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1 GENERAL INTRODUCTION 
 
The main function of the lung is gas exchange. This function is essential for life and optimized 
combining a large surface area in contact with air and a thin barrier for gas (O2/CO2) diffusion. 
An array of conductive tubes (conductive airways: trachea and bronchi) leads atmospheric air 
through convection to the distal (alveolar) side of the lung, where gas exchange happens by 
diffusion (through a pressure gradient). The thinnest part of this diffusion barrier (air-blood 
barrier) is composed by just three elements: a very thin alveolar epithelial type 1 cell (AE1C) 
facing the air; an endothelial cell facing the blood; and the shared basal lamina between both 
(1). 
 
This large surface area (around 140m2 of alveolar surface) exposed to the environment makes 
the lung susceptible, not only to environmental changes (temperature, humidity) but also to 
changes in air composition or potential pathogens/particles travelling through the air. The lung 
is also exposed to many physical forces to mechanically renew the air inside, pushing out the 
CO2-saturated air during expiration and pulling in O2-saturated air during inspiration. Pressure 
is required to make the gas flow through the conductive airways during the breathing cycle. 
Therefore during inspiration the breathing muscles and movement of the chest and pleura 
creates a slightly negative pressure at alveoli (2). The elastic recoil of the lung ensures deflation 
during expiration, where the pressure along the entire tracheobronchial tree to alveoli is equal 
to atmospheric pressure. At the alveoli level, many physical forces also play a key role during 
the respiratory cycle. To the elastic recoil of the lung, due to the pleura and chest recoil forces, 
elastic properties of the connective tissue of the alveolar septa should also be taken into 
account. In addition, alveoli should also overcome interfacial forces from the air-liquid 
interface they are exposed to. This is mainly the surface tension at the liquid lining layer or 
hypophase. This force is mainly counteracted by lung surfactant, a specific mix of lipids and 
proteins synthesized and secreted by specialized cells, the alveolar epithelial type 2 cell (AE2C) 
(3). These cells are also the progenitor cells of the alveolar epithelium. Changes in either elastic 
properties of the lung tissue or surface tension, may lead to impaired lung mechanics and 
function. 
 
If surface tension is not properly regulated by deficiency or inactivity of lung surfactant (see 
section 1.1 Lung surfactant), lung mechanics may also be compromised. Lung surfactant 
deficiency is the main contributing factor to the neonatal respiratory distress syndrome (NRDS) 
and leads to collapse of alveoli after birth and death. In this case, the premature neonates are 
born before lung surfactant is synthesized in sufficient amounts in the AE2C in the developing 
lung, before the 24-26th week of gestational age (4).  In the same direction, changes in either 
quantity or type of fibers in the connective tissue of the alveolar septa and peripheral and 
peribronchiolar connective tissue have, thus a great impact in lung mechanics. An example of 
such a change is lung fibrosis (see section 1.2 Lung fibrosis), where an aberrant wound healing 
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leads to an abnormal accumulation of collagen fibers (5, 6). Mechanical stress, at the same 
time, leads to epithelial injury, contributing to the development of many lung diseases (7, 8). 
 

1.1 LUNG SURFACTANT  
 
Even though the lung comprises more than 40 different types of cells, the epithelium covering 
the alveoli is simply composed of two types of epithelial cells. The AE1C covers around the 90% 
of the alveolar surface and builds the surface through which gas diffusion happens. The AE2C 
is specialized in the production of lung surfactant, its degradation and recycling also occurs in 
the AE2C and partially in the alveolar macrophage (AM). Lung surfactant is mainly composed 
of phospholipids (approx. 80-90%) and proteins (approx. 5-15%) and AE2Cs are enriched in 
endoplasmic reticulum (7). In addition, the distinctive feature that characterize an AE2C are 
the organelles where surfactant is stored, the lamellar bodies (LB), which form a tightly packed 
structure and is secreted into the alveolar spaces (9).  LB are secreted after proper stimuli, such 
as such as ATP (10, 11), calcium (12) or stretching forces (13). LB bodies unravel in the alveolar 
space and lamella are interconnected with the help of the surfactant protein A (SP-A) in a mesh 
or network of square tubular arrays, called tubular myelin (TM) (3, 14). TM opens up in 
interconnected multilamellar and multilayer structures, which reach the interface, forming the 
surface-active interfacial film (15). Surfactant composition shows a high proportion of 
dipalmitoyl phosphatidylcholine (DPPC), which has the unique property of higher lateral 
packing, when compared to unsaturated acyl chains. The palmitoyl (C16) acyl chains densely 
pack at the interface, reducing surface tension of the liquid at the hypophase surface. 
However, the process for DPPC to reach the interface is intrinsically energetically not favorable 
and proteins, such as surfactant protein B (SP-B) and C (SP-C), help these surface-active 
amphiphilic components to reach and stably pack at the interface.  
 
Surface tension is the result of the cohesive forces between water molecules, which are 
unbalanced at the interface, creating a net force towards the center of a drop of water. This 
means that surface tension tends to minimize the surface of water or liquid exposed to another 
face, resulting in a spherical geometry in the case of water drops or the collapsing of alveoli 
due to the high adherence of the liquid lining layer.  
 
Modeling an alveolus as a sphere, we can apply LaPlace law. This means that the intra-alveolar 
pressure is directly proportional to the surface tension and inversely proportional to its size 
(radius). Therefore, at a constant pressure, smaller alveoli, or alveoli at the end of the 
expiration, tend to have higher surface tension. This means that the cohesive forces of the 
alveolar wall will tend to close or collapse it. The main effect of surfactant is the stabilization 
of alveoli, so surfactant is able to “regulate” surface tension depending on alveolar size. This 
means that, especially during low lung volumes at the end of expiration, surfactant is able to 
lower down surface tension, by highly packing DPPC at the interface, to minimum values, 
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avoiding alveolar collapse. In this way, surfactant also maintains intra-alveolar pressure almost 
constant through the breathing cycle, ensuring surface tension is matched to alveolar size (16). 
 

1.2 LUNG FIBROSIS 
 
Respiratory disease causes an immense worldwide health burden (16). Each year 4 million 
people die prematurely from chronic respiratory diseases (17). Healthcare costs for 
respiratory diseases are an increasing burden on the economies of all countries. For example, 
across the 28 countries of the EU, the total costs of respiratory diseases amount to more than 
€380 billion annually (18). 
 
Idiopathic pulmonary fibrosis (IPF) is a severe disease characterized by chronic inflammation, 
myofibroblast accumulation, and excessive extracellular matrix deposition, resulting in 
the damage of lung structure and respiratory failure. In Europe alone, approximately 40,000 
new cases are diagnosed each year; however, its prognosis is overall poor, with a median 
survival of 3–4 years (17-19). Even though, two different drugs have been approved for the 
treatment of IPF, Nintedanib and Pirfenidone, results from clinical studies showed that they 
slow down the progression of the disease (20, 21), leaving lung transplantation as the only 
curative treatment. Therefore, this disease remains as incurable due to its complex and not 
known etiology (22-24). 
 
Histologically, IPF is characterized by being spatially heterogeneous, meaning that healthy 
areas of the lung tissue can be found next to completely remodeled areas (25, 26). In the 
remodeled areas, accumulation of extracellular matrix components, such as collagen, and 
fibroblast foci are the typical histological feature. Fibrosis is thought to be the result of 
abnormal wound repair and tissue remodeling resulting from chronic epithelial injury leading 
to chronic inflammation and finally fibrosis (25). Pirfenidone is supposed to have an anti-
fibrotic effect by blocking transforming growth factor beta 1 (TGF-β1), in an unknown 
molecular mechanism (27-29). This cytokine plays a key role in the development of fibrosis by 
inducing fibroblast migration and differentiation, extracellular matrix deposition and collagen 
accumulation (30, 31). However, recent data points to a defective paracrine-lipid cross-talking 
between alveolar cells as contributing factor to development and progression of the disease 
(32, 33). Moreover, immune cells also play a key role in the progression and development of 
the disease, especially in the transition point from inflammation to fibrotic development. 
Where, for example, macrophages change from a pro-inflammatory state to a pro-fibrotic 
state, which includes the production of TGF-β1 (34-36). 
 

1.3  CONTEXT OF THIS WORK 
 
The influence of lung surfactant in the development of lung fibrosis has not been deeply 
studied. Even though, some other research groups have pointed at surfactant dysfunction, in 
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terms of surfactant protein deficiency, changes in lipid profile, or higher surface tension in 
patient samples (37-39), a direct relation to the pathophysiology is still missing. When looking 
at human lung material, we should take into account that this material comes from either end-
stage explanted lungs or biopsies directed to highly remodeled areas of the lung. This means 
that this material is not appropriate to understand dynamic changes through the development 
of the disease. For this purpose, animal models allow us to run time dependent analysis of the 
different events/changes happening in the lung, in very early stages throughout the fibrotic 
development phase. In this way, we can understand the dynamics and timing of the changes 
leading to the end-stage lung in the human. Understanding the order of events and its timing 
is also essential to develop targeted therapies. 
  
As explained before, lung surfactant is essential to stabilize alveoli, preventing alveolar collapse 
and reducing the work of breathing. Therefore, we hypothesized that surfactant 
dysfunction/deficiency may contribute to the pathophysiology of lung fibrosis by inducing 
collapse, collapse induration (or permanent collapse) and mechanical stress in the epithelium 
triggering or contributing to aberrant wound healing. For surfactant dysfunction to have a 
triggering effect it has to occur very early in the development of the disease.  
 
Therefore, in the next chapters we focused on time dependent changes after induction of lung 
disease. More specifically, we used animal models of lung fibrosis such as the TGF-β1 
adenoviral transfection in mice ((40), see Chapter 2.1), genetically modified SP-C deficient mice 
((41), see Chapter 2.2) and the widely used bleomycin induced rat model ((42), see Chapter 
2.3). We analyzed early stages in every model, in a time course relevant for each, and focusing 
on time dependent changes of the lung surfactant system, immune cells such as alveolar 
macrophages, alveolar structure and lung mechanical properties. 
 
Investigating early phases of fibrotic development will help us elucidate the mechanisms 
triggering aberrant fibrotic remodeling before the onset of fibrotic non-reversible wounds. This 
may be an important step towards early diagnosis of the disease and preventive treatment 
development. In addition, we propose a therapeutic strategy targeting lung surfactant 
deficiency, by either applying a surfactant replacement therapy (SRT) ((43), see Chapter 3.1) or 
directly replacing dysfunctional AE2C by healthy ones, for them to secrete and synthesize new 
surfactant ((44), see Chapter 3.2). 
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2 LUNG SURFACTANT AND LUNG FIBROSIS: COMMON PATHWAYS 
 

2.1 TRANSFORMING GROWTH FACTOR BETA 1 (ORIGINAL WORK 1) 
 

Lopez-Rodriguez E., Boden C., Echaide M., Perez-Gil J., Kolb M., Gauldie J., Maus U.A., Ochs 
M. & Knudsen L. “Surfactant dysfunction during overexpression of TGF- β1 precedes 

profibrotic lung remodeling in vivo” American Journal of Physiology - Lung Cell and Molecular 
Physiology. 2016; 310(11): L1260-71. 

 
  
Transforming growth factor-beta (TGF-β) is a widely distributed growth factor with multiple 
biological functions in different organs, from lung organogenesis and homeostasis to tissue re-
generation, tumorigenesis, and immune response. It is also involved in many respiratory 
diseases, such as pulmonary fibrosis but also emphysema, asthma, and cancer (45-47).   
 
In 1985, the first human TGF-β molecular cloning was reported (48) and later its receptors 
were discovered (49). Today the TGF superfamily includes the Activin, Nodal, bone 
morphogenic proteins (BMPs), growth and differentiation factors (GDFs) and the three 
isoforms of TGF-β (TGF-β1, TGF-β2 and TGF-β3), between others with a total of 33 proteins in 
mammals (50). TGF-β is involved in a wide range of cellular and molecular mechanisms 
including cell proliferation, migration and differentiation, apoptosis, extracellular matrix (ECM) 
production and cell fate. Thereby, influencing the above-mentioned biological functions in 
multiple organs (45).  
 
TGF-β1 is synthesized as a bigger (391 amino-acid) precursor molecule. After proteolytic 
cleavage, a 112 amino acid subunit results of approx. 25 kDa dimeric protein, linked by a sulfide 
bond. TGF-β1 is secreted in an inactive form. In addition, this latent (inactive form) is non-
covalently bounded to another peptide, the latency associated peptide (LAP), which is derived 
from the N-terminal region of the TGF-β1 precursor, forming the small latent complex (SLC). 
The SLC is located in the cytoplasm of its producing cell until it binds to another protein called 
latent TGF-β-binding protein (LTBP), which is then secreted. TGF-β1 activation pathway is 
currently not well understood. Integrins, pH, reactive oxygen species (ROS) and proteases are 
some of the known factors, which have been shown to activate TGF-β1 (51-53). Active TGF-β1 
binds and induces the oligomerization of the serine/threonine TGF-β receptor I and II. 
Consequently, a cascade of phosphorylation signals is initiated and the proteins of the Smad 
family are activated (phosphorylated). Smad2 and Smad3 are involved in the TGF-β1 pathway, 
while Smad1/5/9 in the BMP pathway. Phosphorylated Smads bind to Smad4 and are 
translocated to the nucleus. In the nucleus they, together with other co-receptors and 
transcription factors, will up-regulate the expression of numerous genes related to cell cycle 
arrest, apoptosis, epithelial to mesenchymal transition (EMT) and ECM deposition (54). 
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The accumulation of ECM in tissue is the histologic hallmark of fibrotic remodeling. Cells 
produce and attach to components of the ECM, such as fibronectin, collagen, laminin or elastin 
and proteoglycans (31). In addition, different secreted enzymes, such as matrix 
metalloproteinases (MMPs) or plasmin, can also degrade the ECM. The balance between 
production and degradation of the ECM matrix components is essential for the proper function 
of the organs.  After injury, cells release plenty of cytokines, such as TGF-β1, to initiate normal 
tissue repair. However, both the excess and sustained production and secretion of TGF-β1 
stimulates an aberrant tissue repair, resulting in the fibrotic remodeling of the wounded tissue 
(31, 55). 
 
In IPF, the origin of the disease or the injury triggering event resulting in aberrant tissue repair 
is yet unknown. In addition, how the production of TGF-β1 is chronically sustained in order to 
end in a fibrotic remodeling is a question yet to answer. Others proposed that epithelial injury, 
either from chronic infection or from mechanical stress, might trigger fibrotic remodeling (56-
59). As explained before, surfactant dysfunction/deficiency may influence mechanical 
properties of the lung, therefore potentially contributing to lung fibrosis development. 
However, the connection between TGF-β1 and lung surfactant has not been deeply 
investigated to date. 
 
The aim of this work was to investigate the potential link between TGF-β1 signaling pathway 
and lung surfactant regulation in vivo. For this purpose, we used a well-established animal 
model, where TGF-β1 overexpression is induced in the lung by adenoviral vector transfection 
(containing the sequence coding for the active TGF-β1 protein) into the lung. As we were 
interested in the direct interaction between TGF- β1 and surfactant regulation, we analyzed 
the lungs at an early fibrosis development state, during TGF-β1 overexpression (one week after 
transfection), and later during fibrosis onset, where TGF-β1 overexpression already 
disappeared (two weeks after transfection). In this way, we could observe: 1) if there are 
changes in surfactant regulation in the presence of TGF-β1; 2) investigate where in the 
molecular pathway, there may be an interaction between both pathways, TGF-β1 signaling and 
lung surfactant regulation; 3) if any changes are restored to normal in the absence of 
overexpressed TGF-β1. In addition, if lung surfactant is dysregulated early in the induction of 
fibrotic remodeling, we also aimed to investigate the potential injury and changes in AE2C. 
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Reprinted with permission 
 

 
 
 
RELEVANCE OF THIS WORK 
 
In this paper, we demonstrated for the first time in vivo that TGF-β1 might regulate surfactant 
protein expression through Smad3 sequestration of TTF-1 into the cytoplasm. Active 
extracellular TGF-β1 binds to its receptor proteins and initiate a cascade of signals that include 
the phosphorylation of some members of the Smad protein family. The phosphorylated 
complex of Smad2/3, together with other transcription factors, translocate to the nucleus to 
regulate the expression of many genes. From our results, we can conclude that the activation 
of Smad2/3 prevents the translocation of TTF-1 into the nucleus, which then is not able to 
activate the expression of the SP-B and SP-C genes nor to regulate its own expression. 
Therefore, we could observe not only SP-B and SP-C deficient gene and protein expression, but 
also less TTF-1 gene expression. We observed this effect during TGF-β1 overexpression, one 
week after transfection, but not afterwards. However, it seems that the tissue injury caused 
during the overexpression of TGF-β1 is not 
reversible and aberrant wound healing continues 
further during the second week in the study. The 
initial, potential mechanical stress caused by 
surfactant dysfunction, seen in the abnormal 
alveolar dynamics and increased surface tension, 
seems to induce AE2C damage and alveolar collapse 
that are not resolved in the absence of TGF-β1. 
AE2C lost their apical membrane and appeared 
embedded in interstitial tissue, where they no 
longer can secrete new surfactant. Previously, 
many reports proposed damage and decrease in 
number of AE2C to contribute to lung fibrosis, even 
though the exact mechanisms is not known. Here 
we conclude that surfactant dysfunction at early 
stages may be contributing not only to mechanical 
stress and collapse, but also to injury of AE2C. 
  

Figure 1: Proposed common molecular pathway for the 
regulation of surfactant proteins by TGF-β1. Created in 
BioRender.com. 
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2.2 SURFACTANT PROTEIN C (ORIGINAL WORK 2) 
 

Ruwisch J., Sehlmeyer K., Roldan N., Garcia-Alvarez B., Perez-Gil J., Weaver T.E., Ochs M., 
Knudsen L. & Lopez-Rodriguez E. “Air Space Distension Precedes Spontaneous Fibrotic 

Remodeling and Impaired Cholesterol Metabolism in the Absence of Surfactant Protein C” 
American Journal of Respiratory Cell and Molecular Biology, 2020; 62(4): 466-478. 

 
 
As seen in the previous chapter, TGF-β1 interacts with the regulation of surfactant related 
genes through one of its transcription factors, TTF-1. TTF-1 is responsible of the transcription 
of surfactant genes, including SFTPC, the gene coding for surfactant protein C (SP-C) (60). This 
protein is very hydrophobic, small (of only 35 amino acids) and accounts for approx. 1% of lung 
surfactant mass. SP-C is highly preserved among species (61), specifically expressed in AE2C 
and often used as molecular marker for the differentiation of lung tissue (62).  The mature 
form of SP-C has a 4.3 kDa size, but it is expressed as a larger precursor, of 21 kDa in the AE2C, 
which is enzymatically processed to the mature form. 
 

SP-C structure, rich in valine and leucine amino 
acid residues, adopts a metastable α-helix, 
which is normally embedded in the 
phospholipid membrane-like structures of lung 
surfactant, due to its hydrophobic nature. It 
also contains a high proportion of branched 
residues, which, in more polar or hydrophilic 

environments, makes this protein susceptible to adopt more β-sheet structures and 
fibrillogenic amyloid-like structures (63, 64).  These aggregates are a common feature in 
several interstitial lung diseases. It is also palmitoylated in the N-terminal site (not shown in 
figure 2) and the two palmitoyl-residues are described to anchor the protein to the 
phospholipid membrane-like structures (65, 66). Therefore, SP-C interacts very closely and 
stably with phospholipids and has a great influence in the structure and dynamics of the 
surfactant membrane structures. More specifically, SP-C is able to alter lipid packing by both 
influencing the lipid motion and lateral distribution (67, 68) and membrane permeability in 
vitro (69-71).  Within the context of the lung surfactant function, SP-C is able to promote 
interfacial lipid adsorption and lipid transfer between different lipid membrane-like structures 
(72-74). In addition, it also interconnects multilayered stacks that serve as a surfactant 
reservoir, storing newly secreted surfactant complexes and surfactant molecules squeezed out 
from the interface upon compression to the interfacial film (73, 75). In this way, SP-C may 
facilitate the insertion of surfactant material, during surface area expansion (inhalation) and 
exclusion of excess material, during the surface area compression (during exhalation).  
 

Figure 2: Proposed structure of SP-C (Wikimedia 
Commons, CC BY-SA 3.0). 
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Therefore, in the absence of SP-C this recycling of surface-active material into and out of the 
interfacial film may be impaired. This has a very important physiological meaning, as not low 
enough surface tension may be reached upon compression of small alveoli, the most 
susceptible ones to collapse, as explained in section 1.2. This may lead to alveolar instability 
and collapsibility of alveoli (76). These alveoli may be re-opened, with higher pressure, but this 
may also initiate the response mechanisms to mechanical stress in the alveolar epithelium. 
Therefore, triggering aberrant tissue repair and fibrotic remodeling, as explained before. 
 
In addition, many mutations in the SP-C gene have been already reported in familial forms of 
interstitial lung diseases (ILD), making SP-C a highly relevant protein in the pathophysiology of 
these diseases (recently reviewed in Sehlmeyer et al 2020 (77)). 
 

Variant Reference 
L188Q Thomas et al., 2002 (78) 
R167Q Tredano et al., 2004 (79) 

I73T Tredano et al., 2004 (79); Abou Taam et al., 2009 (80); Thouvenin et 
al., 2010(81) ; Cottin et al., 2011 (82); Avital et al., 2014 (83); Hevroni 

et al., 2015 (84); Salerno et al., 2016 (85) 
G100S Ono et al 2011 (86) 
Y104H Kuse et al., 2013 (87) 
I38F 

Avital et al., 2014 (83) 
V39L 

C121F van Hoorn et al., 2014 (88) 
I38F Hevroni et al., 2015 (84) 

L188E Chibbar et al., 2004 (89) 
E66K Stevens et al., 2005 (90) 

Table 1: Most common mutations found in the SP-C gene in human ILD patients (adapted from Sehlmeyer, Ruwisch, Roldan & 
Lopez-Rodriguez, 2020 (77)). 

 
The aim of this work was to investigate the structural and functional changes of the lungs of 
SP-C deficient mice with age. For this purpose, we bred and aged WT and SP-C KO mice in our 
animal facility. To understand the order of events and changes in the lungs with age, we took 
animals every 10 weeks, of an age ranging from 10 to 60 weeks old and performed different 
analyses in vivo and in the isolated lungs. We hypothesized that: 1) the alveolar instability due 
to the absence of SP-C will lead to a mild but chronic alveolar collapse, specially of the smallest 
distal alveoli; 2) this chronic alveolar collapse may lead to permanent de-recruitment of the 
alveoli with two consequences: 2.1) with less open alveoli, air re-organization may lead to over-
distend alveoli and ductal spaces; 2.2) mechanical stress due to chronic alveolar collapse and 
collapse induration may lead to wound fibrotic formation; 3) these chronic but mild events 
may lead to the onset of fibrosis remodeling with age in the absence of SP-C. 
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Reprinted with permission of the American Thoracic Society.  
Copyright © 2021 American Thoracic Society. All rights reserved. 
Cite: Ruwisch J., Sehlmeyer K., Roldan N., Garcia-Alvarez B., Perez-Gil J., Weaver T.E., Ochs M., 
Knudsen L. & Lopez-Rodriguez E. Air Space Distension Precedes Spontaneous Fibrotic 
Remodeling and Impaired Cholesterol Metabolism in the Absence of Surfactant Protein C. 
American Journal of Respiratory Cell and Molecular Biology, 2020; 62(4): 466-478. 
The American Journal of Respiratory Cell and Molecular Biology is an official journal of the 
American Thoracic Society. 
 
 
RELEVANCE OF THIS WORK 
 
In this paper, we concluded that the absence of SP-C in mice lungs leads to an early alveolar 
collapse followed by over-distension of ductal and alveolar spaces. The permanent de-
recruitment of alveoli or collapse induration, together with the air re-organization into over 
distended ductal spaces may impose an aberrant mechanical stress into the lung tissue leading 
to the formation of fibrotic wounds at an age of approximate 50 weeks. The mouse model 
presented here represents a spontaneous model of fibrotic development, relevant to the 
human disease, as SP-C mutations and dysregulation has already been observed in patients 
with familial forms of IPF. In fact, the changes that we observed here may also represent an 
adaptive mechanism of the lung to compensate for malfunction. In comparison to other 
traditional induced animal models, where the disease development is faster and more acute, 
the presented animal model may represent a more relevant and more similar situation to the 
human disease, whose onset is around at an age of 65 years. 
 

 
Figure 3: representative micrographs of the changes in alveolar parenchyma in SP-C deficient mice from 10 to 60 weeks of 
age. Modified from Ruwisch et al., 2020 (reprinted with permission of the American Thoracic Society). 

 
Alveolar macrophages showed an interesting morphology with crystal accumulation in their 
cytoplasm. Even though this event has already been described in human samples and 
numerous animal models (91-93), there is a lack of further investigation and description on 
which molecular mechanisms may lead to this notable morphology. In this work, we could not 
characterize the molecular origin of those crystals, but morphologically they are very similar to 
cholesterol crystals and for that reason, we further investigated the cholesterol metabolism in 
BAL cells. Very interestingly, cholesterol metabolism was impaired in cells of mice deficient in 
SP-C and in vitro experiments demonstrated that SP-C increased the expression of important 
metabolic enzymes and transporters of cholesterol.   
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2.3 ALVEOLAR MACROPHAGES (ORIGINAL WORK 3) 
 

Kloth C., Gruben N., Ochs M., Knudsen L. & Lopez-Rodriguez E. “Flow cytometric analysis of 
the leukocyte landscape during bleomycin-induced lung injury and fibrosis in the rat” 

American Journal of Physiology - Lung Cell and Molecular Physiology, 2019; 317(1): L109-
L126. 

 
 
As explained in the previous chapter, alveolar macrophages show many interesting changes 
during the development of lung fibrosis. This has been recently the focus of many reports, 
where the importance of these cells in alveolar homeostasis and disease (32, 94-98) are 
highlighted. However, the lung specific immune system is very complex and comprises multiple 
cells, cytokines and other signaling molecules. 
 
The lung surface is under constant challenge to the environmental air components, especially 
airborne pathogens. For this purpose, the lung requires a fine-tuned and rapidly acting specific 
pulmonary immune system that recognizes and protects the gas exchange functional units, the 
alveoli (99-101). Resident and recruited cells and secreted innate immune proteins (such as 
mucins or collectins (SP-A and SP-D)) interplay in order to orchestrate host-pathogen (or 
particle) interactions (102). Epithelial cells (including AE2C), dendritic cells and alveolar 
macrophages (AM) are the sentinel system checking constantly for inhaled strange particles or 
microorganisms. They are also responsible to trigger the pro- or anti-inflammatory response 
as well as the recruitment of further immune cells. This process depends on chemo attractants, 
such as lipid mediators (prototypically eicosanoids/leukotrienes), complement factors, and 
chemokines (103-106). Some of the most important chemokines for the recruitment of 
leukocytes in the airway are the CXC family of chemokines, more specifically, CXCL1-8 and 
CXCL12, CCL2, CCL17 and CCL18. At the same time, the influence of these chemokines is 
dependent on the local immune status and the presence of different cytokines, such as IL-1α 
and IL-1β, IL-10, IL-17, IL-23, IL-25 and IL-33. Then, different immune cell populations are 
sequentially recruited into the alveolar space or parenchyma compartments. It has been well 
described (102), that after an acute inflammatory reaction, neutrophils are the first cells 
reaching the alveolar space and quickly engage in the activation of the immune response (107). 
For a more sustained/chronic immune system action, monocytes and lymphocytes come then 
into play.  
 
In addition, lymphocytes may be organized in tertiary lymphoid organs within the lung tissue, 
called bronchus-associated lymphoid tissue (BALT) (108). Recent reports also highlight novel 
immune cells and signaling molecules, such as innate lymphoid cells (ILC), mucosal-associated 
invariant T cells (MAIT), chitinase-like proteins (CLP), and others (102) in the lung. 
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Alveolar macrophages play a central role in immunity, but also in tissue repair (34) and lung 
surfactant metabolism (109). These highly plastic cells respond rapidly to changes in their 
environment and molecular mediators, resulting in their differentiation into a classically (M1) 
or and alternatively (M2) activated phenotype (35, 110, 111). Classically activated 
macrophages produce pro-inflammatory cytokines (such as TNFα, IL-1, and IL-6) as response 
to LPS and IFNγ. In this way, these cells maintain tissue inflammation (112). On the other hand, 
alternatively activated macrophages produce pro-fibrotic and anti-inflammatory cytokines in 
response to their exposure to IL-4, IL-10, and IL-13. When the initial inflammation is not 
resolved but becomes chronic, the pro-inflammatory macrophages convert to a more anti-
inflammatory (pro-fibrotic) phenotype, secreting mediators that promote wound healing (34). 
Therefore, anti-inflammatory/pro-fibrotic macrophages are often found in fibrotic wounds (35, 
111). These macrophages secrete several growth factors, including TGF-β, platelet-derived 
growth factor-α (PDGF-α), fibroblast growth factor (FGF), vascular endothelial growth factor 
(VEGF), and insulin-like growth factor 1 (IGF1). In this way, pro-fibrotic macrophages 
contribute to the production and accumulation of extracellular matrix components, specifically 
to collagen synthesis through up-regulation of the L-arginine metabolism (112). 
 
The bleomycin-induced lung injury and fibrosis in rodents is one of the most widely used animal 
models for the study of fibrotic development (113, 114). We have also described that 
surfactant dysfunction in this model in rats is an early event (115). While the fate of alveolar 
macrophages has been deeply studied in the mouse model, this was not shown in the rat 
model. As the rat model is often used to investigate potential therapeutic strategies, to 
complete this piece of knowledge is at this point of high relevance. 
 
The aim of this work was to investigate the changes in the myeloid population in alveoli during 
the onset and progression of lung injury and fibrosis. For this purpose, we used the widely used 
animal model of bleomycin induced lung injury and fibrosis and analyzed the changes in the 
myeloid fraction of cells isolated in BAL every 3-4 days up to 21 days after bleomycin 
application.  In this way, we could observe the changes in terms of recruitment of cells and 
activation and gene expression of different macrophage populations early in disease and 
before and during the onset of the fibrotic remodeling. We hypothesized that: 1) as shown 
previously in mice, bleomycin induces an early inflammatory response characterize by 
neutrophil recruitment and apoptosis of alveolar macrophages; 2) this is followed by monocyte 
recruitment and activation of macrophages to an anti-inflammatory phenotype; 3) monocytes 
are differentiated to mature macrophages, which are partly differentiated to pro-fibrotic 
phenotype in rats. 
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Reprinted with permission 
 

 
 
 
RELEVANCE OF THIS WORK 
 
In this paper, we concluded that before the onset of lung fibrosis myeloid cells may play an 
important role as first response to an injury and remodeling stimuli. We could observe many 
changes in the myeloid cell population before collagen deposition and CD90+ cells (fibroblast) 
recruitment. Within myeloid cells, we 
focused on alveolar macrophages, 
which are in addition to important 
players in the innate immune system, 
also responsible of the alveolar 
homeostasis, including lung surfactant 
metabolism (degradation and 
recycling). 
 
Monocyte recruitment may be 
important as precursors of alveolar 
macrophages. In addition, fibrocytes 
are derived from monocytes and these 
are precursors of fibroblasts, which 
are responsible of producing collagen. 
Very interestingly, we found that 
recruited monocytes are a source of 
pro-fibrotic markers, such as TGF-b1 
and Cox2, directly related to the 
stimulation of collagen deposition by 
fibroblasts and tissue remodeling. 
These results point at alveolar 
macrophages and recruited 
monocytes as new therapeutic 
targets for the treatment of lung 
fibrosis. 

Figure 4: Top panel: overview of the changes of monocyte and 
macrophage populations after bleomycin application (Created with 
BioRender.com). Bottom panel: genes upregulated in the different 
populations (monocytes, activated macrophages and macrophages at 
day 14 or 21 after bleomycin application compared to naïve alveolar 
macrophages) related to lung fibrotic remodeling and macrophage 
activation state. 
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3 LUNG SURFACTANT AS TREATMENT FOR LUNG FIBROSIS 
 

3.1 SURFACTANT REPLACEMENT THERAPY (ORIGINAL WORK 4) 
 

Steffen L., Ruppert C., Hoymann H.G., Funke M., Ebener S., Kloth C., Mühlfeld C., Ochs M., 
Knudsen L*. & Lopez-Rodriguez E*. “Surfactant replacement therapy reduces acute lung injury 
and collapse induration-related lung remodeling in the bleomycin model” American Journal of 

Physiology - Lung Cell and Molecular Physiology. 2017; 313(2): L313-L327. 
 
 
The important role of lung surfactant in helping to regulate some of the physical forces in the 
lung has become clearer in the last chapters. In addition, already in 1988, the role of alveolar 
collapse in the development of fibrotic remodeling in the lung has been already described by 
Myers and Katzenstein (116). The connection between high surface tension and alveolar 
collapse is also well described in the acute respiratory distress syndrome (ARDS) and acute lung 
injury (ALI) (117, 118). In this field, many studies already showed increased surface tension, 
and the associated alveolar instability, in ARDS (119, 120) leading to an acute respiratory 
pathology with a high mortality. In addition, patients recovering from ARDS are at higher risk 
to develop lung fibrosis after recovery, leading to the hypothesis that both diseases may have 
underlying similar mechanisms (6, 121). These mechanisms, alveolar collapse, respiratory 
distress, and disease in-homogeneities through the lung have been demonstrated in patients 
from both diseases (119, 122, 123).  
 
Repetitive alveolar collapse (or atelectrauma) caused by lung surfactant inactivation has been 
directly linked to alveolar wall stretching and ductal air space over-distension (124). During 
expiration, the alveolar surface area is reduced by alveolar septal wall folding. In the presence 
of an active surfactant, surface tension is theoretically low enough to prevent both walls to 
glue to each other permanently. In the absence of an active surfactant, the fluid lining the 
alveoli will tend to minimize the area exposed to the air closing the alveolus.  
 
During inspiration, the transpulmonary pressure gradient is normally sufficient to inflate or 
open (recruit (R)) the closed alveoli (de-recruited (D)), also called alveolar R/D. Some 
physiological alveolar R/D exists in every breathing cycle (125), however it imposes some 
mechanical stress in the alveolar epithelium (126).  The mechanical axial shear forces needed 
to re-open the alveoli may lead to injurious deformation of AE2C. It has been already described 
that these cell-damaging forces strongly increase with higher surface tension at the interface 
of the lining fluid (127, 128).  In addition, AE2C injury reduces epithelial integrity, which may 
result in leaking and formation of edematous material at the alveolar spaces, which in turn, 
inactivates surfactant. This may trigger a vicious chronic cycle of AE2C injury and surfactant 
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dysfunction preceding fibrotic remodeling 
(129-131). On the other hand, if the 
maximal generated transpulmonary 
pressure fails to exceed the intra-alveolar 
pressure, the alveolus remains collapsed 
and its alveolar walls stay adjacent to each 
other. This may trigger the permanent 
closing of the alveolus, permanent de-
recruitment or collapse induration. These 
atelectatic areas also impose stretching 
forces on the surrounding alveolar walls, 
which may experience further mechanical 
stress and may over-distend (as seen in 
Chapter 2.2). These atelectatic areas, where 
the alveolar surface is lost are not 
functional in the gas exchange and as two 
alveolar walls are “glued” together, this 
contributes to the septal wall thickening 
(Figure 5), which in turn may stimulate the 
production of pro-fibrotic cytokines and 
collagen. 
 
As shown before, lung surfactant dysfunction and dysregulation occur in early stages of lung 
injury and precedes lung fibrotic remodeling in the bleomycin induced lung injury and fibrosis 
animal model (115). Therefore, it seems reasonable to replace surfactant as soon as possible 
in the development of the disease, as preventive treatment therapeutic strategy, and later 
during the onset of the fibrotic remodeling, in order to understand if the “treatment of the 
mechanical injuries” may decrease or slow down the development of fibrosis, as supportive 
therapeutic strategy. 
 
The aim of this work was to investigate whether a surfactant replacement therapy may be 
beneficial to stop or slow down the development of fibrotic remodeling. For this purpose, we 
used the bleomycin induced lung injury and fibrosis rat model. We performed SRT early in the 
lung injury phase of the model and analyzed early events (day 3), including inflammation, and 
later on the onset of fibrosis (day 7) to analyze fibrotic molecular and structural markers. We 
hypothesized that: SRT may stabilize alveoli preventing mechanical injuries during lung injury 
and fibrotic development in the bleomycin rat model. To test this hypothesis, we investigated 
if: 1) preventing alveolar collapse early in the lung injury phase of the model may decrease the 
alveolar R/D and mechanical stress leading to a reduced inflammatory response; and 2) 
preventing collapse induration during the onset of lung fibrosis may decrease the septal wall 
thickening and collagen deposition delaying the development of a fibrotic phenotype. 

Figure 5: “mechanical injuries” due to lung surfactant dysfunction 
leading to fibrotic development (Created in BioRender.com). 
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Reprinted with permission 
 

 
 
RELEVANCE OF THIS WORK 
 
In this paper, we concluded that the SRT beneficial effect probably relies on the stabilization 
of alveoli, thus the prevention of alveolar collapse and mechanical stress in the alveolar 
epithelium. Firstly, SRT improved surfactant biophysical function by means of decreased 
surface tension in vitro. Normalized surface tension seemed to help in maintaining alveoli 
opened, avoiding alveolar collapse and the associated mechanical stress in the alveolar 
epithelium. Interestingly the stabilization of alveoli had a positive effect in not only the 
mechanical properties of the lung but also “anti-inflammatory” properties. In summary SRT 
before day 3, increased the structural markers of stabilized opened alveoli (volume of acinar 
air spaces, alveolar air spaces, alveolar surface and number of opened alveoli) as well as 
improved mechanical parameters, such as static compliance, inspiratory capacity and 
elastance. In addition, most of the inflammatory cellular and biochemical markers were 
notably decreased (such as number of granulocytes and activated macrophages, as well as IL4, 
IL-6, IL10 and IL-1β). This 
demonstrated that SRT could 
prevent alveolar collapse and the 
associated inflammation 
response, resulting from the 
mechanical stress in the alveolar 
epithelium. Applying repetitive 
SRT before the onset of fibrosis 
led to a reduction of the septal 
wall volume and thickness, 
increased number of opened 
alveoli and improved mechanical 
parameters. Taking all together, 
SRT may help slowing down the 
progression of fibrotic 
remodeling in the lung, serving 
as a supportive treatment for 
lung fibrosis. 
 

Figure 6: effects of SRT at the application points and beneficial effects in the 
rat model of bleomycin induced lung injury and fibrosis (Created in 
BioRender.com). 



 79

3.2 ALVEOLAR EPITHELIAL TYPE II CELL TRANSPLANTATION (ORIGINAL 
WORK 5) 

 
Lopez-Rodriguez E.*, Guy-Jordi G.*, Knudsen L., Ochs M. & Serrano-Mollar A. “Improved 

alveolar dynamics and structure after alveolar epithelial type II cell transplantation in 
bleomycin induced lung fibrosis” Frontiers in Medicine 2021; 8: 640020 

 
 
As seen in the previous chapter the application of one dose of surfactant as preventive or 
supportive treatment seems to be very promising in delaying the fibrotic remodeling onset and 
reducing the inflammation. Another interesting therapeutic strategy may be to replace not 
only surfactant but also the injured AE2C, which may act as the source of new freshly secreted 
surfactant.  
 
AE2C injury during fibrotic remodeling has already been involved in the development of lung 
fibrosis.  AE2C are subjected to apoptosis, endoplasmic reticulum stress and lysosomal damage 
during the development of lung fibrosis (131-134). As explained before, changes in the 
mechanical forces in the lung parenchyma lead to epithelial stress and alveolar epithelial cell 
(AEC) injury. It has been demonstrated, that strain forces induced by pressure over 40cmH2O 
are enough to cause membrane blebbing and induce cellular apoptosis (135). Plasma 
membrane injury of AEC is seen under normal healthy conditions. In fact, AEC are able to repair 
their membrane to prevent cellular damage in a Ca2+- and lysosome-dependent mechanism. 
However, if the mechanical stress induce a membrane defect larger than 1µm, aberrant wound 
healing mechanisms are activated (136). In addition, lysosomal stress may also impair cellular 
repair, as seen in Hermansky-Pudlack Syndrome (HPS) patients. This leads to aberrant wound 
repair and release of profibrotic cytokines ending in the development of unusual interstitial 
pneumonia (UIP) (137, 138). 
 
In addition, AEC response to mechanical stress activates the signaling of a number of mechano-
transduction pathways, which includes the TGF-β1, Wnt β-catenin, sonic hedgehog (Shh) and 
the Notch-midkine pathways. Moreover, mechanical injury also induces endoplasmic 
reticulum (ER) stress. All of these pathways have been related to aberrant wound healing and 
the activation of profibrotic genes, epithelial-to-mesenchymal transition (EMT) and increased 
ECM deposition. In addition, ER stress has been shown to impair the secretory function of the 
AE2C, impairing surfactant secretion and metabolism, therefore initiating a vicious cycle that 
contribute to alveolar instability and mechanical stress (136). In a murine model of surfactant 
depletion, induced by hydrochloric acid (HCl) intratracheal application, the lung mechanics was 
notably impaired, showing an increase in tissue elastance (or increased stiffening of the lung 
tissue). This was accompanied by an increase in mesenchymal markers, such as α-smooth 
muscle actin (α-SMA) and vimentin in AE2C. At the same time, AE2C markers, such as proSP-
B, were notably decreased (56, 139). Therefore, EMT seems to contribute to fibrotic 
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remodeling by impairing AE2C 2 most important functions, surfactant metabolism and 
regeneration of AEC.  
 
On the one hand, both AECs as well as resident inflammatory cells like AM (45) express TGF-
β1. On the other hand, the increase in epithelial injury results in increased expression of 
epithelial αVβ6-integrins, which further stimulate the production of TGF-β1 by mechano-
transduction (140).  In this regard, the increased expression and release of TGF-β1 in IPF 
fibrotic lungs have been already described, along with parenchymal stiffening (141). 
Nevertheless, the role of collapse-induced parenchymal stiffening in the context of 
extracellular TGF-β1 release to date has not been clarified. As shown in Chapter 2.1, TGF-β1 
treated mice have been shown to develop surfactant dysfunction and high surface tension (40) 
including down-regulation of SP-C expression, by interfering with its transcription factor 
activity.  
 
As explained in the previous chapter, lung surfactant dysfunction is an early event in the 
development of the lung fibrosis in the bleomycin induced lung fibrosis rat model. More 
specifically surfactant dysfunction has been seen to happen 3 days after bleomycin application 
(115). Therefore, we can hypothesize that mechanical stress in this model may be initiated as 
soon as surfactant function is impaired. In addition, in this model, TGF-β1 is elevated in alveolar 
macrophages, epithelial cells, endothelial cells and interstitial fibroblasts (142), which will 
further contribute to collagen deposition changing the elastic properties of the tissue and thus, 
the mechanics and alveolar dynamics. 
 
The aim of this work was to investigate whether a pulmonary AE2C transplantation therapy 
may be beneficial to stop or slow down the development of fibrotic remodeling. For this 
purpose, we used the bleomycin induced lung injury and fibrosis rat model, as before. We 
performed pulmonary AE2C transplantation early in the lung injury phase of the model (at 
day3) and analyzed early events (at day 7). In addition, we performed the transplantation of 
AE2C later during the onset of fibrosis (at day 7) and analyze fibrotic remodeling (at day 14). 
We hypothesized that replacing injured AE2C in the bleomycin rat model by healthy AE2C may 
lead to a reduced lung injury and fibrosis, partly through the production of new surfactant. To 
test this hypothesis, we assessed if: 1) after transplantation in the injury phase the healthy 
AE2C are able to reduce inflammation, normalizing the alveolar dynamics, including tissue 
elastance and structural parameters, such as edema; 2) after transplantation in the fibrotic 
remodeling phase, healthy AE2C are able to reduce the fibrotic remodeling, normalizing 
structural, such as septal wall thickness, and alveolar dynamics of the lung parenchyma, and; 
3) the potential beneficial effect may be due to the secretion of fresh surfactant, thus replacing 
the endogenous surfactant. 
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RELEVANCE OF THIS WORK 
 
In this paper, we concluded that the pulmonary transplantation of AE2C showed a beneficial 
effect during the lung remodeling phase. Whereas, during the lung injury phase, the AE2C 
transplantation was only able to normalize the volume of secreted surfactant, this surfactant 
seemed to be inactivated, most probably by the protein components of the edema resulting 
after epithelial damage. Surfactant inactivation by edematous components has been 
previously well described and includes molecules such as albumin, fibrinogen, C-reactive 
protein, hemoglobin, and immunoglobulins (143-154). 
However, during fibrotic remodeling, this intervention was able to not only normalize 
surfactant and AE2C volumes in the treated lungs, but also prevent the accumulation of 
collagen and the thickening of septal walls. This is also reflected in the reduced tissue elastance 
at both PEEP of 3 and 6 cmH2O, indicating improvement in the structure and dynamics of the 
alveolar spaces after the 
treatment. In addition, we also 
observed an increase in the 
volume of AE2C, potentially 
coming from the engrafting of 
the healthy transplanted cells or 
induction of epithelial 
proliferation, and higher 
volumes of not only alveolar 
surfactant, but also the most 
active forms of surfactant, TM, 
LB and MLV, also potentially 
newly secreted and functional. 
These findings may represent 
the beneficial effect of newly 
secreted surfactant in 
normalizing mechanical forces, 
preventing mechanical stress and further fibrotic remodeling of the lung tissue. 

Figure 7: AE2C transplantation (Tx) experimental schema with beneficial effects 
(Created in BioRender.com). 
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4 DISCUSSION AND OUTLOOK 
 
Lung surfactant discovery was considered a scientific breakthrough in bioscience (155), when 
the development of SRT helped to cut down neonatal mortality (156-158). Lung surfactant 
importance is highlighted in the neonatal respiratory distress syndrome (NRDS), where 
premature babies are born before surfactant synthesis or secretion has started in the 
developing lung. Therefore, these premature babies are born with a lack of surfactant that 
leads to failure in stabilizing the lung and collapse of alveoli. NRDS mortality was calculated to 
be around the 80% by the 80-90´s (159, 160). 
 
The death of the second child of the US president, JF Kennedy due to NRDS (at that time known 
as hyaline membrane disease, HMD) in 1963 awaked the interest and research investment in 
the field, not only to understand the origin of the disease, but also to look for potential 
treatments. Already in 1959, Avery and Mead described for the first time the relation between 
NRDS and surfactant deficiency, by measuring the surface tension of lung extracts, as Clemens 
described in the very first experiments where surface tension was measured in a handmade 
surface balance (161). Soon enough, Fujiwara in US (162) and Robertson and Curstedt (163) in 
Europe, isolated surfactant from animal lungs and tested it in animal models of RDS. In the 
early 90´s the first commercial surfactant formulations where tested and available for the 
treatment of NRDS, reducing notably the mortality of premature babies (158).  
 
The pathophysiology of NRDS is characterized by an acute surfactant deficiency, which leads 
to: alveolar collapse, lung injury, edema formation and surfactant inactivation/dysfunction 
(164). In the same direction, acute dysfunction/deficiency of surfactant due to lung injury and 
edema formation contributes to the pathophysiology of ARDS (acute respiratory distress 
syndrome). As well as for the NRDS, many clinical trials tested SRT for the treatment of ARDS 
in adult patients. However, it is hypothesized that surfactant inactivation of the exogenously 
applied surfactant in the SRT led to the failure of those clinical trials (165-167). 
 
These two acute respiratory syndromes highlight the importance of lung surfactant in the 
normal or healthy physiology and the stabilization of the opened lung. However, one can 
imagine that surfactant dysfunction/deficiency in a mild but chronic modality, may also 
influence lung health and function. 
 
 

4.1 LUNG SURFACTANT METABOLISM IN ALVEOLI DURING FIBROTIC 
REMODELING 

 
Surfactant down-regulation has previously been shown in patients suffering lung fibrosis (37-
39), as well as dysfunction/alteration in AE2C (133, 168). Therefore, it seems reasonable to 
hypothesize about the influence and contribution of lung surfactant in the development of 
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lung fibrosis. Through Chapters 2.1-2.3, we have described that surfactant dysfunction is an 
early event contributing to fibrotic remodeling of the lung tissue. Stablished either as genetic 
deficiency (such as in the SP-C deficient mouse model) or resulting from lung injury, edema 
formation and inactivation (such as in the bleomycin-induced rat model), lung surfactant 
seemed to play an important role in keeping the alveoli open and preventing collapse and the 
associated mechanical stress in alveolar epithelial cells.   
 
Even though the lung is not considered as a lipid metabolic organ, it does sustain an active lipid 
metabolism that is key for the proper lung surfactant homeostasis and function of the alveolar 
space and ultimately gas exchange. In this regard, not only the synthesis and release of 
surfactant, uniquely performed by the AE2C is important, but also the recycling and degrading 
of surfactant should be taken into account. Lipid recycling and catabolism is thought to happen 
not only in the AE2C but also in the AM. Traditionally, it was thought that lipid catabolism only 
takes up to 20-30% in AM (169-171) and most of the clearance may take place by recycling in 
AE2C (172). However, it is important to understand not only what happens in healthy 
conditions, where the AE2C may predominantly be in place to be in charge of the lipid 
homeostasis, but also under pathological conditions, where either AE2C or AM may be 
impaired, dysfunctional or no longer active. Recent advances in the study of AM in pulmonary 
alveolar proteinosis (PAP) have been decisive in elucidating the involvement of AM in lipid 
catabolism. Many genes have been found to be impaired in AM in PAP, leading to accumulation 
of lung surfactant and protein complexes in the alveoli, impairing alveolar dynamics. Mutation 
or deficiency in ABC transporters A1 (ABCA1), G1 (ABCG1) and peroxisome proliferator-
activated receptor gamma (PPARγ) are related to inefficient surfactant catabolism in AM, 
which leads to the PAP phenotype (173-175). Very interestingly, ABCG1 deficient mice showed 
crystal accumulation in their cytoplasm, described as cholesterol crystals (91, 92) very similar 
to the crystals present in the AM of SP-C deficient mice presented here. Altogether, this 
highlights the importance of healthy AM in surfactant metabolism regulation. Therefore, the 
question is what would happen with surfactant proper homeostasis if AM are impaired or 
activated with the purpose to actively participate in the immune response.  
 
The amount of surfactant in the alveolar spaces is tightly regulated. Interestingly, the pool size 
of surfactant does not change through life (176), except during the perinatal period, where on 
average the surfactant pool is 5 to 10 fold higher (177).  It has already been described that de 
novo synthesis of PC is rather slow (178), so the recycling and re-use of surfactant components 
in AE2C and AM may play an important role in the regulation of the surfactant pools. Therefore, 
it seems that regulation mechanisms may exist in order to adapt surfactant pools to changes 
in the environment or pathological conditions. However, very little is known about these 
regulatory mechanisms or how both AE2C and AM may sense the amount of surfactant in the 
alveolar spaces in order to meet the requirements of either synthesizing, degrading or 
recycling the components. 
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In order to understand recycling mechanisms of lung surfactant components in the lung, we 
may need to have a look at the common pathways shared between AE2C and AM. For example, 
both cells express ABC transporters for lipid transport, such as ABCA1 and ABCG1, transporters 
responsible of the inverse cholesterol transport from the alveolar spaces back to the circulation 
(179-181). This may represent a mechanism of cholesterol recycling. SP-A has been reported 
to enhance surfactant recycling. On the one hand, SP-A is able to bind to phospholipids from 
surfactant. On the other hand, both AE2C and AM express a high affinity receptor for SP-A 
(182, 183). SP-A is endocytosed in a clathrin-dependent mechanism by AE2C (184, 185). Lipids 
endocytosed this way seem to be recycled and not degraded, whereas in the absence of SP-A 
they are degraded, comprising therefore a specific potential recycling mechanism (170). AM 
are also able to endocytose SP-A (186), but whether this is part of a recycling or degrading 
pathway is still unknown. Lastly, since TGF-β1- and ITG-β6-deficient mice showed impaired 
phospholipid catabolism in AM (187, 188), it has been proposed that both TGF-β1 and β6-
integrin play a key role in maintaining surfactant pool levels and macrophage function (189). 
 
The interesting finding in the SP-C deficient mice model also points at AM playing an important 
role not only in surfactant metabolism but at the same time in the development of lung fibrosis. 
The finding of cytosolic crystal accumulation leads to think that in the absence of SP-C these 
AM have some metabolic problems (41), which in turn may convert them in a more pro-fibrotic 
phenotype contributing to the development of the disease. This is still a gap of knowledge to 
fill in and probably, more factors and signaling molecules are involved in surfactant recycling 
and lung homeostasis. 
 
Even though, lung fibrosis is to date considered an interstitial lung disease and the fibroblast 
has been for long in the center of the pathophysiology, this may be of relevance when analyzing 
end-stage fibrotic lungs. However, in this work we focused on the early events, which may 
trigger or contribute to develop fibrotic remodeling, before recruiting and activation of 
fibroblasts and deposition of collagen. One should consider that with such a big surface 
exposed to the environment, most of the challenges that may trigger disease would come from 
the environment and affect the alveolar side and alveolar epithelium in the first line. This is 
clear in case of lung infection induced diseases (such as pneumonias or infections of the lower 
respiratory tract, (190-192), smoking related obstructive disease (193, 194) or other diseases 
triggered by aspiration of particles such as silica or asbestos (195-198). We can conclude, from 
our animal models, that epithelial damage, both acute and chronic, may lead to an aberrant 
wound healing in the epithelium, triggering a fibrotic remodeling response in the interstitium. 
Therefore, lung fibrosis may be initiated by factors impairing proper lung mechanics, including 
proper lung surfactant function, in the alveolar side of the lung parenchyma. 
 
Even though, animal models have a number of limitations, regarding similarities or disparities 
in the induction and progression of the disease in comparison to the human disease, they also 
contribute with important advantages. In the case of lung diseases, more specifically in lung 
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fibrosis, with the possibility to analyze time dependent changes, especially at very early stages. 
In this way, animal models allow us to understand what may have happened before the onset 
of and during fibrotic remodeling, in order to understand how and why an end-stage lung looks 
like it is. The bleomycin-induced lung injury and fibrosis animal model is very widely used to 
investigate molecular mechanisms and potential therapeutic strategies. However, this model 
shows a lung injury phase that is not properly resolved resulting in an aberrant lung 
remodeling. Whether patients suffering lung fibrosis underwent a phase of lung injury and 
inflammation has been intensively discussed and is still unknown. The most important scientific 
evidence against this is the failure of the clinical trials, which tested anti-inflammatory 
(corticosteroids) drugs for the treatment of lung fibrosis (199, 200). However, new findings 
related to higher risk of developing lung fibrosis after ARDS (201, 202) or Covid-19 (203, 204) 
recovery might point at inflammation as another early event triggering aberrant wound 
healing. This will also mean that potential anti-inflammatory treatments should be given with 
the right timing, meaning early in the development of the disease, before the onset of the 
fibrotic wounds. 
 
In conclusion, as shown in Chapter 2.1-2.3, both AE2C and AM change during lung fibrosis 
development, impairing surfactant function and metabolism. Therefore, lung surfactant 
dysfunction may be considered as an important pathophysiologic event, which seems to 
happen early in the disease, contributing to the development of lung fibrosis. Taking this into 
consideration, it may be reasonable to propose to replace the dysfunctional surfactant by fresh 
functional surfactant as a therapeutic strategy. In addition, AE2C and AM should be considered 
of high importance in the development of targeted therapies since they are key players in the 
regulation of surfactant homeostasis and development of lung fibrosis. 
 
 

4.2 LUNG SURFACTANT AS THERAPEUTIC STRATEGY FOR THE TREATMENT 
OF LUNG FIBROSIS 

 
In order to treat lung surfactant dysfunction, two options come into play. On the one hand, 
there is the option of directly replacing the dysfunctional surfactant by an exogenous 
functional one, as in the treatment of NRDS. On the other hand, the source of surfactant, the 
AE2C, may also be replaced in order to aim for a long-term effect of the newly secreted 
surfactant by the healthy transplanted cells. In both cases, the timing of the application is key 
in order to understand what changes are expected to be seen. 
 
On the one hand, in chapter 3.1 we have shown that surfactant may have anti-inflammatory 
activity by means of preventing the inflammatory response resulting from epithelial 
mechanical stress. The anti-inflammatory properties of surfactant have been already studied 
and related to some of its phospholipid components (205). However, in chapter 3.2, the 
inflammation caused by bleomycin lung injury and the consequent edema formation 
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prevented transplanted AE2C to show a beneficial effect. This discrepancy between treatments 
may be explained by the fact that in an edema filled alveoli the exogenous surfactant (applied 
as SRT) may be placed on top of the albumin layer occupying the interface, there surfactant 
may exclude albumin and lower down surface tension. However, in the AE2C treatment, we 
observed individual cells surrounded by edematous material, if they are able to secrete 
surfactant, this surface active material has to travel all the way up to the interface and exclude 
the albumin from there. This means that surfactant has to compete with albumin for a place 
at the interface. This has been shown to be the most efficient inhibitory mechanism of albumin, 
preventing surfactant to reach the alveolar interface (206). 
 
In order to counteract this inhibitory effect, the possibility to enrich or pre-treat surfactant 
with fortifying agents or increase its resistance to inhibition has already been proposed and 
studied. For example, the mixing of surfactant with different polymers, such as hyaluronan 
(207, 208), dextran (209) or PEG (210) resulted in a surfactant able to overcome the inhibitory 
effect of albumin in vitro. The pre-treatment of surfactant with HA (207) showed that 
conformational and compositional changes may convert surfactant into a highly active state, 
able to overcome inhibition in vitro. These strategies may be useful to counteract the inhibition 
of surfactant in the presence of edematous material in vivo, increasing the anti-inflammatory 
efficacy of surfactant at this stage of the disease development. 
 
Very interestingly, the SRT showed to be beneficial lowering down the production of ECM and 
collagen in both the bleomycin-induced (43) and TGF-β1 overexpression-induced lung fibrosis 
models (211).This points at surfactant stabilizing the alveoli, preventing mechanical stress and 
as a consequence, slowing down the progression of the disease. 
  
In addition, in can also be proposed to use lung surfactant to target those important cells for 
surfactant function and metabolism, mainly AE2C and AM. In this way, negative effects may 
also be prevented. In a step further, one may think about using SRT not only to treat surfactant 
dysfunction but also as carrier to deliver different molecules to targeted cells. Nowadays SRT 
has been proposed and is under investigation for the treatment of lung infection, alone or in 
combination with antibiotics (212-214) or the treatment of bronchopulmonary dysplasia (BPD) 
in combination with glucocorticosteroids (215, 216). In addition, recently many authors 
proposed, and some clinical trials already started, the use of SRT in the treatment or as 
supportive therapy for Covid-19 patients (217). However, the non-invasive application of lung 
surfactant in adults probably constitutes the biggest challenge for current medicine to adopt 
SRT for the treatment of adult lung diseases. For this purpose, many researchers and 
companies are trying to aerosolize surfactant with the hope to bring surfactant in the alveolar 
spaces without the need of an intratracheal intubation (218, 219). 
 
On the other hand, in chapter 3.2 we showed the beneficial effect of AE2C transplantation in 
the alveolar dynamics and recovery of active surfactant. Previously, this therapeutic strategy 
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was proposed as approach to treat IPF (220-222), initially in an animal model, and later in 16 
patients with moderate and progressive IPF (221). Results from this clinical study suggested 
that the beneficial effects observed might be related to the replacement of surfactant by the 
transplanted AE2C. The treatment in the IPF patients consisted in 4 intratracheal 
administrations of halogenic AE2C by a fiber-optic bronchoscopy with 15 days between cell 
instillations. After 12 months, 13 IPF patients did not show any progression of the disease, by 
means of stabilization of functional pulmonary test, high-resolution computed tomography, 
increased distance in the 6-min walking test and improvement on health related quality of life 
parameters. The authors stated that during the first 2 months, all patients remained stable, 
even the three non-responders. Given that these 2 months correspond to the period when 
patients were receiving AE2C, the authors speculated that this observation could be related to 
the capacity of AE2C to restore pulmonary surfactant. Surfactant from transplanted AE2C could 
help to open up collapsed but still functional alveoli, thereby enhancing breathing capacity  
(109, 221). Our animal experiments confirmed this hypothesis, as we were able to measure 
higher fractions of intra-alveolar surfactant and comprising highly active forms, such as TM and 
LB in the treated groups. Alternatively, other options have also been proposed, such as iPSC-
derived AE2C (223) or MSC-derived AE2C (224-226) as the availability of pure isolated AE2C 
from healthy donor lungs may be limited and difficult to standardize. 
 
However, the most noteworthy result of both therapeutic strategies presented in here 
(chapter 3.1 and 3.2) is the reduction of fibrosis or delay of the fibrosis onset in the animal 
models. Either by replacing surfactant or the cellular source of surfactant, it seems that the 
restoration of surfactant levels is influencing fibrotic remodeling. This could only be explained 
by surfactant normalizing the aberrant physical and mechanical forces acting in the diseased 
alveoli.  
 
In conclusion, understanding the pathophysiological changes preceding fibrotic development 
will help understand many of the mechanisms triggering and contributing to the disease. An 
important patho-mechanism seems to be the dysfunction of lung surfactant, with the 
associated induced mechanical stress due to abnormally high surface tension. This can be 
potentially treated by either SRT or AE2C transplantation as therapeutic strategies. The 
transplantation of AE2C or SRT (alone or in combination with other drugs as drug delivery 
system), open the concept of targeted and directed therapy, versus systemic application, to 
the alveolar spaces. This will contribute to a new field of research and potential advance of 
pulmonary medicine, where SRT could be used beyond neonatal/perinatal medicine. 
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