epithelium is in contact with the outside 
environment and consequently lung tissue samples may contain bacterial or fungal 
contaminations that can disrupt in vitro assays. We used antibiotics and 
antimycotics in all tissue processing steps as well as culture assays, however there 
is an unfortunate possibility of gene expression changing in the presence of 
antibiotics that can be difficult to take into account during data analysis[246]. 

Single-cell RNA sequencing has emerged in recent years as a powerful tool that not 
only allows to chart the genes that are being expressed by a certain cell type to an 
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extensive depth, but also to reveal differences in gene expression between individual 
cells. This is opening the doors to distinguish hitherto undetectable subtle 
differences between rare cells with specific roles and functions, and even to detect 
certain intermediate states that a cell may pass through in a process of differentiation 
or other morphologic changes. 

However, the method also demands consideration of multiple aspects when 
processing and analyzing data[247]. The first steps include quality control such as 
exclusion of doublet cells, low quality reads and cells with too high mitochondrial 
gene counts (which often signifies they were dead/dying at the time of sequencing). 
The respective limits imposed in this early data processing affect the interpretation 
of the results later on, for example a certain cell type may be more highly sensitive 
to stress and may therefore be dismissed from the analysis entirely if the 
mitochondrial gene limit is set too low. Next, the number of highly variable genes 
needs to be defined in order to perform dimensionality reduction, which similarly 
can influence the outcome of the analysis; using too few genes here can reduce the 
apparent heterogeneity, while too many genes can introduce false variation between 
similar cells. Once pre-processing of the data is finished, analyses such as 
visualization, clustering, pseudotime, and differential gene expression can be 
performed. The interpretation of these results are also dependent on how the 
analyses were carried out; while there are good practice guides available for how to 
decide parameters and limits, there is no universally defined standard when it comes 
to analyzing and presenting results from scRNA-seq assays[248]. Therefore, it is 
important to understand how these factors affect the biological interpretation of a 
study, both when drawing conclusions from one’s own data as well as when reading 
others’ work. 

In addition, it is important and highly valuable to functionally verify scRNA-seq 
results in order to dismiss artefacts or to gauge the biological significance of 
transcriptomic differences. 

What is a functional assay? 
RNA sequencing data determines which genes are being transcribed in a cell at a 
given time. This gives useful insight into the characteristics and probable identity 
of that cell; however not all mRNA will be translated into protein and not all proteins 
will take part in biological processes that significantly affect the function of the cell 
in a larger context. Consequently, identifying a gene that is being transcribed by a 
certain cell type can give an indication that that gene is important, but it is still 
necessary to determine how and what this gene expression contributes to the 
behavior of the cell. To this end, functional assays can be used. 

In vitro assays with gene knockdown or deletion, where the expression of a gene is 
reduced or deleted, can be used to evaluate outcomes such as changes in cell 
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survival, proliferation, ability to differentiate etc., to further evaluate the processes 
the specific gene is involved in or influenced by. ALI culture is used to test for lung 
epithelial cell differentiation, where BCs are grown on a membrane with culture 
medium below but exposed to air on top to simulate airway conditions. This culture 
method has been used to show that loss of TP63 expression causes BCs to lose their 
ability to differentiate into goblet cells[249]. Organoids, re-cellularized ECM 
scaffolds and in vivo mouse models can also be used for gene knockdown assays, 
involving increasing complexity since the cell type to be examined will then also be 
able to interact with environmental structures and signals both from ECM and 
neighboring cells. 

Primary vs immortalized cells 
Functional assays using cell culture are very dependent on the ability of the cells in 
question to survive in vitro. In vivo, lung epithelial cells are attached to a basement 
membrane and used to interacting with the complex structure of the ECM and 
cooperating with neighboring cells, and therefore primary cells do not tend to thrive 
in culture assays that constitute a simpler environment. In addition, the process of 
dissociation from whole lung tissue pieces using mechanical and enzymatic forces 
to dislodge the cells, and the use of cryopreserving steps in between if necessary, 
are stressful to the cells and contribute to them not immediately succeeding to 
proliferate. 

It took a long optimization process and many samples to establish culture conditions 
that even managed to produce the colony formation capacity results from primary 
BCs described in paper I. There we obtained an average of 7.4% of BCs able to 
form colonies in vitro, but the variance was high and although we were able to enrich 
this population with an additional FACS gate criterion, the original proliferative 
capacity of the cells in their intact organ environment may have been higher than 
after the cells were subjected to dissociation and FACS sorting. 

An additional hurdle to overcome is the access to fresh samples; especially healthy 
lung tissue since good quality lungs from deceased organ donors are prioritized for 
lung transplantation, and voluntary biopsy donors can only provide small tissue 
pieces that contain a lower cell number than desired. 

The heterogeneous nature of primary cells, and patient-patient variability, can also 
give assay readouts that are complex to interpret, since reaction to different 
conditions to be tested can be highly varied, and large number of repeated assays 
are required to be able to filter out this variation in signal. 

An alternate solution to the difficult nature of functionally assessing primary cells 
is to use immortalized cell lines. These are cells derived from a single donor, and 
given the capacity to indefinitely proliferate and survive in culture through induced 
mutations that disrupt the normal cell cycle, or by increasing telomerase expression 
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to prevent senescence. Immortalized cells are available in large numbers and easily 
cultured, making them practical to use in larger scale assays such as toxicology 
studies or screening for therapeutic targets using molecular libraries. In contrast to 
primary cells, being genetically identical, they are also homogeneous in their 
response to such stimuli, which is simpler to interpret but does not give completely 
accurate readouts when compared to diverse, primary cell populations; not to 
mention the lack of patient-patient variability that does not get taken into account. 
In addition, many cell lines do not retain the full range of capabilities that cells 
exhibit in vivo, such as differentiation capacity or signaling molecule production, 
that are necessary to fully reflect the relevant cellular environment[250, 251]. 

A third possibility is to use in vitro expanded primary cells, i.e. performing several 
culture and passaging iterations to increase cell number and select for cells that grow 
well in culture. This means the cells remain genetically unaltered from their primary 
state, and expanded cells from various donors and disease profiles can be compared. 
However, these pre-culturing steps have been shown to alter cellular phenotype due 
to various factors inherent to in vitro culture, such as the composition of growth 
media inducing epigenetic changes occurring in the cells. Ruiz Garcia et al 
(2019)[34] reported that ALI culture of BCs in two different epithelial cell media 
solutions showed different differentiation patterns; one condition led to formation 
of ciliated cells and goblet cells, while the other skewed BCs toward club cell 
differentiation and no ciliated cells were detected. Another important note about 
pre-culture steps is the homogenization and increased cell cycling of BCs after 
passaging, as described in paper I. Gene expression may also become skewed 
compared to primary cells because of the nature of expansion culture, which more 
closely resembles a wound-healing situation than homeostasis. 

The choice between which cells to use becomes necessary to consider on a case-by-
case basis. Sometimes practical and logistical factors dictate what studies are 
possible to perform; nevertheless it is important to take all these aspects into account 
when designing an assay and interpreting the readout. With the field of organoids 
and bioengineered lung tissue making great advances, in the future hopefully the in 
vivo conditions of the lung airways will become more realistically simulated in the 
lab. This means the cells used in these assays will be less affected by an unnatural 
environment and thus provide a more relevant basis for studying epithelial 
homeostasis and regeneration. 
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Conclusions and future perspective 

Paper I 
· The primary basal cell population with colony-forming capacity can be 

further purified using NGFR+ FSChigh FACS gates. 

· Primary human BCs are heterogeneous and quiescent; intermediate and 
differentiation-primed cell states exist within the population. In vitro culture 
conditions increase BC homogeneity and changes gene expression. 

· BCs from healthy and severe COPD patients exhibit a continuum of 
changing gene expression profiles. Healthy BC profiles were found in 
COPD tissue, promising future targets for endogenous regeneration. 

Paper II 
· Ciliated cells in IPF highly express pathways involved in ciliogenesis, as 

well as genes associated with cancer cell survival. 

· FTL is downregulated in IPF ciliated cells, suggesting a connection between 
iron metabolism and IPF pathology. 

Paper III 
· Aging lung epithelial cells show signs of DNA damage, oncogene 

expression, and impaired immune cell signaling. 

· Young and aged BCs differ in gene expression, but move toward a 
convergence point in expression profile when primed for differentiation. 

Paper IV 
· The BC is the cell of origin in squamous cell carcinoma tumors, and 

possibly acts as the cancer-initiating cell responsible for resistance to 
therapy and relapse. 

· TKT is expressed by KRT5+ SCC cells and should be investigated as a 
therapeutic target. 
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There are several promising research questions to pursue to make further use of the 
scRNA-seq data we have generated; I have mentioned some ideas for future studies 
in the discussion of the respective papers. In general, to help the epithelial 
regeneration field of research, a valuable yet perhaps underestimated avenue of 
study is to identify more cell surface markers to target with FACS antibodies. The 
ability to sort and purify each epithelial cell population from primary cell samples 
would be of great benefit in determining the role and capacity of different cell types. 
Especially for the rarer cell types, it is essential to be able to purify and enrich this 
population to have enough numbers to avoid their gene expression profiles getting 
lost in scRNA-seq data of multiple more common cell types. In addition, BCs with 
differing gene expression profiles should be tested for self-renewal and 
differentiation capacity separately, and this would be made convenient if surface 
FACS markers were identified for each BC subtype. 

scRNA-seq can indicate signaling molecules that cells are expressing to 
communicate with their surroundings, but more information is needed about where 
the signaling cells are located and which cells they are communicating with. To gain 
better understanding of cell-cell interactions, recently developed spatial 
transcriptomic assays would be interesting to employ; this makes it possible to track 
the gene expression of single cells while still fixed in tissue, showing the location 
of each mRNA transcript in the cellular niche. Thus we could illuminate the 
influence of structural parameters such as basal/apical location of epithelial cells, 
and the presence and proximity to resident immune cells and other cells known to 
interact with epithelial cells such as MSCs and fibroblasts. This knowledge is 
necessary to gain an understanding of the niche as a whole and will help us better 
design both in vitro models and cell-based therapy. 

In order to work toward stem cell-based therapy for lung disease, more knowledge 
is needed to correctly combine all necessary factors. We need to employ the 
necessary progenitor cells, and provide the right signals and niche environment to 
stimulate regeneration of functional tissue with all required cell types. For stem cell 
transplantation, we need to find a method to deliver the cells to the right location for 
engraftment, and finally we need to consider whether the diseased cells must be 
removed before the delivery of healthy stem cells in order to provide a “clean slate” 
to avoid relapse of diseased remodeling. 

In conclusion, the aim outlined in this thesis was to study the proximal human lung 
epithelium, to better understand progenitor roles and mechanisms for regeneration. 
This was done in healthy tissue, to further our knowledge of the normal life cycle 
of the lung epithelium, and in various lung diseases, to characterize the differences 
in cell phenotype and behavior leading to pathological progression and epithelial 
remodeling. The vision of finding the right cell types, pathways and genes to target 
in order to specifically and efficiently treat patients with these diseases permeates 
this thesis and the conclusions drawn in each paper provides new insights as well as 
a basis for further evaluation and functional verification. 
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Populärvetenskaplig sammanfattning 

Kronisk obstruktiv lungsjukdom (KOL) är den tredje största dödsorsaken i världen, 
enbart föregången av hjärt- och kärlsjukdom och stroke. Varför är denna sjukdom 
så vanlig, och vad ligger bakom den höga dödligheten? ”Rökning dödar” är välkänt, 
men 25-45% av de som får KOL har aldrig rökt tobak, och endast 15% av de som 
rökt hela livet får diagnosen. Kroniska lungsjukdomar som KOL och IPF (idiopatisk 
lungfibros) tros uppstå till följd av små skador i luftvägarna som inte läks på rätt 
sätt. Istället för att repareras med frisk vävnad, återbyggs luftvägarna felaktigt vilket 
leder till nedsatt lungfunktion. I KOL bryts cellväggarna ner och syreupptagning 
försämras, samtidigt som luftvägarna blir inflammerade och blockeras av slem. I 
IPF bildas istället ärrvävnad, vilket gör lungorna styva och man förmår inte längre 
att andas in och ut. Orsaken till dessa patologiska förändringar är inte alltid klar, 
men riskfaktorer som tobaksrökning, luftföroreningar och hög ålder tycks öka 
sannolikheten för att drabbas. 

Vad är det som gör kroniska lungsjukdomar så dödliga? Idag finns inget botemedel 
för dessa sjukdomar, man kan bara behandla symptomen och i bästa fall sakta ner 
sjukdomsförloppet. För nuvarande är därför den enda långsiktiga lösningen att göra 
en lungtransplantation. Dock är detta alternativ bara möjligt för ett fåtal patienter, 
och ett stort kirurgiskt ingrepp innebär många risker, särskilt då de flesta av 
transplantationsmottagarna är äldre med underliggande sjukdomar och 
läkemedelsbehandlingar som komplicerar operationen. Därför finns ett stort behov 
av att utveckla mer effektiva behandlingar. 

Kontaktytan mellan vår omgivning och kropp, där luften möter lungvävnaden, 
kallas epitel och består av ett flertal celltyper – alla med sin specifika funktion och 
roll. Epitelet är kroppens första försvar mot farliga partiklar i inandningsluften, 
därför är det den mest utsatta vävnaden i lungan och ofta först att ta skada. En frisk 
lunga har dock förmågan att läka sig själv när små skador sker i luftvägarna. Denna 
läkningsprocess, så kallad regenerering, sker genom att specifika lungstamceller 
börjar dela sig och sedan bilda de olika celltyper som normalt utgör frisk vävnad. 
Därmed repareras skadorna i epitelcellslagret. Denna regenerationsförmåga skulle 
kunna nyttjas för att utveckla nya behandlingsmetoder för kroniska lungsjukdomar 
– stamcellsterapi utgör här en lovande möjlighet. Men för att veta hur man bäst skall 
använda stamcellerna krävs djupare kunskap om lungans biologi och de 
mekanismer som styr sjukdomsförlopp. 
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För att förstå hur kroniska lungsjukdomar som KOL och IPF uppstår, krävs det en 
ökad insikt i vad som händer i epitelets celltyper under sjukdomsförloppet. 
Cellernas beteende är kopplat till vilka gener de uttrycker, s.k. genuttryck. En frisk 
epitelcell kan ha en genuttrycksprofil och dess sjuka motsvarighet en annan. Med 
högteknologiska instrument kan man studera hur genuttrycket i enskilda celler 
förändras, och skiljer sig åt, mellan frisk och sjuk vävnad. Denna nya kunskap kan 
ge underlag för utveckling av stamcellsterapeutiska behandlingar. 

Att utveckla stamcellsterapi är komplicerat, det är nödvändigt att ge stamcellerna 
rätt förutsättningar och signaler för att de skall kunna regenerera frisk vävnad. Att 
kartlägga dessa signaler har varit min forskningsinriktning under 
doktorandutbildningen, med målet att förstå i detalj hur lungans egna självläkning 
regleras. Dessutom har jag fokuserat på skillnaderna i genuttryck mellan friska och 
sjuka epitelceller för att utreda var sårläkningen går fel och ger upphov till 
sjukdomar kopplade till förändringar i epitelet. 

I studie I kartlade jag genuttrycket i celler från friska och KOL-sjuka luftvägar. Jag 
undersökte specifikt basalceller, som är stamcellerna vars roll är att bilda de andra 
celltyperna som epitelet består av. Detta för att felreglering av basalceller misstänks 
ligga till grund för förändringarna som orsakar sjukdomen. 

Genom att sortera basalcellerna baserat på genuttryck bildades ett spektrum. På ena 
sidan av spektrumet återfanns mest friska celler medan andra sidan utgjordes av 
mest sjuka celler. På detta sätt tror vi att vi kan följa utvecklingen av sjukdomen i 
basalcellerna på gennivå, till exempel ökade uttrycket av gener kopplade till stress 
och syrebrist gradvis genom spektrumet. 

Genom att identifiera och reglera de gener som styr basalceller till att utveckla 
felaktig epitelsammansättning, skulle vi teoretiskt kunna motverka 
sjukdomsförloppet. Ett intressant fenomen jag kunde observera var att de sjuka 
vävnadsproven faktiskt även innehöll basalceller vars genuttryck var snarlikt det i 
basalceller från frisk vävnad. Detta innebär att KOL-patienter fortfarande har en del 
egna friska stamceller kvar, en potential som skulle kunna nyttjas för att stimulera 
regeneration av epitelet utan att behöva transplantera stamceller från donatorer. 

I studie II gjorde jag en liknande jämförelse mellan genuttryck i epitelceller från 
friska och IPF-patienters luftvägar. Det är en mer ovanlig sjukdom än KOL, men 
symptomen är mycket allvarliga och patienter som får diagnosen IPF lever i 
genomsnitt bara 2-5 år. Här fanns den största skillnaden i genuttryck bland cilierade 
celler, de celler i epitelet med rörliga flimmerhår på ytan vars huvuduppgift är att 
transportera ut slem ur lungan. Cilierade celler kan dessutom skicka signaler till 
cellerna i sin omgivning vilket medverkar till frisk sårläkning, därför är deras roll i 
IPF intressant att undersöka. 

Jag upptäckte att cilierade celler från IPF-proverna uttryckte mycket lägre mängd 
av ferritin-protein (FTL) jämfört med friska celler. Det är intressant därför att FTL 
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reglerar mängden fritt järn i och utanför kroppens celler, och ansamling av för 
mycket järn har tidigare visats vanligt förekommande i IPF-lungor. För höga nivåer 
av järn i lungan ökar risken för bildning av fria radikaler, vilket skadar epitelcellerna 
och kan bidra till sjukdomen. Därför är det av intresse att undersöka kopplingen 
mellan IPF och FTL i epitelcellerna, för att se om det är en möjlig angreppspunkt 
för att bota eller förhindra sjukdomsutvecklingen. 

I studie III gjorde jag en jämförelse mellan genuttryck i epitelceller från friska 
personer uppdelade i två åldersgrupper (23-40 år och 64-75 år). Detta då ålder är en 
stor riskfaktor för såväl kronisk lungsjukdom som lungcancer. Målet var att 
kartlägga förändringar i epitelet som uppstår med ålder, för att försöka förstå på 
cellnivå vad som bidrar till att risken för lungsjukdom ökar. 

Resultaten visade att äldre epitelceller, både basalceller och cellsorterna de 
utvecklas till, uttryckte i högre grad gener med koppling till skador i DNA:t, men 
även cancer-relaterade gener. Detta innebär att åldringsprocessen förändrar 
epitelcellernas genuttrycksprofil, vilket troligen påverkar deras förmåga att effektivt 
läka sår. Detta utgör sannolikt kopplingen till åldersrelaterad kronisk lungsjukdom 
som ofta uppstår genom en felaktig läkningsprocess. Därför är det intressant att 
vidare utvärdera effekten av dessa ålders-beroende gener på epitelcellernas 
funktion. 

I studie IV fick jag möjligheten att studera genuttryck i lungcancertumörer. 
Cancerpatienter utvecklar ofta en resistens till kemoterapi och kan få återfall efter 
behandling. Det är sannolikt att de nya tumörerna utvecklas från en celltyp som går 
kan gå in i ett tillstånd av dvala. Det skyddar cellerna mot cellgiftsbehandlingen, 
och efteråt blir de aktiva och återbildar tumören. 

Eftersom basalceller har uppvisat överdriven celldelning till följd av stress från 
rökning och luftförorening, misstänks de vara ursprunget till tumörer i luftvägarna. 
När jag jämförde genuttrycket i tumörceller med friska epitelceller, hade 
tumörcellerna mest gemensamt med basalceller. Detta bekräftade vår teori att 
tumörerna utvecklats från felreglerade basalceller. Genom vidare studier på 
basalcellerna i tumören skulle vi i framtiden kunna utveckla metoder att påverka 
dem för att specifikt stoppa tumöråterbildningen och på så sätt effektivt kunna 
behandla lungcancerpatienter. 

Sammanfattningsvis handlar denna avhandling om lungepitelets förmåga till 
självläkning, och hur omgivningsfaktorer kan få regenerationsmekanismer att slå 
slint. Mina fyra studier har tillsammans genererat en stor mängd data som utgör en 
bas för fortsatt forskning, med intressanta indikationer om hur basalcellen kan 
komma att nyttjas i framtiden som en viktig komponent i ett stamcellsbaserat 
botemedel för kronisk lungsjukdom. 
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