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Abstract 

Idiopathic pulmonary fibrosis (IPF) is a chronic lung disease leading to 

a reduction of lung function, respiratory failure, and death. Around 3 million 

people are affected by IPF with a median survival after diagnosis of 

approximately 3 years. Currently there are no effective treatments available 

partly due to the incomplete understanding of molecular mechanisms that drive 

fibrosis through excessive accumulation of collagens, the hallmark of IPF. 

Low-density lipoprotein receptor-related protein 1 (LRP1) is a 

ubiquitously expressed cell-surface receptor that is involved in many 

physiological roles. LRP1 mediates clathrin-dependent endocytosis of various 

molecules (LRP1 ligands) and modulates cellular signalling pathways. The 

relevance of LRP1 gene to lung function was discovered by a large genome-

wide association study. However, little is known about its role in lung health 

and disease in vitro. 

In this study, the role of LRP1 in lung tissue in vivo was investigated 

using conditional Lrp1 knockout (KO) mice models. Since lung tissue consists 

of a variety of cell types, I first deleted Lrp1 in the whole body. Global deletion 

of Lrp1 gene in adulthood caused a rapid weight loss (>20%) and gastro-

intestinal abnormalities, suggesting a crucial role of LRP1 in the digestion 

system and difficulty to use this mouse model to investigate the respiratory 

system. Among various lung cells, fibroblasts play a major role in collagen 

deposition. I thus specifically deleted Lrp1 in lung fibroblasts and challenged 

the mice with bleomycin to induce lung fibrosis. I discovered that excess 

collagen deposition was observed in control mice, whereas almost no collagen 

accumulation was detected in fibroblast-selective Lrp1 knockout mice. I also 

found that the inhibition of LRP1-mediated endocytosis induces cell death of 

various types of cells in vitro, highlighting the cytotoxicity of prolonged 

presence of LRP1 ligands. Finally, I identified molecules regulated by LRP1 in 

lung tissue by proteomics analysis. 
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These findings shed light on novel in vivo roles of LRP1 that play a 

major role in the digestive system. Moreover, fibroblast LRP1 plays a crucial 

role in excess collagen deposition during the development of lung fibrosis. 

Identifying molecular mechanisms behind LRP1 function in collagen deposition 

may uncover new therapeutic approaches for lung fibrosis disease.  
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Chapter 1  Introduction 

Summary 

The introduction is to give an overview of respiratory system in healthy 

and pathological conditions and provide a rationale for the studies carried out 

in this research project. The first part of the chapter will describe the anatomical 

and biological functions of the lungs, including the role of extracellular matrix 

(ECM) remodelling and the lung fibroblast cells in the collagen deposition 

during lung fibrosis development. Next, I will highlight the role of the endocytic 

receptor LRP1 in regulation of signalling events and uptake of cellular 

molecules in a tissue-specific manner. Finally, undefined molecular 

mechanisms and the potential involvement of LRP1 in pulmonary fibrosis 

disease are discussed. 

1.1 Respiratory system and lungs 

The respiratory system is an elaborate biological structure composed of 

specialised organs, which are responsible for constant supply and exchange 

of oxygen between the air, blood, and cells.  In humans, this complex system 

is anatomically divided into an upper and a lower network of different organs, 

which are essential for inspiration (inhalation) and expiration (exhalation) 

process. The lungs are the major organs of the respiratory system and are 

situated in the thoracic cavity and surrounded by the sternum and ribcage on 

the anterior side and the backbones on the posterior side. In 1942, the Danish 

anatomist A. Kroug described the lungs as “the most evolutionary unique 

organs” where gas exchange takes place. The human lungs consist of the right 

lung and left lung, which are divided into three and two lobes, respectively 

(George, et al., 2014). The lungs consist of a well-defined anatomical structure 

to facilitate two vital functions: a balance exchange of oxygen entering and 

carbon dioxide leaving the body, and a host defence mechanism against 

foreign particles and pathogens during respiration (Figure 1.1) (Nomellini & 
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Chen, 2012). The capacity of a lung ranges from 2.5-6L and 50% of the overall 

weight of a single lung cell can be contributed to oxygen/CO2. The efficiency 

of the gas exchange process is determined by the presence of the “alveolar 

parenchyma”, where air and blood are conducted via the diffusion of the airway 

tree. The human lungs consist of 80% air and about 10% blood. The remaining 

part (100g) is made of “physical” tissue (Effros, 2006). 

 

Figure 1.1 Respiratory system. Respiratory system consists of the airways, the 
lungs, and the respiratory muscles that mediate the movement of air into and out of 
the body (Public domain, https://quizlet.com/372457089/respiratory-system-
diagram/). 

1.1.1  Biogenesis and development of lungs 

Lung morphogenesis occurs in a sequential process and can be 

separated into defined stages. The process begins during the embryonic stage 

where evaginations appear from the primitive gut, which invade the 

surrounding mesenchyme and continues up to branching of airways. The lung 

bud is made predominantly of epithelium and mesenchyme, which initiate a 

series of dichotomous separations up to the conducting airways and a total of 

five primordial lung lobes in human, two on left and three on right. During this 

stage, the major airways are convoyed by the tight pulmonary vasculature. A 



 

3 
 

progressive and complete division of the airways follows this stage into smaller 

branches, a complete formation of the diaphragm and a development of 

pulmonary “acini” (Hsia, et al., 2016). Postnatal lung development occurs into 

additional stages (Burri, 2006). Interestingly, alveolarization has been shown 

to occur in the latest stage of life, suggesting that lung development goes on 

until the adult age (Yammine, et al., 2015). For instance, branching of the 

respiratory organs endures into the pseudoglandular stage of the 

development. Microvascular maturation, also known as postnatal lung 

development phase, occurs through 3 years of age. In fact, during the first 2 

years of age to adulthood, the lung volume proportionately expands to the 

body-weight (Fraga & Guttentag, 2012).  

The amount of information to which all these programmed mechanisms take 

place during the prenatal and postnatal lung development, is still limited for 

pulmonary researchers.  

1.1.2  Lung parenchyma 

As the airway tree grows, the pulmonary arteries and veins form an 

integrated system of three interdigitating trees with their stems in the hilar 

region and their terminal branches converging in the gas-exchanging distal 

region (Hsia, et al., 2016) (Figure 1.2). The lung parenchyma is where the gas 

exchange occurs and consists of alveoli, alveolar ducts, bronchioles, 

capillaries, and other respiratory interstitial tissues.  

The most important functional unit of the lung parenchyma is the 

alveolus. Each alveolus directly expands to an alveolar duct and into a 

respiratory bronchiole.  These structures are mainly composed of a connective 

tissue, called “parenchymal interstitium” consisting of ECM proteins such as 

collagen, elastin, proteoglycans and reticulin. The entire lung parenchyma 

covers a large number of alveoli, where the majority of gas exchange takes 

place. The alveoli experience mechanical stress during inspiration and 

expiration by the expansion tensions generated from surrounding tissues and 
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adherent cells (Bates & Suki, 2008). Thus, the ECM proteins determine the 

mechanical properties, lung function and biology. Therefore, the 

biomechanical forces in the lung are critical determinants for the activation of 

cell signalling pathways in different stage of the lung development such as 

branching, surfactant production by alveolar epithelial cells (Wirtz & Dobbs, 

2000), contraction of airway smooth muscle cells (Fredberg, et al., 1997) and 

ECM remodelling (Burgstaller, et al., 2017)     

 

Figure 1.2 Cast of human bronchial tree. Airways (yellow), pulmonary arteries 
(red), and pulmonary veins (blue) (Hsia, et al., 2016). 

1.1.3  Alveolus 

The alveoli are the primary and smallest lung structures where gas-

exchange between lungs and bloodstream taken place and account for 

approximately 90% of total pulmonary volume. Each alveolus is balloon-

shaped with a very thin wall where the remaining non-parenchyma section 

consists of conducting airways and vessels. The most distal part of the alveoli 

is connected to the airways. Alveoli can be considered as largely abundant 

respiratory sacs, which are sited at the side-line of bronchioles and are 

surrounded by a vast network of pulmonary capillaries (Khan et al., 2021). The 
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surface of the inner respiratory membrane in each alveolus is covered with a 

fluid surfactant produced by alveolar cells localised on the alveolar walls. 

Alveoli are organised in clusters throughout the lungs and localised at the ends 

of the branches of the respiratory tract. The inter-alveolar septum facilitates 

the gas exchange in the lung and is essential for separating the alveolar space 

(air) from the capillary space (blood) (Powers & Dhamoon, 2021).  

In the alveoli two types of cells can be distinguished: alveolar type I 

(AT1), responsible for the oxygen and CO2 exchange, and type II (AT2), 

involved in the production of surfactant and in the repair process by 

differentiating into type I cells. The ratio of type I to type II is approximately 1:2 

(Crapo, et al., 1982). The alveoli also consist of immune cells such as alveolar 

and interstitial macrophage cells. The alveolar macrophages represent the first 

line of defence in the air spaces from infectious and toxic particles. Clusters of 

alveoli are organised into larger functional units called acini and human lungs 

consist of approximately 30,000 acini. An acinus is considered the beginning 

of the bronchiole structure (Basil, et al., 2020). Under normal conditions, the 

entire lung parenchyma is continuously subjected to volume changes of the 

alveolar spaces for the respiratory cycle. For instance, the inter-alveolar 

septum covers a secondary functional role to maintain stability and flexibility 

during the movements of the thorax for the respiration process. Physical or 

chemical damage of the alveolus frequently occurs throughout life and the 

wound repair process is tightly regulated by cellular mechanisms orchestrated 

for the maintenance of lung tissue homeostasis. However, when these repair 

mechanisms fail to reconstruct the alveolar structure, detrimental 

consequences occur in the lung parenchyma (Basil, et al., 2020). The 

disruption of the alveoli structures, therefore, is recognised as one of the 

earliest events that leads to the development of many lung diseases such as 

lung cancer, pulmonary fibrosis (Maher, et al., 2008; Chambers, et al., 2008; 

Datta, et al., 2011), chronic obstructive pulmonary disease (COPD) (Chilosi, et 
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al., 2012), emphysema (Rennard & Vestbo, 2006) and asthma (Shifren, et al., 

2012).  

1.2 Lung cells 

In 2020, a study by Travaglini et al., used droplet and plate-based single 

cell RNA sequencing of 75,000 human cells to identify in total 58 

transcriptionally exclusive cell populations in human lungs. Among these 58 

cells types 15 epithelial, 9 endothelial, 9 stromal and 25 immune populations 

have been identified (Travaglini, et al., 2020). Resident cells of the respiratory 

tract composition are different between large airways and alveoli. Large 

airways consist of many cells such as ciliated, basal, secretory, 

neuroendocrine, and goblet. The self-renewal and differentiation of lung 

epithelial cells are modulated by other neighbouring cells, such as epithelial 

cells, mesenchymal cells, airway smooth muscle, neurons and neuroendocrine 

cells, endothelium, and various leukocyte populations (Barkauskas, et al., 

2013; Cao, et al., 2017; Lechner, et al., 2017; Lee, et al., 2017; Rafii, et al., 

2015; Zepp, et al., 2017). Pulmonary alveolar epithelium is composed of AT1 

and AT2, which are in close contact with alveolar macrophages and fibroblasts 

(Barron, et al., 2016; Basil, et al., 2020). Studies of comparative biology of 

human lung tissue has found cellular and structural differences that make it 

unique from its murine counterparts. The mouse consists of 13 generations of 

airways, compared to an average of 23 generations in the more branched 

human lung.  The terminal end of the airways in human lung contains 

respiratory bronchioles interspersed with alveoli while the murine conducting 

airways terminate into alveolar sacs. Overall, these structural differences 

reflect the complexity of the respiratory system in large mammals. While there 

are differences across the anatomical structure, the fundamental cellular 

composition of the alveolus appears to be relatively similar. For example, AT2 

cells population has been identified in both mouse and human lungs and 

display a similar response to injuries (Beers & Moodley, 2017) (Figure 1.3). 
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Furthermore, non-functional epithelial cells have been shown in both murine 

and human lung in a maladaptive repair respiratory response (Vaughan et al., 

2015). Recently, ionocyte cells have been identified as one of the newest 

members of lung epithelial cell, in both mouse and human pulmonary tissue, 

but the functional role is still unclear (Montoro et al., 2018).  

 

Figure 1.3 Various cell types in distal airways and alveolus in human and murine 
lung tissue. (A)Intermediate human airways contain a basal cell layer and significant 
numbers of goblet cells whereas the mouse intermediate airways (B) lack extensive 
numbers of goblet cells and also lack basal cells. (C) Table of cell types found in 
human and/or mouse airways (Basil, et al., 2020). 
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1.2.1  Lung epithelial cells 

The respiratory epithelium consists of cells that function to moisten the 

outer surface of the lungs and provide a shield against toxins, pathogens, and 

tissue injury. In this context, epithelial cells are also involved in mucociliary 

clearance and resistance of mechanical tensions in the alveoli (Whitsett & 

Alenghat, 2015). The bronchial epithelium plays a key role in the immune 

response in the whole airway surface, by the presence of inflammatory 

mediators such as cytokines, chemokines, growth factors, and arachidonic 

acid metabolites (Van Der Weijden, et al., 1998). The respiratory epithelium is 

a pseudostratified layer consisting of three cell types. Firstly, goblet cells, 

which contribute to the secretion of mucus and maintain the epithelial moisture. 

Secondly, basal cells, which can differentiate into other cells to activate the 

repair process and restore healthy tissue. Finally, cilium cells are responsible 

for the movement of microbes and debris out of the respiratory tract (Kia'i & 

Bajaj, 2022). 

1.2.2  Alveolar cells 

AT1 cells cover more than 95% of alveolar surface and are important 

for facilitating the passive gas diffusion between alveoli and capillaries. AT1 

cells create a pseudobarrier, which facilitates gas exchange (Crapo, et al., 

1982; Williams, et al., 2003). Electron microscopy have been previously used 

to show that AT1 cells have a thin diameter less than <0.1 μm with a complex 

morphology in the formation of numerous alveoli (Weibel, 2015; Stone & 

Marietta, 1994). During alveologenesis, AT1 cells expand their surface area to 

accommodate postnatal lung growth retaining an important cellular plasticity 

property (Yang, et al., 2016). AT2 cells comprise a small part of the total alveoli 

surface (around 5%) in comparison to AT1 (95%) and they constitute around 

60% of alveolar epithelial cells and 15% of all lung cells. AT2 are cuboidal cells 

involved in the production of lung surfactants, a mixture of phospholipids and 
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surfactant proteins, to maintain mechanical tension in the alveoli structure 

(Fehrenbach, 2001; Beers & Moodley, 2017) and the level of surface tension 

in the alveoli structures, which prevents tissue collapse (Zhao, et al., 2010). In 

the normal lung, AT2 cells are considered as stem cells for the ability to self-

renew and differentiate into AT1 cells at a very low turnover rate (Barkauskas, 

et al., 2013; Desai, et al., 2014; Wu & Song, 2020). Additionally, AT2 cells 

provide a fluid layer on the alveolar surface by sodium transporters that 

regulate apical to basolateral fluid transport (Eaton, et al., 2004; Selman & 

Pardo, 2006; Shannon & Hyatt, 2004). 

1.2.3  Pulmonary macrophages 

Pulmonary macrophages are a heterogeneous cell population with 

different functions, such as phagocytic, antigen processing, immune 

surveillance, and resolution of inflammation (Gordon & Read, 2002). 

In the lung tissue, there are two different types of macrophages: 

alveolar and interstitial. Therefore, lung macrophages throughout the 

respiratory system are key effector cells involved in the first line of defence 

against pathogens by modulating the immune response (Busse & Lemanske, 

2001). The precursor cells of lung macrophages originate from haemopoietic 

organs and are recruited to the lung via blood or lymph as monocytes. As 

monocytes enter to the lung, they shift their phenotype to macrophage, strictly 

depending on the site and state of activation. The process of differentiation 

from monocytes to macrophages is regulated by the release of cytokines from 

respiratory cells (Hussell & Bell, 2014).  

Alveolar macrophages can migrate from bronchioles to the pulmonary 

interstitium, where they are in close contact with the type I and II epithelial 

cells. Respiratory macrophages modulate the interaction with other cells of the 

immune system to orchestrate a response that maintains immunologic and 

tissue homeostasis in the body (Lambrecht, 2006). Two distinct phenotypes of 

alveolar macrophages have been found: macrophages type 1 (M1) are 



 

10 
 

activated via classical pathways and macrophages type 2 (M2) are 

macrophages activated via alternative pathways. The M1 phenotype is 

involved in the release of inflammatory cytokines and the M2 phenotype is 

involved also in phagocytosis and collagen deposition (Viola, et al., 2019; Xue, 

et al., 2014). 

1.2.4  Lung fibroblasts  

Fibroblasts are the most abundant cell type in connective tissues 

throughout the whole body and constitute the bulk of the widely spaced ECM 

(Wight & Potter-Perigo, 2011). Fibroblasts generate an interconnecting 

network of ECM proteins such as collagen, elastin, laminins, fibronectin (FN), 

and other glycoproteins (Kalluri, 2016). Fibroblasts provide additional 

biological functions for the cells beyond the production of a robust repertoire 

of ECM proteins. In fact, they are involved in wound healing, inflammation, 

angiogenesis, cancer progression and fibrosis development (Kendall & 

Feghali-Bostwick, 2014). Lung fibroblasts are crucial for the maintenance of 

alveolar structure integrity, response of damage, recruiting inflammatory cells, 

airway remodelling and disease (Kendall & Feghali-Bostwick, 2014). They 

consist of a large, flat, elongated shape with an extending protrusion from the 

ends of the cell. Fibroblasts are plastic-adherent mesenchymal cells (MSCs) 

derived from non-differentiated embryonic mesoderm tissue (Aronson, 1983; 

Barry & Murphy, 2004; Javazon, et al., 2004). Furthermore, lung fibroblast cells 

are the major source of ECM proteins in the respiratory system, such as 

collagen I and III which are important to maintain a stable framework in the 

tissue and to control the ECM degradation through the production of matrix 

metalloproteinases (MMPs) (Greenlee, et al., 2007). As part of the self-repair 

mechanism upon injury, fibroblasts interact with ECM proteins through 

chemical signals from inflammatory mediators and promote their proliferation 

and cellular differentiation to myofibroblasts cells (Royce, et al., 2012). Lung 

fibroblasts constitute 10%-20% of all lung cells, which has complicated their 
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study and understanding of their specific functions in pulmonary fibrosis 

(Barron, et al., 2016). Normal resident lung fibroblasts can be identified by their 

expression of many markers such as, platelet-derived growth factor receptor 

(PDGFR) α, cluster of differentiation 146 (CD146), collagen type I, vimentin, 

and desmin (Marriott, et al., 2014). Fibroblasts cells show a different 

phenotype across sites of the same organ as shown in skin (Jelaska & Korn, 

2000) and lung (Pechkovsky, et al., 2010). Cell signalling modulators such Wnt 

(Liu, et al., 2013), Neurogenic locus notch homolog protein (Notch) (Kavian, et 

al., 2012), and Sonic hedge- hog ligands (Stewart, et al., 2003; Petrova & 

Joyner, 2014) are involved in the myofibroblasts differentiation from precursor 

fibroblast cells in vivo and in vitro after cytokine stimulation. A variety of cells 

have been identified as myofibroblasts precursors such as epithelial cells, 

smooth muscle cells, perivascular adventitial cells, pericytes and fibrocytes 

(Kendall & Feghali-Bostwick, 2014). A study by Rock et al. showed focal 

presence of fibroblasts from stromal cells using a murine model of a 

recombinant td-Tomato and f-GFP tags (Rock & Hogan, 2011). Another source 

of myofibroblasts during fibrosis has been hypothesised to originate from 

endothelial cells (Piera-Velazquez, et al., 2011). All these biological processes 

of fibroblasts including wound healing, inflammation, fibrosis, angiogenesis, 

play critical roles in cancer by regulating the tumour-environment, tumour size, 

and tumour metastasis (Mueller & Fusenig, 2004). Since fibroblasts are the 

main cells involved in the fibrosis development, they are the most studied 

candidates in the therapy and treatment of pulmonary fibrosis diseases.  

1.3 Lung diseases 

Lung diseases are the most common medical conditions and highest causes 

of death worldwide (Soriano, et al., 2020). As a result of their frequency, 

respiratory diseases inflict an enormous worldwide health burden. Five of the 

30 total recognised respiratory diseases are some of the most common causes 

of death: asthma, chronic obstructive pulmonary disease (COPD), pulmonary 
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fibrosis, acute respiratory distress syndrome (ARDS) and lung cancer (Figure 

1.4) (Wang, et al., 2016).  

An estimated 65 million people are affected by COPD making it the third 

leading cause of death worldwide (Quaderi & Hurst, 2018). Hallmarks of COPD 

are irreversible lung damage followed by a consistent impairment of the 

respiratory capacity due to a restriction of the airflow through the bronchi and 

lungs (Devine, 2008). COPD patients are typically characterised by chronic 

obstructive bronchitis, pulmonary emphysema, and mucus plugging (Barnes, 

2000). It has been reported a genetic risk due to alpha-1-antitrypsin enzyme 

deficiency in less than 1% of patients (around 1 in 100) affected by COPD 

(Brode, et al., 2012). Cigarette smoke and other irritant substances are able to 

activate alveolar macrophage and epithelial lung cells to stimulate neutrophils 

to release proteases such as cathepsins, elastase and other MMPs resulting 

in an excessive mucus hypersecretion and emphysema (Keating, 2012; 

Stockley, 1999). Activated lung epithelial cells further activate cytotoxic T cells 

involved in the inflammatory cascade (Liu, et al., 2011). Previous findings have 

highlighted the presence of apoptosis in alveolar and bronchial epithelial cells 

in the lung parenchyma of patients suffering from COPD (Henson, et al., 2006). 

Although there is improved research behind the molecular pathophysiology of 

the COPD, little is known about the cellular mechanisms and there have been 

few advances in the therapy treatments, which target underlying mechanism 

of the disease. 

Globally, ARDS affects more than 3 million people a year and is known 

to impact a wide range of ages (Bellani, et al., 2016; Fan, et al., 2020). ARDS 

may resolve completely after an initial acute phase or progress to 

fibroproliferative stage with the development of pathologic tissue in a chronic 

inflammation context. ARDS is characterised by a diffuse inflammation of lung 

tissue with an increased permeability to liquid across the lung endothelium, 

which causes oedema in the lung interstitium. The global COVID-19 pandemic 

has seen a consistent number of patients with ARDS. Observational studies 
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suggest a similarity in the molecular mechanisms of ARDS between patients 

with COVID-19 and patients with ARDS from other causes (Fan, et al., 2020). 

An early recognition of ARDS and an ongoing effort to better understand the 

mechanisms of lung injury could improve clinical outcomes and design new 

therapeutic treatments.  

Lung cancer is the leading cause of cancer-related deaths worldwide 

with a relatively high rate of mortality compared with other types of cancer. 

More than 1.76 million deaths globally have been attributed to lung cancer and 

around 47,000 people are diagnosed every year in the UK alone (WHO, 2020) 

(Thai, et al., 2021). It is commonly classified in two groups: non-small cell lung 

carcinomas (NSCLC) or small-cell lung carcinomas (SCLC) (Travis, et al., 

2015). In 2019, an estimated 80% of all deaths from lung, tracheal and 

bronchus cancer were linked to risk factor exposure. Smoking was identified 

as the leading risk factor of lung cancer contributing to 64% of total deaths for 

both sexes (Ebrahimi, et al., 2021). 

Many other lung diseases, such as smoking-associated and interstitial 

lung diseases (ILDs) can involve a combination of all these conditions. ILDs is 

a group of lung diseases, which consist of a mixture of fibrosis and 

inflammation of the lung parenchyma. Among the ILDs, the idiopathic 

pulmonary fibrosis (IPF) is the most common with an elusive aetiology 

(Kalchiem-Dekel, et al., 2018). 
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Figure 1.4 Percentage of UK death from IPF. Figure revised from British Lung 
Foundation (BLF): http://www.statistics.blf.org.uk/pulmonary-fibrosis.  

 

1.3.1 Idiopathic pulmonary fibrosis (IPF) 

IPF is a pathological condition in which the lungs are damaged by the 

formation of scar tissue over time and a slower oxygen flow through the 

respiratory tracts to the blood. It is frequently associated to the end-result and 

effect of other ILDs. IPF is one of the most common ILDs, and a prototype of 

chronic, progressive and fibrotic lung disease (Richeldi, et al., 2017). 

Epidemiology studies observed a rising number of patients affected by 

pulmonary fibrosis, which affects 3 million people worldwide (Nalysnyk, et al., 

2012). The most common clinical features in the pathophysiology of IPF 

include ages between 50-70, dry cough, insidious onset of shortness of breath 

on exertion, chronic hypoxemia with a consequent abnormal pulmonary 

function test result (Flaherty, et al., 2019; Maher, et al., 2020). The prognosis 

of IPF is poor with a median survival of 3 years after diagnosis, and currently 

nintedanib and pirfenidone were approved as treatments in slowing the 

http://www.statistics.blf.org.uk/pulmonary-fibrosis
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progression of IPF (Walters & Kleeberger, 2008) (Wollin, et al., 2014). 

Although IPF has been considered rare within the context of other the lung 

diseases, the incidence of IPF has consistently risen over the last century. In 

fact, it has been registered in 5 million people worldwide per year (Maher, et 

al., 2021) (Figure 1.5).  

 

Figure 1.5 Axial computed tomography (CT) image of a patient with IPF. Note 
the progressive ECM deposition in the lung parenchyma indicated with red arrows 
(Robbie et al., 2017).  

Environmental and genetic factors play an important role in the 

pathogenesis of IPF but the identification of the molecular mechanisms behind 

the IPF development has been challenging. For instance, cigarette smoking 

has been associated as risk factor for the development of IPF in patients.  

(Baumgartner, et al., 1997). Since 1990, cumulative sources of evidence 

support the hypothesis that environmental agents may play an etiologic role in 

IPF including virus, wood dusts, metal, silica, and stone (Raghu, et al., 2011; 

Hubbard, et al., 2000; Taskar & Coultas, 2006). Increasing data associate 

genetic predispositions to IPF development within the presence of rare genetic 

variants in genes responsible for surfactant production (SFTPC, SFTPA2) and 

telomere activity (TERT, TERC, PARN) (Armanios, et al., 2007; Wang, et al., 

2009; Richeldi, et al., 2017). 
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Repetitive microinjuries in the alveolar epithelium leads to basement 

membrane disruption with the activation of a strong immune response and 

consequent dysregulated repair signalling. Myofibroblasts recruitment, 

epithelial mesenchymal transition, and fibroblast to myofibroblasts transition 

are responsible for the activation of a positive feedback loop where an 

increased deposit and over production of ECM (collagen I and III) occur and 

finally lead to an altered tissue stiffness in the lungs (Figure 1.6). IPF is 

currently considered an epithelium-driven disease where an aberrant 

epithelial-mesenchymal crosstalk causes a dysregulated ECM remodelling. 

Concurrently, the replacement of normal wound healing repair system with 

chronic fibrosis and the deposition of ECM creates an unbalanced level 

between profibrotic and fibrotic mediators (Richeldi, et al., 2017; Todd, et al., 

2012). Tissue repair consists of three distinct cellular processes: immune 

recruitment after damage, activation of immune cells and myofibroblasts, and 

myofibroblast renewal of ECM (Jun & Lau, 2018). In this context, macrophages 

play a key role in inflammatory response during fibrosis development. 

Macrophages have been found in proximity with collagen-producing 

myofibroblasts and to shift their cytokine pattern profile to pro-fibrotic 

mediators including transforming growth factor-β (TGF- β) (Wynn & Barron, 

2010). 
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Figure 1.6 Schematic illustration of pathological mechanism of bleomycin-
induced pulmonary fibrosis. A comparison between healthy and fibrotic lung tissue 
is shown. Figure created in biorender.com 

TGF-β is one of the most important fibrogenic inducer of ECM 

production, such as collagen and other matrix proteins (Yue, et al., 2010). The 

major cellular sources of TGF-β overproduction during the development of lung 

fibrosis are fibroblasts, alveolar macrophages and alveolar epithelial cells 

(AECs) (Broekelmann, et al., 1991; Khalil, et al., 1991). In animal models, it 

has been demonstrated that the overexpression of TGF-β leads to the excess 

synthesis and collagen deposition. Although it has been demonstrated that all 

three TGF-β isoforms stimulate fibroblasts to produce collagen in vitro, TGF-

β1 is the most expressed isoform during lung fibrosis and induces the 

differentiation of fibroblasts to myofibroblasts (Baecher-Allan, et al., 2018; Yue, 

et al., 2010). By contrast, it has been demonstrated that TGF-β1 is able to 
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suppress an inflammatory process when released by regulatory T-cells by 

Interleukin-10 (IL-10) stimulation. Taken together, these findings explain that 

TGF-β1 could simultaneously suppress inflammation and activate collagen 

synthesis responses in myofibroblasts (Kitani, et al., 2003). For this purpose, 

a better understanding of this cytokine could provide advantages not only in 

relation to a suppression of inflammatory response, but also in relation to the 

capacity of TGF-β1 to mediate fibrosis.  

1.4 Bleomycin-induced lung fibrosis 

Animal models are an indispensable scientific tool for the investigation 

of many diseases. They are employed for the study of the pathophysiological 

mechanisms and in the development of potential therapeutic strategies.  

Chronic diseases are more difficult to model mainly due to complex 

pathogenesis with a full range of features. Animal models remain the most 

used approaches available for exploring key traits of IPF disease. Historically, 

the first to be developed and used widely is the bleomycin model, which is 

currently well-characterised due to its capacity to reproduce and mimic many 

aspects of IPF condition (Figure 1.6). Bleomycin is an antibiotic, which was 

discovered and isolated from culture of the bacterium Streptomyces verticillus 

in 1962 by the Japanese scientist Hamao Umezawa (Adamson, 1976; 

Umezawa, et al., 1967). It is typically employed in chemotherapy due to its 

anti-cancer properties, to treat lymphoma, squamous cell cancers, sarcoma, 

testicular cancer, ovarian cancer, and lung cancer 

(https://www.drugs.com/monograph/bleomycin.html). The bleomycin is a non-

ribosomal peptide which induces single and double DNA breaks with a potency 

to stop the cell cycle during the progression of cancer. Along with its 

therapeutic effects in the cancer treatment area, several side effects have 

been reported. (Williamson, et al., 2015). Although bleomycin is effective as 

an anti-cancer agent, its therapeutic use is limited due to pulmonary toxicity. 

For instance, one of the reported side effects is the development of lung 

https://www.drugs.com/monograph/bleomycin.html
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fibrosis due to the lack of the bleomycin hydrolase (BLMH). Whilst BLMH is 

known to be expressed in the entire human body, its physiological role in lungs 

is still not clearly understood. BLMH is a well-conserved cysteine protease 

widely expressed in several mammalian tissues and is able to inactivate 

bleomycin activity. Although the bleomycin model of lung fibrosis is 

reproducible, it presents limitations due to the lack of hyperplastic alveolar type 

II cells, usually induced by chronic damage (Mouratis & Aidinis, 2011). 

Nevertheless, the bleomycin model of lung fibrosis remains a fundamental tool 

in this field of research.  

1.5 Extracellular matrix (ECM) 

ECM is a three-dimensional network consisting of a non-cellular 

component and macromolecules, such as proteoglycans (PGs) and other 

fibrous proteins that provide structural support to organs, tissues, and 

surrounding cells (Theocharis, et al., 2016; Bonnans, et al., 2014). The ECM 

is responsible not only for supporting the cellular constituents but is also 

required for many biological functions such as tissue morphogenesis, 

development, homeostasis, and differentiation (Frantz, et al., 2010). In 2012, 

the “matrisome project” has been established for the development of an 

inventory of ECM, identifying ~300 proteins as core components of the ECM 

within a mixture of previously identified proteins (Hynes & Naba, 2012). 

Comparative and genome sequencing analysis identified two key components 

of the ECM: the interstitial connective tissue, involved in the structural 

scaffolding for tissues surrounding the cells, and the pericellular matrices such 

as the basement membrane (BM), which is adjacent with the cells (Bonnans, 

et al., 2014). All cells including epithelial, fibroblasts, immune cells and 

endothelial cells, produce and secrete matrix macromolecules thus 

contributing to the composition of ECM compartment (Theocharis, et al., 

2016). Although the ECM is composed of water, proteins and polysaccharides, 

each tissue has a unique and specific ECM composition, which is generated 
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during tissue development. Moreover, the ECM is constantly remodelled, 

deposited, and degraded for the maintenance of tissue homeostasis (Zhang & 

Newton, 2021). The composition and organisation of ECM are tightly and 

spatiotemporally regulated to drive cell behaviour during the cellular 

differentiation stage (Walker, et al., 2018). Dysregulation of its remodelling 

alters the composition and structure of the ECM components, leading to the 

development and progression of pathological conditions such as osteoarthritis, 

cardiovascular disease and tissue fibrosis, commonly characterised by an 

excessive degradation and accumulation of the ECM- (Cox & Erler, 2011; 

Bonnans, et al., 2014; Selman & Pardo, 2006).  

1.5.1 Structure and function of ECM 

The ECM is predominantly composed of PGs and fibrous proteins 

(Järveläinen, et al., 2009; Schaefer, 2010). Together these macromolecules 

produce the highly specialised polymeric BM, the scaffold for mechanical 

interactions with integrins and other receptors required for cell signalling 

(Breitkreutz, et al., 2009), and interstitial matrix, the porous three-dimensional 

networks (Harburger & Calderwood, 2009). The interstitial matrix controls the 

structural integrity of tissues but also regulates cell differentiation and 

migration (Winkler, et al., 2020). The protein composition of the interstitial 

matrix mainly includes collagens I, III, V, fibronectin, and elastin (Frantz, et al., 

2010) (Figure 1.7). The BM consists mainly of collagen IV and laminins, which 

are interconnected through different network-bridging proteins such as 

heparan sulphate proteoglycans (HSPGs) (Winkler, et al., 2020). BMs-cell 

association is essential for establishing cell polarity and is crucial for many 

developmental processes (Jayadev & Sherwood, 2017). In fact, BM is 

anchored to cell surfaces through interactions with adhesion receptors and 

sulphated glycolipids. ECM remodelling involves over 700 proteins and 

changes overall abundance, concentration, structure, and organisation of 

individual ECM components. Such remodelling affects the three-dimensional 
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spatial topology of the matrix around cells, its biochemical and biophysical 

properties and consequently its effect on cell fate (Naba et al., 2016). 

The composition and topology of the ECM is different from one tissue 

to another and even within the same organs, as well as from a normal to 

pathological tissue (Frantz, et al., 2010). Different quantities and types of 

collagens, adhesion molecules, proteoglycans, growth factors and cytokines 

or chemokines are present in ECM in the different tissues (Kleinman, et al., 

2003). For example, cartilage ECM is rich in collagen II and proteoglycans for 

resisting functions, and the BM is mainly made of laminin and non-fibrillar 

collagen forming a separating interface between different tissue layers, and 

ECM acts as a molecular filter in the kidney (Breitkreutz, et al., 2009; Kuure, 

et al., 2000).  

 

Figure 1.7 Schematic overview of ECM and its major components. Although the 
ECM composition varies depending on the tissue, the matrix is mainly composed of 
collagen, elastin, fibronectin, and laminin proteins assembled into an organised 
meshwork (Poole & Mostaço-guidolin, 2021). 

Although the ECM represents an evolutionarily conserved composition of 

molecules and non-cellular components, the characterisation of its 

composition is currently revealing new insights into ECM structure and 
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function. However, the total identification of extracellular proteins still 

represents a challenging process due to the insolubility nature of these 

macromolecules (Byron, et al., 2013).  

1.5.2 Collagen 

Collagens are the most abundant proteins in mammals. Since their 

discovery, 28 collagen types have been identified and subclassified into 

subfamilies (Ricard-Blum, 2011). Collagen proteins conserve all the same 

trimeric structure: a right-handed triple helix with three separate collagen 

chains ranging between 662–3152 amino acids twisted around each other 

(Ottani, et al., 2002). The typical tropocollagen subunit is a rod of 

approximately 300 nm long and 1.5 nm in diameter, made up of three 

polypeptide strands, each of which is a left-handed helix (note that the α-helix 

is right-handed). The distinct quaternary structure of collagens is stabilised by 

hydrogen bonds among neighbouring molecules (Gordon & Hahn, 2010). One 

of the collagen subfamilies are the fibrillar collagens that have been described 

in almost all animals and are the components of striated fibrils (Exposito, et al., 

2010). This family includes fibrillar collagens types I, II, III, V, XI, XXIV and 

XXVII. Recent proteomic data on mouse models of lung ageing identified 

specific changes in levels of type IV and type VI as well as the two fibril-

associated collagens with interrupted triple helices (FACIT), namely type XIV 

and type XVI collagens (Onursal, et al., 2021). In addition, levels of the 

extracellular collagen crosslinking enzyme lysyl oxidase are decreased, 

indicating less enzymatically mediated collagen crosslinking upon ageing (van 

Huizen, et al., 2019; Onursal, et al., 2021). Collagens I and III are both 

classified as fibril-forming interstitial collagens. Both are predominantly found 

in tissues with elastic properties such as skin, vasculature and lung (Hulmes, 

2008). The collagen fibrillar family is the most abundant component of the 

airway ECM. In fact, the lung consists mainly of collagen types I and III, 

accounting for 90 % of total lung collagen proteins (Bates & Suki, 2008). These 
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collagens are localised in the alveolar wall and respiratory septa while type IV 

collagen is accumulated in the BM and type II collagen is present in most 

airway cartilage structures (Ito, et al., 2019). Type I collagen is responsible for 

mechanical stability and structure of the airways ECM (Liu, et al., 2009; Liu, et 

al., 2021). Type II collagen is the major component of airway cartilage (95% of 

total collagen), facilitating chondrocyte synthesis of ECM (Pieper, et al., 2002; 

Borgia, et al., 2018). Both molecules also provide a structural framework in the 

bronchi, interstitium, and alveolar wall (Sobin, et al., 1988; Davidson, et al., 

1993). The ratio type I/type III determines the resistance of collagen fibres 

under mechanical forces during tissue stretching (Table 1.1) (Bates & Suki, 

2008).  

Table 1.1 Collagen subtypes cover different roles in airway (Liu et al. 2021). 

 

1.5.3 ECM-cell communication  

The ECM plays an important role in the cell adhesion function and 

mediates direct interactions of the cell with its extracellular environment. In 
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fact, it is considered to provide a substrate to cell-cell communication that is 

assisted by cell adhesion molecules (CAMs). ECM proteins and structures can 

determine the cell behaviour, migration, proliferation and survival by 

communicating with the intracellular cytoskeleton and transmission of growth 

factor signals (Kim, et al., 2011). Integrins and proteoglycans are the major 

ECM adhesion receptors which cooperate in signalling events, determining the 

signalling outcomes, and thus the cell fate (Schwartz, 2010). The cells can 

physically attach transitory or permanently to the ECM via these adhesion 

receptors (Berrier, et al., 2007).  

Two types of ECM receptors can be distinguished in non-integrin and 

integrin receptors. However, their role in homeostasis and fibrosis are partially 

understood. The regulation of cell signalling by the ECM macromolecules 

takes place either directly or indirectly. In direct regulation, the ECM 

macromolecules interact via integrins (O'Toole, et al., 1994) or other types of 

cell receptors such as a receptor for hyaluronan (HA), namely CD44, and 

syndecans (Radotra, et al., 1994; Afratis, et al., 2017). In indirect regulation, 

ECM macromolecules co-operate concurrently with several receptor 

molecules and GFs (Kim, et al., 2011). It has been demonstrated that cells 

respond to mechanical forces by remodelling of the ECM. For example, 

stretching of fibroblasts activates expression of genes for collagens, 

fibronectin, and MMPs contributing to the repertoire of ECM (Chiquet, et al., 

2003). This function is important for the maintenance of tissue organisation 

and a dynamic dialogue with a surrounding stroma (Rønnov-Jessen & 

Petersen, 1996). Another important receptor for ECM proteins is dystroglycan, 

which binds to laminin, agrin, and perlecan in BM as well as to transmembrane 

neurexins (Barresi & Campbell, 2006). The best-developed theory regarding 

growth factors and ECM concerns the roles of diverse ECM proteins and their 

receptors in binding and regulation of TGF-β. In addition, other surface 

receptors can bind ECM components and induce signalling, including the 

syndecans (Bernfield, et al., 1999) and the receptor tyrosine kinases discoidin 
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domain receptors (DDRs) (Yoshimura, et al., 2005). Therefore, disruption of 

the balance of ECM proteins or their interactions has important impacts for the 

behaviour and the fate of cells within that tissue leading to the development of 

pathological conditions. 

1.5.4 ECM in lung diseases 

The pulmonary ECM dictates the whole tissue lung’s structure and provides 

functional support for the respiratory process which is crucial for lung function 

(Hynes, 2009). Pulmonary tissue is characterised by a unique and peculiar 

ECM composition to provide three important biological functions: homeostasis, 

tissue morphogenesis and injury-repair responses (Zhou et al., 2018).  It has 

been previously recognised that the pulmonary ECM changes dynamically and 

temporally in the lung tissue during the foetal, neonatal, and adult stages 

(Coraux, et al., 2003). Dynamic changes and alterations within the ECM that 

occur upon injury or with ageing, lead to either an aberrant expression or 

turnover of matrix components, or an altered post-translational modification 

and proteolytic matrix degradation. These mechanisms can markedly disrupt 

ECM function and lead to the development of many lung diseases (Figure 1.8) 

(Burgstaller, et al., 2017). Proteolytic enzymes in the lung ECM, such as 

MMPs, and their inhibitors, tissue inhibitors of metalloproteinases (TIMPs), 

orchestrate lung development. However, the dysregulation of those molecules 

can contribute to the pathogenesis of lung disease. 

Only recently, structural changes of the ECM have been addressed to the 

development of chronic lung diseases such as asthma, COPD, and IPF 

(Burgess, et al., 2016).  
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Figure 1.8 Pathological changes in ECM and lung disease. a) Overview lung 
tissue. b) Healthy interstitial ECM with resident fibroblasts and a meshwork of 
collagens, elastin and fibronectin. c) In IPF myofibroblasts deposit high levels of ECM 
molecules into the interstitium. d) COPD is characterised by destruction of elastic 
fibres by ECM-degrading enzymes and elevated levels of hyaluronan and tenascin C, 
and decreased deposition of decorin. e) In pulmonary arterial hypertension (PAH), is 
characterised by an increase in elastin and collagen fibres, fibronectin, and tenascin 
C, and hyperplasia of smooth muscle cells. f) In asthma, the ECM changes cause less 
bronchial epithelium and thickened basal membrane. g) In cancer, an extensive stiff 
stroma contains highly crosslinked collagens, and fibronectin, and hyaluronan. h) 
Legend describing molecules and cell types (Burgstaller, et al., 2017). 

1.6 Low-density lipoprotein receptor-related protein 1 (LRP1) 

In 1974 Brown and Goldstein discovered that the LDL receptor superfamily as 

responsible for the transport of molecules into the cellular endosomal 

compartments (Brown & Goldstein, 1976). LRP1 (also known as CD91 and α2-

macroglobulin (α2M) receptor (Hanover, et al., 1983) is an endocytic 

transmembrane receptor that mediates clathrin-dependent endocytosis of 

many ligands and regulates a number of cell-signalling pathways (Strickland, 

et al., 2002). LRP1 is ubiquitously and abundantly expressed in hepatocytes, 

neurons, adipocytes, muscle, fibroblasts, chondrocytes and macrophages 

(Gaultier, et al., 2009; Gonias & Campana, 2014; Pflanzner, et al., 2011). It is 
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synthesised as a 600 kDa precursor which is processed in Golgi by a furin 

protease resulting in a non-covalently associated receptor of an extracellular 

α-chain (515 kDa) and, transmembrane and intracellular β-chain (85 kDa) 

subunits, respectively (Willnow, et al., 1995). The extracellular α-subunit 

contains four different cluster binding domains with complement-like repeats 

that can bind LRP1 ligands and mediate their endocytosis. The intracellular 

and transmembrane β-subunit contains a YxxL, di-Leucine (LL), and NPxY 

motifs, responsible for the activation of cell signalling pathway and regulation 

of gene expression (Figure 1.9) (Strickland & Dudley, 2001). Ligand 

interactions with LRP1 can be antagonised by the presence of a receptor-

associated protein (RAP). Endogenous RAP acts as an LRP1 chaperone to 

assist its correct folding in the maturation process and prevent any premature 

binding to intracellular ligands during receptor trafficking (Willnow, et al., 1995). 

Following endocytosis, RAP dissociates in the acidic endosome, allowing 

LRP1 to recycle back to the cell surface (Marakasova, et al., 2021). 
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Figure 1.9 Structure of LRP1 protein. LRP1 binds many extracellular and 
intracellular ligands. It contains an α-chain (515 kDa), acidic cysteine-rich 
complement-like repeats (CRs), along with epidermal growth factor (EGF)-like 
domains and β-propeller domains. It consists of four ligand-binding domains (I, II, III, 
VI), which are constituted of 2, 8, 10, and 11 CRs, respectively. The intracellular 
portion is responsible for the endocytosis and cell signalling process. Figure created 
in biorender.com and revised from Yamamoto, et al., 2022. 

Embryonic lethality has been described in a murine global LRP1 deletion due 

to a failure of the blastocyst’s implant, revealing a fundamental role in the 

development stage (Herz, et al., 1992).  

In addition to the membrane-associated protein, LRP1 also exists in a 

soluble form (sLRP1) which is composed of the α-chain and a fragment of the 

β chain. LRP1 is subject to proteolytic shedding at the cell surface by the 

sheddases, which prevents endocytic transport of ligands. However, this 

circulating soluble form still covers the capacity to bind LRP1 ligands 

increasing their extracellular half-life by preventing membrane LRP1-mediated 

endocytosis (Quinn, et al., 1997; Strickland & Dudley, 2001; Etique, et al., 
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2013).  Expression of LRP1 gene is activated by sterol regulatory element 

binding protein 2 (SREBP2), hypoxia-induced factor 1α (HIF1α), and nitric 

oxide-dependent transcription factors and can be blocked by an antisense 

RNA that is transcribed from LRP1 gene exons 5 and 6 (Myklebost, et al., 

1989; Auderset, et al., 2016). Considerable work has been focussing on the 

functions of LRPs in vascular biology, neurobiology and cancer, including 

LRP1b, LRP2/megalin, LRP3, LRP5, LRP6, LRP8/apolipoprotein E receptor 

2, LRP10, which also has been referred to as LRP9 (Sugiyama, et al., 2000; 

Llilis, et al., 2009). Among those receptors LRP1 has been identified to play 

many functions in several organs including lungs (Artigas, et al., 2011). 

1.6.1 Endocytosis 

Endocytosis is a fundamental cellular process by which cells can 

generate very small membrane vesicle structures to transport and internalise 

a wide range of molecules from the extracellular milieu to the cytoplasm. This 

process covers many physiological processes such as antigen presentation, 

the maintenance of protein homeostasis, cell migration, nutrient uptake, 

signalling pathways by cell-surface receptors, junction formation and removal 

of apoptotic bodies. (Marsh & McMahon, 1999). In this process, the small 

membrane vesicles are between 60-120 nm and they are able to transport 

ECM proteins and their ligands (Figure1.13). Proteins can be endocytosed 

through several different endocytic pathways. In mammalian cells, multiple 

endocytic pathways have been identified, but generally can be categorised in: 

clathrin dependent and clathrin-independent (Mayor & Pagano, 2007; Bitsikas, 

et al., 2014). Receptor for low-density lipoproteins (LDLRs) is a classic 

example of cargo protein that undergo clathrin-coated pits mediated 

endocytosis pathway (Doherty & Mcmahon, 2009). This family of receptors 

consist of a cytoplasmic tail that contains sequences recognized by adaptor 

proteins that facilitate the polymerization of a clathrin coat around the 

membrane vesicle structures.  



 

30 
 

Overall, the endocytosis process occurs in sequential events: the 

internalised molecules are transported to the early endosome, where some of 

them are routed for the degradation to late endosomes and lysosomes 

compartments, while others clathrin-dependent cargoes are rapidly recycled 

back to the cell membrane surface and eventually selected ligands are re-

exocytosed to the extracellular milieu (Grant & Donaldson, 2009). Among all 

the LDLRs, LRP1 is the most representative member of this endocytic pathway 

(Lillis, et al., 2015).  

1.6.2  LRP1-mediated endocytosis 

LRP1 mediates clathrin-dependent endocytosis for more than 80 

ligands from the extracellular matrix environment (Figure 1.10) (Wu & Gonias, 

2005; Lin & Hu, 2014; Yamamoto, et al., 2022). The first identified LRP1 ligand 

was apolipoprotein E–containing β-VLDL (Kowal, et al., 1989). Apart from 

α2M, LRP1 has been shown to bind and internalise a large number of other 

structurally distinct ligands, such as β-amyloid, apolipoprotein E (APOE) 

(Kowal, et al., 1989); CTGF, also known as CCN2 or connective tissue growth 

factor, fibronectin, elastase, MMP-13, MMP-2, MMP-9, TIMP-1; TIMP-2 and 

TIMP-3 (Lillis, et al., 2005). LRP1-mediated endocytosis is essential to 

modulate protein level of the plasma membrane and the ECM environments 

(Strickland, et al., 2002).  
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Figure 1.10 Outline of the currently proposed hypothesis of LRP1-mediated 
endocytosis. Ligands bound to the extracellular domain of LRP1 are internalised and 
degraded in the lysosome; LRP1 can be recycled back to the cell-surface. Figure 
realised using Biorender.com.  

1.6.3 LRP1 in cell signalling  

In addition to its endocytic function, LRP1 is also important in the 

modulation of cell signalling pathways involved in cell proliferation, adhesion, 

differentiation, proliferation, morphogenesis, and development. Two different 

models have been proposed for signalling transduction by LRP1. The first 

model depends entirely on the homodimerization within its cytoplasmic 

domains and all the proteins involved can directly or indirectly interact with this 

domain mediating signal transduction. The second model proposes a 
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heterodimerization between LRP1 and unrelated receptors. For example, it 

has been reported that if heterodimerization takes place with a receptor with 

kinase activity, LRP1 phosphorylation could result on tyrosine residues in 

NPxY motifs (Betts, et al., 2008; Van Der Geer, 2002). For example, LRP1 

phosphorylation occurs with the association of proteins, such as FE65, Shc, 

Disabled, suggesting that it also covers a role as signalling receptor (Llilis, et 

al., 2009). This idea is supported by previous studies that show other members 

of the LDLR family are involved in signalling pathways. As previously 

described, the YxxL and dileucine motifs function as principal endocytosis 

signals, whereas the NPxY motifs work as binding sites for other adapter 

proteins modulating the cell signalling pathways (Herz, et al., 1990). Recently, 

it has been established that tissue plasminogen activator (tPA) induces LRP1-

mitogenic signalling through the phosphorylation of the tyrosine (Tyr) 4507 in 

the cytoplasmic portion (Lin, et al., 2010). Previous results show platelet-

derived growth factor (PDGF) binds to LRP1 and with the PDGF-receptor 

induces a transient phosphorylation of the intracellular domain of LRP1 

(Loukinova, et al., 2002). Another signalling system includes the N-methyl-D-

aspartate receptor (NMDAR) in neurons by the interaction of the adaptor 

protein postsynaptic density protein-95 (PSD95) with the LRP1 cytoplasmic 

tail, which arbitrates the neuronal calcium flux through the cell membrane 

(Mantuano, et al., 2013). Convergent signalling pathways have been shown to 

be tightly controlled by LRP1 on TGFβ and Wnt5a. In this study, it has been 

demonstrated that TGFβ positively regulates a canonical Wnt5a signalling 

pathway through the interaction with LRP1 extracellular domain while the 

second NPXY motif tail of LRP1 is bound to Erk2 stopping the cholesterol 

accumulation. The whole synergy of these signalling pathways involves both 

extracellular and cytoplasmic LRP1 domains (Figure 1.11) (El Asmar, et al., 

2016).  In cartilage, LRP1 controls not only ECM-degrading proteases but also 

the Wnt/β-catenin signalling pathway by interacting with Frizzled-1 (Zilberberg, 

et al., 2004) and CCN2.  Both pathways regulate endochondral ossification 



 

33 
 

and articular cartilage regeneration highlighting the importance of LRP1 during 

skeletal development and maintenance of cartilage homeostasis (Kawata, et 

al., 2012).  

 

Figure 1.11 Schematic representation of LRP1 involved in cell signalling 
pathways. (A)The intracellular LRP1 domain interacts with several adaptor and 
scaffolding proteins. (B) The formation of co-receptor complexes with LRP1 
influences signalling.  (C) The phosphorylation of its intracellular domain influences 
signaling and regulates endocytosis. (D) LRP1-mediated signaling affects several 
well-known pathways linked to diseases. Figure revised from Gool et al., 2015. 



 

34 
 

1.6.4 Proteolytic shedding of LRP1 ectodomain  

After shedding of LRP1, sLRP1 is produced and released from the cell 

membrane surface to the ECM (Quinn, et al., 1999). The physiological function 

of LRP1 ectodomain shedding remains still undefined. Many evidence      

suggests      that LRP1 is a receptor target for numerous proteinases. Several 

sheddases have been identified in the proteolytic cleavage of LRP1 such as a 

disintegrin and metalloproteinase with thrombospondin motifs-10 (ADAM-10) 

(Shackleton, et al., 2016), a disintegrin and metalloproteinase with 

thrombospondin motifs-12 (ADAM-12) (Selvais, et al., 2011), a disintegrin and 

metalloproteinase with thrombospondin motifs-17 (ADAM-17) and MMP-14 

also known as type 1 matrix metalloproteinase (MT1-MMP) (Liu, et al., 2009). 

However, shedding of LRP1 is not restricted to only the extracellular portion 

but also to the trans and intracellular domain. This portion can be proteolytically 

cleaved generating an LRP1 intracytoplasmic domain (ICD) which is able to 

regulate gene expression at the nuclear level (Zurhove, et al., 2008). LRP1 

shedding has been detected in human plasma and serum (Quinn, et al., 1997). 

Other studies found the presence of sLRP1 in cerebral spinal fluid 

(Fuentealba, et al., 2009); in the conditioned medium of HT1080 cultured cells 

(Selvais, et al., 2011); in osteoarthritis (OA) human cartilage (Yamamoto, et 

al., 2017) and in bronchoalveolar lavage fluids of patients affected by ARDS 

(Wygrecka, et al., 2011). In recent      work, it has been shown that ADAM-17 

and MMP-14, were identified as the LRP1 sheddases in cartilage and their 

inhibition can reverse the degradation of ECM in OA cartilage (Yamamoto, et 

al., 2017). Overall, the ectodomain shedding of LRP1 plays an important role 

in both physiological and pathological conditions. In fact, it has been 

hypothesised that the impairment of LRP1 function and shedding can affect 

the ECM turnover and disrupt the cell homeostasis (Yamamoto, et al., 2017) . 

This has been linked to the development of a large number of conditions such 

as Alzheimer’s diseases, OA, cancer and inflammation. However, the 

pathological mechanisms behind this process have not been clarified yet.  
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1.6.5 Genome-wide association studies (GWAS) - LRP1  

A total number of 61 GWAS studies have identified LRP1 gene involved 

in different physiological and pathological conditions. The first GWAS study 

revealed LRP1 modulates neuronal glutamate signalling, linking to migraine 

pathophysiology (Chasman, et al., 2011). Many other studies were carried out 

finding an involvement of LRP1 gene in coronary artery disease and aortic 

aneurysm (Brown, 2011; Sakaue, et al., 2021; Pirruccello, et al., 2021; Francis, 

et al., 2022; Jones, et al., 2016).   

Pulmonary function has been considered as a heritable trait able to 

determine the physiological state of airways and lungs and able to identify any 

pulmonary impairment. Cumulative evidence suggests that specific genes can 

influence the pulmonary function (Wilk, et al., 2000). In 2011, Artigas et al. 

identified LRP1 gene in a large GWAS as relevant for the pulmonary function 

(Artigas, et al., 2011). Later, Shrine et al. in 2019 performed another GWAS 

study, defined a new association of LRP1 and risk of developing COPD (Shrine 

et al., 2019).  Based on these findings, it could be useful to elucidate the 

mechanisms through which the LRP1 gene can influence pulmonary function. 

This could contribute to gaining a more complete insight into the 

pathophysiological understanding of lung diseases such as COPD, lung 

cancer and lung fibrosis.   

1.7 General aims and objectives  

Lung fibrosis is considered one of the most severe forms of lung disease 

and it eventually leads to death. Despite the fact that no cure is available and 

the biological mechanisms that lead to the development of fibrosis in most 

cases remains elusive, three pathological processes have been identified: 

excessive ECM deposition, fibroblast to myofibroblast differentiation and 

inflammation. A large genome-wide association study identified the LRP1      

gene as relevant in lung function (Artigas, et al., 2011). Therefore, it is of 

interest to test how the loss of LRP1 could affect the lung tissue in vivo and to 
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explore the molecular mechanisms behind the respiratory homeostasis and its 

role in lung disease.  

Herein, the major aim of my PhD project was to investigate the 

pathophysiological function of LRP1 in lung tissue during the pulmonary 

fibrosis. The specific aims were as following: 

 

i. Determine a role of LRP1 in lung fibrosis development. The first 

objective of this aim was to test the effects of LRP1 global deletion 

and the second objective was to use specific deletion of LRP1 in 

COL1A2-expressing cells in the bleomycin-induced fibrosis model. 

ii. To investigate the molecular basis behind the function of LRP1 in 

lung fibrosis. The first objective was to assess a ligandome assay 

by mass-spectrometry analysis and the second objective was the 

characterisation of the effects of the accumulation of LRP1 ligands 

in vitro. 

1.8 Initial hypothesis 

In this thesis, a series of experiments were performed to address the initial 

hypothesis: “LRP1 plays a key physiological role in healthy lung and its 

dysregulation leads to pathological lung conditions”.  
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Chapter 2  Materials and Methods 

2.1 List of general reagents  

Reagent Catalogue number Supplier 

DMEM F-12 D9785 Sigma Aldrich  

DMSO 231 VWR 

Fetal Bovine Serum A3160401 ThermoFisher 

EDTA E6758 Sigma 

Ethanol (histology) E7023  Honeywell  

Glacial acetic acid 305238 Scientific Laboratory 
Supplies 

HBSS 14025 Life Technology  

Isopropanol 278475 Sigma Aldrich 

Lipofectamine 2000 11668019 ThermoFisher  

Neutral buffer formalin HT501128  Leica  

Non-immune goat serum S-1012-50  Vector  

Paraformaldehyde p6148 Sigma Aldrich 

Penicillin/Streptomycin P4333  Sigma Aldrich  

Sirius Red (Picric Acid) STPSRPT  StatLab  

Tween 20 P7949  Sigma Aldrich  

Vectashield mounting 
medium with DAPI 

H1200  Vector  

Xylene X0250 Fisher scientific  

Lipofectamine™ 3000 L3000001 ThermoFisher 

Acidic HIER CTS014 R&Dsystems 

Basic HIER CTS013 R&Dsystems 

Neutral HIER CTS023 R&Dsystems 

Tunel Assay kit ab206386 abcam 

Proteinase K EO0491 ThermoFisher  

REDtaq ReadyMix PCR 
Reaction Mix 

R2523-20RXN Sigma Aldrich 

DPX mountant 44581 Sigma Aldrich  

Hydrogen peroxide 7722-84 Sigma Aldrich  

collagenase Type 1 17100017 ThermoFisher 

bovine serum albumin 
(BSA) 

A9418-500G Sigma Aldrich  

Methyl green, 3,3’-
diaminobenzidine 

D5637 Vector Labs 
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DAB Substrate Kit SK-4100 Vector Labs 

Harrys Haematoxylin and 
Eosin 

HHS16 Leica  

Recombinant Human LRP-
1 Cluster II Fc 

2368-L2 R&Dsystems 

4-12% Bis-Tris NuPage 
Gels 

NP0321BOX ThermoFisher 

Silver staining kit 24612 ThermoFisher 

Polymyxin B 1405-20-5 Sigma Aldrich 

siRNA oligonucleotides for 
LRP1 

AM51331 Thermo Scientific  

 

2.2  List of antibodies 

Antibody Species Catalogue 
number 

Supplier 

ImmPRESS Goat 
Anti-Rabbit 

Horse, 
recombinant 

MP-7541-15 Vector, USA  

Anti-his 6x Mouse, 
monoclonal 

Ab18184 Abcam 

Anti-Beta chain 
LRP1 

Rabbit, 
monoclonal 

EPR3724 Abcam 

Anti-SMAD2/3 Rabbit, 
recombinant 

Ab202445 Abcam 

Anti-phospho 
SMAD2/3 

Rabbit, 
monoclonal 

S465/S467 R&Dsystems 

Anti-FAK Rabbit, 
monoclonal 

Ab40794 Abcam 

Anti-phospho FAK Rabbit, 
polyclonal 

Ab4792 Abcam 

Anti-SMAD7 Mouse, 
monoclonal 

MAB2029 R&Dsystems 

Anti-actin antibody Goat, 
polyclonal 

(I-19) sc-1616 Santa Cruz 
Biotechnology  

Anti-ADAMTS-5 
catalytic domain 

   (Gendron C et 
al., 2007) 

Anti-A2M  Rabbit, 
polyclonal  

Ab58703 Abcam 

 

https://www.thermofisher.com/order/catalog/product/24612
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2.3 Transgenic mouse models 

2.3.1  Declaration of Ethics 

All procedures compiled during this research project were carried out in 

accordance with the UK Home Office guidelines and regulations under the 

Animals (Scientific Procedures) Act 1986 (ASPA) and the EU Directive 

2010/63/EU. This work was conducted under the project licences granted to 

Professor George Bou-Gharios PPL70/9060, and a personal licence (PIL. 

ICCCC3E55) granted to Maria Martina Meschis for the experiments after the 

approval of Liverpool University’s Animal Welfare and Ethical Review Body 

(AWERB), Schedule 1 (Sch1) humane killing of mice and the collection of the 

resultant tissue for analysis. In vivo experiments were conducted to find the 

optimal number of animals to use, as requested by the 3R (replacement, 

reduction, and refinement).  

2.3.2  Mouse colony establishment and Cre/loxP-based system for LRP1 

deletion in vivo 

All mice were housed and maintained within the University of 

Liverpool’s Biomedical Service Unit (BSU) in accordance with Home Office UK 

guidelines. Mice were maintained in a specific pathogen free (SPF) 

environment, under a 12-hour light/dark cycle, and granted access to food and 

drinking water ad libitum. The Cre/lox system is one of the most versatile and 

sophisticated tools generated for gene editing and manipulation. This genetic 

method is characterised by the presence of the Cre protein, a site-specific DNA 

recombinase, which allows the DNA recombination between specific sites, 

also known as loxP-flanked “stop” sequences (Nagy, 2000). These sites 

include two directly repeated specific binding sites for Cre protein where it can 

excise the loxP flanked DNA inducing the inactivation of the gene by 

recombination. The Cre-loxP is a spatiotemporally controlled system of mutant 

mice because of the presence of a Cre-driver strain where the Cre 

recombinase expression is regulated by a promoter of cells or tissue of interest 
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(McLellan, et al., 2017). By breeding the Cre-driver strain with a floxed mouse 

strain it is possible to generate conditional knockout mice, where the time and 

specificity of recombination occurs by a promoter and/or enhancer (Figure 

2.1). To induce the Cre/loxP system activation in a precise time and cell, the 

exogenous inducer such as tamoxifen (tx) has been created (Kühn, et al., 

1995; Gossen & Bujard, 1992). Tamoxifen-inducible cre system was produced 

by adding an oestrogen receptor containing a mutated ligand binding domain 

(ER-LBD) to the cre protein. The tamoxifen-induced modified cre protein is 

also known as CreERT and it is localised in the cytoplasm of cells bound to 

heat shock protein 90 (HSP90) (Metzger & Chambon, 2001). In the presence 

of tamoxifen, the complex between CreRT and HSP90 is altered and CreRT 

can translocate to the nucleus where upon its binding to loxP sites the 

recombination occurs. In this system, a systemic administration of tamoxifen 

was performed by intraperitoneal injection (IP) and oral gavage (OG).  
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Figure 2.1 Tamoxifen-dependent gene deletion system. Mechanism of Cre-loxP 
system. Cre recombinase recognizes the loxP sites of specific 34 bp DNA sequences. 
General breeding strategy for conditional mutation using loxP and Cre driving mouse 
line. Figure realised using Biorender.com. 

2.3.3  Inducible knockout of LRP1 in fibroblasts (COL1A2-LRP1fl) and pan 

tissue (ROSA-LRP1fl) 

Mice containing the LRP1 floxed transgene were purchased from the 

Jackson Laboratory (Strain #:012604). The LRP1 flox/flox mice have a floxed 

Neo cassette upstream of the transcription start site (TSS) and a single loxP 

site downstream of exon 2 of the targeted LRP1 gene were bred with mice 

carrying the transgene for a COL1A2 driven CreERT2 B6CB-Tg (Col1a2-

17=1.5kbenh-350mp-CreErt2) 3.18/Liv, generated by the Bou-Gharios Lab 

(Bou-Gharios et al., 1996; De Val et al., 2002; Li et al., 2017)  and mice R26-

CreERT2 (Strain #:008463). The resulting offspring were genotyped and 
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heterozygote LRP1 floxed +/-, Cre +/- animals were interbred to yield and 

maintain a colony of double transgenic mice (LRP1 floxed +/+, Cre +/-).  

2.3.4  COL1A2-R26TmG fibroblast-specific Cre reporter mice  

Female mice containing the reporter construct B6CB; 129-(Cg)-Gt 

(ROSA) 26Sortm4 (ACTB-tdTomato,-EGFP) Luo/Liv (purchased from Jackson 

Laboratories, 007676), were bred with male mice containing the COL1A2 

driven CreERT2 B6CB-Tg (Col1a2-17=1.5kbenh-350mp-CreErt2) 3.18/Liv. 

The resulting offspring were genotyped for both mTmG and Cre transgenes as 

heterozygous, double transgenic (mTmG +/-, Cre +/-). 

2.4 Mouse genotyping  

2.4.1  Protein K based DNA extraction  

Genomic DNA was extracted from ear notch biopsies to identify each 

genotype animal. Notches were obtained from mouse pups. Genomic DNA 

was extracted using the following protocol. Ear notches were digested in 100 

µL lysis buffer (50 mM Tris-HCl pH 8.0, 0.1 M NaCl, 1% SDS, 20 mM EDTA) 

(Table 2.1) and 10 µL of proteinase K (Sigma Aldrich) to a final concentration 

of 2 mg/mL in 50 % glycerol incubated at 55 °C overnight in a water bath. The 

following day, samples were then vortexed at 13,000 rpm for 3 min, the 

supernatant transferred to clean, labelled 1.5 mL tubes (Eppendorf), and the 

remaining tissue was discarded. An equal volume of isopropanol (Sigma 

Aldrich) was added to the supernatant and samples were centrifuged at 14,000 

x g for 3 minutes and the new supernatant was removed. A clear pellet of DNA 

was obtained in the bottom of the Eppendorf and was then washed with 500 

µL of 70% EtOH (Sigma Aldrich) and left to air dry at room temperature for 10 

minutes. DNA was reconstituted and resuspended in 50 µL ddH2O for one hour 

at room temperature, or at 4 °C overnight. DNA concentration was then 

determined using a NanoDrop 200 (Thermo Scientific) prior to PCR analysis. 

A 260/230 value ≥ 0.6 was acceptable for genotyping PCR. All the solutions 
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were stored at room temperature. Proteinase K was used from a stock 

concentration 20 mg/mL in 50 % Glycerol and stored at -20 °C. 

Table 2.1 Lysis buffer reagents. 

Reagents Volume 

50mM Tris-HCL (pH=8) 4.5 µL of 2M stock solution 

0.1M NaCl 7 µL of 3M stock solution 

1% SDS 8 µL of 10 % stock solution 

20mM EDTA 7.2 µL of 500mM stock  

ddH2O 144.3 µL 

2.4.2  Polymerase Chain Reaction (PCR) 

For the gene PCR reaction 50 ng of genomic DNA was added to 12.5 

µL of REDtaq ReadyMix PCR Reaction Mix (20 mM Tris-HCl pH 8.3, 100 mM 

KCl, 3 mM MgCl2, 0.002% gelatin, 0.4 mM dNTP mix, 0.06 unit/mL of Taq DNA 

Polymerase, Sigma Aldrich) with the addition of 0.5 µM of each primer; ddH20 

was added to make a final reaction mixture volume of 25 µL. Primer pairs for 

genotyping were as follows (Table 2.2); LRP1 Flox forward 5′-

CATACCCTCTTCAAACCCCTTCCTG - 3′, LRP1 Flox Reverse 5′-

GCAAGCTCTCCTGCTCAGACCTGGA - 3′. Cycle conditions were as follows: 

Genotyping - 1 cycle of 94°C for 3 min, 35 cycles of 94°C for 30 s; 65°C for 30 

s; 72°C for 30 s, followed by a final cycle of 72°C for 2 min. PCR products were 

separated by gel electrophoresis and imaged using a BioRad Gel Doc XR+ 

System.  

Table 2.2 Primer pairs for genotyping. Cycle conditions were followed by a final 
cycle of 72 °C for 5 min. 

GENE  PRIMER SEQUENCE (5' > 3') Cycle 

condition   

AMPLICON  

CRE FOR GCATTACCGGTCGATGCAACGAGTGATGAG 68 °C for 
5min 

  

389bp 
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 REV GAGTGAACGAACCTGGTCGAAATCAGTGCG   

INTERNAL FOR TGGACAGGACTGGACCTCTGCTTTCCTAGA 68°C for 

15 sec 

194bp 

 REV TAGAGCTTTGCCACATCACAGGTCATTCAG   

LacZ FOR GTTGCAGTGCACGGCAGATACACTTGCTGA 68°C for 

40 sec 

389bp 

 REV GCCACTGGTGTGGGCCATAATTCAATTCGC   

LRP1 flox FOR CATACCCTCTTCAAACCCCTTCCTG 72°C for 

40 sec 

291 bp (WT) 

 REV GCAAGCTCTCCTGCTCAGACCTGGA  350 bp (KO) 

 

2.4.3  Agarose Gel Electrophoresis 

Agarose gels of 1-2 % were prepared by melting agarose (Sigma 

Aldrich) in 1 % TAE in a microwave, 4 µL of SYBRSafe (Invitrogen) was added 

to 200 µL gel. Gels of 1 % were used for DNA fragments below 500 bp, 2 % 

was used for fragments larger than 500 bp. To estimate DNA fragment size, 

one well was loaded with 5 µL of 2-Log DNA Ladder (New England Biolabs). 

15 µL of PCR reaction mix was added to each well. Samples were 

electrophoresed for ≥ 50 minutes at 120 V on a 2 % agarose gel. 

2.5 Animal Research Sample Size Calculation 

Treatments in loss of function experiments were performed in 5-6 

months old animals. First Tx was administered followed by bleomycin injury. 

Sample size for the in vivo experiments were piloted to find the optimal number 

of animals to use, as requested by the 3R. Power calculation for sample size 

were performed using OpenEpi an free on-line platform for calculation as 

advised in “How to calculate sample size in animal studies?”, published by 

Journal of Pharmacology and Pharmacotherapeutics (Charan & Kantharia, 

2013). The power calculation is related to the number of mice used for the 

bleomycin experiment. I used a level of bilateral confidence of 90%, as the 

method was efficient in reproducing the desired phenotype. The main purpose 

of the bleomycin administration was to reproduce a human fibrosis model in 
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terms      of progressive      increase of disease hallmarks, an exposure      to 

non-expose ratio equal to 0.25 was used. A percentage of outcome in the 

control group was set at 2% as no treatment was administered in the control      

group, as distilled water could potentially induce a mild parenchymal damage. 

The confidence was set as 25%, as suggested in literature. Not exposed 

versus exposed ratio was set at 0.5. The percentage of adverse event in the 

control group was set at 20% as treatment was non-toxic at 0.005 ng/mL. 

Table 2.3 Power calculation. OpenEpi and BioMath calculated a total sample      
size of 25 mice divided in 17 for the bleomycin-treated group and 8 for the control      
group. 

BILATERAL CONFIDENCE 90% 

POWER 80% (adviced by OpenEpi) 

EXPOSE/NOT EXPOSE (RATIO) 0.25 

NOT EXPOSED WITH OUTCOME 2% 

 

2.6 Tamoxifen preparation 

A final concentration of 10 mg/mL was added to 4.5 mL corn oil (Sigma 

Aldrich) and 500 µL 100 % molecular biology grade Ethanol (Sigma Aldrich) 

from 50 mg Tamoxifen (Sigma Aldrich). This was sonicated using the Soniprep 

150 ultrasonic disintegrator (Henderson Biomedical) for a total of 5 minutes 

until tamoxifen crystals fully dissolved in 4,500 µl of corn oil (Sigma Aldrich).  

2.6.1  Tamoxifen - COL1A2-LRP1fl, ROSA-LRP1fl and COL1A2-

R26tdTomato mice 

Three doses of 2mg/mouse were administered intraperitoneally (IP) to 

each animal with at least one day interval. All animals were weighed prior to 

dosing and the volume adjusted accordingly based on whole grams of weight. 

Tx was also administered by oral gavage to a group of ROSA-LRP1fl mice at 

two different doses: 0.5 mg and 2 mg/mouse within a two days interval. All the 

tamoxifen-treated mice were then allowed to recover and maintained for 7 

days. 
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2.7 Histological examination  

2.7.1  Paraffin wax histology 

Lungs previously fixed with PBS at 4% of PFA and dehydrated using 

ethanol at 70% were processed using Leica EMTP6 tissue processor set-up 

for the following protocol in Table 2.4: 

Table 2.4 Paraffin-embedding protocol. 

Reagent Immersion time  Drain time  

 Ethanol 70% 30mins Room temperature  

 Ethanol 90% 30mins Room temperature 

 Ethanol 100% 10mins Room temperature 

 Ethanol 100% 10mins Room temperature 

 Ethanol 100% 10mins Room temperature 

 Ethanol 100% 15mins Room temperature 

Xylene 10mins Room temperature 

Xylene 20mins Room temperature 

Xylene 30mins 40 °C 

Wax 240mins 60 °C 

 

After tissue processing, lungs were removed from the tissue processor 

machine and finally embedded in wax using a Leica EG1150 Tissue Embedder 

with a caudal orientation. Sections of 4.5 µm thickness were obtained using a 

RM2265 Leica microtome. 

2.7.2 Tissue Sectioning 

4,5 μm sections were cut using the Micron HM355S microtome with 

cool-cut and tissue transfer system (Thermo Scientific) and collected on 

Superfrost™ Plus microscope slides (Thermo Scientific). Slides were stored at 

room temperature prior to use for staining and analysis. 

2.7.3  Preparation for slides staining: dewax 

Slides were de-waxed using the following protocol in Table 2.5. Once 

dewaxed, slides were stored in water until staining. 
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Table 2.5 Dewaxing protocol. 

Reagent  Immersion time  

Xylene 2mins 

Xylene 2mins 

Ethanol 100% 2mins 

Ethanol 100% 2mins 

H2O until starting the exp. 

2.7.4  Haematoxylin Eosin Stain (H&E) 

Sections were stained with Harrys Haematoxylin (Leica) for 5 minutes, H2O 

for 1 minute, acid alcohol for 5 seconds, H2O for 5 minutes, aqueous Eosin 

(Leica) for 3 minutes, H2O for 15 seconds, followed by dehydration through 

graded ethanol and xylene. Slides were cover-slipped with DPX mounting 

media (Sigma Aldrich). Stained slides were imaged using a Zeiss LSM 800 

confocal microscope. 

Table 2.6 Haematoxylin Eosin Staining protocol. 

Reagent  
Immersion time 
(minutes) 

Haematoxylin 5 

H2O 1 

Acid Alcohol 0.25 

H2O 5 

Eosin 3 

H2O 0.25 

Ethanol 70% 0.5 

Ethanol 90% 0.5 

Ethanol 100% 0.5 

Xylene 2 

Xylene 2 

  

2.7.5  Immunohistochemistry (IHC) 

This protocol was adapted from DAB (Vector Labs, SK-4100), 

Avidin/Biotin blocking kit (Vector Labs, SP-2001), and Vectastain (Vector Labs, 

PK-6100). Slides were dewaxed following the protocol described in Table 2.6.). 

A ring was drawn around each lung section using a Pap pen (Abcam). Slides 
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were incubated with citric acid (Catalog # CTS014) antigen unmasking solution 

(R&D Systems) by placing a polypropylene Coplin staining jar filled with the 

respective retrieval solution into a water bath at 92-95 °C for 3-8 minutes. 

Slides were then washed with distilled water then re-rinsed with PBS and 

blocked for endogenous peroxidase with 0.3% hydrogen peroxide for 15 min 

at 37 °C (Sigma-Aldrich). Further blocking for endogenous Avidin/Biotin 

binding was performed with an Avidin/Biotin Blocking Kit (Vector Labs) for 15 

minutes each. Sections were incubated with Avidin solution for 15 minutes and 

then with the Biotin solution for 15 minutes at room temperature. After washing 

with PBS, a blocking solution for non-specific binding sites was added to the 

slides and incubated for 3 hours. Blocking solution was prepared with 10% v/v 

goat serum (Vector Labs S-1000-20) 0.1%, bovine serum albumin (BSA) 

(Sigma-Aldrich) in PBS1x at room temperature. Anti-LRP1 beta-chain rabbit 

monoclonal antibody (Abcam) to LRP1 (1 in1000) was incubated overnight at 

4 °C. Rabbit IgG (1μg/mL) (Vector Labs) was used as isotype control. Slides 

were washed in PBS1x containing 0.1% Tween 20 (PBST) three times for 10 

minutes each. Slides were then incubated with secondary antibody 

ImmPRESS peroxidase-micropolymer conjugated horse anti-rabbit IgG 

(Vector Labs) for 30 minutes at room temperature followed by incubation with 

Vectastain solution (Vector Labs) for 30 minutes at room temperature. The 

slides were washed in PBST three times for 10 minutes each. Slides were 

stained with 3,3’-diaminobenzidine (DAB) (Vector Labs). 

2.7.6  Histology imaging acquisition  

Slides were imaged using an Olympus BX60 microscope with or without 

a polarized filter (Nikon) as Brightfield microscopy and polarized light 

microscopy. Slides were imaged at 4X, 10X and 20X magnification with or 

without polarised filter. Polarised light was obtained positioning the polarising 

filter at 90° orientation. This technique relies on the birefringent properties of 

collagen molecules (Rittié, 2017). Quantitative measurement of the dichroism 



 

49 
 

was calculated through ImageJ Fiji using a macro, which measured the area 

of colour developed by dichroisms. 

2.8 Cell culture  

2.8.1 Isolation and maintenance of murine primary lung fibroblasts 

 Mice were euthanised by CO2 and the lungs were immediately isolated 

and transferred in falcon tubes containing fresh media in an animal primary 

tissue culture hood. Lungs were placed in Petri dishes and dissected to remove 

hearts and trachea. Tissues were chopped into small slices (1-2 mm3) using a 

sterile scalpel. The tissue slices were then incubated for 2 hours in a 

DMEM/F12 supplemented with at 1% of Penicillin/Streptomycin (P/S) and 10% 

w/v of crude collagenase Type 1 (Sigma Aldrich) from clostridium histolyticum. 

Cells      were resuspended and filtered through a 100 µm cell strainer (Starlab). 

Following this, the mixture was centrifuged at 300 g for 5 minutes, to obtain a 

cellular pellet. The pellet was resuspended in DMEM/F12 and centrifuged at 

300 g for 5 minutes. After centrifugation, the supernatant was discarded, and 

the pellet resuspended in 5 mL of DMEM/F12. The cells were cultured in 

complete DMEM/F12 containing 10% FBS at 37°C and 5% CO2 for 3-4 days, 

until cells reached confluence. 

2.8.2  Maintenance of human primary lung cells 

MRC5 immortalised lung fibroblast cell lines (human lung fibroblast 

cells), BEAS-2B (human epithelial bronchial lung cells) and A549 

adenocarcinoma bronchial epithelial cells were purchased by ATCC and after 

amplification were stored in liquid nitrogen, maintained and grown in DMEM/ 

F-12 Ham (Sigma-Aldrich) media supplemented with 10% FBS and 1% P/S 

(Thermo Fisher Scientific) and incubated at 37 °C with 5% CO2. 

2.9 Statistical Analysis 

Statistical tests were used to discern between different experimental groups, 

using Student t-test for comparison between two groups, and 1 and 2-way- 
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Analysis of variance (1-way ANOVA and 2-way ANOVA) for more than 2 

groups. 1-way-ANOVA was used for multiple comparison for analysis between 

experimental samples greater than 2, the analysis was also accompanied by 

Tukey's multiple comparisons test for further comparisons between groups. All 

statistical analyses were performed using Prisms. Information regarding power 

calculation of sample sizes are referred to paragraph 2.5 in Table 2.3. 
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Chapter 3  Detrimental effect of global Lrp1 deletion 

in adult mice 

Summary 

Global deletion of Lrp1 was induced to investigate its role in lungs, since 

lung tissue consists of a variety of cell types.  Although, embryonic lethality of 

total deletion of LRP1 has been reported (Herz, et al., 1992), in this chapter I 

found that total Lrp1 ablation in adulthood causes a rapid loss of weight 

(>20%). Lrp1 deletion resulted in abnormalities in the gastro-intestinal tract of 

mice.    

3.1 Introduction 

Lungs are the essential component of the respiratory system. The 

complexity and difficulty of studying lung tissue is associated with the presence 

of a high number of different types of cell. In fact, it has been estimated that 

lung tissue consists of 58 different cell populations including 41 out 45 

previously known cell types and 14 previously unknown ones (Travaglini, et 

al., 2020). Due to the presence of a mixture of cells in lungs, a global deletion 

of Lrp1 gene is advantageous to better explore its role in lung tissue.   

Previous studies have demonstrated that total loss of Lrp1 can lead to 

lethality during the embryonic development exercising a necessary function in 

the vascular wall formation and integrity (Nakajima, et al., 2014; Herz, et al., 

1992). Moreover, LRP1 protein results ubiquitously expressed and are 

involved not only during the embryonic development but also for the 

maintenance of adult tissue homeostasis. Its expression is reported in many 

cell types including hepatocytes, adipocytes, neurons, vascular smooth 

muscle cells, fibroblasts and macrophage (Rohlmann, et al., 1996; Liu, et al., 

2015; Boucher, et al., 2003; May, et al., 2004). To study the effects of Lrp1 

loss      in adult, a transgenic mouse model phenotype was explored inducing 

a global LRP1-deficiency in the postnatal stage.  
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3.2 Aim and objectives 

A global deletion of Lrp1 was induced to explore its role in the lung     . 

The overarching aims for this study were: 

i. Establishment of global conditional deletion of LRP1 in mice. The 

objective was to determine Lrp1 loss in different tissues for validation 

of this system. 

ii. To determine the impact of global Lrp1 loss in lung fibrosis. This aim 

was re-formulated due to an expected rapid loss of weight (>20%) after 

deletion of Lrp1 in the whole body. The new aim was to define a role of 

Lrp1 in the maintenance of gastro-intestinal tract functions. 
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3.3 Chapter-specific methods 

3.3.1 Transgenic mice and tamoxifen administration routes 

LRP1flox/flox mutant mice were crossed with tamoxifen-inducible Cre 

recombinase transgene R26CreERT2 mice to generate LRP1 conditional pan 

tissue KO mice as described in paragraph 2.3.4.  (Figure 3.1). Tx injections 

were performed as described in 2.6.1 paragraph (Table 3.1). Additionally, 

transgenic homozygous and heterozygous mice were administered with Tx by 

OG administration at two different doses: 0.5 mg/mL and 2mg/ mL three times 

over a week with 2 and 4 days of interval (Table 3.2).  

 

Figure 3.1 Flowchart of generating conditional knockout mice: LRP1 (flox/flox) 
/ROSA26 (cre/ERT2) (KO). Tamoxifen -inducible Cre/loxP enables LRP1 gene 
control both spatially and temporally. Tx-induced excision of the loxP-flanked STOP 
cassette upstream enables LRP1 transcription. These R26CreER mutant mice have 
a tamoxifen-inducible Cre-mediated recombination system driven by the endogenous 
mouse Gt(ROSA)26Sor promoter.  
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Table 3.1 Tamoxifen administration by intraperitoneal (IP) injection (2mg/mL). 

IDs Genotyping 

LRP1 36.2 Lpr1fl: +/- 

LRP1 36.4 Lpr1fl: +/+ 

LRP1 37.1 Lpr1fl: +/- 

LRP1 37.3 Lpr1fl: +/- 

Lrp1Col1a 54.1 
Ert2Cre: +/  

LPR1fl: +/+ 

LRP1Col1a2 56.1 
Ert2Cre: +/+ 

LPR1fl: +/+ 

LRP1Col1a2 56.2 
Ert2Cre: +/ 

LPR1fl: +/+ 

LRP1Col1a2 56.3 
Ert2Cre: +/ 

LPR1fl: +/+ 

LRP1Col1a2 57.1 
Ert2Cre: +/+ 

LPR1fl: +/+ 

LRP1Col1a2 59.1 
Ert2Cre: +/+ 

LPR1fl: +/+ 

LRP1Col1a2 59.2 
Ert2Cre: +/+ 

LPR1fl: +/+ 

LRP1Col1a2 59.3 
Ert2Cre: +/+ 

LPR1fl: +/+ 

LRP1Col1a2 60.1 
Ert2Cre: +/+ 

LPR1fl: +/+ 

LRP1Col1a2 61/1 
Ert2Cre: +/+ 

LPR1fl: +/+ 

LRP1Col1a2 61/2 
Ert2Cre: +/+ 

LPR1fl: +/+ 

LRP1Col1a2 61/3 
Ert2Cre: +/+ 

LPR1fl: +/+ 

LRP1Rosa 47.1 
LPR1fl: +/+ 

RosaCre: +/+ 

LRP1Rosa 51/1 
LPR1fl: +/ 

RosaCre: +/+ 

LRP1Rosa 54.1 
LPR1fl: +/+ 

RosaCre: +/+ 

LRP1Rosa 54.2 
LPR1fl: +/+ 

RosaCre: +/+ 

LRP1Rosa 54.3 LPR1fl: +/+ 
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RosaCre: +/+ 

LRP1Rosa 57/1 
LPR1fl: +/+ 

RosaCre: +/+ 

LRP1Rosa 59.1 
LPR1fl: +/+ 

RosaCre: +/+ 

LRP1Rosa 59.2 
LPR1fl: +/ 

RosaCre: +/+ 

LRP1Rosa 62.1 
LPR1fl: +/+ 

RosaCre: +/+ 

LRP1Rosa 62.3 
LPR1fl: +/+ 

RosaCre: +/+ 

LRP1Rosa 62.4 
LPR1fl: +/+ 

RosaCre: +/+ 

LRP1Rosa 63.1 
LPR1fl: +/+ 

RosaCre: +/+ 

LRP1Rosa 63.2 
LPR1fl: +/+ 

RosaCre: +/+ 

 

Table 3.2 Tamoxifen administration by oral gavage (OG).   

IDS Genotyping Dose 

LRP1ROSA 72/1          LRP1 fl: WT RosaCre: +/- 2 mg/mouse 

LRP1ROSA 72/2 LRP1 fl: +/+ RosaCre: +/- 2 mg/mouse 

LRP1ROSA 73/1 LRP1 fl: WT RosaCre: +/- 2 mg/mouse 

LRP1ROSA 73/2 LRP1 fl: +/+ RosaCre: +/+ 2 mg/mouse 

LRP1ROSA 73/3 LRP1 fl: +/+ RosaCre: +/- 0.5 mg/mouse 

LRP1ROSA 73/4 LRP1 fl: WT RosaCre: wt 0.5 mg/mouse 

LRP1ROSA 76.2 LRP1 fl: +/+ RosaCre: wt 0.5 mg/mouse 

LRP1ROSA 76.3 LRP1 fl: +/+ RosaCre: +/- 0.5 mg/mouse 

LRP1ROSA 77.1 LRP1 fl: +/+ RosaCre: +/+ 2 mg/mouse 

LRP1ROSA 77.2 LRP1 fl: +/- RosaCre: +/- 2 mg/mouse 

LRP1ROSA 79.2 LRP1 fl: +/+-RosaCre: wt 0.5 mg/mouse 

LRP1ROSA 79.3 LRP1 fl: +/- RosaCre: +/- 0.5 mg/mouse 

LRP1ROSA 80.1 LRP1 fl: +/- RosaCre: +/- 2 mg/mouse 

LRP1ROSA 80.4 LRP1 fl: +/+ RosaCre: +/- 2 mg/mouse 

 

3.3.2  Quantitative reverse transcriptase (qRT)-PCR 

Approximately 30 mg of skin tissue was frozen in liquid nitrogen, then 

samples were reduced to fine powder, using a bioPulverizer. RNA was then 

extracted using the RNeasy Mini Kit (Qiagen) following the manufacturer's 

instructions. Briefly, 350 µl of RLT buffer was added directly to the powder 
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obtained from mouse tissue. Lysates were centrifuged for 3 minutes at full 

speed, and the supernatant was carefully transferred to RNase free Eppendorf 

tubes for further processing. A total of 66 ng of RNA was used from each 

sample to prepare cDNA using the High-Capacity cDNA Reverse Transcription 

Kit with RNase Inhibitor (Thermo Fisher Scientific) following the manufacturer's 

protocol. The 2.5 ul of the cDNA was used for each qRT-PCR reaction. Mouse 

TaqMan Primer/Probes sets with FAM-MGB dye from Thermo Fisher Scientific 

were as follows: LRP1(Mm00464608_m1), RPLP0 (Mm00725448_s1). 

FastStart Essential DNA Probes Master (Roche # 06402682001) was used for 

the detection of Real-Time PCR amplification on the LightCycler® 96 

Instrument system (Roche). 

3.4 Results 

3.4.1  Global LRP1 loss leads to rapid weight loss of adult mice  

To evaluate the effect      of global loss of Lrp1 in adult mice, pan-tissue 

conditional inducible LRP1 KO mice (LRP1loxP/loxP/ROSA-Cre-ERT2) were 

analysed. Cre-negative mice (LRP1loxP/loxP) and fibroblast-specific conditional 

inducible LRP1 KO mice (LRP1 loxP/loxP/COL1A2-Cre-ERT2) were tested as 

control groups     . LRP1 KO animals (LRP1loxP/loxP/ROSA26-Cre-ERT2) started 

to exhibit an abrupt onset of distress including hunched posture, lack of 

movement with loss of muscle tone and grooming behaviour. Those mice 

showed a drastic weight loss (>20%) with average weight loss being 6.1, 9.4 

and 20.1% at 3, 5 and 7 days from the first dose of tamoxifen, respectively 

(Figure 3.2 A). Due to the animal ethics compliance, seven mice were 

euthanized after the second dose of tamoxifen and the remaining three were 

terminated the day after the third dose. The control group did not show any 

significant weight loss over the course of the experiment (Figure 3.2 A-B).  
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Figure 3.2 Global deletion of Lrp1 induces rapid weight loss in adult mice.   
Tamoxifen-treated control (black line) and tamoxifen-treated mutant (red line for LRP1 
flox/flox Rosa Cre/ERT2 and blue line for LRP1 flox/wt Rosa Cre/ERT2) mice were administered      
with Tx on day 2 and 6 as indicated by arrows. Total number of controls=4 and mutant 
LRP1 flox/flox COL1A2 CRE/ERT2 n=12, LRP1 flox/flox ROSA CRE/ERT2=13 are shown for 
survival estimation. In figure B are shown the combined values within a simple linear 
regression.  p value <*0.05 **0.01 ***0.001 ****0.0001, student t-test. 
 

3.4.2  Assessment of LRP1 depletion in adult mice tissues 

mRNA and protein levels were measured by qPCR and WB, 

respectively. qPCR analysis of total RNA extracted from the mouse skin tissue 

showed >87% reduction of LRP1 mRNA in the KO compared to wild-type mice 
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(Figure 3.3). LRP1 protein level in the KO skin tissue was also reduced by 

>86% compared to Cre-negative mice (LRP1loxP/loxP) (WT) tissue (Figure 3.4). 

These results confirmed that the deletion of LRP1 after tamoxifen 

administration was accomplished. 

 

Figure 3.3 Reduced gene expression level of LRP1 in total KO mice. Comparison 
of LRP1 gene expression levels LRP1loxP/loxP  (WT) and LRP1loxP/loxP/ROSA-Cre-ERT2 
(KO) mice by quantitative real-time PCR (qPCR). qPCR analysis of LRP1 gene 
expression in the skin WT KO mice. p<0.01**, paired t-test. 

 

Figure 3.4 Reduced protein expression level of LRP1 in total KO mice. A) WB 
showing the expression of LRP1 in skin protein extracts of WT and LRP1 KO mice. 
B) Changes in protein expression were quantified using densiometric analysis (n= 3 
mice per group) and normalised to actin. ****p<0.0001, paired t-test. 
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3.4.3  Evaluation of LRP1 deletion in tissue by IHC analysis  

To further confirm the effective deletion of LRP1 in the whole body, 

investigation of expression and distribution of LRP1 protein was performed in 

lung and sartorius muscle tissues by IHC analysis. Results by IHC revealed 

that LRP1 protein is markedly diminished in KO mice on both muscle and lung 

tissues, while it is abundantly expressed in WT mice (Figure 3.5) 

 

Figure 3.5 LRP1 deletion in lung and muscle tissues. LRP1 expression is shown 
in muscle and lung tissue in WT and KO mice. Isotype control is shown in A-D. LRP1 
staining is compared between WT mice (sartorius muscle tissue in B and lung tissue 
in E), where it is absent in KO tissue C-F. LRP1 protein is indicated by brown staining 
in muscle (B) and lung (F) while fast green as counterstaining is shown in lung tissue 
(D-E-F). Scale bar=100μM; 200μM. 

3.4.4  Global LRP1 loss results in gastrointestinal dysfunction and impairs 

digestive system 

To determine the cause for the rapid weight loss in KO mice, a gross 

examination of the internal organs was performed after termination by CO2. 

Dissection of intestines, stomach, liver and kidneys was made. An increased 

volume and altered aspect of intestine, stomach and liver tissues was 

observed (Figure 3.6). More specifically, the small intestine was yellowish pale 

A B C 

D E F 
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and fluid-distended in the LRP1 KO compared to WT mice. No phenotypic 

difference was observed in the kidneys between WT and LRP1 KO mice 

(Figure 3.7). 

 

Figure 3.6 Abnormalities of gastro-intestinal tract observed during gross 
examination. Representative pictures of internal organs from tamoxifen-treated WT 
(n = 4) and homozygote LRP1 mutant (n=13) mice. Liver, stomach, and intestine are 
indicated by arrows. 

 

Figure 3.7 Enlarged intestine and stomach in LRP1 KO mice. Representative mice 
organs (intestine, stomach, liver, and kidneys) isolated from KO and WT tamoxifen-
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treated mice showing the altered phenotype associated with LRP1 KO mouse in adult 
stage.   

 

3.4.5  Histological abnormalities in the gastro-intestinal tract of tamoxifen-

treated LRP1-KO mice 

To investigate the cause of rapid weight loss of total LRP1 KO animals, 

intestine and stomach were analysed by histological examination. The 

immunohistochemical analysis of LRP1 in the digestive tracts showed the 

presence of LRP1 in the villi intestine whereas it was mostly negative in KO 

mice (Figure 3.8 A-B). LRP1 expression was not clearly localised in the 

stomachs of WT (Figure 3.8 C) and KO mice (Figure 3.8 D).  

 

Figure 3.8 LRP1 is expressed in intestine and stomach. A-B LRP1 
immunostaining in intestine of WT (A) and KO (B) mice. C-D LRP1 immunostaining 
in the stomach      of WT (A) and KO (B) mice. Brown signal indicates LRP1 presence 
in tissues. Increased magnification for visualisation of villi and submucosa in intestine 
and stomach, respectively. Scale bar 100µm for both intestine and stomach figures. 

H&E staining of stomach, intestine, liver and kidneys revealed anatomical and 

histological differences between WT and LRP1 KO mice (Figure 3.18). 
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Different parts of the intestine including duodenum and ileum showed a major 

difference in the villi structures and muscle cell layers between KO and WT 

mice (Figure 3.9). KO intestine exhibited disrupted and abnormal or sometimes 

absent villi compared to WT mice. An increased intestinal epithelial cell 

shedding was potentially detected in KO mice (Figure 3.10). Loss of the 

intestinal barrier integrity where smooth muscle cells appeared distorted was 

detected in KO when compared to WT mice (Figure 3.11). The similarly altered 

smooth muscle cells were observed in the stomach of KO mice. Dysregulated 

submucosa and muscularis layers structures were observed in KO compared 

to the stomach of WT mice (Figure 3.12).   

Small anatomical differences were also observed in liver and kidneys 

between WT and KO mice (Figure 3.13). Adipose tissue was detected in the 

liver of KO tamoxifen-treated mice compared to WT mice where normal 

hepatocytes and central veins within the presence of sinusoids were found.  

Although no difference of both WT and KO kidneys was observed after gross 

examination, a high cellular infiltration was detected by H&E in kidneys of KO 

tamoxifen-treated mice compared to the WT (Figure 3.13).   
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Figure 3.9 LRP1 loss causes abnormalities in stomach and intestine. 
Representative images of H&E-stained of WT and LRP1 KO mice are shown in a 
cross section. Increased magnification for the visualisation of villi and submucosa 
layer in intestine and stomach, respectively. Scale bar=100μm. 

 

WT 
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Figure 3.10 Representative H&E of intestine of WT and LRP1 KO treated mice 
by IP injection. Scale bar= 50µm. Yellow arrows indicate villi structures and muscle 
layer. 

 

 

 

 

WT 

KO 
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Figure 3.11 Representative images of intestine of mice by OG administration. A 
shows intestine of WT mouse. B and C show intestines of KO mice after Tx 
administration. Increased magnification for the visualisation of villi structures and 
submucosa. Scale bar=100µm. 
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Figure 3.12 H&E of the stomach of WT and KO treated mice by IP injection. Scale 
bar=50µm. Yellow arrows indicate the distinctive structure of submucosa and 
muscularis layers. 
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Figure 3.13 Adipocytes in liver and inflammatory cells infiltrate in kidneys of 
LRP1 KO mice. Representative images of H&E-stained of WT and LRP1 KO mice 
are shown in a cross section. Increased magnification for the visualisation of the 
presence of adipose cells in KO liver and inflammatory cell infiltration in KO kidney. 
WT liver and kidney show the presence of normal hepatocytes and glomerulus, 
respectively.  Scale bar=100μm 

 

WT 

KO 
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Figure 3.14 Representative H&E stained auto scanned section of stomach of 
WT mice. Main stomach structures are indicated as m=muscularis; sm=submucosa. 
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Figure 3.15 Representative H&E stained auto scanned section of stomach of 
LRP1 KO mice. Main stomach structures are indicated as m=muscularis; 
sm=submucosa. 
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Figure 3.16 Representative H&E stained autoscanned sections of intestine of 
WT mice. Main intestine structures are indicated as v=villi; sm=submucosa. 
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Figure 3.17 Representative H&E stained autoscanned sections of intestine of 
LRP1 KO mice. Main intestine structures are indicated as v=villi; sm=submucosa. 
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Figure 3.18 Summary of the key findings in LRP1 total KO mice in adult stage. 
Comparison between WT and LRP1 KO mice is shown after gross and histological 
examination. Stomach, intestine, liver and kidneys were analysed by H&E staining. 
Scale bars of H&E pictures=100 µm and 50µm.   
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3.5 Discussion  

The effect of global LRP1 deletion in adult mice was investigated. The 

major findings reported in this work were a rapid weight loss (>20%) and 

digestive dysfunction-observed in total LRP1 KO adult mice, which was 

primarily restricted to the gastro-intestinal tract.  

3.5.1  Why does global deletion of LRP1 in adult mice cause rapid weight 

loss? 

Based on our results, we hypothesise that rapid weight loss was 

potentially due to a lack of food absorption. To note, intestinal enlargement 

with yellowish fluid in KO mice can be due to a loss of villi’s digestive functions 

leading to a decreased intestinal surface area. Shedding of intestinal epithelial 

cells was also observed in KO mice by H&E staining. Inefficient motility and 

absorption capacities of the gastro-intestinal tract can coincide with an 

abnormal phenotype in LRP1-KO mice. Initially, we aimed to identify any 

potential toxicity linked to tamoxifen administration that causes rapid loss of 

weight in mice. In literature, a potential toxic effect of ligand-dependent Cre 

recombinase for the generation of a conditional KO mouse has been 

previously tested by Hameyer et al., in 2007. They aimed to determine if there 

is any background activity for conducting conditional in vivo experiments with 

the ROSA26-CreERT2 in different organs including colon and lungs. No 

pathological effect was found in their work, suggesting that any background 

activity associated with the ROSA26-CreERT2 deleter system will not interfere 

(Hameyer et al., in 2007). Based on this, we attempted to assess whether 

tamoxifen administration via IP injection caused any misinjection. For this 

reason, the same experiment was repeated using OG injection, which 

confirmed our previous results. Therefore, we concluded that the IP injection 

was an adequate means of drug delivery. It is important to note that LRP1 WT 

mice did not lose weight after either IP or OG tamoxifen administration. In fact, 

during the dissection, no evidence of altered phenotype and abnormalities in 
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the gastro-intestinal tract were observed in the WT compared to non-treated 

mice.   

Although it has not been previously reported that LRP1 plays an 

important role in the digestive system function, during the work of this thesis a 

study by Fields et al., in 2019 showed a similar result after global deletion of 

Laminin-γ1 (Fields et al., 2019). They demonstrated the deletion of laminin-γ1 

leads to rapid weight loss in mice in adulthood due to gastro-intestinal defects 

similar to our results. Recently, another work by Li et al., 2018, found that the 

Cldn7-deficient mice had severe intestinal defects that included mucosal 

ulcerations, epithelial cell sloughing and inflammation. The Cldn7-deficient 

mice survived for only seven days, making it difficult to further investigate the 

function of Cldn7 in the intestine. Next, they decided to generate Cldn7 

intestinal conditional knockout mice using the Cre/LoxP system upon induction 

with tamoxifen. They demonstrated that by deleting Cldn7 in the intestine of 

mice, a severe intestinal inflammatory reaction and disruption of the intestine 

occurs, including the mucous membrane epithelium cells which were necrotic 

and detached (Li, et al., 2018). A recent paper published by Won et al. (Won, 

et al., 2022), evidenced that deletion of one of the LRP1 ligands known as 

Cellular Communication Network Factor 1 (CCN1) affects intestinal stem cells 

(ISCs) leading to a loss of intestinal absorption function.  

Total LRP1 KO mice did not allow us to explore its role in lung and we 

unexpectedly found that total loss of Lrp1 in adults can be deleterious for the 

maintenance of the digestive functions. 

3.5.2  Does LRP1 loss affect liver and kidneys? 

The essential contribution for tissue homeostasis maintenance of LRP1 

was previously assessed in vascular remodelling (Boucher, et al., 2003), lipid 

metabolism (Basford, et al., 2011), cell survival in the central nervous system, 

and in the molecular mechanisms of diseases such as atherosclerosis and 

Alzheimer’s disease (Loukinova, et al., 2002; Huang & Huang, 2005). It has 
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been reported that deletion of Lrp1 in the liver of LDL receptor-deficient mice 

results in the accumulation of cholesterol-rich remnant lipoproteins in the 

circulation, suggesting its involvement in the clearance of cholesterol-rich 

remnant lipoproteins (Rohlmann, et al., 1996). Moreover, in our total LRP1 KO 

mice an abnormal formation and distribution of fat content in the liver was 

observed and this could be the result of a loss of an efficient hepatic 

metabolism. Therefore, one hypothesis is that the enlarged liver observed in 

KO mice can be linked to a clinical condition called “fatty liver disease”, which 

rather than a disease is a disorder caused by the accumulation of fat. In our 

findings, we also detected the presence of inflammatory cell infiltration in 

kidneys of KO mice potentially due to the activation of inflammatory signalling 

pathways. Previous studies showed that tPA binds to LRP1 on kidney 

fibroblasts inducing its phosphorylation and activation of Erk1/2 MAPK 

pathway for fibroblast proliferation in fibrosis response (Lin et al., 2010). 

Although those previous tissue-specific knockout studies have provided 

information of LRP1 and linked it to cellular mechanisms such as lipid 

metabolism, glucose homeostasis and obesity, the core function of this 

receptor remains elusive.  

3.5.3 Limitations  

Our research showed that global deletion of LRP1 caused a rapid 

weight loss and gastrointestinal defects. However, this study presented 

different limitations. Firstly, due to a lack of time I was limited to only assessing 

a gross pathology examination of the gastro-intestinal tract by H&E and LRP1-

immunostaining. Practical problems have come up during the paraffin-

embedding orientation due to the deterioration of the tissue followed by 

thawing from -80 C. Moreover, the inadequate thickness of the LRP1-KO mice 

intestine did not allow to consistently have the right orientation for the 

visualisation of the villi and other digestive structures.  
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3.5.4 Conclusions and future plans 

Improvements of paraffin-embedding orientation is essential for future 

analysis of the digestive system. It would be useful to analyse other areas of 

intestine, such as ileum and colon improving the visualisation of projections of 

microvilli, lamina propria, and intestinal crypts. For example, a “swiss-roll” 

technique is reported in literature to differentiate intestinal structural features 

with intestinal inflammation and abnormalities along the entire length 

(Bialkowska et al., 2016). Global deletion of LRP1 could be also monitored in 

intestine and stomach by performing a time-course experiment upon Tx 

administration. For example, termination of mice at different time points after 

Tx administration could reveal how total loss of LRP1 could affect the 

dysfunction of gastro-intestinal system. This experiment can potentially 

discover any detectable morphological changing over the duration of the 

experiment. For a better understanding of the gastro-intestinal function a 

further analysis of mucosa layers and lymphoid tissue in the intestine of total 

LRP1 KO mice might provide important information about the metabolism, 

mechanical digestion and absorption. In fact, previous studies have shown that 

the normal microflora of the large intestine can be affected by loss of genes 

such as riboflavin transporter-3 (RFVT-3) (Subramanian et al., 2016). It has 

been shown that mice deficient for ATP-gated P2X receptor cation channel 

family (P2X) receptors lost distention and peristalsis capacity in the small 

intestine (Bian et al., 2003). Combining the advanced ex vivo 3-dimensional 

models culturing would be useful to test any possible mechanobiological 

involvement of LRP1 in the intestinal peristalsis of total LRP1 KO mice. 

Since a rapid weight loss was shown, a different transgenic mouse 

model was used in Chapter 4 to investigate LRP1 function in lung tissue in 

vivo. 
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Chapter 4  Major contribution of fibroblast LRP1 to 

excessive accumulation of collagen in lung fibrosis 

     Summary 

Lung fibrosis is classified as the end stage of lung diseases and 

characterised by an excessive collagen deposition in the pulmonary 

interstitium. Transdifferentiation of fibroblasts to myofibroblasts plays a key 

role in the pathological mechanism of lung fibrosis for the excessive collagen 

deposition and inefficient wound healing repair process. 

In this chapter, a bleomycin-induced pulmonary fibrosis model was 

assessed in a COL1A2-selective LRP1 knockout mice model. A series of 

experiments were performed for this chapter to address the initial hypothesis: 

LRP1 reduces bleomycin-induced lung fibrosis by mediating the lysosome 

degradation of pro-fibrotic molecules (Figure 4.1). Finally, the localisation and 

distribution of COL1A2-expressing cells upon bleomycin injury was tracked 

and visualised using COL1A2-R26TmG reporter mice model. Our results were 

contrary to the initial hypothesis. In fact, we found that loss of LRP1 in 

COL1A2-expressing cells results in a reduced collagen deposition upon 

bleomycin injury. 
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Figure 4.1 Initial hypothesis: LRP1 prevents collagen deposition and is 
protective in lung fibrosis. (1) Pro-fibrotic LRP1 ligands are internalised by LRP1 
(2) and it mediates their degradation in lysosome (3). LRP1-mediated endocytosis 
prevents the excessive collagen deposition upon bleomycin injury. Figure released 
with Biorender. 

4.1 Introduction 

Lung fibrosis is characterized by a fatal loss of lung function and a 

survival rate lower than most human cancers. Three important hallmarks have 

been identified in lung fibrosis pathogenesis: excessive collagen deposition, 

fibroblast to myofibroblast differentiation and inflammatory cell infiltration. The 

progress of new therapies relies on the use of robust in vivo models, although 

its pathogenesis remains elusive and not completely understood. Various 

animal models have been developed to mimic features of human lung fibrosis 

including recurrent exposure to radiations (Paun & Haston, 2012), instillation 

of asbestos (Cyphert, et al., 2014; Rasmussen & Pfau, 2011), silica and 

bleomycin (Lakatos, et al., 2006; Nakayama, et al., 2009; Moore, et al., 2013). 

The most common agent for inducing lung fibrosis is bleomycin (Adamson, 
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1976; Umezawa, et al., 1967; Ponticos, et al., 2009; Egger, et al., 2013; 

Scotton, et al., 2013; Gilhodes, et al., 2017) which is also used for treating 

different types of cancer. However, it has been shown that it upregulates 

collagen synthesis by modulating fibroblast proliferation through TGF-β 

response and alters the fibrinolytic system leading to fibrin deposition (Reinert, 

et al., 2013). The most common adverse effect of bleomycin is interstitial 

pneumonitis, followed by pulmonary fibrosis. Bleomycin-induced pulmonary 

disease occurs in more than 46% of patients treated with bleomycin and lung 

toxicity has been reported during treatment. Molecular mechanisms beyond 

the development of pulmonary fibrosis after bleomycin treatment remain 

unknown (Izumikawa, et al., 2008). It has been hypothesised that bleomycin 

causes an overactivation of fibroblasts and subsequent fibrosis due to a lack 

of the enzyme bleomycin hydrolase in the lung tissue (Chaudhary, et al., 2006).  

In this chapter, I investigated LRP1 role in lung fibrosis development 

using in vivo μCT scan and histological examination. Finally, I have used an 

optimised open-source software for collagen quantification in lung tissue after 

Masson’s trichrome staining. 

4.2 Aims and objectives 

The aims of this chapter were as follows:  

I. Establishment of COL1A2-selective LRP1 knockout mice for 

bleomycin-induced lung fibrosis model. The first objective for this aim 

was to detect changes in body weight and signs of sickness behaviour 

in this tissue-specific KO mouse model.  

II. Determine the effect of LRP1 loss in COL1A2-expressing cells upon 

bleomycin administration. The objective for this aim was to investigate 

the contribution of LRP1 in lung fibrosis development by in vivo µCT 

and histological examination.  

III. Identify COL1A2-expressing cells in normal and fibrotic lung tissue. The 

objective for this aim was to characterize collagen-producing cell 
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populations in murine lungs by using tdTomato-expressing mice under 

the control of the inducible enhancer COL1A2-CreER. 
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4.3 Chapter-specific methods 

4.3.1  Bleomycin Administration: oropharyngeal route (OA)  

Different routes of bleomycin administration to the lungs have been 

developed such as: subcutaneous (SC), intravenous (IV), intratracheal (IT), 

intranasal (IN) and oropharyngeal (OA) (Lindenschmidt, et al., 1986; Braun, et 

al., 1996; Egger, et al., 2013; Williamson, et al., 2015). Lakatos and 

collaborators in 2006, made an important comparison between the IN and OA 

routes to induce lung fibrosis by silica administration (Lakatos, et al., 2006). 

They found a difference of fibrosis development in terms of localization: the IN 

route was causing fibrosis in the proximal area of the lungs, while the OA route 

causes fibrosis in the distal lungs (Lakatos, et al., 2006). Since this group also 

showed a certain level of complexity during the IN administration, we decided 

to adopt the OA route to induce lung fibrosis in this experimental procedure 

(Figure 4.2). Animals were anaesthetised using 2.0 % isoflurane during the 

bleomycin administration. An elastic band wrapped around a gloves box was 

used as a suspension system to open the mouth and expose the back of the 

throat. Animals were suspended via their incisors and a pair of forceps was 

used to hold the tongue outside and administer 25 µL of solution with a 

micropipette. Since the bleomycin is also registered for the level of pain, I 

checked and monitored the animals over the 4 weeks. More specifically, I 

supervised any change in body weight and any sign of distress together with 

the level of lung fibrosis every week by in vivo μCT.  
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Figure 4.2 Illustration of OA administration route in mice. Mice were previously 
anesthetised and suspended on a thin rubber band, exposing the tongue in order to 
open the mouth and gently administer bleomycin in the posterior pharynx through the 
base of the tongue. Image was realised using Biorender.com. 

4.3.2  Bleomycin dose 

A stock solution of bleomycin (15000 IU Powder for solution for 

injection/ infusion per mouse) was kindly provided by Dr Sonya Craig and 

prepared in sterile PBS before the first administration and then stored, in 

aliquots, at -80°C. The initial optimization was delivered via oropharyngeal 

aspiration (OA) at different doses: 5 ng/g, 0.5 ng/g and 0.05 ng/g  per mouse 

(Table 4.1). Following the optimisation experiment, a single dose of 0.1ng/g 

was chosen and administered to all the rest of the mice for this research 

project.  

 

 

 



 

   
 

83 
 

Table 4.1 Initial optimisation Bleomycin dose. 

Mouse IDs Genotyping  
Bleomycin 
dose (I.U.) CT-scan Termination 

LRP1AggTmr 
(2.3) 

Lpr1fl 
(het)/AggCre (het) ctrl 

Time 0,1,2,3,4, 
weeks 4 weeks 

LRP1AggTmr 
(1.1) 

Lpr1fl 
(het)/AggCre (het) 0.05ng/g  

Time 
0,1,2,3,4,weeks 

4 weeks after 
Bleomycin 

LRP1AggTmr 
(2.1) 

Lpr1fl 
(het)/AggCre (het) 0.5ng/g  

Time 
0,1,2,3weeks 

3 weeks after 
bleomycin 

LRP1AggTmr 
(2.4) 

Lpr1fl 
(het)/AggCre (het) 5ng/g  Time 0, 1weeks 

1week after 
bleomycin 

 

4.3.3  Bleomycin administration in transgenic mice 

TX-dependent CreERT2 inducible knockout of LRP1 in fibroblasts 

(COL1A2 LRP1 KO) transgenic mice, as described in paragraph 2.3.3, were 

used for this chapter. Tx was administered before bleomycin to obtain 

knockout mice of interest. Therefore, after tamoxifen injection, bleomycin was 

administered to induce lung fibrosis. Different time points were established for 

the lung fibrosis evaluation during the 4 weeks. Lungs treated with different 

concentrations of bleomycin were collected and analysed by in vivo µCt and 

histological examination. We did not observe any sign of rapid weight loss at 

the concentration of 0.1ng/g of bleomycin. 

 
Figure 4.3 Lung fibrosis development upon bleomycin injury. The transgenic 
mice were previously tamoxifen injected. Pulmonary fibrosis has been monitored at 
day 0, 7, 14, 28 by in vivo µCT scan. Mice were culled at day 28 from the first treatment 
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and the lungs were isolated and analysed by histological examination. Image was 
realised using biorender.com 

4.3.4  In vivo micro computed tomography (µCt) live imaging of the lungs 

For the in vivo experiment conducted in this chapter, lungs from 

transgenic mice were imaged by in vivo µCT using a Quantum GX-2 system 

Version: 3.0.39.5100 Copyright © Rigaku Corporation 2010-2018 

(PerkinElmer) (Figure 4.4). In vivo µCT provided evidence in real time on the 

effects of bleomycin treatment. Mice were imaged at day 0, 7, 14, 21, 28 for 

the late stage of fibrotic disease. Images were acquired with a respiratory 

gated technique with the following parameters: X-ray tube voltage 90 KV, X-

ray tube current 88 µA, total scan time of 4 min. The retrospectively gated 

acquisition protocol in “high speed” mode, resulted in two 3D datasets with 50 

μm isotropic reconstructed voxel size, corresponding to the two different 

phases of the breathing cycle: inspiration and expiration. An X-ray filter of 

copper (Cu) 0.06mm and aluminium (Al) 0.5mm was used for lung scans. Live 

CT view allowed the camera to be positioned in the region of interest before 

starting the CT scanning session. At the end of the lung scanning, mice were 

gently transferred and acclimated to a dedicated box at 37°C for recovery and 

observed for 15 minutes. 



 

   
 

85 
 

 

Figure 4.4 Quantum GX μ-CT machine (PerkinElmer, Inc. Waltham, MA) located at 
the Centre for Pre-Clinical Imaging (CPI) facility at the University of Liverpool. 

4.3.5  Inflation and isolation of lungs  

Mice were euthanized with CO2 inhalation in a chamber for 7 minutes 

and positioned in dorsal recumbence with full extension of pelvic and pectoral 

limbs. The abdominal cavity was then opened using sterile scissors and 

forceps and the entire skin was manually removed bilaterally. A ventral midline 

incision was made into the abdomen to expose the peritoneal cavity and the 

xiphoid process. Neck muscles were removed leaving the trachea opened. 

Liver portal vein was cut, and a small incision was performed on the bottom 

part of the diaphragm. Extreme care was taken during this incision to not cause 

any damage to the lungs while cutting the whole circumference. The xiphoid 

process was exposed with the forceps and the scissors were used to cut the 

ribs on each side of the sternum. The thymus, which is located above the heart 

in the anterior superior thorax, was carefully removed after cutting and lifting 

the ribs. A sterile string was then passed underneath, and then up tracheal 

space using blunt forceps and wrapped around tracheal rings, leaving an 

opened knot. A transverse incision in the cartilaginous rings in the superior 

region of the trachea without cutting through the posterior portion was made. 
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Gently, the needle was inserted into the trachea while the knot between the 

needle and the trachea was holding in place. The lungs were gently inflated 

with air until they were fully expanded to fill the chest thorax (1.5mL). After 

removal of the needle, a tight knot was closed around the trachea to avoid any 

air leak. Lung was dissected out from the dorsal cavity as an inflated lung. 

Lungs for the histological examination were placed in a falcon tube containing 

4% of PFA and placed at 4°C, while some lobes were stored at -80°C for RNA 

extraction. After 24 hours, PBS at 4% PFA was discarded under a fume hood 

and replaced with cold 70% Ethanol ready for the tissue processing process.  

4.3.6  Histological examination 

Inflated lungs were immersed in a solution of PFA 4%. The lung tissue 

was fixed in EtOH 70% and processed as described in 2.9.1 and 2.9.4 

paragraphs. 

4.3.7  Masson-Goldner’s Trichrome Stain 

Masson-Goldner’s Trichrome Stain was performed to evaluate the 

collagen content in paraffin-embedded lung tissue samples (Table 4.2). The 

collagen was stained in blue/light green by analine blue/fast green, the nuclei 

in black and the background and muscle fibres were stained in red. Following 

the dehydration step, stained slides were mounted in DPX mountant solution 

and imaged using a Zeiss LSM 800 microscope. All the reagents were 

previously prepared freshly to use. Weigert's Haematoxylin solution was 

prepared by mixing equal parts of solution A and solution B, respectively made 

of 10 g Haematoxylin crist. (C.I.75290) added to 1L of 95 % EtOH and 12 g of 

ferric chloride added to 40 mL water and 10 mL hydrochloric acid. ddH2O was 

added to make a total volume of 1 L. Next acid fuchsin- ponceau solution was 

made by adding 6 mL of a solution prepared with 1 g Ponceau 2R in 100 mL 

ddH2O and 2 mL of a solution made of 1g acid Fuchsin in 100 mL ddH2O. 

This was added to 9 mL of 2 % Acetic acid and 73 mL ddH2O. Finally, 3g of 

phosphotungstic-acid- orange G and 2g of phosphotungstic acid Orange G 
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was added to 100 mL distilled water. Counterstaining solution was prepared 

by adding 1g of light green powder to 1 mL of acetic acid and 500 mL ddH2O.  

Table 4.2 Masson’s trichrome staining steps and reagents details. 

Reagent/step 
Immersion 
time (minutes) 

Weigert's Haematoxylin 10 

H2O 10 

Acid Fuschin 15 

1% Acetic Acid 2 

PTA Orange 5 

1% Acetic Acid 0.5 

Fast Green/Analine blue 10 

1% Acetic Acid 3 

70% Ethanol 2 

90% Ethanol 2 

100% Ethanol 3 

Xylene 5 

Xylene 5 

 

4.3.8  Picrosirius red staining 

PFA fixed sections were dewaxed through Xylene for 5 minutes and 

hydrated through decreasing ethanol concentrations, while cryosections were 

incubated for 1 minute in PBS. PFA sections were incubated with Weigert’s 

haematoxylin for 8 minutes allowing nuclear staining. Slides were then washed 

in running tap water. This step was not used for cryosections as the procedure 

destroyed tissue architecture. Slides were then incubated for 1 hour in 

Picrosirius red, which colours collagen fibres. Sections were washed through 

two dips in water with 1% of acetic acid. Slides were dehydrated in ethanol, 

cleared in xylene and mounted in a resinous medium with a coverslip. Slides 

were then incubated for 1 hour in a fume hood at room temperature to 

evaporate traces of xylene. 
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4.3.9  Collagen quantification on lung tissue 

A quantitative analysis of collagen was performed on lungs treated with 

bleomycin at 28th day after termination of the mice. Sections were stained by 

Masson’s trichrome staining as described in 4.3.7 and auto scanned and then 

loaded in a software entirely assessed by Professor Rob Vant’ Hoff (van 't Hof, 

et al., 2017). More specifically, he developed an open source software for 

semi-automated histomorphometry of bone sections and he adapted that on 

the lung tissue.  

The analysis was performed as following: 

● Selection of the lobes 

 

Figure 4.5 First step of the collagen quantification analysis showing the 
selection of the area of interest. 

● Identification of the air spaces. This step was adapted to the 

identification of the bone threshold. The air space was identified by the 

adjustment of the threshold parameters. 
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Figure 4.6 Adjustment of the parameters threshold for the identification of the 
air spaces in the lung tissue. 

 

● Removal of the unspecific air space by regulating the colour      

parameters. The aim of this step is to select all the air spaces in 

“yellow” as shown in the figure.

 

Figure 4.7 Highlighting selection of air space in the lung  
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● Final selection of the air space in yellow avoiding the vessels 

overlapping. This is a crucial step for the final step of the quantification.  

 

Figure 4.8 Air space selection removing the blood vessels. 

Identification of collagen. This step was adapted to the “identification 

osteoid by threshold”. Collagen was identified as “pink” by adjusting the 

other threshold parameters. 

 

Figure 4.9 Final tracking of the collagen in “pink” to be quantified. 

● Quantification obtained. Running this image analysis, I obtained these      

values to plot as OV/BV which is the air/space expressed in percentage.  
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Figure 4.10 Results obtained by quantification analysis. Different parameters 
were obtained by the lung analysis. The OV/BV value was considered as air/space in 
percentage (%). 

4.3.10 Immunohistochemistry 

IHC was performed as described in paragraph 2.7.5. A panel of 

fibroblast markers      was assessed for the localization of fibroblast cells in 

lung tissue. Vimentin, alpha muscle actin, HSP47 and S100A4 antibodies were 

tested on sections of isolated lung tissue at two different concentrations: 1:500 

and 1: 1000 (Table 4.3).  

Table 4.3 Panel of fibroblast marker tested in lung tissue. 

 

4.3.11 Cryosectioning 

Lungs filled with O.C.T. at 30% v/v of Sucrose/PBS were place in -20°C 

20 minutes before cryostat and then cut with a Leica CM1850 cryostat 

producing slides of 5μm.  

4.3.12 Inducible COL1A2-Cre/tdTomato mice  

To generate mice expressing tdTomato in COL1A2-expressing cells 

(COL1A2-Cre/tdTomato), was used a reporter mouse which express the red 

fluorescent protein, tdTomato with flanking LoxP sites (Rosa26 TdTomato 
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mice). Mice containing the reporter construct B6CB; 129-(Cg)-Gt (ROSA) 

26Sortm4 (ACTB- tdTomato) Luo/Liv, were purchased from Jackson 

Laboratories (007676). These were bred with male mice containing the 

COL1A2 driven CreERT2 B6CB-Tg (Col1a2-17=1.5kbenh-350mp-CreErt2) 

3.18/Liv (Figure 4.10). These animals were used for lineage tracing 

experiments to determine the distribution pattern in COL1A2-CreERT2 in 

response to bleomycin injury. Cre-recombinase expression of the resulting 

offspring was induced by tamoxifen injection. Mice were treated with bleomycin 

(0.05ng/ml) and sacrificed at time points of 1 and 3 weeks (Table 4.4). Lungs 

were isolated and inflated and prepared for cryosectioning procedure. The 

lungs slides were stained using 4′,6-diamidino-2-phenylindole (DAPI) and 

mounted before imaging. Lung histology was carried out using the Zeiss 

apotome microscope under TdTomato and DAPI fluorescent imaging.  

 

Figure 4.11 Characterization of Mesenchymal-Fibroblast Cells Using the Col1a2 
Promoter/Enhancer. Schematic diagram of COL1A2 gene localised on the 
hypersensitive sites (HSs) and proximal promoter (pp). (Figure revised from Li et al., 
2017). 

Table 4.4 The table displays the experiment’s plan at different time points.  

Mouse Mouse Genotyping Tamoxifen Bleomycin Termination 

1  COL1A2-Cre +/+ Tmr +/+ None + 3 weeks 

2  COL1A2-Cre +/+ Tmr +/+ 3 doses  + 1 week 
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3  COL1A2-Cre +/+ Tmr +/+ 3 doses + 3 weeks 

4  COL1A2-Cre +/+ Tmr +/+ 3 doses  - 3 weeks 

5  COL1A2-Cre +/+ Tmr +/+ 3 doses  - 3 weeks 

4.3.13 TGF-β1 treatments on WT and LRP1-/- MEF cells and western 

blotting 

WT mouse embryonic fibroblasts (MEFs) and LRP1-deficient MEFs 

were generated as previously described by E. Willnow and J. Herz in 1994 

were cultured in 48-multiwell plates until confluency and the media was 

replaced with serum-free media. After 24 hours, cells were treated with TGF-

β1 at 0.01, 1, 10 ng/mL for 20 minutes and 1 hour. Next, the media was 

removed, and the cells were lysed with 50μL of 2x SDS-sampling buffer 

containing 5% 2-mercaptoethanol. Samples were analysed by SDS-PAGE 

under reducing conditions and immunoblotting using anti-SMAD2/3, anti-FAK, 

anti-P-FAK and anti-actin antibodies. Immune signals were quantified using 

ImageJ and the amount of the protein was normalised by the actin.   
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4.4 Results  

4.4.1 Establishing the dose-response effects of bleomycin-induced lung 

fibrosis in vivo 

An initial experiment of optimisation was performed testing different 

bleomycin doses. A mortality rate of 50% was observed among 4 mice during 

the bleomycin optimisation dose experiment. The respiratory function was 

measured and monitored by in vivo micro-CT scan before and after BLM 

instillation. Mice that experienced weight loss exceeding 20% of their start 

weight and/or exhibited signs of illness (hunching, piloerection) were culled via 

CO2 to negate a breach of Home Office licence conditions. The sections 

stained with Masson Trichrome staining, H&E and Picrosirius red under 

polarised light microscopy, enabled the visualisation of the extent of fibrosis 

that had formed at each time point and dose. 7 days after OA BLM 

administration at a dose of 5ng/g caused the worst lung tissue alterations 

among the treated mice with a high level of inflammation. In this mouse (Figure 

4.12 D) scarred areas and obliterated alveolar architecture were observed. 

Moreover, the presence of early fibrotic foci surrounding the bronchiole spaces 

were also detected. 21 days after OA BLM administration at the dose of 

0.5mg/mL a lower grade of lung tissue obliteration compared to the first one 

was shown. Fibroblastic foci were interfacing with the normal lung and the 

background architecture was still distorted within the presence of honeycomb, 

enlarged spaces lined by the bronchiolar epithelium (Figure 4.12 C).  28 days 

after bleomycin administration at 0.05ng/g (Figure 4.12 B), any body weight 

changes were observed post-bleomycin installation over the entire duration of 

the experiment similar to the untreated mouse. An accumulation of fibers of 

collagen was detected in the alveolar and bronchial spaces by picrosirius red 

reflecting the development of lung fibrosis (Figure 4.13). By contrast, the 

control lungs did not show any alteration in the lung architecture (Figure 4.13 

A). This was confirmed under polarized light where the control lung (Figure 
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4.13 A) did not show any event of dichroism usually indicated by the presence 

of different types of collagen (I and II-III) seen in other bleomycin-treated mice 

(Figure 4.13 B-C-D). These results were confirmed by H&E staining, in which 

bleomycin-treated mice at the doses of 0.5-0.05 and 5ng/g showed the same 

grade of fibrosis as observed in Masson’s trichrome and Picrosirius red 

stainings (Figure 4.14). In addition, an increase in cell density around the 

alveolar walls was observed among those treated mice at higher doses 

indicating immune cells infiltration (Figure 4.14 C-D). 

 

Figure 4.12 Lung fibrosis development observed by Masson’s trichrome 
staining.  C57Bl/6 mice treated at different bleomycin doses: control – no bleomycin 

administration (A); bleomycin-treated at 0.05ng/g (B); bleomycin-treated at 0.5ng/g 
(C) and bleomycin-treated at 5ng/g (D). The anatomical features in the lung tissue 
are indicated as follows: “a” (alveolar space), “b” (bronchiole space), “v” (vessel). The 
black arrows indicate the excessive collagen deposition (blue) upon bleomycin 
administration with the fibrosis development.  Scale bars= 100 µm and 50µm. 
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Figure 4.13 Collagen fibers detected under polarized light by Picrosirius red 
staining. C57Bl/6 mice untreated and treated at different bleomycin doses: control – 

no bleomycin administration (A); bleomycin-treated at 0.05ng/g (B); bleomycin-

treated at 0.5ng/g (C) and bleomycin-treated at 5ng/g (D). The images were obtained 
by polarised light microscopy where it provides complementary information about 
collagen fiber types, and spatial distribution.  Scale bars= 100 µm and 50µm. 

 

Figure 4.14 Cell infiltration observed in pulmonary fibrosis by H&E staining. 
C57Bl/6 mice untreated and treated at different bleomycin doses: control – no 

bleomycin administration (A); bleomycin-treated at 0.05ng/g (B); bleomycin-treated 

at 0.5ng/g (C) and bleomycin-treated at 5ng/g (D). Haematoxylin and eosin staining 
shows the extent of lung fibrosis in the BLM-treated mice (B,C,D) compared with the 
control mouse (A). Scale bars= 100 µm and 50 µm. 
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4.4.2  In vivo μCT: a preliminary densitometric analysis of the lungs  

In this study a comparison of lung inspiration volume between wild type 

mice and LRP1-COL1A2 KO mice was performed by in vivo μCT scan. More 

scar tissue distribution in WT mice was observed compared to the LRP1 

COL1A2 KO mice (Figure 4.15). These evaluations were made by simple 

observation under Professor Rob Vant’off’s supervision who suggested all the 

setting parameters for the acquisition protocol. During the elaboration of the 

scanned lung, anatomical features were localised and identified such as heart, 

ribs, vertebra and spinal cord and sternum. To note a background’s variability 

was observed among the analysed lungs. Therefore, the presence of 

background was more consistent 28 days after bleomycin administration. For 

this reason, a direct quantification by histology of the focal fibrotic lesions and 

collagen deposition was required in parallel to the in vivo μCT scan. 
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Figure 4.15 Lung fibrosis observed by in vivo μCT. These are the most 
representative pictures taken during the in vivo CT scan at 7 and 28 days after the 
OA bleomycin administration. WT mice (A) image show the development of lung 
fibrosis at 28 days in comparison with the LRP1 COL1A2 KO (C-D) where the 
deposition of collagen and scar tissue formation result to be less consistent. All the 
anatomical features are indicated as: heart (h), air (a); bones (b); sternum (s). The 
arrows point to the presence of pulmonary fibrosis.  
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4.4.3  Bleomycin-induced lung fibrosis is markedly reduced in COL1A2-

selective LRP1 KO mice  

The aim of this experiment was to determine the effects of loss of LRP1 

from COL1A2-expressing cells in lung fibrosis upon bleomycin administration. 

Masson’s trichrome staining for collagen deposition and inflammatory cells 

infiltration in representative inflated lung sections was obtained at day 28 post-

bleomycin (0.01ng/g) where WT mice (Figure 4.16 B) showed an excessive 

collagen deposition compared to the LRP1-COL1A2 KO (Figure 4.16 D). LRP1 

COL1A2 KO mice showed less fibrosis and inflammatory cell infiltration 

similarly to no treated mice (Figure 4.16 A). However, examination of sections 

at 28 days revealed some regions of fibrosis remained. In WT mice we could 

clearly see almost absent alveoli spaces (Figure 4.17) where in LRP1 COL1A2 

KO mice resulted to be well maintained (Figure 4.18). In WT bleomycin-treated 

mice a thickening of alveolar spaces was observed in regions adjacent to 

tissue deposits (Figure 4.19). Regions of fibrosis were closely associated with 

the bronchioles, with tissue deposition observed and fibrotic foci formation 

occurring most frequently in the immediate vicinity of the bronchioles. It was 

also observed around the bronchiole’s spaces the presence of collagen 

indicating a preferer deposition localisation during the fibrosis development 

(Figure 4.19 C-D).  A high grade of nuclear staining was detected in the fibrotic 

lungs compared to the LRP1 COL1A2 KO mice (Figure 4.20) where it was 

possible to distinguish a normal structure of alveolar and bronchial space with 

less cellular infiltration. Increase of collagen content upon bleomycin treatment 

was also assessed by imaging quantification analysis using Professor Rob 

Vant’ off software. The analysis included the relative amount of air and fibrosis 

content (Figure 4.22). The air surface detected by imaging analysis determined 

a >45% amount of air in control (no bleomycin) mice compared to LRP1 WT 

bleomycin-treated mice (p value ** <0.0011) and >30% compared to the LRP1 

COL1A2 KO bleomycin-treated mice (p value ** <0.0079). Not statistically 

significant difference was found between LRP1 WT bleomycin-treated mice 
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and LRP1 COL1A2 KO bleomycin-treated mice (Figure 4.22 A). Moreover, the 

relative amount of fibrosis was higher in the LRP1 WT bleomycin-treated mice 

compared to LRP1 COL1A2 KO bleomycin-treated mice and control no-

bleomycin mice (p value ***<0.0009 and p value **<0.0006, respectively). Not 

statistically significant difference was found between control mice and LRP1 

COL1A2 KO bleomycin-treated mice (Figure 4.22 B).  

 

Figure 4.16 Reduced collagen deposition is observed in LRP1 COL1A2 KO mice 
compared to WT. These pictures are respectively showing the no treated WT (A) and 
LRP1 COL1A2 KO (C) mice. 28 days after the bleomycin administration lungs were 
isolated and stained for the collagen visualisation. Fibrotic foci were observed 
(indicated by arrows) in WT lungs. Anatomical features are indicated as follows: b 
(bronchiole), a (alveolar space), v (vessel), f-i (fibrosis and inflammatory cells 
infiltration). Collagen depositions is indicated in figure B with yellow arrows, and it 
mostly surrounds the bronchiole spaces. Pictures taken at the 10x magnification. 
Scale bar=100µm. 
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Figure 4.17 Lung fibrosis in a WT mouse 4 weeks after bleomycin 
administration. Histological evaluation of whole lung samples isolated from 
bleomycin-treated mice up to 28 Days using Masson’s trichrome staining. Lungs were 
isolated immediately after termination by CO2 and manually inflated. Main features of 
the lungs are indicated as a=alveolar space; b=bronchiole; v=vessel; c=collagen; 
h=heart.  All images were by the autoscanner machine. 
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Figure 4.18 Lung fibrosis in LRP1 COL1A2 KO 4 weeks after bleomycin 
administration. Histological evaluation of whole lung samples isolated from 
bleomycin-treated mice up to 28 Days using Masson’s trichrome staining. Lungs were 
isolated immediately after termination by CO2 and manually inflated. Main features of 
the lungs are indicated as a=alveolar space; br=bronchiole; v=vessel; c=collagen; 
h=heart.  All images were by the autoscanner machine. 
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Figure 4.19 Histological examination by Masson’s trichrome staining of WT 
mice after bleomycin administration. In these pictures is possible to distinguish the 
anatomical features of the lungs: A-B are showing the lung fibrosis upon bleomycin 
injury; C-D is showing the bronchiole structure in the lungs where the arrow (yellow) 
is indicating the suspected presence of adipose tissue; E-F purely show the collagen 
distribution upon bleomycin administration which is mainly localised around the 
bronchiole space. Scale bar= 100 and 50µm. 
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Figure 4.20 Reduced collagen deposition and less cell infiltration in COL1A2 
LRP1 KO mice after bleomycin administration by Masson’s trichrome staining. 
As shown the most representative lung tissue from mice. In these mice the lung tissue 
structure and architecture are well maintained compared to the WT.  A-F shows      
different areas of the lungs. However, a low level of fibrosis (A-B) with a small cellular 
infiltration is shown. In the figure C is shown the presence of fibrotic tissue with some 
inflammatory cell infiltration in the minor lobe of the left lung. Scale bars at 100 and 
50µm.  
 

 



 

   
 

105 
 

 

Figure 4.21 Representative lung fibrosis in COL1A2 LRP1 KO. It is shown 
pulmonary fibrosis due to the genetic variability among the mice after tamoxifen and 
bleomycin administration. Collagen deposition is indicated in blue. Scale bars at 100 
and 50µm.  

 

Figure 4.22 Quantification analysis of ctrl lung tissue (no bleomycin), WT mice-
treated and COL1A2 LRP1 KO mice. Graph A shows the amount of air spaces 
where it results normal no bleomycin-treated mice compared to WT and LRP1 KO-
treated mice. Data were analysed using one-way ANOVA with Tukey’s multiple 
comparisons test: Ctrl (no bleo) vs. LRP1 WT (bleo) **p <0.0011; Ctrl (no bleo) vs. 
LRP1COL1A2 (bleo) **p <0.0079; LRP1 WT (bleo) vs. LRP1COL1A2 (bleo) ns (not 
statistically significant). The graph B represents the amount of fibrotic tissue, which is 
related to air space (alveoli)/ tissue values expressed in %. The majority of WT mice-

A B 
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treated with bleomycin showed a high level of fibrosis reflecting the presence of an 
increased stiffness and reduced alveolar spaces compared to the COL1A2 LRP1 KO 
mice where the specific deletion of LRP1 most likely prevents the pulmonary fibrosis. 
Data were analysed using one-way ANOVA with Tukey’s multiple comparisons test: 
Ctrl (no bleo) vs. LRP1 WT (bleo) ***p<0.0006; Ctrl (no bleo) vs. LRP1COL1A2 (bleo) 
ns (not statistically significant); LRP1 WT (bleo) vs. LRP1COL1A2 (bleo) ***p<0.0009. 

 

4.4.4  Reduced deposition of collagen type I and III in COL1A2 LRP1 KO 

mice upon bleomycin injury 

Picrosirius Red staining allowed a direct comparison between the lung 

structure, fibrosis and collagen deposition among the bleomycin-treated 

samples. The WT samples (Figure 4.23) clearly show much higher levels of 

lung fibrosis and damage compared to both the COL1A2 LRP1 KO (Figure 

4.24). By looking at the polarised light samples, two main colours of collagen 

fibres are distinguished: the red indicates type I collagen and the green 

indicates type III collagen. LRP1 WT lungs- bleomycin treated show tissue 

aggregates with parenchymal disruption and collagen deposition surrounding 

within the bronchioles. Polarised light microscopy highlighted the event of 

dichroism around alveoli with bright colour intensification (Figure 4.23). By 

contrast, COL1A2 LRP1 KO-bleomycin treated group shows slight collagen 

deposition within the alveoli. To note the bronchial walls are much thicker in 

the WT samples compared to COL1A2 KO lung tissue. Furthermore, in the WT 

samples, there appears to be some inflammatory cells infiltration. 

Quantification of the polarised light images using image J software, showed 

that LRP1 WT bleomycin-treated resulted in a significant 3.2-fold compared to 

COL1A2 LRP1 KO mice bleomycin-treated (p-value**<0.0001). Moreover, 

LRP1 COL1A2 KO mice bleomycin-treated did not show statistically significant 

difference compared to the control (no-bleomycin) (Figure 4.25).  
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Figure 4.23 Representative collagen fibres deposition by Picrosirius Red 
staining of WT fibrotic lung samples. Picrosirius Red staining to detect the levels 
of fibrosis and collagen deposition. These images provide the best representation of 
all the samples stained through a 10x magnification through both normal and 
polarised light, allowing the detection of type I and type III collagen indicated by the 
arrows. Scale bar= 50µm. 
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Figure 4.24 Reduced collagen deposition was detected by Picrosirius Red 
staining in COL1A2 fibrotic lung samples. Picrosirius Red staining to detect the 
levels of fibrosis and collagen deposition. These images provide the best 
representation of all the samples stained through a 10x magnification through both 
normal and polarised light, allowing the detection of type I and type III collagen. Arrow 
heads highlight areas of very mild collagen deposition. Scale bar= 50µm.  
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4.4.5  Detection of COL1A2-expressing cells in the bleomycin-induced lung 

fibrosis model using a COL1A2-R26tdTomato reporter mice 

To investigate collagen transcription and therefore fibrosis in the 

presence of COL1A2-expressing, cells were visualised by red fluorescence at 

different time points after bleomycin administration. The inducible COL1A2-

CreERT2 activity was examined using tdTomato red fluorescent signal in lung 

tissue samples from tamoxifen-treated mice. More specifically, transgenic 

adult CCOL1A2-R26TmG reporter mice containing the mT/mG reporter 

construct (Muzumdar et al., 2007) and COL1A2-CreERT2 gene (Li et al., 2017) 

were      used for the experiment. The positive control slides displayed normal 

lung tissue with thin lined alveolar septa and normal alveolar architecture 

(Figure 4.26 B). The negative control (Figure 4.26 A), which only received 

Figure 4.25 Lower collagen birefringence is 
detected in COL1A2 LRP1 KO mice upon 
bleomycin injury. Data were analysed using 1-
way ANOVA with Tukey’s multiple comparisons 
test: Ctrl (no bleo) vs. LRP1 WT (bleo) ****p 
<0.0001;   Ctrl (no bleo) vs. LRP1COL1A2 (bleo) 
ns (not statistically significant); LRP1 WT (bleo) 
vs. LRP1COL1A2 (bleo) ****p value<0.0001. 
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bleomycin treatment did not show red fluorescence under the microscope. The 

transcription of COL1A2 gene in adult mice at 1 and 3 weeks after bleomycin 

administration was tracked reflecting the highest amount of fluorescence in 

mice which had been treated with bleomycin and for the longest period which 

was up to 21 days. Red fluorescence was also detected under the microscope 

in the lung slides which had an incubation time of 1 week after exposure to 

bleomycin and tamoxifen. However, lung sections with a 3-weeks bleomycin 

treatment time showed higher levels of fluorescence when compared to the 1-

week treated mice (Figure 4.27). Disrupted alveolar architecture and infiltration 

of inflammatory cells was visualised in the bleomycin-treated mice lung tissue, 

with higher levels of disruption seen in the 3- week bleomycin- tamoxifen 

treated mice when compared with the 1- week bleomycin- tamoxifen treated 

mice (Figure 4.27). Apotome fluorescent microscopy detected the presence of 

COL1A2- expressing cells by red fluorescence (Figure 4.28). 
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Figure 4.26 COL1A2-expressing cells and nuclei visualisation. Comparing the 
negative control showing only DAPI (A) and the positive control (B) shows the 
COL1A2-CreERT2 activity indicated by the tdTomato signal (red; mCherry 610 nm 
fluorescence channel) which provides a profile of general cell morphology and 
structure in the normal lung tissue without bleomycin administration. However, the 
positive control (B) displays innate red. Normal alveolar architecture is seen in the 
positive control as no fibrosis is present. b = bronchiole, a = alveoli, s= interalveolar 
septa. Tissues were imaged using a Zeiss Axio Observer apotome microscope and 
Axio Cam MR R3 camera. Inserts show enlarged areas of image. Scale bars 
represent 100 μm. 
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Figure 4.27 Lung tissue treated with bleomycin show collagen-producing cells. 
for 1 week (A) and 3 weeks (B) shown after staining with DAPI for nuclei visualisation. 
A greater number of cells shows red fluorescence, which indicates presence of 
Col1a2 expressing cells. They result more visible in the 3-week bleomycin treated 
sample(B). Red fluorescence is also seen more widely spread in the 3 week treated 
mouse slides when compared to the 1- week bleomycin treated slides. Disrupted 
alveolar architecture shown. Tissues were imaged using a Zeiss Axio Observer 
apotome microscope and Axio Cam MR R3 camera. Inserts show enlarged areas of 
image. Scale bars represent 100 μm.   



 

   
 

113 
 

  

 

Figure 4.28 Visualisation of COL1A2-expressing cells. Red fluorescence indicates 
the presence of COL1A2-expressing cells. Disrupted alveolar architecture is also 
shown and the COL1A2 gene transcription looks more localised around the 
bronchiole space where the collagen is preferentially deposed during the lung fibrosis 
development. Blue arrows indicate the presence of elongated shaped cells which are 
thought to be fibroblast cells. Tissues were imaged using a Zeiss Axio Observer 
apotome microscope and Axio Cam MR R3 camera. Inserts show enlarged areas of 
image. Scale bars represent 100 μm. 
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4.4.6  Spatial distribution of fibroblast cells in lung tissue by 

Immunohistochemistry 

To discriminate the spatial distribution of fibroblast cells an IHC analysis 

was performed in lungs with or without fibrosis from WT and COL1A2-LRP1 

KO mice. LRP1 antibody was tested on WT fibrotic lungs and a positive 

staining was observed. Specifically, LRP1 expression was highly detected in 

alveolar cells surrounding the hyperplastic alveolar epithelium and in the 

thickened bronchioles (Figure 4.29).  Lower LRP1 expression was observed 

in COL1A2 LRP1 KO fibrotic lungs, where LRP1 protein localised around the 

small alveolar spaces (Figure 4.30).  

 

 

Figure 4.29 Representative LRP1 staining of WT fibrotic lung samples. These 
images provide the best representation of all the WT samples LRP1 immunostained 
through a 10x and 20X magnification. A show the presence of LRP1 in alveolar 
spaces while B show its presence in bronchioles both indicated by arrows, Scale bar= 
100µm and 50 µm. 
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Figure 4.30 Representative LRP1 staining of COL1A2 KO fibrotic lung sample. 
Each of these samples were treated with bleomycin to induce fibrosis in lungs and 
then stained using LRP1 antibody. These images provide the best representation of 
all the samples stained through a 10x magnification, allowing the detection of LRP1. 
LRP1 is seen surrounding the alveoli and bronchioles indicated by the arrows. (A)and 
(B) LIV201COL1A2 KO. Scale bar= 100µm. 

A panel of different fibroblast markers was performed on lung tissue by 

IHC. 4 recombinant rabbit monoclonal antibodies against human and mouse 

Vimentin, alpha smooth muscle Actin, Hsp47, S100A4 were tested on lung 

tissue to track the presence of fibroblast cells in the lung tissue before and 

after lung fibrosis development. A positive staining was found for this panel of 

fibroblast markers (Figure 4.31). Initially, different concentrations of the cited 

antibodies were tested to distinguish which provided the clearest staining. It 

was determined that the most consistent and strongest stain was Vimentin at 

a 1:1000 concentration. Whilst Hsp47 shows a strong stain at a 1:1000 

concentration, it was more inconsistent as the 1:500 concentration showed 

weaker staining despite the higher concentration of primary antibody (Figure 

4.31). Vimentin was the strongest marker for fibroblasts and so it was used 



 

   
 

116 
 

alongside the primary anti-LRP1 monoclonal antibody to stain the fibroblasts 

and determine LRP1 localisation in comparison with fibroblast cells (Figure 

4.32). The fibroblast specific and LRP1 expression analysis suggests co-

localisation between fibroblasts and LRP1 in fibrotic tissue (Figure 4.33). 

 

Figure 4.31 Representative optimisation of fibroblast staining on lung samples. 
Each of these samples were treated with bleomycin to induce fibrosis in lungs and 
then stained using fibroblast staining using a variety of primary antibodies staining. 
These images provide the best representation of all the samples stained through a 
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10X magnification, allowing the detection of fibroblasts. Fibroblasts surrounding the 
bronchioles and blood vessels are indicated by the arrows. Scale bar= 100µm. 

Figure 4.32 Representative LRP1 and fibroblast staining comparison on fibrotic 
lung tissue. Each of these samples were treated with bleomycin to induce fibrosis in 
lungs and then stained using either LRP1 antibody staining or the previously 
optimised Vimentin. These images provide the best representation of all the samples 
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stained through a 10X magnification, allowing the detection of LRP1 and fibroblasts. 
LRP1 and Vimentin localisation are indicated by the arrows.  Scale bar= 100µm. 
 

 

Figure 4.33 Immunostaining for vimentin protein in normal and fibrotic lung 
tissue. The staining is showing the spatial distribution of vimentin in lung around the 
bronchioles and in the alveolar cells indicated by the arrows. Scale bar= 100µm and 
50µm. 

4.4.7  LRP1 involvement upon TGF- β1 presence 

LRP1 involvement in pro-fibrotic response upon TGF-β1 presence was 

investigated using WT and LRP1 KO MEF cells. Among the regulators 

identified upon TGF-β1 activation, SMAD2/3 expression was analysed by WB. 

Time-course experiment showed a sustained difference between WT and 

LRP1 KO MEF cells, where the protein level of SMAD2/3 protein was higher 

in the WT upon TGF-β1 treatments (Figure 4.34). However, a slight increase 

of SMAD2/3 expression level appeared using a concentration of 0.01 ng/mL 

for 20 minutes compared to the lower protein expression in KO. Next, we 
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examined the consequential expression upon phosphorylation of focal 

adhesion kinase (FAK), essential factor to the TGF-β1-mediated 

myofibroblasts differentiation (Greesenberg et al., 2006). WB results from FAK 

and p-FAK proteins evidenced the increased levels for both proteins in WT 

compared to LRP1 KO cells. 

 

 

 

A 
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Figure 4.34 TGFβ1 treatments of MEFs cells is accompanied by expression and 
activation of SMAD2/3, FAK and p-FAK proteins. MEF cells were grown and then 
serum-starved overnight, and stimulated with 0.01, 1, and 10 ng/mL TGF-b1 for 20’ 
and 1h. The cell extracts were analyzed by Western blotting with antibodies against 
SMAD2/3, FAK, P-FAK, AKT, P-AKT and actin as shown. (B) Relative protein 
amounts were normalised by actin as shown in the graphs below the western blotting 
figures (n=1).  

 

 

4.5 Discussion 

Bleomycin optimisation allowed us to obtain the fibrotic features such 

as excessive collagen deposition and inflammation. In contrast with the initial 

hypothesis LRP1 presence was unexpectedly found to facilitate the 
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development of lung fibrosis. Deletion of LRP1 in COL1A2-expressing cells 

resulted in a reduced collagen deposition upon bleomycin injury. 

4.5.1  Why is LRP1 important for collagen deposition upon bleomycin 

injury? 

Collagen deposition is a key characteristic of bleomycin-induced lung 

fibrosis (Limjunyawong, et al., 2014). Elevated grade of fibrosis was seen 

within the WT samples compared to COL1A2 LRP1 KO lung samples 

indicating that LRP1 could be a contributing factor for the development of lung 

fibrosis. For instance, LRP1 COL1A2 KO mice did not show lung damage and 

excessive collagen deposition as observed in WT mice. Whilst collagen does 

appear in normal lungs, specifically around blood vessels, an excessive 

quantity around the bronchioles was present upon bleomycin injury in WT 

mice.  

A recent work from Tam and colleagues in 2021 showed that removal 

of CTGF, one of the LRP1 ligands, could attenuate the development of a 

fibrotic lung phenotype in vivo (Tam, et al., 2021). In this case, it is possible to 

speculate that in the absence of CTGF, LRP1 may internalise other pro-fibrotic 

molecules from the ECM, preventing the development of lung fibrosis. In lung 

fibrosis, the balance between MMPs and TIMPs is lost (Giannandrea & Parks, 

2014). Therefore, we could assume that loss of LRP1 in COL1A2-expressing 

cells facilitates the accumulation of MMPs, including MMP-2 and MMP-9, 

which are responsible for collagen degradation during fibrosis (Liu, et al., 2011; 

Wilson & Wynn, 2009). Of our interest is the recent work of Chang et al., in 

2020 where it has been demonstrated that collagen fibrils need to be 

internalised by cells to produce and release the mature molecule (Chang, et 

al., 2020). If LRP1 mediates collagen endocytosis and its release to the ECM 

to facilitate the formation of new collagen fibrils, this evidence could strongly 

support our findings, which showed that COL1A2 LRP1 KO mice had less 

collagen deposition after bleomycin injury (Fig. 4.35). 
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Certainly, further research is required to fully understand the 

relationship between the LRP1 function in COL1A2-expressing cells and more 

specifically which type of cells are involved in the collagen deposition. 

 

Figure 4.35 Possible involvement of LRP1 in collagen internalisation for its 
maturation and release to the ECM. Diagram showing a putative role of LRP1 in 
pro-collagen molecules internalisation for their maturation and release in the ECM. In 
LRP1 COL1A2 KO (A) pro-collagen is not internalised for the maturation preventing 
excessive collagen fibrils deposition in the ECM upon bleomycin injury. In LRP1 WT 
mice (B) pro-collagen is internalised by LRP1 and released in the ECM after 
maturation process. Excessive collagen deposition in the ECM upon bleomycin injury 
causes the development of lung fibrosis. Figure created in Biorender.com.   

 

4.5.2  Is LRP1 involved in the vascular integrity? 

Of interest was the presence of an unusual aneurism-phenotype in WT 

fibrotic lungs maybe due to a lack of oxygen in which LRP1 could contribute to 

the formation of blood clots. The molecular mechanism of LRP1 in the vascular 

system has been abundantly explored. LRP1 plays an essential role in 

maintaining vessel structure and homeostasis by modulating specific cellular 
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signalling pathways. The regulation of LRP1 on vascular homeostasis-related 

cells has been previously noticed and is well researched. For example, it has 

been reported that LRP1 function in smooth muscle cells (SMCs) can be 

involved in pulmonary arterial hypertension (IPAH) in a hypoxic tissue (Lugano 

et al. 2013). SM LRP1 KO mice showed an aneurism-phenotype suggesting 

an important role in the protection of the vascular tension to various 

pathological stimuli. Similar results were seen in the absence of LRP1 in 

endothelial cells (Guo. et al., 2019). However, this feature was not observed 

in COL1A2 LRP1 KO bleomycin-treated mice, confirming that LRP1 plays a 

unique tissue-specific function. It can be hypothesised that the tissue-specific 

deletion of the LRP1 gene in COL1A2-expressing cells prevents not only the 

excessive collagen deposition but also the integrity of vascular structures.  

 

4.5.3  Are we sure that only fibroblast express COL1A2?  

In parallel, we explored the presence of COL1A2-expressing cells in 

lung tissue by COL1A2 tdT mice. Our results suggested it is most likely that 

other cell types, apart from fibroblast cells, such as epithelial and macrophages 

cells are responsible for collagen production and deposition upon bleomycin 

injury. As lung fibrosis progresses, an increased differentiation of fibroblasts 

into myofibroblast, activated by TGF-β and other pro-fibrotic stimuli causes 

exaggerated secretion of ECM and thus compromises the primary pathological 

fibroblast phenotype in IPF (Hinz, 2015; Scotton & Chambers, 2007; Wolters, 

et al., 2014). A recent paper published during this work from Simoes et al., 

2020, showed that macrophages directly contribute to collagen deposition 

contrasting with previous scientific finding where collagen production and 

release was exclusively attributed to myofibroblast cells. A consistent 

transcription of Col1a2 was observed in the whole lung surface suggesting an 

expanded cellular network as response to the bleomycin injury. Therefore, the 

origin of fibroblasts, which differentiate into myofibroblasts in lung fibrosis, is 
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still an issue of dispute. In a recent work from Tzukui et al., 2020, a single-cell 

RNA-sequencing was performed to provide an atlas of all collagen-producing 

cells in normal and fibrotic lungs.  In particular, they showed that smooth 

muscle cells and pericytes express low levels of collagen in both mice and 

humans (Tsukui, et al., 2020). 

Reyfman and colleagues’ data set represents the largest data set in 

lung fibrosis reported to date. Their analysis revealed an unexpected 

heterogeneity within macrophages and epithelial cells and distinct profibrotic 

macrophage populations in IPF (Reyfman, et al., 2019). In fact, Aran et al., 

identified a profibrotic macrophage subtype, between alveolar and monocyte-

derived macrophages, upon bleomycin injury (Aran, et al., 2019).  

Of interest, it is also the work of Adams et al., in 2020, that recognised 

the existence of previously unidentified epithelial cell population, that co-

express epithelial and mesenchymal markers of IPF which are located in 

myofibroblast foci of fibrotic lung. Moreover, they detected two independent 

fibrotic archetypes in the normal lung: invasive fibroblasts likely related to 

resident lung fibroblasts and IPF myofibroblasts related to resident normal lung 

myofibroblasts (Adams, et al., 2020).  

In our study we were able to track COL1A2-expressing cells in murine 

lungs upon bleomycin stimulation. By comparing the collagen-producing cells 

map from the study of Tzukui et al., in 2020 to our COL1A2 tdT bleomycin-

treated mice, we may attempt to identify the subpopulations of COL1A2-

expressing cells in lung upon bleomycin injury (Fig 4.36). In addition, in our 

study a migration of local fibroblasts around the bronchioles as a preferential 

area where collagen is produced and deposed was observed after bleomycin 

injury. Certainly, we strongly support the idea that many other cells apart from 

fibroblasts are able to express Col1a2 gene in response to lung injury including 

smooth muscle cells, epithelial and immune cells. These findings confirmed 

the heterogeneity of lung fibroblast cells in both normal and fibrotic lungs.  
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Figure 4.36 Distinct localisation of fibroblast subpopulations in respiratory 
tissue. Figure revised from Tzukui et al., 2020. Nomenclature indicated as af= 
alveolar fibroblast; pbf=peribronchial fibroblast; sm=smooth muscle cells; adf= 
adventitial fibroblast. Scale bar=50µm. 
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4.5.4  Molecular mechanisms of LRP1 in lung fibrosis development 

A novel regulatory role has been shown for LRP1 as a receptor of TGF-

β1 through the activation of Smad-2/3 signalling pathway in fibrosis 

development (Lin, et al., 2010; Zakrzewicz, et al., 2007). TGF-β1 is the best 

characterised isoform with a pivotal role in controlling fibrosis development 

(Letterio & Roberts, 1998; Walton, et al., 2017) in rodents by inducing the 

transdifferentiation of fibroblasts to myofibroblasts (Sime et al., 1997).  Based 

on these findings, in this chapter was shown that absence of LRP1 reduces 

the TGF-β-mediated Smad-2/3 signalling and consequentially a 

myofibroblasts migration through the activation of FAK and p-FAK proteins. 

Certainly, further investigations are required to better explore molecular 

mechanisms behind LRP1 involvement in the response to fibrotic stimuli. 

4.5.5 Molecules with anti-fibrotic effects on bleomycin-induced lung fibrosis 

model 

The majority of current research has shown that the suppression of pro-

fibrotic molecules including TGF-β, CTGF, uPA, collagen I, PDGF, IFN-γ, and 

IL-4. can prevent the development of lung fibrosis (Chambers, et al., 2008) 

(Willis, et al., 2005; KOTTMANN, et al., 2009). There is also a clear evidence 

that MMPs play an anti-fibrotic effect by their collagenolytic functions.  Recent 

studies showed that MMP-8 and MMP-7 deficient mice developed less lung 

fibrosis than their wildtype counterparts after bleomycin administration (Zuo, et 

al., 2002; Garcıá-Prieto, et al., 2010). By contrast, overexpression of MMP-9 

prevents the development of lung fibrosis (Cabrera et al., 2009).  

To the best of our knowledge, very limited information has been 

reported in literature about other cell-surface receptors with pro-fibrotic and 

anti-fibrotic effects. In a work from Li et al., in 2015, it was found that 

suppression of N-methyl-D-aspartate receptor (NMDAR) could prevent the 

development of lung fibrosis after bleomycin injury (Li, et al., 2015). A recent 
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study showed that treatment with selective antagonist of A2B adenosine 

receptor (A2BAR) determines a significant reduction of lung fibrosis mediators 

in mice (Liu, et al., 2019). Based on this limited information, it would be 

essential to better explore molecular mechanisms behind the involvement of 

LRP1 in the modulation on fibroblast proliferation and collagen deposition. 

 

4.5.6  Limitations 

Within the clinical field, tomography-based analysis is considered the 

golden standard as a diagnostic tool. However, genetic variability in mice and 

the difficulty of working with fibrotic lung tissue, represented one of the 

limitations on performing specific procedures shown in this chapter. For 

instance, the in vivo μ-CT analysis approach was useful to visualise lung injury 

due to bleomycin administration resulting in ECM deposition and increased 

lung stiffness. Whilst the abnormalities seen within the scans could be a result 

of lung injury, these observations required further analysis to draw any 

definitive conclusions and to identify if the levels of fibrosis have changed 

throughout the development of the samples post-bleomycin administration. 

The retrospectively gated acquisition protocol in “high speed” mode with 50 

mm reconstructed voxel size did not allow us to obtained clear and suitable 

images for the image post-processing. In fact, images noise acquired during 

the analysis caused artefacts. For this reason, histological examination in 

parallel was required due to the background problem post-acquisition image 

analysis algorithms.  

4.5.7  Conclusions and future plans 

LRP1 does not appear to have a protective function as seen in previous 

evidences (Wygrecka, et al., 2011; Yamamoto, et al., 2017). Based on our 

results it can be hypothesised that LRP1 loss results in the accumulation of 

anti-fibrotic molecules, impaired pro-fibrotic signalling pathways and inefficient 

collagen maturation and release in the ECM (Figure 4.35).  Further 
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characterisation of COL1A2-expressing cells and their co-localisation with 

LRP1 is required to determine the internalisation process of newly synthesised 

collagen for its consequential excessive release in lung fibrosis pathogenesis.  

 

 

Figure 4.37 LRP1 loss in COL1A2-expressing cells is preventing fibrosis 
development. A shows the development of fibrosis after bleomycin injury in the 
presence of LRP1 gene. Accumulation of pro-fibrotic molecules and internalisation of 
anti-fibrotic molecules and pro-collagen molecules could lead to the collagen 
deposition after bleomycin injury. LRP1 can also activate pro-fibrotic signalling 
pathway. B Loss of LRP1 in COL1A2-expressing cells facilitate the accumulation of 
anti-fibrotic molecules in the ECM and prevents the internalisation of pro-collagen 
molecules. Figure released using Biorender.com.
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Chapter 5  Identification of LRP1 ligands in lung tissue 

Summary 

Investigation of LRP1 ligands in lung cells was performed during the in 

vivo experiments. LRP1 ligandome in lung is necessary to discover novel 

LRP1 interactions and possibly to pioneer new scientific prospects in the 

respiratory field.  

The work presented in this chapter aimed to identify and characterise 

LRP1 ligands in healthy lung cells. To identify LRP1 ligands in lung, LRP1-

conjugated magnetic beads were used to isolate LRP1 ligands in the medium 

of human and murine primary lung fibroblasts. Those molecules were identified 

by mass-spectrometry analysis. This study was in part carried out by a 

collaboration which took place in Enghild’s lab with Professor Jan J. Enghild 

and Dr Carsten in Denmark (Department of Molecular Biology and Genetics 

(MBG), University of Aarhus, Denmark).   

5.1 Introduction  

LRP1 is a large ubiquitous endocytic receptor mediating the uptake of 

various molecules from the extracellular matrix to the cells. Through its 

endocytic function and effective LRP1 recycling facilitates the transport of its 

ligands to lysosomes mediating their degradation, therefore maintaining a 

homeostatic balance in the extracellular matrix microenvironment (Gonias & 

Campana, 2014). More than 100 ligands have been found to bind and interact 

with LRP1 (Lillis, et al., 2008; Yamamoto, et al., 2022). However, LRP1 ligands 

in lung tissue have not been explored so far. Lung fibroblasts constitute less 

than 20% of the total lung cell populations and are responsible for the collagen 

production and deposition in lung fibrosis. Our previous results showed that 

LRP1 protein is highly expressed in lung fibroblast cells and is required for 

excess collagen deposition. The main aim of this chapter was to identify the 

presence of LRP1 ligands in human lung fibroblast cells and murine lung cells 

in healthy condition to provide a better understanding of its pulmonary function.  
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5.2 General aims and objectives 

LRP1 has been identified as relevant gene for the lung function. It 

results to cover a tissue-specific function and for this reason could bind a 

variety of ligands depending on its localisation. In our lab, Yamamoto et al., 

2022 have identified a number of new LRP1 ligands in cartilage.  

For this reason, the aims of this chapter were as following: 

I. Identify the presence of new LRP1 ligands in lung tissue: the first 

objective for this aim was to determine a number of proteins bound 

to LRP1 by mass spectrometry analysis. Human lung fibroblast cells 

(MRC5) and murine lung cells, isolated from mice, were used for this 

aim.  

II. Evaluate the effects of LRP1 blockade in vitro: the objective for this 

aim was to test the effect of molecules accumulated in the presence 

of sLRP1-2 fraction and RAP, which physically binds to LRP1 

receptor. Cell survival assay were performed by cell counting and 

MTS assay.  

 

5.3 Chapter-specific methods 

5.3.1 Endocytosis Assays  

Cells were grown to confluence in 24-well plates. Cells were with serum-

free DMEM/F12 media 24 hours before the experiment treatments at 37 °C. 

The day after cells were incubated with serum-free DMEM/F12 media 

containing 0.1 % BSA with or without GM6001 (10 μM), RAP (500 nM) (Figure 

5.1). Following this, ADAMTS-5 (100 nM) was added and incubated for 

different time points up to 24 h. After incubation, the conditioned medium was 

collected at: 5mins, 3, 8 and 24h.  Samples (15 μL) was resuspended in 30 μL 

of 2x reducing sample buffer and analysed by SDS-PAGE (10 % acrylamide) 

and WB with the anti- catalytic domain ADAMTS-5 antibody.  
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Figure 5.1 Schematic experiment’s design for the endocytosis assay. ADAMTS-
5 was added to the media of human primary lung fibroblast cells (MRC5) and murine 
lung cells isolated from mice. Cells were plated and incubated with ADAMTS-5 
(100nM) with or without the presence of RAP (500nM) and media was collected at: 
time 0, 5 mins, 3 hours, 8 hours and 28 hours incubation time. 

5.3.2  Protein purification of sLRP1-2 and RAP  

Isolation of sLRP1 has been reported from fresh-frozen human plasma 

by a modification of previously published methods (Quinn, et al., 1997). The 

expression vector for the selected portions (ligand binding domain clusters I-

IV) of LRP1 has been prepared previously from Mikhailenko I. et al. in 2001. 

Secreted fragments of LRP1 containing individual ligand binding domain 

clusters were transiently expressed in HEK293 cells using TransIT-2020 

transfection reagent (Mirus) according to the manufacture's protocol. Cells 

growing in 150-mm dishes (∼70% confluence) were transfected in serum-

containing DMEM with 30 μg of pSecTagB (Invitrogen) carrying cDNA for 

various LRP1 fragments. After 6 h of transfection, the medium was replaced 

with serum-free DMEM, and cells were further incubated for 72h. The resultant 

conditioned medium was directly applied to a nickel-nitrilotriacetic acid affinity 

column (Qiagen) that had previously been equilibrated with 50 mm HEPES 

(pH 7.5) buffer containing 150 mm NaCl and 5 mm CaCl2. The column was 

washed with 10 column volumes of 50 mm HEPES (pH 7.5) buffer containing 

1 m NaCl, 5 mm CaCl2, and 20 mm imidazole. It was then eluted by 500 mm 

imidazole in HEPES (pH 7.5) buffer containing 150 mm NaCl and 5 mm CaCl2. 

For analysis of N-linked glycosylation of soluble LRP1 fragments, the 

preparations were treated with peptide N-glycosidase F (New England Biolabs, 
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Ipswich, MA) according to the manufacturer's protocol. Recombinant human 

C-terminally His-tagged RAP was purified as described previously (Figure 5.2) 

(Yamamoto, et al., 2014). 

 

Figure 5.2 LRP1 and its soluble receptor domains. The four clusters binding 
domains are shown as I-IV together with RAP, also known as LRP1-antagonist 
(Yamamoto et al., 2022). 

5.3.3  Silver staining 

Purified proteins were separated under reducing conditions on a 4-12% 

Bis-Tris NuPage Gels (Thermo Fisher) and stained with a commercially 

available silver staining kit (Thermo Fisher). The gel was washed in ultra-pure      

water and fixed in 30% ethanol:10% acetic acid solution twice for 15 minutes. 

The gel was washed in 10% ethanol solution and then sensitized in a 

Sensitizer Working Solution containing 50µL Sensitizer and 25mL of ultrapure 

water for 1 minute. Next, the gel was incubated with a previously prepared 
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Stain Working Solution, containing 0.5mL of Enhancer and 25mL Stain 

solution for 30 minutes. Then a Developer Working Solution was prepared 

adding 0.5mL Enhancer to 25mL Developer solution. Finally, the gel was 

developed for 3-5 minutes until bands appeared and the reaction was stopped 

adding a 5% acetic acid solution for 10 minutes. 

5.3.4  Mass-spectrometry analysis 

The conditioned medium was collected and further incubated with anti-

c-Myc paramagnetic Dynabeads at 4°C for 1 h. sLRP1-2 and the magnetic 

beads complexes were then isolated using the magnetic stand, washed with 

the buffer consisting of 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM CaCl2 

(TNC), and 0.02% Brij35 (TNCB) for three times, and eluted with 200 ml of 0.1 

M glycine buffer (pH 3.0) for 10 min at 4°C. The eluents were neutralised with 

10 ml of 1 M Tris-HCl (pH 8.0). Next, samples were denatured and reduced in 

8 M Urea containing 5 mM Dithiothreitol for 1 h, alkylated with 15 mM 

Iodoacetamide for 1 h and diluted 10-fold with 50 mM NH4HCO3. Sequencing 

grade trypsin was added (1:50 w/w) and the sample was digested overnight 

37 °C. The sample was desalted using self-packed reverse phase micro-

columns containing C18 column material (EmporeTM). LC-MS/MS was 

performed using an EASY-nLC 1000 (Thermo Scientific) connected to an Q 

Exactive Plus mass spectrometer (Thermo Scientific) (Figure 5.3). The 

peptides were separated on a 15-cm analytical column (75 μm inner diameter). 

The column was packed in-house with ReproSil-Pur C18-AQ 3 μm resin (Dr. 

Maisch GmbH, Ammerbuch-Entringen, Germany). The flow rate were 250 

nl/min and a 50 min gradient from 5% to 35% phase B (0.1% formic acid, 90% 

acetonitrile). The acquired MS data were processed in Proteome Discoverer 

2.4 (Thermo Scientific). The collected MS files were converted to generic 

Mascot format (MGF) using the Sciex MS Data Converter beta 1.1 or 

RawConverter (He, at al., 2015). The data was searched against the human 

proteome (UniProt).  
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Figure 5.3 Schematic diagram of the experiment’s plan for the mass 
spectrometry analysis. A shows the experiment’s design for the ligandome assay 
and B shows the methodology for the pulldown assay. Following this methodology, 
LRP1 ligands are accumulated in the media of the cells. New LRP1 ligands 
candidates were then identified by mass spec analysis. 

5.3.5  Cell survival assay human primary lung cells 

MRC-5 lung cells were grown on 48 well plate with DMEM/F12 

containing 10% FBS. Once the cells reached 70-80% confluency, the medium 

was removed and the cells were rested in 0.2 mL of serum-free (SF) 

DMEM/F12 for 24 hours. The cells were then incubated with 0.2 mL of fresh 

SF DMEM/F12 and with 0.2 mL of DMEM/F12 containing 1% of FBS in the 

absence or presence of 10 nM sLRP1-2 or 500 nM RAP for 0-72 hours. Cell 

images after incubation were acquired by Nikon Eclipse Ti-E and Diaphot with 

ToupCam camera (Nikon, Tokyo, Japan). Cell viability at 72-h incubation was 

measured by MTS cell proliferation colorimetric assay (CellTiter 96® AQueous 

One Solution Cell Proliferation Assay system, Promega, G3582). Cell numbers 

at 0, 24, 48 and 72-n incubation were counted by the hemocytometer (Hausser 

Scientific).  
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5.3.6  Cell survival assay of murine lung cells after isolation 

LRP1-expressing and -deficient murine primary lung cells were seeded 

at a density of 0.03 x 106 /cm2 in 48-well plates in serum-containing media and 

serum-free media. Cell survival was monitored by a combination of microscope 

visualisation and manual cell counting for 5 days. Cells were trypsinised and 

resuspended in a final volume of 200uL DMEM. 15uL of cell suspension was 

added into each chamber of the hemocytometer (Hausser ScientificImages 

were acquired by Nikon Eclipse Ti-E and Diaphot with ToupCam camera 

(Nikon).  

5.3.7  siRNA-mediated gene silencing of LRP1 

siRNA oligonucleotides for LRP1 (On-TargetPlus SMARTpool siRNA), 

and non-targeting oligonucleotide were purchased from Thermo Scientific 

Dharmacon (Lafayette). Cells were seeded in 24-well plate with DMEM 

containing 10% FBS and incubated until 40-50% confluency. Transfection of 

siRNA into MRC-5 was carried out using Invitrogen™ Lipofectamine™ 3000 

Transfection Reagent (Invitrogen) according to the manufacturer’s 

instructions. Cells were transfected with siRNA at a final concentration of 20 

and 40 nM in Gibco™ Opti-MEM™ Reduced Serum Medium (Thermo Fisher 

Scientific). The siRNA-lipofectamine complex was added to the wells and the 

Opti-MEM was replaced with fresh DMEM/F-12 media after 6 hours. 
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5.4 Results 

5.4.1  LRP1 is highly expressed in human and murine primary lung cells 

Initially, a LRP1 protein expression check was performed in MRC-5 

(human primary lung fibroblasts), BEAS-2B (Human epithelial bronchial cell), 

murine primary lung cells, and A549 (Humanc cancer epithelial cells) in 

comparison with human chondrocytes cells since LRP1 protein has been 

previously found abundantly expressed in our lab (Yamamoto, et al., 2014). 

LRP1 protein level was compared to purified sLRP1 full length, 5ng and 25ng 

respectively, as positive control (Figure 5.4 A-B). WB results showed a high 

expression of LRP1 protein in a variety of lung cells. However, LRP1 

expression was 41.1% higher in MRC5 compared to BEAS-2B and Murine 

primary lung cells and A549.  
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Figure 5.4 LRP1 is highly expressed in lung cells. Purified sLRP1 (25-5ng) and 
protein extracted of 50000 cells from human primary lung fibroblasts (MRC-5), human 
epithelial lung cells (BEAS-2B), murine primary lung cells, adenocarcinomic human 
alveolar basal epithelial cells (A549) and human primary chondrocytes were 
separated on a 4-12% gel under reducing conditions and analyzed by Western 
blotting using an anti-LRP‐1 β‐chain antibody (A). (B) Graph shows the relative 

amount expressed in percentage (%) and normalised by actin. 

5.4.2  Rapid clearance of ADAMTS-5 by human and murine lung cells 

To investigate the ability of LRP1 to endocytose molecules in lung cells, 

an endocytosis assay was performed for the detection of exogenously added 

ADAMTS-5 protein which is      considered not detectable in lung since nobody 

reported it in the Human Protein database. The amount of ADAMTS-5 in the 

medium of cells reduced over a 24h time (Figure 5.5). Protein level results 

A 
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suggested that exogenously added ADAMTS-5, was internalised by the cells 

with half-life of <8-hours (Figure 5.5 B). Importantly, the presence of the 

antagonist RAP, which blocks directly to LRP1 on the cell surface, allowed us 

to unquestionably confirm that the ADAMTS-5 endocytosis was mediated by 

LRP1 in lung cells (Figure 5.5 B).  

 

 

Figure 5.5 ADAMTS-5 is rapidly internalised by LRP1 in lung cells.  Cells were 
incubated with 100 nM ADAMTS-5 and with RAP (500nM) up to 24h. ADAMTS-5 in 
the media was detected by Western blotting analysis using an anti-ADAMTS-5 

A 
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catalytic domain antibody. Amount of ADAMTS-5 is expressed as a percentage of the 
amount of ADAMTS-5 at 0 h in the graphs (B). Statistical analysis was performed 
using one-way Anova with Tukey's multiple comparisons: p-value *<0.0127 **<0.0013 
***<0.0003. 
 

5.4.3  Novel LRP1 ligands candidates in human and murine lung cells 

To identify molecules that potentially could directly interact with LRP1, 

cells were incubated with sLRP1-2 (10nM). The list of molecules in the control 

samples was used to estimate a fold-difference with the ligands in the 

presence of sLRP1-2. A total number of 490 molecules were detected 

including 374 intracellular 49 cell-membrane and 74 secreted molecules 

according to the Uniprot annotation (Figure 5.6). Among these molecules, 

previously reported LRP1 ligands were identified such as TIMP-3, CTGF and 

Fibrinogen gamma chain (FGG), Fibronectin, Decorin, TIMP-2, while 10 were 

novel LRP1 ligands candidates in both human and murine lung cells such as 

A disintegrin and metalloproteinase with thrombospondin motifs 1 (ADAMTS-

1), Complement C4-B, Nephronectin, Galectin-1, Cathepsin B, Biglycan, 

Fibrillin-1, Insulin-like growth factor-binding protein 7, Gremlin-1 and Lumican 

(Table 5.3).  

 

Figure 5.6 Pie chart showing number of secreted, transmembrane, and 
intracellular proteins found by mass-spectrometry analysis in human and 
murine lung cells. 
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Table 5.1 Novel LRP1 ligands candidates identified in Human primary lung 
fibroblast cells (MRC-5). 
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Table 5.2 Novel LRP1 ligands candidates identified in primary murine lung cells. 

  



 

   
 

142 
 

Table 5.3 List of LRP1 ligands in both human and murine lung cells. 

 

5.4.4  Blockade of LRP1 effects on lung cells 

Floating cells upon treatment of SLPR1-2 (10nM) in human and murine lung 

cells has been surprisingly found by microscopy observation (Figure 5.7). A 

cell survival assay was assessed by cell counting and colorimetric MTS assay 

in lung cells in the presence of LRP1 blockers such as RAP and sLRP1-2. 24h 

incubation with either the inhibitor or soluble receptor resulted in a significant 

number of the cell death (>60%) (Figure 5.8). Cell counting showed that 

compared to 0 h, approximately 40% and 60% of the cells respectively MRC5 

and murine lung cells were dead after 24 and 48h incubation with both sLRP1-

2 and RAP (Figure 5.9). The MTS cell metabolic assay further confirmed the 

cell counting results with the exception of A549 cells where a small decreased 

was observed compared to time 0 (Figure 5.10). 
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Figure 5.7 Human primary lung fibroblast cells (MRC-5) (A-B) and Murine lung  
cells. Cells were isolated from mice (C-D) are shown with and without the presence 
of sLRP1-2. Cells were incubated for 24 hours with sLRP1-2 (10nM) to allow the 
accumulation of the ligands in the media for the mass spec analysis. Floating cells 
were observed after 24h (B-D) compared to the control cells without treatment (A-C). 
Scale bar=100µm. 
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Figure 5.8 Representative with or without treatment at 24 and 48 hours. MRC5 
are shown as control respectively at 24 h (A) and 48 h (D). Cells were treated with 
sLRP1-2 (10nM) and photos were taken after 24 and 48h treatment (B-E). Cells were 
also incubated with RAP (500nM) and photos were taken at 24 and 48 hours (C-F). 
Scale bar=100um. 
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Figure 5.9 Cell death in the presence of sLRP12 and RAP in the media of lung 
cells. Values are shown as mean ± SEM. 2-way Anova test was performed and 
statistically different values of *P < 0.05 and **P < 0.01 and ***P < 0.0004 
****P<0.0001 were determined.  
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Figure 5.10 Reduction of cell survival upon treatment with sLRP1-2 and RAP. 
Cell availability by MTT assay is expressed in percentage (%). Graph of MRC-5, 
BEAS2B, Murine Lung cell and A549 after 24h and 48h incubation with sLRP1-2 and 
RAP. 2-way Anova test was performed and statistically different values of *p value 
<0.05, **p value <0.02, ***p value <0.003 and ****p value < 0.0002 were determined.  
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5.4.5  siRNA-mediated knockdown of LRP1 in human lung cells 

LRP1 was silenced in normal lung fibroblasts cells using a gene-specific 

siRNA to investigate the consequential effects in vitro. Cell counting was 

performed at different concentrations      of LRP1 targeting siRNA, respectively 

20 and 40 nM, for six days (Figure 5.11). A reduction in terms of cell number 

was observed over the time, with a significant difference after 3 days at 40nM 

concentration compared to the scramble. Cells transfected with 20nM of LRP1 

targeting siRNA demonstrated a higher capability of proliferation compared to 

the 40nM-treated cells. In parallel, a measurement of LRP1 protein level was 

proved by WB to confirm the efficiency of the siRNA transfection. A decrease 

of LRP1 protein level in 40nM siRNA transfected cells, compared to the 

scramble samples (Figure 5.12 A-B). 

 

Figure 5.11 Reduced cell number in siRNA-mediated knockdown of LRP1 in 
human primary lung fibroblast cells (MRC-5). MRC-5 transfected with nontargeting 
siRNA (scramble) or LRP1 targeting siRNA (siLRP1) at 20 and 40 nM concentrations, 
were cultured for 6 days in DMEM containing 10% FCS. Values are shown as mean 
± SEM. 2-way Anova was performed comparing groups within each day. Statistically 
different values of *p value< 0.05 and **p value < 0.01 are determined compared with 
the control. 
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Figure 5.12 Reduced protein level of LRP1 in siRNA-mediated knockdown 
human lung fibroblasts cells. Human chondrocytes transfected with nontargeting 
siRNA (scramble) or LRP-1 targeting siRNA (siLRP-1) were cultured for 6 days in 
DMEM containing 10% FCS. A: b chain (85 kDa) in cell lysates were assessed by 
Western blot analysis using anti-LRP-1 light-chain antibody. B: densitometric analysis 
of immunoreactive LRP1 bands detected in the cell lysate normalised by the actin. 

5.4.6  Cell survival assay of LRP1-expressing and LRP1 KO murine lung 

cells  

To investigate the impact of LRP1 loss on cellular level, we isolated lung 

cells from lung of wild type and LRP1-KO mice. After primary fibroblast cells’ 

isolation, cultured cells were observed under the optical microscope and a 

variety of cell morphology was found, due to the presence of not only fibroblast 

cells, but also macrophages, epithelial bronchial cells, cuboidal cells and 

A 
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alveolar type I and II cells. Both WT and LRP1 KO cells followed a similar 

proliferation pattern over the time with no significant difference in terms of cell 

number. However, in the absence of serum in the media (Figure 5.13). LRP1 

KO cells showed a lower number of cells compared to the WT. These results 

confirm      the involvement of LRP1 in the cell proliferation function in the lung 

tissue.  

 

 

Figure 5.13 Reduction in cell number in LRP1 KO cells compared to WT. Graphs 
show the number of cells in the presence or not of serum in the media. Fig A: 10% 
serum was added to the media of cells. Fig B: the media of cells was serum free. 
2way Anova test performed and statistically different values **p value <0.0044; ***p 
value<0.0004; ****p value <0.0001 were determined. 

A 
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5.4.7  Investigation of the dose-dependent response of sLRP1-2 on lung 

cells 

To exclude the possibility of a cell death or detachment response due 

to the FBS depletion, cells were incubated with 1% of serum. Cell viability was 

still affected in the presence of serum after treatments with sLRP1-2 by cell 

counting and MTS assay (Figure 5.14). A decrease in cell attachment and cell 

number viability was observed after 24 hours in the presence of 1% FBS. A 

dose-dependent response experiment was performed on MRC-5 in a 

comparison between the homemade purified sLRP1-2 and the Human LRP1-

2 Fc Chimera Protein recombinant, purchased from R&D, at different 

concentrations (1nM, 2.5nM, 5nM and 10nM) and time points (0, 6, 24, 48, 72 

hours). By cell counting and MTS assay it was identified 5nM as the optimal 

concentration of sLRP1-2 that does not induce cell death up to 24-h incubation 

(Figure 5.15).  

 

A 



 

   
 

151 
 

 
Figure 5.14 Reduction of cell number and survival in LRP1-mediated 
endocytosis blockade. A reduction is observed in both cells counting (A) and MTS 
assay (B) after 24,48 and 72h of treatment with sLRP1-2 and RAP. Error bars 
represent standard error (n=2). 
 

 

 

B 
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Figure 5.15 Inhibition of LRP1-mediated endocytosis by sLRP12 induces a cell 
death at 10nM concentration. Graphs show cell counting (A) and MTS assay results 
(B). Error bars represent standard error (n=2).  

 

5.4.8  Co-purified molecules can induce cell death and detachment 

Mass-spectrometry analysis of sLRP1-2 purified, revealed the presence 

of co-purified proteins (Table 5.4 and 5.5). By silver staining detection, a big 

amount of co-purified protein was found in the commercially purified sLRP1-2 

with high molecular weight such as A2M, one of the well-established LRP1-

ligands. Its presence was also confirmed by WB analysis (Figure 5.16 A-B). 

Our final western blotting results confirmed that the commercial sLRP1-2 R&D 

contains a much higher level of co-purified A2M compared to the home purified 

sLRP1-2 which was able to induce cell death and detachment at 10nM after 

24hours (Figure 5.16 A-B). 
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Table 5.4 co-purified molecules with sLRP1-2 from conditioned medium of 
HEK293 cells. 

Accession Description 

P00750 Tissue-type plasminogen activator 

P28799 Progranulin 

O94813 Slit homolog 2 protein 

P13645 Keratin, type I cytoskeletal 10 

O96014 Protein Wnt-11 

P02768 Serum albumin 

Q8IUL8 Cartilage intermediate layer protein 2 

Q6UXI9 Nephronectin 

P49908 Selenoprotein P 

P02765 Alpha-2-HS-glycoprotein 

P55001 Microfibrillar-associated protein 2 

Q9UHI8 A disintegrin and metalloproteinase with thrombospondin motifs 1 

Q9H4F8 SPARC-related modular calcium-binding protein 1 

P10909 Clusterin 

P98160 

Basement membrane-specific heparan sulfate proteoglycan core 

protein 

P09429 High mobility group protein B1  

Q9NS15 Latent-transforming growth factor beta-binding protein 3  

P35625 Metalloproteinase inhibitor 3  

O76061 Stanniocalcin-2  

Q99435 Protein kinase C-binding protein NELL2  

P01023 Alpha-2-macroglobulin  

*In yellow are indicated the known LRP1 ligands 
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Table 5.5 List of molecules identified by mass-spectrometry analysis in R&D 
sample. 

Accession Description 

Q91ZX7 Prolow-density lipoprotein receptor-related protein 1  

P97430 Antileukoproteinase  

Q61543 Golgi apparatus protein 1  

P10126 Elongation factor 1-alpha 1  

P97351 40S ribosomal protein S3a  

Q01149 Collagen alpha-2(I) chain  

P55302 Alpha-2-macroglobulin receptor-associated protein 

P47915 60S ribosomal protein L29  

P02798 Metallothionein-2  

P11680 Properdin  

Q9D1R9 60S ribosomal protein L34  

P62908 40S ribosomal protein S3  

P82198 Transforming growth factor-beta-induced protein ig-h3 

P83882 60S ribosomal protein L36a  

P63017 Heat shock cognate 71 kDa protein 

P62702 40S ribosomal protein S4, X isoform 

P25444 40S ribosomal protein S2 

P62852 40S ribosomal protein S25 

 
 
 



 

   
 

155 
 

 
 

Figure 5.16 A2M co-purified in sLRP1-2 from commercial R&D is higher than 
sLRP1-2 home purified. Silver staining (A) and Western blotting analysis (B) 
performed on home purified sLRP1-2 and commercial R&D sLRP1-2. Silver staining 
shows the presence of co-purified protein in the commercial fraction sLRP1-2 with 
high molecular weight. Western blotting result shows the presence of A2M in the R&D 
fraction where it is absent in the home purified sLRP1-2.  
 
 

5.5 Discussion 

The proteomic approach used for this study, allowed to detect the 

presence of ligands by directly and indirectly blocking LRP1-mediated 

endocytosis. The data presented in this study, revealed new LRP1 ligands in 

human and murine lung cells including ADAMTS-1, C4-B, Nephronectin, 

Biglycan, Fibrillin-1, Insuline-like growth factor binding protein 7, Gremlin-1, 

Lumican, Cathepsin B and Galectin-1. In this study, it was also shown that 

inhibition of LRP1-mediated endocytosis induced cell death and detachment 

in both human and murine lung cells.  

5.5.1  Biological functions of LRP1 ligands detected in lung cells 

A total number of 490 molecules have been identified by mass-

spectrometry analysis in human and primary murine lung cells. Among those 



 

   
 

156 
 

molecules, 374 were distinguished as intracellular, 49 as cell membrane and 

67 as secreted molecules. Both human and murine lung cells revealed 10 new 

secreted molecules and LRP1 ligand candidates. A high number of 

intracellular molecules were detected by mass-spectrometry analysis, 

suggesting a potential activation of a stress-induced cell death by the presence 

of sLRP1-2. LRP1 interacts with more than 100 ligands mediating the 

endocytosis and degradation in the intracellular lysosomes (Lillis, et al., 2008); 

(Yamamoto, et al., 2022). It can also bind the A2M and antithrombin III (ATIII), 

involved in the thrombotic cascades (Strickland, et al., 2002). The difficulty of 

outlining a specific LRP1’s role in the cell, advances from its capacity to interact 

with a large variety of ligands, each of which covers distinctive biological 

functions. However, it is possible to hypothesise that the accumulation of anti-

fibrotic molecules due to the inhibition of LRP1-mediated endocytosis can 

block the development of lung fibrosis upon bleomycin injury. 

5.5.2  Why the suppression of LRP1-mediated endocytosis induces cell 

death? 

The data shown in this chapter demonstrated that the blockade of 

LRP1-mediated endocytosis induces pro-death and detachment response in 

vitro. For instance, floating cells were observed after 24 hours of sLRP1-2 

treatment compared to the untreated cells. The time-dependent effect of 

sLRP1-2 on cell death and detachment found in lung cells and in the work 

conducted by Yamamoto in chondrocytes cells, indicates that the 

accumulation of LRP1 ligands in the media is detrimental to the cells and leads 

to cell death. Moreover, a lower dose of sLRP1-2 (5nM) was then employed 

for LRP1 screening in the pulmonary and cartilage studies (Yamamoto, et al., 

2022) as able to not induce cell death and efficiently blocking LRP1-mediated 

endocytosis (Figure 5.13). Previous studies established that LRP1 

suppression can trigger cells to stress-induced cell death (Fuentealba, et al., 

2009; Campana, et al., 2006; Leslie, et al., 2018). Thus, it is challenging to 
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delineate the specific connection of inhibition of LRP1-mediated endocytosis 

and its detrimental effect in the lung cells from these preliminary results.  

It can be hypothesised that a transcriptional modulation caused by the 

LRP1 blockade in the ligand’s interactions might affect the cell survival and a 

reduced activity of LRP1. The consequential accumulation of LRP1 ligands 

could alter the cellular balance. However, the methodology shown in this study 

represents a starting point for elucidating novel LRP1 physiological functions 

in the lung tissue and the deleterious results of its inhibition. 

5.5.3  Limitations 

This work presents new important findings on LRP1 ligandome in lung 

tissue. However, few limitations were met in this study. Firstly, mass-

spectrometry analysis was challenging for the analysis of LRP1 ligands in 

primary murine lung cells previously isolated due to cell viability and number 

of biological replicates. In fact, more mice were required to be tested for lung 

cell      isolation. Also, several LRP1 ligands were discovered as intracellular 

molecules due to a cell death response upon treatment with sLRP1-2 at 

10nM. Secondly, I was not able to determine if blockade of LRP1-mediated 

endocytosis caused either cell death or cell detachment in lung cells due to a 

lack of time. Certainly, a more detailed analysis was required for the 

identification of specific activated cellular pathways. We also hypothesise that 

the presence of co-purified molecules in the preparation of the commercial 

sLRP1-2 (R&D) could potentially affect the LRP1-mediated endocytosis while 

performing the experiments.  

5.5.4  Conclusions and future plans 

Certainly, it is difficult to speculate about the reason behind a cell death 

response upon blockade of LRP1-mediated endocytosis. However, the 

identification of new LRP1 ligands in lung tissue through the methodology 

established in this work, can open new important information about possible 

roles of LRP1. Therefore, the same approach used for the detection of new 
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ligands candidates in healthy lung cells, could be adopted upon treatment with 

bleomycin to mimic a fibrotic response in the presence and absence of LRP1 

in vitro.
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Chapter 6  General discussion 

IPF is the most serious and lethal lung condition amongst all pulmonary 

fibrotic diseases. Different mechanisms have been proposed on IPF 

pathogenesis, however the identification of specific molecular pathways      

remains elusive. Artigas et al., in 2011 identified LRP1 gene as being essential 

in lung function by a large genome-wide study (Artigas, et al., 2011).  

My initial hypothesis is therefore “LRP1 plays a key physiological role 

in healthy lung and its dysregulation leads to pathological lung conditions”.  

Initially, since lung tissue consists of a variety of cell types, I first induced 

a global deletion Lrp1 in the whole body in adulthood. Total deletion of Lrp1 

gene caused a rapid weight loss (>20%) and abnormalities in gastro-intestinal 

tract, suggesting a crucial role of LRP1 in the digestive system.  This system 

revealed the difficulty of using this mouse model to investigate LRP1 role in 

the respiratory system. As described in this thesis, fibroblast plays a key role 

in the production and deposition of collagen upon lung injury. Therefore, I 

specifically deleted Lrp1 in COL1A2-expressing cells and challenged them 

with bleomycin. Unexpectedly, this study showed that deletion of Lrp1 in 

COL1A2-expressing cells attenuates collagen deposition in lung tissue upon 

bleomycin-induced injury. In contrast to my original hypothesis, I discovered a 

crucial pathological role of LRP1 in the development of lung fibrosis.  

Based on these assumptions, our initial hypothesis was amended as 

following: “Deletion of Lrp1 in COL1A2-expressing cells attenuates collagen 

deposition in the development of lung fibrosis”.   

In parallel, a study in vitro was conducted in this thesis to further 

investigate the molecular mechanisms behind LRP1 function in lung tissue. 

Little information is available about LRP1 ligands in the lung. For this specific 

aim, mass-spectrometry analysis was performed at Enghild’s lab in Denmark. 
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During the work of this thesis, Yamamoto et al., 2022 identified the presence 

of new LRP1 ligands in cartilage such as HGFAC, HMGB1, HMGB2, CEMIP, 

SLIT2, ADAMTS1, TSG6, IGFBP7, SPARC and LIF. Total number of 10 new 

LRP1 ligands candidates were found in lung tissue by mass-spectrometry 

analysis including ADAMTS-1, C4-B, Nephronectin, Biglycan, Fibrillin-1, 

Insuline-like growth factor binding protein 7, Gremlin-1, Lumican, Cathepsin B 

and Galectin-1. Notably, a large number of intracellular molecules were 

identified by mass-spectrometry in lung cells compared to the work conducted 

in cartilage by Yamamoto et al., in 2022 (Yamamoto, et al., 2022). Differences 

found between lung and cartilage ligandome confirmed that LRP1 functions in 

a tissue-specific manner. Among LRP1 ligands in lung of interest is 

nephronectin which has been previously found to be involved in the 

maintenance and development of lung tissue (Wilson C.L. et al., 2021) and in 

lung metastasis (Magnussen et al., 2020), and biglycan which has been shown 

to differentially modulate TGF-β-mediated fibrotic responses in the lung (Kolb 

et al., 2001).  

Therefore, the identification of LRP1 ligands with different biological 

functions reflects the difficulty of defining a specific role of LRP1 in lung tissue. 

Certainly, identifying tissue-specific LRP1 ligandomes is essential for a better 

understanding of LRP1’s physiological functions and the detrimental effects of 

its dysregulation. 

I also found that inhibition of LRP1-mediated endocytosis of lung cells 

in vitro showed consistent cell death in a variety of lung cells, revealing a 

certain cytotoxicity upon accumulation of LRP1 ligands. This finding was 

confirmed from Yamamoto et al., 2022 in human chondrocytes cells where a 

combined alteration of secretome and transcriptional modulation was found.  

6.1 Final thoughts  

Future studies targeting other lung cell populations are needed to 

further delineate LRP1 cell-specific contribution to the development of 
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pulmonary fibrosis in vivo. In addition, it will be important to further identify 

collagen-producing cell types in lung tissue. Moreover, our proteomic findings 

need to be further explored in the context of pulmonary fibrosis to define 

whether deletion of LRP1 in COL1A2-expressing cells is associated with the 

accumulation of anti-fibrotic molecules in the ECM or the inhibition of pro-

fibrotic signalling pathways.  

In conclusion, controversial aspects of LRP1 have been discussed in 

this thesis such as its importance for tissue homeostasis and its deleterious 

effect after its total deletion. Why the loss of LRP1 in COL1A2-expressing cells 

exhibit antifibrotic effects in bleomycin-induced lung fibrosis and its total 

deletion appears to be detrimental in the gastro-intestinal tract is an intriguing 

question.  

This project sought out to reveal the role of LRP1 in lung tissue, but 

more questions will have to be answered about its multifunctional involvement 

in respiratory diseases and other diseases alike. Deletion of LRP1 in a cell-

specific manner in the lung might eventually be used to target molecular 

pathways behind the activation of fibroblast proliferation, with the aim of 

developing novel anti-fibrotic therapeutics. 
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