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1. Introduction 

Lung structure and the alveolar function 

The human lungs consist of a series of tubes, first starting in the cartilaginous trachea 

before branching into the bronchi and bronchioles- forming the airways- and 

ultimately ending in the alveoli. The airways and alveoli are overlaid with a 

continuous epithelium and form the interfaces between the external environment and 

the lungs.  Gas exchange occurs in the alveoli, or terminal respiratory units (figure 

1.1), located within the respiratory bronchioles, alveolar ducts, and alveolar sacs.  

The alveolar region of the lung comprises approximately 90% of its total volume, with 

the remaining 10% consisting of conducting airways and larger blood vessels. The 

walls of the alveoli, or septa, consist of the pulmonary capillaries, the interstitium, and 

the alveolar epithelium.  The capillaries, formed by the vascular endothelium, may 

comprise more than 75% of the total volume and are the main component of the wall.  

The alveolar epithelium and the vascular endothelium are in close apposition, 

facilitating an efficient exchange of gases while forming an alveolar-capillary barrier 

which obstructs the free movement of liquid and proteins from the interstitial and 

vascular spaces (Tomashefski and Farver 2008; Albertine 2016).  The epithelial 

component of this barrier is the main responsible for limiting the amounts of fluid 

inside the alveolar lumen, which is critical for effective gas exchange (Gorin and 

Stewart 1979).  

In mammals and other air-breathing species, such as reptiles or amphibians, the 

alveolar epithelium is composed of two types of alveolar epithelial cells (AEC), 

namely, cuboidal alveolar type 2 (AT2) cells and squamous alveolar type 1 (AT1) 

cells (Albertine 2016).  In mammals, AT2 cells make up approximately 15% of the 

lung parenchymal tissue (Crapo et al. 1982; Haies, Gil, and Weibel 1981).  They are 

small cells with short microvilli, and are responsible for the production of pulmonary 

surfactant; the lining fluid which reduces surface tension and stabilizes the alveolar 

structure, thus facilitating gas exchange by enabling the alveoli to remain open 

(Veldhuizen and Haagsman 2000; Goerke 1998). The AT2 cells present 

characteristic secretory lysosomes (lamellar bodies) containing surfactant 

phospholipids, surfactant proteins (SP-A, SP-B, SP-C), enzymes, transporters, and 

other molecules (de Vries et al. 1985). AT2 cells not only secrete, but also internalize 
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and recycle surfactant lipids and proteins from the alveolar space (Hallman, Epstein, 

and Gluck 1981; Kalina and Socher 1990; Agassandian and Mallampalli 2013).  

These endocytosis processes involve clathrin-mediated endocytosis and 

macropinocytosis, and ensure the optimal function of the surfactant layer while 

playing an important role in alveolar protein clearance after lung injury (Yumoto et al. 

2006; Tagawa et al. 2008; Buchäckert et al. 2012; Grzesik et al. 2013).  AT2 cells 

also function as stem cells in the alveoli, since they can differentiate into AT1 cells in 

vivo, a vital feature that helps repair the alveolar epithelium in the case of damage 

(M. J. Evans et al. 1973; Barkauskas et al. 2013). Transdifferentiation of AT2 cells 

into AT1 (-like) cells is also observed under in-vitro conditions in primary AT2 cell 

cultures (Kinnard et al. 1994; Demling et al. 2006). 

AT1 cells account for approximately 8% of the total alveolar cells, however, they 

cover 90 to 95% of the alveolar surface area of the peripheral lung (Crapo et al. 

1982; Haies, Gil, and Weibel 1981). These cells have a flattened and extensive 

cytoplasm which forms a large surface area and are in close apposition with the 

capillaries for gas exchange.  Such a large surface area represents a problem for the 

transport of newly synthesized proteins and substances within the cell and may play 

a role in the fragility shown by AT1 cells (Albertine 2016; Weibel 2015).  These cells 

have been described as containing non-clathrin coated vesicles- or caveolae- which 

are distributed either on the alveolar lumen, on the interstitium, or as free vesicles in 

the cytoplasm. These vesicles contain caveolin-1 as a scaffolding protein and play a 

role in the regulation of intracellular concentrations of cholesterol, as well as 

sequestration of receptors and signal molecules to regulate their functionality (Gil, 

Silage, and McNiff 1981; Kasper et al. 1997; Newman et al. 1999; Dahlin et al. 2004). 

Additionally, it has recently been suggested that caveolae in AT1 cells may function 

as mechanosensors within alveoli, regulating stretch-induced surfactant secretion 

from AT2 cells (Diem et al. 2020). One of the main roles of AT1 cells is regulating 

alveolar fluid homeostasis.  They express aquaporins, which gives these cells a high 

permeability to water (Leland G. Dobbs et al. 1998). They also express Na+ channels 

and Na+/K+ ATPase pumps on their membranes, allowing them to control the sodium 

transport across the alveolo-capillary barrier.  The flux of water through aquaporins 

follows then passively in response to the osmotic gradients (Hollenhorst, Richter, and 

Fronius 2011). For this reason, the polarized epithelial cells from the alveolar 
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epithelium have the capacity to absorb fluid from the alveolar space via vectorial ion 

transport, a vital feature in the recovery of the gas exchange function after lung 

edema conditions.   In recent years it has been also shown that AT1 cells also have 

the ability to proliferate and give rise to AT2 cells in order to repair the alveolar 

epithelium in the case of damage (Jain et al. 2015; Y. Wang et al. 2018).  

As mentioned earlier, the walls in the alveolar epithelium are in close apposition with 

the vascular endothelium. In the body, vascular endothelial cells are responsible for 

the maintenance of blood fluidity through the expression of coagulation-inhibiting 

factors (Arnout, Hoylaerts, and Lijnen 2006), the regulation of blood flow  (Palmer, 

Ferrige, and Moncada 1987; Busse and Fleming 2006), the maintaining of leukocytes 

in a quiescent state (Ley and Reutershan 2006), and through controlling capillary-

wall permeability (Bazzoni and Dejana 2004).  The pulmonary vasculature is lined 

with a homogenous layer of squamous endothelial cells and is recognized as a 

dynamic and metabolically active organ.  It can modulate several functions, such as 

the regulation of leukocyte diapedesis, coagulation, vasomotor tone, and barrier 

permeability.  The integrity of this barrier depends on homophilic interactions 

between neighboring cells via tight junctions (composed of claudins, occludins, and 

junctional adhesion molecules) and adherens junctions (composed of E-cadherin). 

These junctions regulate the paracellular gating function which controls the transport 

of leukocytes, proteins and other solutes between the blood and the interstitium. 

Hence, they are key regulators of paracellular permeability and edema formation 

(reviewed in Millar et al. 2016). Additionally, endothelial cells control the passage of 

proteins from the luminal to the abluminal side of the endothelial cell monolayer via 

caveolae-mediated transcytosis.  It has been shown that lung microvascular 

endothelial cells are caveola rich cells and that the transcytosis process is 

macropinocytosis and receptor-mediated, with the involvement of the scavenger 

receptors gp18, gp30, and gp60 (Pober and Sessa 2007; Predescu, Predescu, and 

Malik 2007; Raheel et al. 2019).  

Acute respiratory distress syndrome  

Acute Respiratory Distress Syndrome (ARDS) is a non-cardiogenic pulmonary 

edema occurring due to increased alveolar-capillary barrier permeability secondary to 

cellular damage, inflammatory cascades, and/or over-inflation by mechanical lung 
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ventilation. ARDS is a life-threatening condition first observed and described in the 

1960s as the clinical presentation in ill adults and children of acute hypoxemia due to 

pulmonary gas exchange failure (Ashbaugh et al. 1967). Over the years, the need to 

unify the concept and definition of ARDS led to an American/European consensus on 

the criteria for its diagnosis (Bernard et al. 1994).  The definition was updated in 

2012, known as the Berlin definition (Ranieri et al. 2012) (table 1), and further revised 

in 2016 in the Kigali modification (Riviello et al. 2016).  

Table 1.1  The Berlin Definition of Acute Respiratory Distress Syndrome 

Acute Respiratory Distress Syndrome 

Timing  Within 1 week of a known clinical insult or new or worsening respiratory 

symptoms. 

Chest imaging1 Bilateral opacities – not fully explained by effusions, lobar/lung collapse, 

or nodules. 

Origin of edema Respiratory failure not fully explained by cardiac failure or fluid overload.  

Need objective assessment (e.g., echocardiography) to exclude 

hydrostatic edema if no risk factor is present. 

Oxygenation2  

 Mild 200 mmHg < PaO2/FiO2 ≤ 300 mmHg with PEEP or CPAP ≥ 5 cm H2O3 

Moderate 100 mmHg < PaO2/FiO2 ≤ 300 mmHg with PEEP ≥ 5 cm H2O 

Severe PaO2/FiO2 ≤ 300 mmHg with PEEP ≥ 5 cm H2O 

Abbreviations: CPAP, continuous positive airway pressure; FiO2, fraction of inspired oxygen; PaO2, 
partial pressure of arterial oxygen; PEEP, positive end-expiratory pressure. 

1 Chest radiograph or computed tomography scan. 

2 If altitude is higher than 1000 m, the correction factor should be calculated as follows: PaO2/FiO2 x 
(barometric pressure/760). 

3 This may be delivered noninvasively in the mild acute respiratory distress syndrome group. Adapted 
from (Ranieri et al. 2012) 

The current definition describes ARDS as a condition fulfilling the following criteria: 

respiratory failure within one week of a known insult or new and/or worsening 

respiratory symptoms, pulmonary edema of non-cardiogenic origin, bilateral opacities 

on chest radiograph or CT, and acute onset of hypoxemia.  ARDS develops mostly in 

the context of viral or bacterial pneumonia, non-pulmonary sepsis, gastric or oral 

content aspiration, and major physical trauma (Cochi et al. 2016; Bellani et al. 2016).  
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Though less common, it can also be associated with several other settings such as 

pancreatitis, frozen plasma/red cells/platelets transfusion, drug overdose, inhalation 

of fresh or saltwater, hemorrhagic shock, reperfusion damage after a surgical 

Figure 1.1: Schematic representation of a healthy (normal) and injured alveolus during the 

acute phase of ARDS. Right-hand side: multiple cellular responses and mediators contribute to 

alveolar-capillary membrane injury during the acute phase of the syndrome.  There is sloughing of 

bronchial and epithelial cells, with the formation of protein-rich hyaline membranes on the denuded 

basement membrane.  In the capillary can be seen neutrophils during the diapedesis process in their 

way to the alveolar space, filled with protein-rich edema fluid. An alveolar macrophage can be seen in 

the alveolar space, secreting cytokines (interleukin-1, 6, 8 and10) and tumor necrosis factor α (TNF- 

α), which act to stimulate chemotaxis and the activation of neutrophils.  Cytokines can also stimulate 

fibroblast to produce extracellular matrix.  Activated neutrophils release proteases, oxidants, 

leukotrienes, platelet activator factor (PAF) and other pro-inflammatory molecules. In the alveolus can 

also be found anti-inflammatory mediators such as interleukin-1 receptor antagonist, tumor necrosis 

factor receptor, antibodies against interleukin-8 and cytokines.  The surfactant has been inactivated 

due to the protein rich fluid.  MIF: macrophage inhibitory factor.  Reproduced with permission from 

(Ware and Matthay, 2000), Copyright Massachusetts Medical Society. 
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procedure, or the inhalation of smoke.  Other causes for pulmonary edema which can 

be associated with ARDS are high altitude edema, primary dysfunction after lung 

transplantation, central nervous system damage and neurogenic edema, and drug-

induced pulmonary damage (Michael A. Matthay et al. 2019).  

ARDS is a complex syndrome, currently not diagnosable through laboratory tests, 

imaging, or any other “gold standard” techniques. Current treatments are based only 

on supportive care and mechanical ventilation. More than 10% of all ICU admissions 

in the world are due to ARDS cases and the mortality rate in hospitalized patients is 

around 40% (Michael A. Matthay et al. 2019).  Patients who die with ARDS or its 

milder form, acute lung injury (ALI), have large quantities of insoluble protein in their 

air spaces. Non-survivors of ARDS exhibit threefold higher levels of precipitated 

protein in their edema fluid than survivors of the disease (Bachofen and Weibel 1977; 

Clark et al. 1995).  Therefore, clearance of protein from the alveolar space is both a 

physiologically and clinically important process  (Randolph H Hastings, Folkesson, 

and Matthay 2004; Michael A. Matthay et al. 2019). 

Numerous clinical trials have been performed, where several compounds including 

neuromuscular blockade drugs (Moss et al. 2019), surfactant (Willson et al. 2015), 

beta-agonists (Michael A. Matthay et al. 2011), and steroids (Steinberg et al. 2006) 

were tested. Nevertheless, these studies yielded mixed results, and potential patient 

prognosis-improving pharmacological therapies have yet to be successfully 

developed (Bellani et al. 2016; Peck and Hibbert 2019). 

Viral pneumonia and pulmonary edema 

Infections of the lower respiratory tract are one of the main causes of mortality in 

humans, having these been responsible in 2015 for 3.2 million deaths worldwide 

(Mathers et al. 2017; Lozano et al. 2012). Pneumonia is a form of acute respiratory 

infection affecting the lungs which can be caused by pathogens such as respiratory 

viruses, bacteria, fungi, or combinations of these (Bosch et al. 2013; Bellinghausen et 

al. 2016; Zhou et al. 2018; Van Asten et al. 2018) and is one of the clinical risks that 

most frequently trigger ARDS. Previous to the new Covid-19 pandemic, data from 

epidemiologic studies of adults admitted to the intensive care unit (ICU) with 

respiratory failure suggest that respiratory viruses account for from 26 to 37% of 

severe pneumonia cases (Shah and Wunderink 2017). The reports differ in the most 
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commonly detected viruses, most likely due to differences in seasons and locations 

where the studies were performed.  The viruses most often identified in patients with 

lower respiratory tract infections include influenza virus (IV), rhinovirus, coronavirus, 

respiratory syncytial virus (RSV), human metapneumovirus (hMPV), 

parainfluenzavirus (PIV), and adenovirus (Nguyen et al. 2016). 

Influenza viruses are members of the Orthomyxoviridae family whose members are 

enveloped viruses containing a genome consisting of segmented negative-sense 

single-stranded RNA segments. There are four genera in this family: types A, B, C, 

and Thogotovirus. From these, only A and B are clinically relevant for humans 

(Blümel et al. 2009). The genome of IV consists of a negative sense, single-stranded 

RNA. For this reason, the virus requires its own viral RNA-dependent RNA 

polymerase for the transcription of at least 16 different viral proteins (Rossman and 

Lamb 2011; Dubois, Terrier, and Rosa-Calatrava 2014). One mature virion contains 

eight segments of RNA that together with the RNA polymerase form RNA-protein 

complexes called ribonucleoproteins (Figure 1.2).  IV has an envelope derived from 

portions of the host cell membrane containing the antigenic determinants 

hemagglutinin (HA) and neuraminidase (NA), and the ion channel matrix protein 2 

(M2).  The HA glycoprotein binds to sialic acid (SA) residues linked to galactose 

bound to receptor proteins expressed on the respiratory epithelium, which then 

triggers the endocytosis of the virion.  As the endosome matures, its acidification 

leads to the fusion of the viral HA with the endosomal membrane.  The M2 ion 

channel is also activated, and the low pH dissociates the ribonucleoprotein complex 

which is later imported to the nucleus where the viral replication takes place. After the 

replication of its genome and the synthesis of new viral proteins, the assembly, 

budding, and release of new virions are coordinated at lipid rafts on the plasma 

membrane of the host cell.  Once it leaves the cell, the HA protein from the new virion 

is bound to the sialic acid residues on membrane receptor proteins. These bonds are 

cleaved by NA, which then leads to the release of the new viral progeny which is then 

free to infect other cells (Subbarao and Joseph 2007; Herold et al. 2015). 

Influenza A viruses are classified into subcategories, according to their HA and NA 

subtypes.  So far, 16 different subtypes of HA and 9 different subtypes of NA have 

been identified.  The nomenclature of the different strains includes the HA and NA 
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subtype following the pattern H(x)N(y), adding the host of origin, geographical 

location, strain number, and year of isolation (Blümel et al. 2009).   

Influenza viruses bind through HA to SA residues bound to galactose through α2,6 

(SAα2,6Gal) and α2,3 (SAα2,3Gal) linkages on the host cells (Rogers and Paulson 

1983). It has been shown that the epithelium which lines the upper respiratory tract  

 

(nasal and pharyngeal) and the upper part of the lower respiratory tract (tracheal and 

bronchiolar) expresses mainly SAα2,6Gal, whereas the dominant receptor in the 

lower respiratory tract (bronchiolar non-ciliated cuboidal cells and alveolar) is 

SAα2,3Gal (Shinya et al. 2006; Van Riel et al. 2006, 2007).  HA from different strains 

of IV show different preferences for SA receptors.  Avian IV strains contain an HA 

with a preference for binding to SA linked to the rest of the sugar via an α2,3 linkage. 

In contrast, HAs from human IV strains show enhanced binding to α2,6–linked sialic 

acids (Shinya et al. 2006; Van Riel et al. 2006, 2007; García-Sastre 2010).  One of 

the main parameters in determining the level of disease is how much the lower 

respiratory tract is invaded by the virus (Sanders et al. 2013).  Infection of AEC, in 

particular, seems to lead to a more severe outcome development since it provokes 

Figure 1.2: Schematic representation of an influenza virus particle. Influenza A virus (IAV) has an 

envelope (lipidic membrane) derived from portions of the host cell membrane, that contains the 

proteins hemagglutinin (HA), neuraminidase (NA) and the ion channel matrix protein 2 (M2).  The 

main surface glycoproteins in IAV are HA and NA, which have an abundance ratio that ranges from 

4:1 to 5:1.  Matrix protein 1 (M1), the most abundant protein in the virion, is a structural protein that 

lies beneath the envelope and is also associated to the ribonucleoprotein (RNP) complex.  The RNP is 

comprised of a negative sense, single-stranded RNA encapsidated with nucleoprotein (NP) and 

associated with three viral RNA polymerase proteins: polymerase basic proteins 1 and 2 (PB1, PB2), 

and polymerase acidic protein (PA). The virus genome encodes also a non-structural protein (NS) and 

a nuclear export protein (NEP).  Image created with Biorender.com. Adapted from Subbarao and 

Joseph  2007. 
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the destruction of these cells and impairs gas exchange.  IV strains with a preference 

for SAα2,3Gal linkages would then comprise a higher risk of severe outcome in 

humans. 

Clathrin-mediated endocytosis has for long been identified and studied as the major 

route of IV cell entry (Patterson, Oxford, and Dourmashkin 1979; Matlin et al. 1981).  

However, it has been reported that macropinocytosis, the main route for the non-

selective uptake of extracellular fluid by cells, also functions as an alternative viral 

entry route (de Vries et al. 2011).   

AT1 cells have increased susceptibility to environmental insults, potentially explaining 

why they show a quick demise during IV infection.  It has been shown that when 10% 

or more of alveolar type I cells are lost, the maintenance of an adequate respiratory 

function is compromised (Sanders et al. 2013; Kalil and Thomas 2019).  Early 

epithelial injury is followed rapidly by AT2 cell proliferation and since they are 

precursors of AT1 cells, the infection and loss of AT2 cells could impair the repairing 

of the alveolar epithelium. Injured AEC have been shown to drive the release of pro-

coagulant factors and intra-alveolar fibrin deposition, which are also deposited next to 

endothelial cells in the injured alveoli and can lead to the development of fibrosis in 

the alveoli and interstitium (Sanders et al. 2013; Michael A. Matthay et al. 2019).   

During ARDS, the destruction of AEC exposes the associated endothelium to 

cytokines and to the pathogenic antigens, leading to the activation of resting 

endothelial cells which in turn acquire new capacities.  Endothelial cell activation can 

be divided into rapid responses (type 1 activation) and slower responses (type 2 

activation) which are independent and dependent on new gene expression, 

respectively (Pober and Cotran 1990). This activation can amplify the inflammation 

response as endothelial cells are capable of secreting pro-inflammatory cytokines, 

being the main contributors to what is known as “cytokines storm”, an excessive or 

uncontrolled release of these compounds (figure 1.3). Higher levels of pro-

inflammatory cytokines in the circulation have been associated with higher morbidity 

and mortality during viral respiratory infections (Bradley-Stewart et al. 2013). This 

response will then dictate the level of the innate and adaptive immune reactions as 

well as the severity of the disease (Teijaro et al. 2011; Short, Kuiken, and Van Riel 

2019; Kalil and Thomas 2019).   
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Within hours, increased blood flow, leukocyte adhesion and extravasation occur, as 

well as an increased leakage of plasma-protein-rich fluid to the inflammation site, 

creating a provisional matrix to support leukocyte entry into the tissue (Pober and 

Cotran 1990; Pober and Sessa 2007). This increased permeability to liquid and 

protein across the lung endothelium leads to edema within the lung interstitium, 

resulting in the edematous fluid translocating to the alveoli facilitated by injury to the 

tight barrier properties of the alveolar epithelium. This leads to an alveolar flooding 

that impairs alveolar gas exchange, and results in alveolar hypoxia and systemic 

hypoxemia which have additional deleterious effects on the alveolar epithelial 

function and further impairs fluid balance of the lung (Vadász and Sznajder 2006). 

 

 

The duration of the increased lung endothelial permeability in clinical ARDS is 

unknown, however, studies suggest that it could last from many hours to weeks and 

that its persistence is associated with lung injury and slow recovery (Gotts, Abbott, 

and Matthay 2014). Studies have also shown that alveolar barrier permeability 

restoration is temporally correlated to AT2 to AT1 cell transdifferentiation (Jansing et 

al. 2017).  Altogether, a more precise understanding of the timing of this barrier 

disruption could influence the timing and administration of potential therapeutic 

treatments (Michael A. Matthay et al. 2019).  

Figure 1.3 Schematic representation of the role of mammalian endothelial cells in influenza 
virus pathogenesis. IV, influenza A virus; AEC: alveolar epithelial cells; AT1: alveolar type 1; AT2: 
alveolar type 2. Figure created with BioRender.com.  Adapted from Short et al. 2019 
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Protein clearance in the alveolar epithelium  

Human albumin is a relatively small protein (66 kDa) that constitutes nearly 50% of 

plasma proteins in normal, healthy individuals.  It functions as a plasma carrier of a 

diversity of molecules including hormones, fatty acids, sterols, vitamins, and drugs.  

Being the main component found in blood and having a strong net negative charge, 

albumin is responsible for approximately 70% of the oncotic pressure of plasma, 

interstitial fluid, and lymph, therefore playing a critical role in modulating the 

distribution of fluid between compartments (T. W. Evans 2002). Albumin 

concentration in plasma is near 40 mg/mL and is tightly regulated in order to maintain 

the osmotic homeostasis. In the alveolar lining fluid, albumin concentration under 

normal conditions is no more than 10% of that in the plasma (less than 4 mg/mL) 

(Takano et al. 2015).  During ARDS, the increased lung endothelial permeability 

leads to the formation of a protein-rich alveolar edema.  Protein leakage from plasma 

can increase the protein concentration in the alveoli to 75-95% of the levels found in 

plasma and therefore impair the edema resolution (Randolph H Hastings, Folkesson, 

and Matthay 2004). Also, an excess of protein in the alveolar space may contribute to 

the formation of a conglomerate of plasma proteins, fibrin strands, cell debris, and 

macrophages, known as the hyaline membrane, and induce fibrogenesis 

(Tomashefski and Farver 2008). Moreover, protein degradation products, such as 

amino acids and peptides, may affect the epithelial barrier and enforce edema 

formation (Kim and Malik 2003). Thus, the removal of excess protein from the 

alveolar space is essential for a positive resolution in ARDS. 

Several mechanisms have been proposed for the removal of protein from the alveoli, 

including clearance by the mucociliary escalator, phagocytosis by macrophages, 

intra-alveolar catabolism, passive diffusion between cells in the epithelial barrier, and 

transcytosis (endocytic transport across the epithelial cells in vesicles) (reviewed by 

Hastings, Folkesson, and Matthay 2004; Folkesson et al. 1996). Evidence was found 

indicating that the mucociliary escalator is an insignificant route for the escape of 

protein from the lung (M. A. Matthay, Berthiaume, and Staub 1985; M. A. Matthay, 

Landolt, and Staub 1982). On the other hand, only small amounts of alveolar tracer 

protein are found in macrophages, and most alveolar protein reaches the blood-

stream without alteration within days after the instillation of protein solutions in the air 

spaces (Berthiaume et al. 1989; Goodale, Goetzman, and Visscher 1970; M. A. 
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Matthay, Berthiaume, and Staub 1985), suggesting minimal impact for the first three 

mechanisms in acute alveolar protein clearance(Randolph H Hastings, Folkesson, 

and Matthay 2004; Folkesson et al. 1996; Patton 1996). Hence, the main protein 

clearance mechanisms recognized in the lung are passive diffusion and transcytosis.  

Several FITC-albumin uptake studies were performed in alveolar cell culture models; 

either AT2 type cell lines (RLE-6TN, A549) or primary AT2 and AT1-like cells.  The 

findings indicated that albumin is taken up mainly by clathrin-mediated endocytosis 

and that the rate of albumin uptake in AT2 cells is higher than in AT1 cells.  In both 

cells, FITC-albumin uptake was inhibited by clathrin-mediated endocytosis inhibitors, 

but not caveolae-mediated endocytosis inhibitors (Ikehata et al. 2008; Yumoto et al. 

2006; Tagawa et al. 2008; Yumoto et al. 2012; Kawami et al. 2018).   

Alveolar epithelial monolayers are a convenient model for studying transcellular 

transport as they are readily available and can be easily analyzed. However, they 

comprise only one of the 40 or more cell types present in the distal lung, and they 

model only the AT2 cells of the alveolar epithelial barrier, lacking other components 

of the lung stroma. Consequently, data from monolayer studies may not represent a 

complete picture of transport mechanisms active in the lung in vivo (Randolph H 

Hastings, Folkesson, and Matthay 2004).   

In the works of Buchäckert et al. and Rummel et al. where rabbit whole-lung models 

were employed, it was suggested that the transport of albumin from the alveoli into 

the vascular compartment is unidirectional, receptor-mediated, and facilitated by 

active transcytosis across the alveolar epithelium (Buchäckert et al. 2012; Rummel 

2007). Several other studies of alveolar protein clearance in whole-animal or whole-

lung models under normal conditions showed evidence for endocytosis across the 

alveolar epithelium, as well as evidence for paracellular diffusion. At low albumin 

concentrations (<5 mg/mL), the transport of protein shows saturable properties, is 

dependent on the temperature, and is sensitive to pharmacological agents which 

either stimulate or inhibit endocytosis.  In higher concentrations of protein (>5 

mg/mL), the rate of clearance is not affected by pharmacological agents, doesn’t 

show saturation kinetics, and is proportional to the concentration (John et al. 2001; R. 

H. Hastings et al. 1994, 1995; Randolph H Hastings, Folkesson, and Matthay 2004; 

Rummel 2007; Buchäckert et al. 2012).   
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Megalin, a key alveolar protein clearance mediator 

Protein uptake in the alveolar epithelium is a receptor-mediated, active process.  Our 

group has previously identified the endocytic receptor megalin as the main player in 

the clearance of albumin from the alveolar space (Buchäckert et al. 2012; Grzesik et 

al. 2013; Vohwinkel et al. 2017; Mazzocchi et al. 2017).   

Megalin was first identified in 1982 as the major pathogenic antigen in Heymann 

nephritis, a rat model of membranous glomerulonephritis (Kerjaschki and Farquhar 

1982).  It is a 600 kDa protein member of the low-density lipoprotein (LDL) receptor-

related protein (LRP) gene family and encoded by the LRP2 gene.  It has a large 

extracellular domain containing four clusters of ligand-binding, cysteine-rich 

complement-type repeats (figure 1.4). The clusters contain 7 to 11 complement-type 

repeats, with approximately 40 amino acids each. These binding clusters are 

separated by YWTD and EGF domain repeats that participate in ligand release within 

the acidic environment of the lysosomes and the subsequent recycling of the 

receptor. Megalin also has a single transmembrane domain that is comprised of 23 

amino acids and has 209 amino acids in its cytoplasmic c-terminal tail, where several 

consensus phosphorylation sites for different protein kinases are located (NPXY, 

PPPSP). These modules regulate megalin trafficking and endocytosis (Willnow, 

Nykjaer, and Herz 1999; Christensen et al. 2012; Willnow, Hammes, and Eaton 

2007).  

Megalin acts as a multi-ligand clearance receptor. It has been reported to bind and 

mediate the endocytosis of more than fifty ligands, playing an important role in 

different tissues at various stages of development. It is expressed on the apical 

surfaces of embryonic and adult polarized epithelial cells, including the 

neuroepithelium, kidney, lung, intestine, eye, oviduct, uterus, and male reproductive 

tract (Willnow et al. 1996; Christ, Marczenke, and Willnow 2020; Spuch, Ortolano, 

and Navarro 2012; Zheng et al. 1994). In the lung, megalin is found in the apical 

section of AT2 cells (Zheng et al. 1994).  Under some specific ligand-triggered 

conditions, megalin undergoes transcytosis migrating from the apical side to the 

opposite cell surface.  This transcytosis has been reported in several epithelial cell 

types and plays a role in the transport of internalized ligands like thyroglobulin, leptin, 

sonic hedgehog, and albumin to the opposite plasma membrane, thus releasing them 
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to the extracellular environment without degradation (reviewed by (Marzolo and 

Farfán 2011)).   

  

 

Regulation of megalin expression and receptor activity in the lung 

 

TGF-β and ARDS 

Figure 1.4.  Schematic representation of the LDL receptor family. Megalin shares common 

structural motifs with other members of the LDL receptor family. The clusters of ligand-binding 

complement type repeats in their extracellular domain, the epidermal growth factor-type (EGF) 

repeats, β-propeller domains which are essential for the pH-dependent release of ligands in 

endosomes, a single transmembrane domain and a short cytoplasmic domain containing conserved 

NPXY endocytic motifs. While the ectodomains share significant sequence similarity, the cytoplasmic 

domains are unique, which indicates that the ligands internalized by each receptor will have distinct 

cellular fates. Receptors on the left are considered to be core members of the protein family since their 

extracellular domains are built from a unifying module that can exist in single (LDLR) or multiple (e.g. 

LRP2) copies in the receptors.  Receptors on the right are more distantly related, as the module is 

inverted (LRP5/6) or combined with motifs that are not seen in the other receptors (e.g. SORLA). 

APOER2, apolipoprotein E receptor 2; Ce, C. elegans; LDLR, low-density lipoprotein receptor; LRP, 

LDL receptor-related protein; MEGF7, multiple epidermal growth factor-type repeat containing protein 

7; RME-2, receptor-mediated endocytosis-2; SORLA, sortilin-related receptor with A-type repeats; 

VLDLR, very low-density lipoprotein receptor. Adapted from Emonard and Marbaix 2015.   
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Transforming growth factor β (TGF-β) is a family of small polypeptide factors whose 

functions influence cellular processes playing an important physiological and 

immunological role.  TGF-β is a bifunctional regulator that either inhibits or stimulates 

cell proliferation. In the immune system, it regulates the initiation, development, and 

resolution of immune responses.  It can function as both an immunosuppressive and 

as a potent pro-inflammatory agent due to its ability to regulate inflammatory 

molecules, induce cytokine secretion, and stimulate T-cell differentiation. (Massagué 

1992; Morikawa, Derynck, and Miyazono 2016).  

TGF-β is secreted as a biologically inactive protein termed latent TGF-β (LTGF-β), 

composed of an amino-terminal latency-associated peptide (LAP) that remains non-

covalently associated with the carboxy-terminal mature TGF-β molecule. Although 

TGF-β synthesis and expression of its receptors are widespread, activation is 

localized to sites where TGF-β is released from LAP (Massagué 1992; Shi et al. 

2011).  The activation mechanisms that result in the release of active TGF-β protein 

have been mostly studied in the case of TGF-β1. LTGF-β1 contains an integrin 

recognition motif and binds to integrins. Biochemical and structural studies revealed 

that contractile force is necessary for the release of mature TGF-β1 after complex 

formation between the integrin and LTGF-β1 (reviewed by Morikawa, Derynck, and 

Miyazono 2016). Proteases such as plasmin, thrombin, MMP-2, and MMP-9, and 

reactive oxygen species-mediated conformational changes in LAP, can also release 

TGF-β1 from the LAP. Bacterial and viral sialidases can desialylate TGF-β1, leading 

to the release of active mature TGF-β1 (Karhadkar, Meek, and Gomer 2021). In the 

specific case of IV infection, in vitro studies showed that the viral NA is able to 

directly activate latent TGF-β through cleavage of the sialic acid residues on the LAP 

(Schultz-Cherry and Hinshaw 1996; Carlson et al. 2010).  Proinflammatory factors, 

including TGF-β, are elevated in BAL fluid from ARDS patients (Morty, Eickelberg, 

and Seeger 2007) and TGF-β-inducible genes are upregulated in the lungs of ARDS 

patients (Fahy et al. 2003). Moreover, during ARDS TGF-β has an impact on 

epithelial and endothelial permeability through action on protease-activated receptor-

1 and regulating ion and fluid transport in the lung to promote alveolar flooding and 

fibrosis, making this cytokine a key mediator in ARDS pathology (Jenkins et al. 2006; 

Peters et al. 2014; Budinger et al. 2005).  
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TGF-β1/GSK3β/megalin axis 

Previous work from our group showed that megalin plays a central role in alveolar 

protein clearance (Buchäckert et al. 2012; Vohwinkel et al. 2017) in cell lines, primary 

cultured cells and megalin heterozygous knockout mice models (megalin 

homozygous knockout mice show neural deficiencies and die perinatally due to 

respiratory failure (Willnow et al. 1996)).  Transforming Growth Factor β1 (TGF-β1), a 

key mediator cytokine in ARDS (Dhainaut, Charpentier, and Chiche 2003), reduces 

protein transport by promoting the de-phosphorylation and consequent activation of 

Glycogen Synthase Kinase 3β (GSK3β) through the activity of protein phosphatase 1 

(PP1).  Active GSK3β phosphorylates the PPPSP motif located on megalin’s 

cytoplasmic domain leading to a continuous internalization of the receptor, hence 

negatively regulating megalin recycling and cell surface availability, and as a result 

leading to an impaired protein uptake (fig. 1.5) (Vohwinkel et al. 2017).  Further 

studies of this pathway found that expression of GSK3β could be regulated by the 

RNA-binding protein ELAVL-1/HuR (Embryonic Lethal, Abnormal Vision, Drosophila-

Like) in A549 cells (Hoffman et al. 2017), highlighting that protein uptake in the 

alveolar space is a multi-level regulated process. 

Regulated intramembrane proteolysis of megalin 

There is increasing evidence that megalin undergoes regulated intramembrane 

proteolysis (RIP) in response to ligand binding in a Notch-like signaling pathway (Zou 

et al. 2004; Mazzocchi et al. 2017).  RIP is a conserved process that connects a 

receptor function with intracellular signaling. (Schroeter, Kisslinger, and Kopan 1998; 

Kühnle, Dederer, and Lemberg 2019).  This process involves the shedding of 

megalin’s ectodomain by a matrix metalloprotease (MMP), which produces a 

characteristic membrane-associated carboxyl-terminal fragment (MCTF). 

Subsequently, the activity of γ-secretase mediates the intramembrane proteolysis of 

MCTF, producing a soluble COOH-terminal cytosolic domain that translocates into 

the nucleus where it regulates genetic expression (fig. 1.6) (Zou et al. 2004; 

Biemesderfer 2006; Y. Li, Cong, and Biemesderfer 2008; Mazzocchi et al. 2017).  
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Matrix metalloproteinases (MMPs) comprise a family of zinc-dependent extracellular 

proteases with a variety of substrates like cell-surface receptors, matrix 

macromolecules, and hormones, which can act while attached to the plasma 

membrane (MT-MMPs) or secreted into the extracellular space (Page-McCaw, 

Ewald, and Werb 2007).  MMPs are produced by a variety of stromal, epithelial and 

inflammatory cells and together are capable of degrading all known components of 

the extracellular matrix (ECM). 

Figure 1.5. Schematic representation of the mechanisms of impaired alveolar protein clearance 

in ARDS and potential means of rescue.  In acute lung injury (ALI) and acute respiratory distress 

syndrome, enhanced alveolar concentrations of TGF-β1 impair megalin-mediated alveolar albumin 

clearance, resulting in persistence of the protein-rich alveolar edema. The underlying signaling cascade 

includes the release of nuclear inhibitor of PP1 (NIPP1) from PP1, thereby activating the phosphatase, 

which dephosphorylates glycogen synthase kinase 3β (GSK3β) at Ser-9, leading to its activation. 

Active GSK3β phosphorylates the albumin receptor, megalin, at the C-terminal PPPSP domain and 

promotes its internalization, and thus loss of albumin clearance. In contrast, interference with PP1 

(siRNA or calyculin) or GSK3β (siRNA or the clinically relevant pharmacological agents valproic acid 

(VPA) or tideglusib) prevents megalin phosphorylation and re-establishes alveolar transepithelial 

protein clearance, thus promoting ALI resolution. ATI, alveolar epithelial type 1 cell; ATII, alveolar 

epithelial type 2 cell. Adapted from Vohwinkel et al. 2017. 
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It has also been demonstrated that MMPs act on several non-ECM substrates such 

as pro-tumor necrosis factor α (TNF-α), pro-interleukin 1β (IL-1β), pro-TGF-β, 

chemokines, antiproteases and pro-proteases (Davey, McAuley, and O’Kane 2011). 

They are important in normal physiological processes such as embryogenesis, 

proliferation, angiogenesis, cell motility, wound healing, and degradation of the 

extracellular matrix (Quintero-Fabián et al. 2019; Rojas-Quintero et al. 2018; Caley, 

Martins, and O’Toole 2015; Cui, Hu, and Khalil 2017). During ALI/ARDS, MMPs play 

an important role in the degradation of protein components in the alveolo-capillary 

barrier, including intercellular junction proteins, the basal membrane and the proteins 

anchoring cells to it, all of which are considered central in the pathogenesis of the 

disease.   

 

 

MMPs are commonly classified using a combination of domain organisation, 

sequence homology and substrate specificity, as “collagenases” (MMP-1, -8 and -

13), “gelatinases” (MMP-2 and -9), “stromelysins” (MMP-3 and -10), “matrilysins” 

(MMP-7 and -26), “membrane-bound” (MMP-14, -15, -16, -17, -24 and -25) and 

others (MMP-11, -12, -19, -20, -21, -22, -23, -27 and -28) (Davey, McAuley, and 

Figure 1.6. Regulated intramembrane proteolysis of megalin. This scheme shows known and 
postulated (?) events in a proposed megalin signaling pathway. Metalloprotease (MMP) activity, 
activated by ligand binding (1) and regulated by protein kinase C, results in ectodomain shedding (2) 
of megalin.  Ectodomain shedding produces an MCTF, which in turn becomes the substrate for γ-
secretase activity acting in the membrane and releasing the ‘free’ C-terminal intracellular domain 
(megalin intracellular domain) into the cytosol (3). The megalin intracellular domain translocates (4) to 
the nucleus where it may act as a transcriptional regulator. Presenilin is the active component of the 
γ-secretase protein complex. Reprinted from Biemesderfer 2006, with permission from Elsevier. 
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O’Kane 2011).  They all share common mechanisms of activity regulation, including 

the activating cleavage of the latent proenzyme form and the inhibition of the active 

enzyme by tissue inhibitors of metalloproteinases (TIMPs)(Visse and Nagase 2003). 

Extracellular levels of certain MMPs are also regulated by selective internalization 

and intracellular degradation, and studies have shown that cell-surface receptors 

such as megalin may interact with secreted MMPs to mediate their re-endocytosis 

and regulate pericelular proteolysis (Johanns et al. 2017; Murphy and Nagase 2011; 

Emonard and Marbaix 2015). 

In the lung, MMPs have been reported to be upregulated in the BAL of patients with 

ARDS and to play a critical role in the remodeling of the ECM and the reparation of 

the alveolar-capillary barrier (Torii et al. 1997; Corbel, Boichot, and Lagente 2000).  

In the previous work from our group by Mazzocchi et al., 2017, it was shown that 

TGF-β1 treatment led to increased shedding and RIP of megalin at the cell surface. 

Subsequently, there was an increase in the abundance of the intracellular megalin 

COOH-terminal fragment and a transcriptional downregulation of the receptor was 

observed.  The activities of protein kinase C enzymes and γ-secretase were required 

for the TGF-β1-induced megalin downregulation, which further supports a Notch-like 

processing mechanism. Additionally, TGF-β1-induced shedding of megalin was 

mediated by MMPs-2, -9, and -14, since silencing MMP-2, -9, or -14 prevented TGF-

β1 induced reduction of megalin cell surface abundance and restored albumin 

binding and uptake in RLE-6TN cells (Mazzocchi et al. 2017). 
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Hypothesis 

Based on the evidence that:  

a) IV is one of the leading causes of acute lung injury and ARDS 

b) TGF-β1 is activated in the presence of IV   

c) TGF-β1 acts as a regulator of the ARDS pathogenesis   

d) There is evidence that the axis TGF-β1/GSK3β induces downregulation of 

megalin in the lung 

e) Megalin has been shown to play a key role in protein uptake in the alveoli 

We hypothesize that: 

IV induces megalin downregulation in alveolar epithelial type 2 cells, through 

activation of the TGF-β1/GSK3β axis, impairing alveolar protein clearance and 

promoting inflammation and alveolar edema. 

 

Aims of the study 

In this study, we aimed to: 

▪ Characterize the albumin uptake process in cultured and PCLS derived AEC. 

▪ Study the effect of IV infection on the TGF-β1 expression, GSK3β activation, 

and megalin cell surface expression.  

▪ Study the effect of IV infection on the protein uptake process within the 

alveolar epithelium.   
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2. Materials and methods 

 

In vitro experiments 

Cell culture 

MLE-12 cells, an SV40 transformed alveolar epithelial cell line (ATCC CRL-2110), 

were incubated at 37°C in air containing 5% carbon dioxide and 80-90% humidity. 

Cell cultures were kept in a Heracell 150i CO2 Incubator (ThermoFisher Scientific, 

Waltham MA, USA). Nutrients were provided in DMEM/F-12, GlutaMAX culture 

medium containing 2% FBS Solution, and 1% penicillin/streptomycin antibiotics 

(conditioned medium). The culture medium was replaced every two days for cell 

culture maintenance. For subculturing, cells were rinsed once with sterile phosphate 

saline buffer (PBS) and incubated for 5 minutes with 0,25% trypsin-EDTA for cellular 

detachment. Digestion was stopped by adding conditioned medium into the plates, 

and cells were resuspended through pipetting and plated as needed in appropriate 

Petri dishes, six-well plates, or microscopy slides.  All media, supplements, and 

reactants were purchased from Gibco, ThermoFisher Scientific, Waltham, MA, USA. 

Mouse strains 

Precision-cut lung slices (PCLS) were obtained from Wildtype C57BL/6 and 

SftpcCreERT2/+; tdTomatoflox/flox mice kindly provided by Dr. Christos Samakovlis, 

Justus Liebig University, Giessen.  Wildtype C57BL/6 mice for animal experiments 

were kindly provided by Dr. Susanne Herold, Justus Liebig University, Giessen.   

Precision-cut lung slices (PCLS) and in vitro culture   

The methodology involved in preparing and culturing PCLS has been described 

elsewhere (Sanderson 2011; Wu et al. 2019). Briefly, adult mice aged six to eight 

months were euthanized in a CO2 chamber followed by cervical dislocation, and they 

were placed on a Styrofoam bed in the supine position. After disinfection of the skin 

and hair with ethanol 70%, the abdominal cavity was opened through a long incision 

on the medial line of the abdomen up to the xiphoid process of the sternum. By 

gently lifting the xiphoid process, a small incision was made on the diaphragm, which 

was cut along the inner surface of the costae to the spine in the back. Then, the 

thoracic cavity was opened by cutting along the sternum until the jugular notch was 
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reached. The ribs were pulled aside and fixed aside, revealing the heart and lungs. 

The lungs were flushed with cold PBS in order to remove the remaining blood in the 

tissue.  After tracheostomy, the lungs were inflated with a solution of 1% ultra-low 

melting agarose (A2576, Sigma-Aldrich, Darmstadt, Germany) in PBS at 37 °C until 

the tip of the accessory lobe was completely inflated (approximately 1-1.5 mL of 

agarose). The lungs were removed and placed in ice-cold, sterile PBS for 10 minutes 

to allow the agarose to solidify. The lobes were then separated and embedded into 

5% Agarose NEEO ultra-quality (2267.4, Carl Roth, Karlsruhe, Germany) blocks for 

vibratome sectioning. 200 µm thick sections were obtained using a Leica VT 1200 S 

vibratome (Leica, Wetzlar, Germany) with an amplitude of 1.5 mm and a speed of 0.5 

mm/s. The lung slices were transferred immediately after sectioning to conditioned 

culture medium.  During experiments, each slice was cultured in 400 µl of culture 

medium with daily medium changes. When PCLS were obtained from SftpcCreERT2/+; 

tdTomatoflox/flox mice, on day 0, slices were treated with either (Z)-4-Hydroxytamoxifen 

(H7904, Sigma-Aldrich, Darmstadt, Germany) 2,5 μM or vehicle for 24 hours, which 

was removed on day 1 with three washes with medium before starting treatments. 

Conditioned culture medium composition: DMEM/F12 (Gibco, 11320-074) with 10% 

FBS (Gibco, 10270-106), 1% penicillin/streptomycin (Gibco, 15070-063), 0,1% 

Amphotericin B (Gibco, 15290018) 

PCLS tissue dissociation 

After treatment, PCLS were dissociated following a modified protocol for AEC 

isolation from lung tissue (Finkelstein and Shapiro 1982). Briefly, five PCLS per 

condition were pooled together and digested for 20 minutes at 37°C with 500 µL of a 

solution containing elastase 250 ng/mL (EC134, Elastin Products Co. Inc., 

Owensville, MO, USA) Trypsin/EDTA 0.5% (Gibco, 15400054) in FCS free 

DMEM:F12 medium (Gibco, 31331093,) with gentle shaking. Cells were then washed 

in MACS buffer pelleted at 300 x g for 10 min at 37°C, resuspended in PBS+/+ and 

kept on ice for further analysis.  

Virus strain 

In all viral infection experiments, the influenza virus (IV) strain used was A/Puerto 

Rico/8/1934 H1N1 seasonal, mouse-adapted originated at Stephan Pleschka, 
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Medicinal Virology department, Justus Liebig University Gießen and propagated on 

MDCK II cells.   

Infection with Influenza A virus 

Frozen vials containing IV (stock) were thawed on ice and then diluted in DMEM:F12 

(Gibco) 0.1% BSA (A0281, Sigma-Aldrich, Darmstadt, Germany) 0,01% TPCK-

treated trypsin (LS003740, Worthington Biochemical, Lakewood, NJ, USA) to prepare 

the incubation medium. PCLS were washed with PBS and incubated in 48 wells 

plates, one slice per well with 400 µL of incubation medium containing 1x106 plaque-

forming units (pfu) of IV per piece for 2 h.  Then the medium was removed, washed 

once with PBS, and incubated in DMEM:F12 0.1% BSA 0,01% trypsin at 37°C in 5% 

CO2 for the incubation times of each experiment.  

For IV infection in cell culture cells were inoculated as previously described  (Högner 

et al. 2013). IV was added in DMEM:F12 0.1% BSA to MLE-12 cells in multiplicities 

of infection (MOI) of 0.1 or 1 depending on the experiment. Cells were incubated at 

37°C in 5% CO2 for one hour and then washed once with PBS and incubated with 

fresh DMEM:F12 0.1% BSA for the required time until the experiment was performed. 

TPCK-treated trypsin was not added into cell cultures as it exhibited toxicity and 

increased cell death in timepoints longer than one hour. 

Albumin binding and uptake assay 

Measurements of cellular binding and uptake of FITC-labeled albumin were made 

following an adaptation of previously described protocols (Buchäckert et al. 2012; 

Grzesik et al. 2013; Vohwinkel et al. 2017; Mazzocchi et al. 2017).  After treatment, 

MLE-12 cells were washed with pre-warmed PBS and incubated in a 50 µg/mL 

solution of FITC-albumin (A9771, SigmaAldrich, Darmstadt, Germany) dissolved in 

Dulbecco's PBS containing 5 mM glucose and 0.1 mM CaCl2, 0.5 mM MgCl2 for 1 

hour. Cells were rinsed three times with ice-cold PBS without Ca2+ and Mg2+ (PBS) 

and incubated for 10 minutes with ice-cold Solution-X (DPBS-G, 0.5 mg/mL trypsin, 

0.5 mg/mL proteinase K, 0.5 mM EDTA) in amounts of 0.5 mL of solution per p35 

Petri dish, in order to detach the cells from the culture dish and cleave proteins on the 

cell surface.   Cells were recovered and centrifuged at 10000 x g for 10 min. The 

supernatant was then removed and stored on ice to assess the bound fraction 

(binding of FITC-albumin to the cell surface).  The pellet was solubilized in 0.5 mL of 
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0.1% Triton-X-100 to detect taken-up FITC-albumin.  Fluorescence in the bound and 

solubilized fractions was detected using a plate fluorescence spectrophotometer 

reader (Infinite 200, Tecan Group) at an excitation wavelength of 500 nm and an 

emission wavelength of 520 nm. 

DPBS-G: 0.1 mM CaCl2, 0.5 mM MgCls, 5 mM Glucose in PBS. 

Inhibition experiments 

For inhibition studies, the following compounds were used:  MT1-MMP Inhibitor, 

NSC405020 (444295 Sigma-Aldrich, Darmstadt, Germany) in 0.1% DMEM, 

Chlorpromazine hydrochloride (C8138 Sigma-Aldrich, Darmstadt, Germany), 

Dynasore - CAS 304448-55-3 - Calbiochem (324410 Sigma-Aldrich, Darmstadt, 

Germany), Tideglusib SML0339 (Sigma-Aldrich, Darmstadt, Germany).  In all cases, 

compounds were dissolved in DMSO.  MLE-12 cells or PCLS were incubated in the 

presence of the inhibitor or vehicle only in the case of controls.  

In vivo experiments 

All animal studies were performed according to protocols approved by the Animal 

120 Ethics Committee of the Regierungspraesidium Giessen (permit numbers: 

G71/2018 and GI 20/10 No. 21/2017 No.838-GP). 

Eight-week-old wildtype C57BL/6 mice (wt) mice were obtained from Charles River 

Laboratories. Two groups of 5 individuals were created: control and infected.  

Previous to intratracheal instillation, mice were premedicated with Atropine 

(application 0.05 mg/kg; diluted in 0.9% sterile NaCl 1:100 and applied 

subcutaneously at 0.2 mL per 20 g bodyweight, pre-warmed to body temperature). 

Mice were anesthetized by isoflurane gas inhalation (4% during initial anesthesia in 

isoflurane chamber, adjusted to 3% via face mask inhalation during fluid application) 

and kept on heating pads to maintain body temperature.  Anesthetic depth was 

assessed by pinching the webbed area between the toes.  Mice were then fixed by 

the upper teeth in the supine position on an intubation stand.  An orotracheal tube 

(27G) was inserted into the mouth, through the vocal cords, and into the 

trachea.  Using a Hamilton syringe, mice were inoculated with 0.35x103 pfu of PR8 

IAV diluted in 70 µL of sterile PBS-/- (IV infected group) or 70 µL of sterile PBS -/- 

alone (control group). Mice were then transferred to individually ventilated cages 
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and monitored 1-3 times a day for 5 days. Mice were sacrificed 5 days after infection 

via exsanguination during anesthesia with Xylazine (Rompun, Bayer Healthcare LLC, 

Tarrytown, NY, USA) (16mg/kg), Ketamin (Ketaset, Zoetis Manufacturing and 

Research, S.L., Girona, Spain) (100 mg/kg) diluted in 0.9% sterile NaCl given at 0.2 

mL/20g bodyweight via intraperitoneal injection (29G). Anesthetic depth was 

assessed by pinching the webbed area between the toes and the last third of the tail, 

the abdominal cavity was opened, and the vena cava incised for exsanguination.  

Tissue sampling and AEC isolation 

After anesthetic depth was assessed, the chest cavity was opened, and the lungs 

were perfused with sterile PBS -/- via the right ventricle. A small incision was made 

into the trachea to insert a shortened 21-gauge cannula.  To obtain the broncho-

alveolar lavage (BAL), 300 µL of PBS-EDTA was added through the cannula (first 

fraction). The procedure was then repeated twice with 400 µL and 500 µL, 

respectively, and all fractions were kept on ice until further processing. The superior 

lobe was tied by the bronchus, excised, and stored in paraformaldehyde (PFA) 4% 

for 24h at 4°C.  Through the cannula, 1.5 mL of sterile dispase followed by 500 μl of 

pre-warmed low-melting agarose (1% in PBS) was administered into the lungs to 

allow enzymatic separation of distal but not proximal epithelial cells. After agarose 

jellied at room temperature (RT), the lungs and trachea were removed, washed in 

PBS, and placed in dispase for 40min at RT. Next, the heart, trachea, and large 

airways were removed, and the remaining lung tissue was dissected in DMEM/2,5% 

HEPES plus 0.01% DNase in C tubes using the gentleMACS Dissociator (Miltenyi 

Biotec, Bergisch Gladbach, Germany). Cells were filtered through 70, 40, and 20 μm 

cell filters, washed, resuspended in DMEM/2,5% HEPES, and counted. Then cells 

were incubated with biotinylated anti-mouse CD31, CD16/32, and CD45 antibodies 

for 30 min at 37°C to remove remaining endothelial and lymphoid cells.  After 

incubation, cells were washed, and streptavidin-linked magnetic beads (150 μl per 

1x106 cells) were added for 30 min at RT with gentle rocking.  After incubation, 

magnetic separation was performed for 15 min. The remaining cells were washed, 

resuspended in PBS, and kept on ice for mRNA and protein expression analysis. 

Flow cytometry analysis of immune cell populations in the bronchioalveolar 

fluid (BAL)  
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Multicolor flow cytometric analysis was performed with an LSR Fortessa using DIVA 

software (BD Biosciences). In summary, BAL was obtained from control and 

influenza-infected mice as described in the previous section. BAL samples were 

centrifuged at 1600rpm, 8min, 4°C and resuspended in FACS buffer (PBS, 7.4% 

EDTA, 0.5% FCS pH 7,2, 0,01% NaAz) containing immune globulin blocking solution 

[10% Gamunex-C (Grifols, ES)/1% BSA/0.02% NaAz]. Cells were incubated in an 

antibody mixture for 20min at 4°C, washed, resuspended in 400µl FACS buffer, then 

routinely stained for 7min with 7-AAD (BioLegend, USA) for dead cell exclusion. The 

list of antibodies used can be seen in table 2.0. Gating strategy and antibody 

concentrations were set with the help of corresponding isotype antibodies which 

served as negative controls. Data analysis was performed with FlowJoTM v10.7 

software (BD Biosciences, USA). 

Staining protocol for immune cell populations: 

Table 2.0 Antibodies for analysis of immune cell populations in the 
bronchioalveolar fluid 

 Antibody Dilution 

Leukocytes CD45 APC/Cy7, Biolegend, 103116 1:100 

Neutrophils Ly6G APC, Biolegend, 127614 1:50 

Resident alveolar 
macrophages /eosinophils 

SiglecF BV421, BD Biosciences, 565934 1:50 

Resident cells CD11c PE/Cy7, Biolegend, 117318 1:20 

Cell adhesion marker CD11b FITC, Biolegend, 101205 1:50 

Dead cell staining 7AAD, Biolegend, 420403 3.5µl/sample 

 

Analysis of protein expression 

Total protein extraction and quantification 

For MLE-12 experiments, cells were washed twice with PBS, and mRIPA buffer (50 

mM Tris-HCl, pH 8, 150 mM NaCl, 1% NP-40 (Sigma-Aldrich, Darmstadt, Germany), 

1% sodium deoxycholate (Sigma-Aldrich, Darmstadt, Germany), cOmplete Protease 

Inhibitor Cocktail (Roche) was added to the cell cultures and incubated on ice for 

10min. Then, cells were disrupted with a cell scraper and centrifuged at 4°C for 10 

min at 10,000 x g.  In the case of PCLS, after treatment, five PCLS were pooled 

together and incubated in mRIPA buffer for 10 min on ice. Next, the PCLS were 

mechanically disrupted using a tissue homogenizer (Polytron 1200E, Kinematica AG, 
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Malters, Switzerland) three times, 30 seconds each, on ice, and then centrifuged at 

4°C for 10 min at 10,000 x g. 

The protein concentrations of the supernatants of disrupted cells, PCLS, or BAL were 

measured by Bradford assay (BioRad, Hercules, CA, USA) according to 

manufacturer recommendations. Samples were diluted from 1:10 to 1:20 in 1 mL of 

Bradford reagent and incubated for 20 minutes at room temperature, protected from 

light. Measurements of absorbance were performed in a spectrophotometer (Mo. 

6131, Eppendorf). 

SDS PAGE and Western Blotting 

Regular TRIS/Glycine SDS-PAGE systems allow the separation of proteins with a 

molecular weight (MW) of up to approximately 200 kDa.  In our case, we aimed for 

the detection of megalin, a protein with a MW approx. 600 kDa.  In order to achieve a 

better resolution of a wide range of molecular proteins, a TRIS/Acetate SDS-PAGE 

system (Cubillos-Rojas et al. 2010) was optimized to analyze protein expression. 

After protein quantification, samples were denaturalized with LDS sample buffer 

(NuPage, NP0007, Invitrogen, ThermoFisher Scientific, Darmstadt, Germany) for 10 

min at 70°C. Gradient gels from 3 to 10 % of poly-acrylamide (Carl Roth, Karlsruhe, 

Germany) were prepared, and equal amounts of protein were loaded for each 

sample. After separation, the proteins were transferred to PVDF membranes 

(Amersham Hybond P 0.45 µm, GE Healthcare Life Sciences) for 1,5 hours at a fixed 

intensity of 200 mA in transfer buffer (1% methanol, 0,01% SDS, 25 mM Bicine, 25 

mM Bis-Tris, 1 mM EDTA, 1,3 mM sodium bisulfite pH 7.2, Carl Roth, Karlsruhe, 

Germany) and blocked for 1 hour in 5% nonfat-dried bovine milk (M7409 Sigma-

Aldrich, Darmstadt, Germany) T-TBS buffer. Membranes were then incubated 

overnight with specific antibodies at 4°C. Primary antibodies were washed in T-TBS 

for 15 minutes and incubated for 1 hour at RT with secondary antibodies conjugated 

to horseradish peroxidase (HRP). The list of antibodies used can be seen in table 

2.1. Then membranes were washed as before and developed with SuperSignal West 

Pico or Femto Chemiluminescent Substrate detection kit (Thermo Scientific, 

Waltham, MA, USA), as recommended by the manufacturer, in a CP 1000 automatic 

film processor (AGFA, Mortsel, Belgium).  Densitometric quantification of bands was 

made using ImageJ software (National Institutes of Health, Bethesda, Maryland, 

USA).  
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Table 2.1 List of antibodies used for Western Blotting 

Primary antibodies Species Dilution  MW (kDa) Company 

Megalin Rabbit 1/1000 600 Proteintech 

Phospho-GSK-3α/β(Ser21/9) Rabbit 1/1000 46β, 51α Cell Signaling 

GSK-3β Rabbit 1/1000 46β, 51α Cell Signaling 

Phospho-SMAD2 (Ser465/Ser467) Rabbit 1/1000 60 Cell Signaling 

Smad-2 Rabbit 1/1000 60 Cell Signaling 

Influenza A NP Mouse 1/200 56 Santa Cruz Bio. 

β-Actin Antibody Mouse 1/200 43 Santa Cruz Bio. 

MMP-14 Rabbit 1/1000 66 ThermoFisher 

MMP-2 Rabbit 1/200 63-72 Santa Cruz Bio. 

MMP-9 Rabbit 1/200 92-120 Santa Cruz Bio. 

MMP-19 Rabbit 1/1000 57 Novus Bio. 

Transferrin receptor Mouse 1/1000 95 Invitrogen 

Secondary antibodies Species Dilution   Company 

Anti-rabbit IgG HRP-linked  Goat  1:10000  Cell Signaling 

Anti-mouse IgG HRP-linked Rabbit 1/10000  Thermo Fisher 

 

Surface proteins biotinylation 

MLE cells were plated in 30 mm Petri dishes 24h prior to the viral infection or mock 

treatment. Immediately before treatment, cells were rinsed 3 times with PBS with 

Ca2+/Mg2+ (PBS+/+) on ice and pre-labeled with a solution of EZ-link NHS-LC-biotin 

(ThermoFisher Scientific, 21336) 1 mg/mL in PBS+/+ for 20 minutes at 37°C. After 

the incubation, the cells were washed 3 times for 10 minutes with 100 mM glycine in 

PBS+/+ (in order to neutralize the linking reaction) and once with PBS +/+. After this 

pre-labeling of total cell-surface proteins, the cells were lysed with mRIPA buffer and 

centrifuged at 10.000g for 10 minutes at 4°C. Whole-cell homogenates were kept at 

4°C during the entire experiment and quantified by Bradford. 100 to 200 ug of total 

proteins were prepared for streptavidin pulldown with 60 to 80 μL of streptavidin 

beads. Samples were rotated at 14 revolutions per minute (RPM) overnight at 4°C 

and washed one time with buffer A (150 mM NaCl, 50 mM Tris pH7,4, 5 mM EDTA 

pH 8), two times with buffer B (500 mM NaCl, 50 mM Tris pH7,4, 5 mM EDTA pH 8), 

and three times with buffer C (500 mM NaCl, 20mM Tris pH7,4, 0,2% BSA), in this 
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order before one last wash with a solution 10 mM of Tris pH 7,4.  Pulled down 

proteins were denaturalized with NuPAGE LDS Sample Buffer (4X) (Invitrogen, 

NP0007) for 10 min at 70°C and separated by SDS-PAGE in 3 to 10% gradient gels 

in a Tris/Acetate system, blotted into a membrane, and then specific antibodies were 

used for detection.  

Enzyme-Linked Immunosorbent Assay (ELISA) 

Mouse TGF-β1 ELISA Kit (Colorimetric, NBP1-92671 Novus Biologicals, Wiesbaden, 

Germany) was used according to the manufacturer's instructions to determine 

concentrations of active and total TGF-β1 released from samples into the culture 

media or bronchoalveolar lavages. Samples stored at -80°C were thawed on ice and 

used either undiluted or in a 1:2 dilution for ELISA. Samples and standards were 

transferred to an antibody-coated, 96-well plate and incubated for a specific antibody-

epitope reaction. Next, wells were washed, incubated, and stained with a soluble, 

TGF-β1-specific primary and secondary antibody. The cytokine abundance was then 

quantified by adding a luminescent substrate and colorimetric detection at the given 

wavelength in a microplate reader (Infinite 200, Tecan Group, Männedorf 

Switzerland). TGF-β1 concentrations were calculated based on samples of known 

concentrations in a standard curve. For the analysis of BAL at different time points 

(day 0 to day 9), samples were kindly provided by Dr. Christina Malainou. 

Flow cytometric analysis of albumin uptake 

For flow cytometry analysis of labeled albumin uptake, MLE-12 cells or PCLS were 

treated according to the experimental design, washed with pre-warmed PBS and 

incubated at 37°C or 4°C with a solution 50 μg/mL (MLE-12 cells) or 100 μg/mL 

(PCLS) of albumin from bovine serum (BSA) conjugated with AlexaFluor 488 (AF488-

albumin, Invitrogen, A13100), transferrin from human serum conjugated with 

AlexaFluor 647 (AF647-transferrin, Invitrogen, T23366) or dextran conjugated with 

TexasRed (TR-dextran, MW 70,000 Dalton, D1830, Invitrogen) in DPBS-G. 

After incubation, MLE-12 cells were washed with PBS and treated with ice-cold 

Solution X for 10 min, recovered in microcentrifuge tubes pelleted at 300 x g for 10 

min at 4°C, washed in PBS+/+ and stained for 15 min at RT with Zombie Violet 

Fixable Viability Kit (which has an excitation/emission spectrum similar to PacificBlue 
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dye) (423114, BioLegend, San Diego, CA, USA), 1/500 dilution before being 

analyzed by flow cytometry.   

Cells obtained from PCLS tissue dissociation were washed with MACS buffer, 

pelleted at 300 x g, 10 min at 4°C, and stained for 15 min at RT with Zombie Violet 

Fixable Viability Kit.  Next, the cells were pelleted and resuspended in a mix of the 

antibody solution and a pooled immunoglobulin G (IgG) antibody preparation 

(Sandoglobulin, CSL Behring, King of Prussia, PA, USA) for 15 min. at 4°C in MACS 

buffer (PBS, 7.4% EDTA, 0.5% FCS pH 7.2).  The cells were stained with Anti-

Influenza A Virus antibody (ab20841, Abcam), APC.Cy7 rat anti-mouse EpCAM 

(118218, Biolegend), rabbit anti Megalin AF647 (bs-3909R-A647, Bioss, Woburn, 

MA, USA) or APC rat anti-mouse Podoplanin (127410, Biolegend), BV605 rat anti-

mouse CD31 (740356, BD Horizon), BV605 rat anti-mouse CD45 (563053, BD 

Horizon) for 15 min at 4°C. Cells were then washed once with MACS buffer, pelleted, 

and resuspended in secondary staining (Donkey anti-Goat AF546, A-11056 

Invitrogen) and incubated for 15 min at 4°C.  Cells were then rewashed with MACS 

buffer, pelleted, and resuspended in 200 μL of MACS buffer before being filtered into 

a FACS tube for cell analysis.  Multicolor flow cytometry was performed on a BD 

FACS Fortessa III cytometer using DIVA software (BD Bioscience, Heidelberg, 

Germany).  For each fluorochrome, automatic compensation and fluorescence minus 

one (FMO) controls were used to ensure no fluorescence spill from other channels 

was present. 

The staining protocol for analysis of albumin uptake and cell-surface megalin 

expression by FC in PCLS derived cells is summarized in table 2.2: 
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Table 2.2 Staining protocol for FC analysis of albumin uptake. 

Staining step Antibody Dilution 

1 Zombie Violet Fixable Viability Kit 1:500 

2 Goat anti-Influenza A Virus 1:75 

Rat anti-mouse EpCAM APC.Cy7 1:50 

Rat anti-Mouse CD31 BV605 1:50 

Rat anti-Mouse CD45 BV605 1:50 

Rabbit anti-mouse Megalin AF647 1:50 

Rat anti-mouse Podoplanin APC 1:40 

3 Donkey anti-goat Alexa Fluor 546 1:500 

 

Microscopy stainings 

PCLS:  For microscopy analysis, samples were fixed in 4% PFA (28908, 

ThermoFisher Scientific) for 24h, then permeabilized with Triton-X 0,5% for 30 min 

and blocked with 5% BSA for 1h at 4°C.  After washing with T-TBS buffer (Tris-

buffered saline: 20 mM Tris, pH 7,4, 0,9% NaCl, 0,4% Tween-20), samples were 

incubated with the primary antibodies diluted in T-TBS/5% BSA overnight at 4°C 

(RAGE Rat anti-Mouse/Rat, MAB1179, R&D Systems Minneapolis, MN, USA; 

Influenza A NP FITC, ab20921, Abcam Cambridge, UK; SFTPC rabbit anti-mouse, 

ab211326Abcam). If secondary staining was required, the antibodies (Goat anti-rat 

IgG AF568, A11077, Invitrogen; Goat anti-rabbit AF594, Invitrogen, A11037) were 

used for 1 h at RT. Then were stained with Hoechst 33342 in a 1/1000 dilution for 30 

min at RT temperature. Lastly, in the required cases, Phalloidin DyLight 594 (21836 

ThermoFisher Scientific) was incubated for 30 min in the dark at RT. 

MLE-12 cells:  Cells were plated in 8 wells micro slides (80826, ibidi GmbH 

Gräfelfing, Germany).  After treatment, they were incubated with 50-250 µg/mL of 

AF488-albumin, AF647-transferrin, or lysine-fixable TexasRed-dextran (MW 70,000 

Dalton, D1864, Invitrogen), then washed three times with PBS and fixed in 4% 

Formaldehyde (28908, Thermo Scientific, Waltham, MA, USA) for 10 min.  In the 

required experiments, they were incubated with primary antibody solutions in 

PBS/0.2% BSA overnight at 4°C and washed 5 times for 5 min at RT with PBS/0.2% 

BSA.  When necessary, a secondary fluorescent-labeled antibody (Goat anti-rabbit 

AF594 (A11012, Invitrogen), Goat anti-rat IgG AF568 (A11077, Invitrogen) was 
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diluted in PBS/0.2% BSA and the samples incubated for 1h at RT in the dark. In 

order to counterstain nuclei, an aqueous solution of DAPI (D1306, Invitrogen) 300nM 

was added for 5 min, then washed three times with PBS.  In experiments where 

visualization of the actin cytoskeleton was needed, phalloidin conjugated to DyLight 

594 (21836, Invitrogen) was added as the last step in a concentration of 2,5 units/mL 

in PBS and incubated at RT for 10 min, then washed three times with PBS. 

Reactants and dilutions for PCLS and MLE-12 staining for laser scanning microscopy 

are summarized in table 2.3. 

Table 2.3. Staining protocol for laser scanning Microscopy 

Antibody Dilution 

RAGE Rat anti-Mouse/Rat  1:100 

Goat anti-rat IgG AF568 1:300 

Influenza A NP FITC 1:20 

SFTPC rabbit anti-mouse 1:100 

Goat anti-rabbit AF594 1:300 

Phalloidin DyLight 594 2,5 u/mL 

DAPI  300 nM 

 

Histology and H&E stainings 

Lung samples were fixed in formaldehyde 4% at 4°C for 24h, then washed with PBS,  

embedded in paraffin, sectioned at 10 μm thickness in a microtome (Leica 

Biosystems, Wetzlar, Germany), and fixed in glass slides.  Samples were incubated 

for 1h at 58° in a dry incubator.  Next, they were immersed in Xylol 3 times, 10min, 2 

times in ethanol 99,6%, 5 min, one time in ethanol 96%, 5min and one time in 

ethanol 70%, 5 min, and 2 times in distilled water for 5 min.  Next, samples were put 

in a water bath at 100°C in 10% Rodent Decloaker (pH 6.0, Biocare Medical, 

Pacheco, CA, USA.) for 20min. After cooling, they were rinsed in distilled water for 5 

min and incubated in a solution of 3,3% H2O2 in methanol for 20min.  After rinsing for 

5 min in distilled water (dH2O), samples were incubated with Novocastra Enzyme 

Proteinase K (IHC), (RE7160-K, Leica Biosystems, Buffalo Grove, IL, USA) for 5 min, 

rinsed again in dH2O, and washed in PBS for 5 min.  Next, blocked with 10% BSA for 

1h and washed twice with PBS.  Next, they were incubated for 20min in Rodent Block 

M (Biocare Medical) and washed 4 times with PBS, 5 min.  The rabbit anti-mouse 

megalin primary antibody (19700-1-AP, Proteintech, Rosemont, IL, USA) was then 
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incubated overnight in a 1/200 dilution and rinsed with PBS for 2h.  Next, secondary 

antibody HRP-linked was added (ZytoChem Plus HRP Polymer System Rabbit, 

Zytomed Systems GmbH, Berlin, Germany) for 30 min, washed with PBS, and HRP 

substrate was added for one minute (NovaRED Substrate Kit, SK-4800, Vector 

Laboratories, Burlingame, CA, USA). After washing for 5 min with dH2O, 

Hematoxylin/Eosin, staining was performed according to standard procedures. 

Fluorescence Microscopy 

Fluorescence microscopy was performed using a Carl Zeiss Axio Observer Z1 

microscope (Carl Zeiss, Wetzlar, Germany).  Confocal fluorescent laser-scanning 

microscopy was performed using a Leica TCS SP5 confocal microscope (Leica 

Microsystems GmbH, Wetzlar, Germany) with 63x or 40x ocular. Z-Stacks were 

acquired using a 0.3-1 μm distance between stacks. Acquired pictures were analyzed 

using LAS AF software.   

Fixation and Preparation of Lung Tissue for Histology 

For histological staining of mouse lung tissue, lung lobes were fixed for 24 h in 4% 

PFA. Subsequently, they were embedded in paraffin, cut into 3-5 μm thick sections 

with a microtome (Leica Biosystems) and stained with hematoxylin and eosin in the 

following procedure: Xylene 5 min (twice), 100% ethanol 30 sec (twice), 96% ethanol 

30 sec, 96% ethanol 30 sec, 70% ethanol 30 sec, 70% ethanol 30 sec, hematoxylin 

3min, 0.1% HCl 2 sec, H2O 5min, Eosin G solution 3 min, H2O 30 sec, 70% ethanol 

30 sec, 90% ethanol 30 sec, 100% ethanol 30 sec (twice), xylene 5 min (twice).   

Image acquisition and analysis  

For mean linear intercept (MLI) calculations, hematoxylin-eosin-stained paraffin 

sections were imaged with a bright field Axioimager microscope (Zeiss, Oberkochen 

Germany) at 40X magnification.  Measurements of average wall thickness, airspace 

percentage, and mean linear intercept were made with Leica Qwin Image Processing 

and Analysis Software. 

Analysis of gene expression 

RNA extraction  
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Treated MLE-12 cells, as well as primary AECs-enriched samples and the BAL cells, 

were processed for RNA extraction using the RNeasy Mini Kit (Qiagen, Hilden, 

Germany) according to the manufacturer's instructions.  Cells were washed with PBS 

and disrupted in Buffer RLT, which causes cell lysis and RNase inactivation. Ethanol 

was then added to the lysates, and the samples were then applied to the RNeasy 

Mini spin column for RNA to selectively bind to the membrane.  The contaminants 

were washed away, and the RNA was eluted in RNAse-free water. All bind, wash, 

and elution steps were performed by centrifugation in a microcentrifuge at RT.   The 

extraction was followed by on-column DNAse digestion (RNase-Free DNase Set, 

Qiagen) in order to avoid contamination by genomic DNA. 

Bulk mRNA analysis 

RNA integrity was verified by Bioanalyzer RNA 6000 Nano assays (Agilent 

Technologies).  Library preparation and sequencing were performed in the Deep 

Sequencing Platform of the Max Planck Institute for Heart and Lung Research, (Bad 

Nauheim, Germany) by Dr. Stefan Günther.  Library preparation integrity was verified 

with LabChip Gx Touch 24 (Perkin Elmer). For BAL, 10ng of total RNA was used as 

input for SMARTer® Stranded Total RNA-Seq Kit - Pico Input Mammalian (Takara 

Bio). For AECs, 100ng of total RNA was used as input for SMARTer Stranded Total 

RNA Sample Prep Kit - HI Mammalian (Takara Bio). Sequencing was performed on 

the NextSeq500 instrument (Illumina) using v2 chemistry, resulting in an average of 

35M reads (BAL) or 27M reads (AECs) per library, with a 1x75bp single end setup. 

The resulting raw reads were assessed for quality, adapter content and duplication 

rates with FastQC (Andrews S., FastQC: a quality control tool for high throughput 

sequence data. Avail. at http://www.bioinformatics.babraham.ac.uk/projects/fastqc).  

Trimmomatic version 0.39 was employed to trim reads after a quality drop below a 

mean of Q20 in a window of 10 nucleotides (Bolger et al., Trimmomatic: a flexible 

trimmer for Illumina sequence data). Only reads between 30 and 150 nucleotides 

were cleared for further analyses. Trimmed and filtered reads were aligned versus 

the Ensembl mouse genome version mm10 (GRCm38) using STAR 2.6.1d with the 

parameter "--outFilterMismatchNoverLmax 0.1" to increase the maximum ratio of 

mismatches to mapped length to 10% (Dobin et al., STAR: ultrafast universal RNA-

seq aligner). The number of reads aligning to genes were counted using the 

featureCounts 1.6.5 tool from the Subread package (Liao, Smyth, and Shi 2014). 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
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Only reads mapping at least partially inside exons were admitted and aggregated per 

gene. Reads that were overlapping multiple genes or aligning to multiple regions 

were excluded. Differentially expressed genes were identified using DESeq2 version 

1.18.1 (Love, Huber, and Anders 2014). Only genes with a minimum fold change of 

+- 1.5 (log2 +-0.59), a maximum Benjamini-Hochberg corrected p-value of 0.05, and 

a minimum combined mean of 5 reads were deemed to be significantly differentially 

expressed. The Ensemble annotation was enriched with UniProt data (release 

06.06.2014) based on Ensembl gene identifiers (Apweiler et al. 2014). Transcripts 

per million (TPM) were calculated as described by Wagner et al. (Wagner, Kin, and 

Lynch 2012). 

cDNA synthesis 

RNA extracted from the treated MLE12 cell cultures was used as a template for 

cDNA synthesis.   iScript cDNA synthesis kit (Bio-Rad) was used, which contains a 

reverse transcriptase, an RNase inhibitor, and a blend of oligo(dT) and random 

hexamer primers. For each sample, 1 µg of RNA was added in a tube with the 

reaction mix and the following reaction protocol was programmed in a thermal cycler 

(Bio-Rad):  Priming 5 min at 25°C, reverse transcription 20 min at 46°C, RT 

inactivation 1 min at 95°C.   

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)  

qRT-PCR technique was used to quantify the levels of expression of mRNA in the 

samples.  The kit iTaq Universal SYBR Green Supermix (BioRad) was used 

according to the manufacturer's protocol and the mouse-specific primers 

combinations used were:  

LRP2 FW: 5' AGG CCA CCA GTT CAC TTG CT 3'  

LRP2 RV. 5' AGG ACA CGC CCA TTC TCT TG 3' 

TGF-β1 FW: 5' TGG AGC AAC ATG TGG AAC TC 3' 

TGF-β1 RV: 5' GTC AGC AGC CGG TTA CCA 3' 

18S FW: 5' AGT CCC TGC CCT TTG TAC ACA 3' 

18S RV. 5' GAT CCG AGG GCC TCA CTA AAC 3' 

Ribosomal 18S served as a normalization control. Data are presented as ΔCt (Cttarget 

gene –Ctreference gene). Primer specificity was validated by analyzing the melt curve of the 

qRT-PCR product. 
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Specific mRNA knockdown (siRNA) 

To evaluate the specificity of megalin antibodies in Western Blot, microscope imaging 

and FC, specific megalin knockdown was performed with small interference RNA 

technology (Lipofectamine RNAiMAX, ThermoFisher Scientific) in OptiMEM medium 

(Gibco).  For microscopy analysis, 10,000 cells per well were plated 24 hours before 

transfection in 8 wells micro-slides to reach approximately 70 % confluency on the 

day of the experiment. Transfection complexes were formed at room temperature 

according to table 2.4.  

Table 2.4 Transfection complexes for siRNA 

 Reagents Volume (μL) 

Tube 1 OptiMEM 15 

 Lipofectamine RNAiMAX 0,9 

Tube 2 OptiMEM 15 

 siRNA (10 uM stock) 0,8 

After five minutes of incubation, the contents of tubes 1 and 2 were mixed and 

incubated at room temperature for 30 minutes. Meanwhile, culture medium from cells 

was replaced for fresh conditioned DMEM:F12. Once incubation time was over, 

lipofectamine-siRNA complexes were placed on the cells and incubated for another 6 

hours at 37°C. Then, the culture medium was removed and replaced with fresh 

conditioned DMEM:F12. Transfected cells were incubated at 37°C for 48 hours.  For 

western blot analysis, the cells were plated in p35 plates, with the transfection 

complexes quantities scaled up accordingly. 

Statistical analysis 

All data is given as median ± standard deviation. Statistical significance between two 

groups was analyzed by unpaired Student's t-test, while differences between three or 

more groups were analyzed using randomized-block-experiments, one-way ANOVA 

and Dunnett's multiple comparisons test (GraphPad Prism v.5 and v.8). Differences 

were considered significant when p-values were inferior to 0.05.  *p<0.05; **p<0.01; 

***p<0.005; ****p<0,001. 
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3. Results 

 

Albumin uptake characterization in MLE-12 cells 

First, we set out to characterize the albumin uptake in AECs (fig. 3.1 A). The top view 

images show the AF488 signal is inside the boundaries of the MLE-12 cells 

cytoskeleton, and the 3D reconstruction side view shows how albumin is distributed 

as well on the vertical axis, suggesting it was taken up by the cells.   

Transferrin endocytosis mechanism has been widely studied, presents a specific 

receptor-mediated endocytosis mechanism (Huebers and Finch 1987)  and can 

therefore be used as a positive control for cellular uptake.  Dextran is widely used as 

a probe for micropinocytosis and can be used as a negative control for endocytosis 

(L. Li et al. 2015), so we incubated the cells with a dextran polymer of the same 

molecular weight as albumin (70,000 Da), as a negative control.  We stimulated MLE-

12 cells with a solution of 200 µg/mL of AF488-albumin, fixable TexasRed-dextran, 

and AF594-transferrin for 60 min (fig. 3.1 B). Compared to dextran, albumin and 

transferrin showed a higher fluorochrome signal intensity, indicating a higher intake 

into the cells.  

To quantify the cellular uptake of the fluorescent compounds, we analyzed the cells 

by flow cytometry (FC) (fig. 3.1 C-E).  MLE-12 cells were incubated for 10, 30, and 60 

min at 37°C, as well as for 60 min at 4°C, in the presence of AF488-albumin, 

TexasRed-dextran, and AF647-transferrin. Also, they were treated with a solution 

containing trypsin and proteinase K, to ensure no probe remains bound to the cellular 

membrane. The percentage of cells that showed a positive signal for albumin 

increased over time and was the highest at 60 min with an average of 92,4% of cells 

positive, while for transferrin, almost 100% of the cells were positive as soon as after 

10 min of incubation.  At 4°C, both compounds showed a significantly decreased 

uptake level.  These results are consistent with a receptor-mediated endocytosis 

mechanism (Yumoto et al. 2006).  
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The frequency of cells taking up dextran also increased with the incubation time. 

However, its maximum was 16,2% at 60 min time point, showing a marked reduction 

compared to the frequency of cells that took-up albumin and transferrin.  

Fluorescence intensity data in FC is directly correlated to the amount of fluorochrome 

taken up by the cells (Gratama et al. 1998), hence providing a quantifiable measure 

of the levels of fluorescently labeled-probes uptake per cell.  We analyzed the relative 

median fluorescence intensity (MFI) of the fluorochromes to quantify the level of 

uptake of each compound at different time points (fig 3.1 E). AF488-albumin MFI 

increased over time and was the highest after 60 min incubation. TexasRed-dextran 

and AF647-transferrin MFI did not vary significantly during the experimental 

timeframe, indicating that the level of uptake for both compounds reached a plateau 

at least after 10 min of incubation.    

 

Assessment of IV infection in MLE-12 cells 

Next, we set out to analyze the infective capabilities of the strain PR8 mouse-adapted 

influenza A virus in MLE-12 cells. In order to quantify the infection level and the cell 

death rates, we analyzed infected MLE-12 cells by FC (fig. 3.2 A, B, C).  To detect 

the presence of the virus, we used an antibody against influenza A H1N1, that allows 

the detection of the viral protein HA once it is expressed by the cells.  We were able 

to detect HA on the cell surface, confirming that the percentage of infected cells 

correlates with the MOI and the incubation time, as also does cellular death rate (fig. 

3.2 B) which demonstrates that the virus can infect MLE-12 cells in culture.  We also 

infected MLE-12 cells at MOIs 0.1 and 1, and after 24h of infection, the cells were 

lysed and analyzed by Western Blot against influenza nucleoprotein (NP) (fig. 3.2 D). 

Figure 3.1. Characterization of albumin uptake in MLE-12 cells. A: Upper panel: Confocal microscopy 
images of MLE-12 cells incubated in a solution containing AF488-albumin 250 µg/mL for 1h. Cells 
were fixed and stained with Phalloidin and DAPI. Scale bar 20µm. Zoom 63X. Lower panel: 3D 
reconstruction side view.   B: MLE-12 cells were incubated in solutions containing 250 µg/mL of 
AF488-albumin, TexasRed-dextran or AF594-transferrin for 60 min fixed with 4% PFA and stained 
with DAPI. Fuorescence microscopy images are displayed. Scale bar 50µm. Zoom 40X and 63X. C: 
Representative gating strategy of flow cytometry analysis of MLE-12 cells treated with a solution of 
AF488-albumin, TexasRed-dextran and AF647-transferrin 50 µg/mL each, for 10, 30 and 60 minutes.  
After treatment with solution X, cells were incubated with a dead cell staining, washed with PBS and 
analyzed. FMO = fluorescence minus one control.  D: Frequency of positive cells for each 
fluorochrome, as a percentage of total live cells.  E: Relative median fluorescence intensities (MFI) for 
each fluorochrome and time point. N=3.  All bar graphs show mean ±SD. Statistic comparisons are 
relative to mock controls. 
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The NP signal intensity correlates with the MOI, being stronger at MOI 1 when 

compared with MOI 0.1. 

 

 

 

 

Albumin uptake in infected MLE-12 cells 

In order to study the effect of IV infection on albumin uptake in MLE-12 cells, we 

inoculated the cultured cells with IV at MOIs of 0,1, 1 or mock, and incubated them in 

a medium containing 0.1% BSA for 1, 6, 12, or 24h and then an albumin binding-and-

uptake assay was performed (fig. 3.3 A).  Although the albumin uptake levels showed 

A 

B 

C 
D 

Figure 3.2. Characterization of influenza A PR8-mouse-adapted infection in MLE-12 cells.  A-C. MLE-
12 cells were inoculated with PR8 at MOI 0,1 and 1 and analyzed at 6h, 12h and 24h.  A: Flow 
cytometric analysis showing cell death percentages for each time point and MOI. B: Live cells were 
stained with a specific IAV antibody and Infection levels assessed (as a percentage of live cells).  C: 
Gating strategy showing representative dot plots for live cells (PBneg), IV infected cells (AF546pos) and 
a representative FMO control for AF546 (HA antibody). D: MLE-12 cells were infected with IV MOI 0.1 
and MOI 1 for 24h and Western Blot analysis of Influenza nucleoprotein was performed.  All bar 
graphs show mean ±SD.  Statistic comparisons are relative to mock controls. 
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a decreasing tendency at 12 and 24h, either surface-bound or taken-up levels did not 

show statistically significant differences at all time points.   

 

 

   

 

In order to test our hypothesis that IV impairs albumin uptake by TGF-β1-mediated 

activation of GSK3β, we analyzed the levels of phosphorylation of GSK3β and 

A 

B 

C 

p-GSKβ (Ser9) 
p-GSKα (Ser21) 

Total GSKβ  

Tpi        10min       30min     1h        3h        6h        12h 
M   IV M  IV M  IV M  IV M  IV M  IV 

  Tpi        30min     1h        3h        6h        12h        TGF-β1 
TGFβ1  M  IV M  IV M  IV M   IV M   IV 

p-SMAD2 

SMAD2 

Figure 3.3. Influenza virus infection did not increase GSK3β ser9 phosphorylation and activation in 
MLE-12 cells up to 24h post influenza infection.  A:  Albumin binding and uptake in IV infected MLE-
12 cells.  Cells were infected with influenza virus at MOIs of 0,1 and 1 for 1, 6, 12 and 24h and then 
incubated with a 50µg/mL FITC-albumin solution for 1h and the binding and uptake assay was 
performed.  All FITC-albumin fluorescence values for each timepoint are shown as relative to mock.  
Mock 4°C: control at 4°C degrees.  B:  Densitometry quantification of western blot analysis of (left) 
phospho-GSK3β and (right) phosphor-SMAD2 in relation to total protein in MLE-12 cell lysates 
inoculated with IV at MOI1 (IV) and analyzed at different time points.  The antibody used to detect 
phosphorylation levels in GSK3 is able to bind to GSK3α as well and hence it shows two distinct 
bands.  C:  Representative blots. Tpi = time post infection.  TGFβ-1: positive control for SMAD2 
phosphorilation, 20 ng/mL, 30 min.  All bar graphs show mean ±SD of 3 to 7 independent 
experiments. Statistic comparisons are relative to mock controls.  
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SMAD2, a downstream target of the TGF-β1 canonical pathway, in IV treated MLE-

12 cells (fig. 3.3 B and C). MLE-12 cells were inoculated with the virus at MOI 1, 

incubated for different times, and total protein lysates were analyzed by Western Blot. 

The densitometry analysis from the western blot bands indicates that the 

phosphorylation of GSK3β remains and even increases during the experimental time 

frame (10min to 24h) indicating that there’s no activation of the kinase.  

Phosphorylation levels of SMAD2 were significantly decreased during the first 3 

hours and remained not significantly different from the mock control at 6, 12, and 24 

hours indicating that there’s no TGF-β1 activity during the experimental time frame. 

Our group has described that megalin is the main player mediating albumin 

endocytosis in the alveolar epithelium (Buchäckert et al. 2012; Vohwinkel et al. 

2017), so we set out to analyze the expression of megalin on infected AEC in vitro.  

We inoculated MLE-12 cells with IV at MOI1 and incubated them for 30min, 1h, 3h, 

6h, 12h, and 24h and studied the expression of megalin by western blot (fig. 3.4 A).  

The results revealed a significant decrease in the total megalin expression at  24h, 

down an average of 70%.  In order to see if this decrease is reflected in the levels of 

the endocytic receptor located on the cell surface (as opposed to intracellular 

compartments), we performed a cell-surface protein biotinylation assay on the 

inoculated cells after 24h of incubation (fig. 3.4 B). Densitometric quantification 

showed an average reduction of the receptor on the plasma membrane of 63% 

compared to the control.  Specificity of the megalin antibody was validated by small 

interfering RNA knockout of megalin in MLE-12 cells (fig. 3.4 C). 

Next, we aimed to identify if megalin expression was downregulated at a 

transcriptional level. We isolated RNA from control or IV-treated cells at 1, 6, 12, and 

24h after inoculation and measured the levels of LRP2 by qPCR (fig. 3.4 D).  We 

found a decreasing tendency in LRP2 transcription levels already at the 6h time point 

and a significant downregulation at 24h p.i. 

Since one of the megalin regulation pathways involves TGF-β1 receptor activation by 

its ligand, we aimed to study TGF-β1 transcription levels in MLE-12 cells (fig. 3.4 E).   

Contrary to what was expected, our findings show no increase but a decreasing 

tendency in its transcription levels, with a significant difference at 24h.  We then 

measured the amounts of active TGF-β1 peptide in the culture media 24h post-

infection at two different MOIs, 0,1 and 1 (fig. 3.4 F).  Our results showed no 
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significant differences in active TGF-β1 concentration between control and infected 

samples culture media.  
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Figure 3.4 Megalin and TGF-β1 expression are downregulated in IV-inoculated MLE-12 cells.  A:  
MLE-12 cells were inoculated with IV at MOI 1, incubated for 30min, 1h, 3h, 6h, 12h and 24h.  The 
graph shows the western blot densitometry analysis megalin normalized to beta-actin and to each 
mock control.  A representative blot for each time point is shown.   B: Surface biotinylation assay was 
performed on MLE-12 cells inoculated with PR8 MOI1 incubated for 24h.  Left: representative blot. 
Right: Densitometry analysis and quantification of megalin, normalized to transferrin. C: Antibody 
specificity characterization: megalin siRNA was transfected into to MLE-12 cells, and the megalin 
expression was analyzed by WB. Scr: scramble RNA (control).   D-E:  mRNA was isolated from mock 
and IV-treated cells, at 1, 6, 12 and 24h p.i.. LRP2 (D) and TGF-β1 (E) transcription levels were 
quantified by qPCR.  F: ELISA results for active TGF-β1 levels measurement in MLE-12 culture 
medium 24h p.i. for mock (control), MOI 0,1 and MOI 1.   G: Cells were inoculated with IV for 24h and 
incubated with AF488-albumin for 1h before being analyzed by FC.  Image shows the relative median 
fluorescence intensity of AF488 (Rel. MFI, left), the percentages of cells that were positive for AF488 
(Cell frequency, center) and the gating strategy for the experiment showing dead cells exclusion, 
AF488 detection and fluorescence minus one (FMO) control (right). 

C 
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We also analyzed the AF488-albumin uptake levels in control and infected MLE-12 

cells by FC (fig. 3.4 G).  The results showed that after 24h of infection, there is a 15% 

decrease in albumin uptake in the infected cells compared to control as well as a 

reduction of the average percentage of cells that showed AF488 signal, from 59,6% 

to 18,7%. 

 

Albumin uptake in precision-cut lung slices 

Even when our results on infected MLE-12 cells showed differences in albumin 

uptake levels, we found no signs of activation of the TGF-β1/GSK3β axis.  Cell 

monocultures do not accurately represent an infected lung's condition, where 

different cell types from lung tissue, circulatory system, and the immune system 

interact with each other.  Also, cell cultures fail to faithfully recapitulate the 

morphologic, functional, molecular, proteomic, and lipidomic markers of the AT2 

phenotype (L. G. Dobbs 1990; Beers and Moodley 2017).  For this reason, we 

decided to set up a different, more physiological ex-vivo murine model: precision-cut 

lung slices (PCLS).  In this model, mice lungs are cut in 200 µm slices that can be 

cultured, treated, and analyzed.   First, we characterized the albumin uptake in PCLS 

by incubation with an AF488-albumin solution 100 µg/mL for different times or for one 

hour at four different concentrations, and albumin uptake of total live cells was 

analyzed by FC (fig. 3.5 A-C). Even more, by staining with antibodies against specific 

cell markers, we were able to quantify the levels of albumin uptake in alveolar 

epithelial cells at different albumin concentrations (fig. 3.5 D,E).   

 
  



52 
 

 

  

 

 

  

Next, PCLS were incubated for one hour in a solution containing labeled albumin, 

dextran and transferrin, and analyzed by confocal microscopy. Stronger intensity 

signals were detected when PCLS were treated with albumin and transferrin, but not 

with dextran and the percentage of cells that internalized albumin and transferrin was 

significantly higher than dextran (fig. 3.6 A and B). Even more, when exposing the 

PCLS to AF488-albumin in the presence of 1000-fold molar concentration non-

labeled albumin (competition assay), at 4°C, or in the presence of the dynamin 

GTPase activity inhibitor dynasore, which inhibits clathrin and caveola mediated 

endocytosis, the signal intensity of AF488 was dramatically reduced (fig. 3.6 C).  

A 

B 

  C 

D  E 

Figure 3.5 Characterization of Albumin uptake in AEC from PCLS by flow cytometry.  A: PCLS were 

incubated in AF488-albumin 100µg/mL for 10, 30 or 60 min and albumin uptake was analyzed. 

Graphs show the frequency of total live AF488+ cells (as percentage) and the median fluorescence 

intensity (MFI) for each time point.  B:  PCLS were incubated for one hour in different concentrations 

of AF488-albumin solutions and albumin uptake was analyzed.  Left panel: frequency of total live 

AF488+ cells (as percentage), right panel: median fluorescence intensity (MFI) for each 

concentration.  C: Gating strategy for albumin uptake in total live cells.  D: Albumin uptake levels in 

alveolar epithelial cells (AEC, CD31-, CD45-, EpCAM+) from PCLS shown in B. E: Gating strategy for 

AEC showing CD31 and CD45 cells exclusion, and selection of EpCAM+ cells. 
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We then quantified the albumin uptake levels in cells from PCLS by FC.  By using 

SftpcCreERT2/+; tdTomato flox/flox mice, we characterized the albumin uptake in all 

cell types, as well as in AT2 cells only.  At 4°C as well as in the presence of dynasore 

and clathrin-mediated endocytosis inhibitor chlorpromazine or the macropinocytosis 

inhibitor amiloride, the percentage of cells that assimilated labeled albumin was 

dramatically reduced either in the whole cell population or in AT2 cells only (fig. 3.6 D 

– F, and table 3.1).  When analyzing the MFI, we were able to confirm a decrease in 

the uptake levels in the presence of the inhibitors chlorpromazine and dynasore, but 

not amiloride (fig. 3.6 E).  

 

 

 

 

 

 

IV infection in PCLS 

The next step was to characterize the viral infection in PCLS. To assess the 

infectious capability of the mouse-adapted PR8 IV strain in PCLS, we added to the 

culture medium 1x106 p.f.u. per slice of tissue and incubated for 12, 24, or 48h before 

fixation, and staining with an influenza nucleoprotein (NP) specific antibody. The 

confocal microscopy imaging results showed the presence of NP in all three time 

points, with the highest expression after 24 and 48h of infection (fig. 3.7 A).  By FC, 

Table 3.1.  Frequency of AF488 positive cells (%) and relative median fluorescence 
intensities (MFI) of total and AT2 cells from PCLS. 

 DMSO Dynasore Amiloride 4 Celsius Chlorpromazine 

% Total live cells  22 ± 8 12 ± 5 7 ± 1 8 ± 4 41 ± 25 

MFI Total live cells  100.0 73 ± 8 96 ± 31 83 ± 23 107 ± 63 

% AT2 cells 28 ± 3 13 ± 3 13 ± 1 - 18 ± 1 

MFI AT2 cells  100.0 80 ± 12 100 ± 6 - 74 ± 3 

Figure 3.6 Albumin endocytosis in AEC from PCLS is an active process mediated by clathrin-
dependent endocytosis.  A – B: PCLS were incubated 1h in a solution containing 250 μg/mL of 
AF488-albumin (green), AlexaFluor647-transferrin (purple) and lysine-fixable TexasRed-dextran 
(70,000 Da, red) A: Confocal microscope images. Scale bar 50 µm. Zoom 63X. B: Flow cytometry 
analysis showing frequency of cells with a positive signal for each fluorochrome (expressed as a 
percentage). C.  Confocal images of PCLS incubated for 1h in AF488-albumin 250 µg/mL at 37°C 
(Control), at 4°C, in the presence of unlabeled albumin 100 mg/mL (BSA 1000x), DMSO 0.007% or 
Dynasore 100 µM. Scale bar 50 µm. Zoom 63X. D – F:  PCLS were prepared from SftpcCreERT2/+; 
tdTomatoflox/flox mice, treated with tamoxifen for 24h and then incubated in AF488-albumin for 1 h 
in the presence of DMSO, Dynasore100 µM, Chlorpromazine 100 µM, Amiloride 1mM or at 4°C and 
analyzed by flow cytometry. Graphs show the FC analysis result with percentage of total live cells 
with a positive signal for AF488-albumin (left) and the median fluorescence intensity (MFI) for each 
sample (right).  (D) total live cells and (E) SPC+ cells.  F: Representative gating strategy showing 
dot plot for the analysis of SPC+ (x-axis), EpCAM+ (y-axis) cells (AT2).  All bar graphs show mean 
±SD of 3 independent experiments. Statistic comparisons are relative to mock controls. 
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we were able to quantify the infection levels in AEC at times 1, 6, 12, 24, and 48h 

(fig. 3.7 B) and found that after 24 and 48h between 20 and 30% of the cells were 

infected.  In order to minimize the chances of bacterial contamination of the cultured 

PCLS, we decided to incubate with the virus for 24h as timeframe for all PCLS 

experiments.  

 

   

 

In order to measure albumin uptake levels in AECs in this experimental model, we 

inoculated PCLS with 1x106 pfu per slice for 24h and incubated them in AF488-

albumin 250 µg/mL for 60 min.  When observed by confocal microscopy, we were 

able to detect AF488-albumin signal co-localizing with RAGE and SPC, which 

suggests that albumin is being taken up by both AT1 and AT2 cell types. Moreover, 

the AF488 signal was dramatically reduced in the IV infected PCLS (fig. 3.8 A). When 

comparing the levels of albumin uptake in AEC from mock and inoculated PCLS by 

FC analysis (3.8 B-E), we found that the percentages of cells that internalize albumin 

did not vary significantly (fig. 3.8 C). However, when analyzing their relative MFI we 

found a significant decrease in the AF488-albumin signal in AEC from the inoculated 

samples after 24h and 48h post-inoculation (fig. 3.8 B, D). Even more, when 

analyzing the AEC from inoculated slices and discriminating between infected (HA+) 

and non-infected (HA-) we found that the decrease in albumin uptake levels 

measured as MFI persists in both infected and non-infected cells (fig 3.8 E).  

A B 

Figure 3.7 Characterization of influenza infection in PCLS.  A: Confocal microscopy lateral view 
images showing the influenza NP signal (green) and DAPI staining (blue) in PCLS inoculated with 
PR8 1x106 p.f.u. per slice, and fixed in PFA 4% after 12h, 24h or 48h. B: FC analysis of influenza HA 
expression in cells obtained from PCLS homogenates, 1h, 6h, 12h 24h and 48h after inoculation. All 
bar graphs show mean ±SD of 5 to 6 independent experiments. Statistic comparisons are relative to 
mock controls. 
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Megalin expression in AEC from IV treated PCLS 

We next set out to analyze megalin expression levels in AEC under IV infection 

conditions.  By FC we measured megalin cell surface expression in AEC from mock 

A B 

C D 

E 

Figure 3.8 Albumin endocytosis is impaired in IV-infected PCLS.  A: Confocal images of PCLS mock 
and IV inoculated with 1x106 pfu of PR8 virus (IV) for 24h and incubated in AF488-albumin (green) 
for 60 min and then fixed and stained with RAGE (red) and SPC (purple) antibodies. Scale bar 50 
µm. Zoom 63X. B-E. PCLS were inoculated with PR8 for 1h, 6h, 12h, 24h and 48h and incubated in 
AF488-albumin for 60 min.  Images show FC analysis of albumin uptake in EpCAM+ cells.  B: 
Representative histograms for AF488-albumin fluorescence in AEC from mock and IV inoculated 
PCLS at 24h post inoculation. C: percentage of AF488-albumin+ cells. D: AF488 median 
fluorescence intensity (MFI) in the general AEC population from mock and PR8 inoculated PCLS. E: 
Graph showing the MFI analysis from AEC from mock PCLS (M), AEC from inoculated PCLS that did 
not express viral proteins (HA-) or AEC from inoculated PCLS that expressed viral proteins (HA+). All 
bar graphs show mean ±SD of 3 to 6 independent experiments. Statistic comparisons are relative to 
mock controls.   
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and PR8 inoculated PCLS after 24h and 48h (fig. 3.9 A-C). Cells were stained with a 

specific megalin antibody without prior permeabilization to ensure only cell surface 

megalin was detected.  We found no significant differences in the percentage of cells 

expressing megalin (fig. 3.9 A) but a significant decrease in megalin MFI in AEC from 

inoculated samples (fig. 3.9 B), in both 24h and 48h, either expressing viral proteins 

(HA+) or not (HA-).  

Moreover, a WB analysis of the total amount of megalin in PCLS homogenates 

revealed a substantial decrease in the full-length megalin abundance in the 

inoculated samples (fig. 3.9 D). 
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Figure 3.9 Megalin cell surface expression is downregulated in AEC from IV inoculated PCLS.  A-C. 
PCLS were treated in mock or IV (PR8 inoculation) conditions, homogenized and live AEC were 
analyzed by FC. A: Percentages of cells expressing megalin on the surface at 24h and 48h post 
inoculation. EpCAM+ cells from mock PCLS (M) or from inoculated PCLS expressing viral proteins 
(HA+) and not expressing viral proteins (HA-) are shown.  B: MFI of APC-megalin antibody on the 
cell surface. C: Dot plots showing the representative gating strategy for megalin and its FMO control.  
D: PCLS mock (m) and PR8 inoculated (IV) were incubated for 24h and extracted proteins were 
analyzed by WB.  Left: Representative immunoblot for total cell megalin expression.  Right: 
Densitometric quantification of WB megalin (600 kDa) expression, relative to actin and mock.  All bar 
graphs show mean ±SD of 3 to 6 independent experiments. Statistic comparisons are relative to 
mock controls. 
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TGF-β1/GSK3β/ megalin axis in IV infection conditions in PCLS 

Our next goal was to study whether or not the TGF-β1/GSK3β/ megalin axis plays a 

role in the downregulation of megalin expression in this ex-vivo model.  We 

measured the concentration of active TGF-β1 in the media of mock and IV inoculated 

PCLS by ELISA, in a time-course analysis (fig. 3.10 A).   

Although there were differences in the concentration of active TGF-β1 between time 

points 1h vs 6h and 1h vs 24h, both mock and infected, we found no significant 

differences between mock and infected samples of the same time point in all cases 

for our experimental setting (up to 48h after inoculation).  When analyzing the 

phosphorylation levels of GSK3β from the treated PCLS by WB, we found no 

activation of this enzyme up to 24h post IV inoculation (fig. 3.10 B).  We then treated 

the PCLS with the irreversible GSK3β inhibitor Tideglusib (TG) for 24h before the 

inoculation at two different concentrations 1.5 µM and 3.0 µM. We found that 

inhibition of GSK3β did not recover the whole-length megalin protein levels in the IV-

inoculated PCLS (fig. 3.10 C-E).  However, when we measured the AF488-albumin 

uptake levels in AEC from TG-treated IV-inoculated PCLS, our results showed no 

statistically significant differences between mock and IV in the TG-treated samples 

(fig. 3.10 F). 
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Figure 3.10.  Downregulation of megalin in IV infected PCLS is independent of GSK3β activation.   A:  

Quantification of active TGF-β1 in media from mock and PR8 inoculated PCLS incubated for 1h, 6h, 

12h, 24h and 48h.  B:  Phosphorylation levels of GSK3β in PCLS homogenates, at 1h, 6h, 12h and 

24h post PR8 inoculation.   C – E. PCLS were treated with the irreversible GSK3β inhibitor Tideglusib 

(TG) at two different concentrations 1.5µM and 3µM or with vehicle (DMSO) for 24h prior to 

inoculation with PR8. Proteins were extracted and analyzed by WB. C: Representative immunoblots 

for megalin and phospho-GSK3β.  TGF-β1 20 ng/mL was used as a TGF-β1 activity positive control. 

D: Densitometric quantification of phospho-GSK3β.  E: Densitometric quantification of megalin in C.  

F: Median fluorescence intensity (MFI) of AF488 albumin from AEC from PCLS treated with IV for 

24h and TG 3 µM for 24 h before IV inoculation (TG 24h).  All graphs show mean ±SD of 3 to 6 

independent experiments. 
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In vivo study 

TGF-β1 is produced by many cells of the immune system and plays a crucial role in 

regulating immunity (M. O. Li et al. 2006). By using the in-vitro (cell culture) and ex-

vitro (PCLS) models, we found no concluding evidence of direct activation of the 

TGF-β1/GSK3β/ megalin pathway during the experimental timeframe.  However, 

these models are not able to represent accurately the entire immune system 

response during influenza infection.   

For this reason, we decided to experiment in an infected live mice model where we 

could analyze TGF-β1 levels, study the changes in megalin expression and the 

GSK3β phosphorylation levels in the infected alveolar epithelium.  In order to study 

the protein uptake process during influenza infection conditions, we inoculated mice 

with 3.5x102 p.f.u. of IV PR8 or PBS alone (mock) and analyzed the lung tissues and 

bronchoalveolar lavages (BAL) 5 days after inoculation (Figure 3.11).  By inoculating 

this amount of virus and setting this timepoint, we aimed to study the effects of IV in a 

condition where the integrity of the alveolar-capillary barrier would not be entirely 

compromised.   

The analysis of the hematoxilin/eosine stainings of the alveolar region showed an 

increasing tendency on the average alveolar wall thickness of the infected mice (fig. 

3.11 A-B).  Importantly, we also found a significant increase on protein content in the 

BAL samples (fig. 3.11 C) which is an evidence of alveolar wall leakage. An FC 

analysis of the BAL cells showed that infected samples have significantly fewer 

resident alveolar macrophages (rAM) but increased percentages of 

polymorphonuclear leukocytes (PMN) and bone marrow-derived macrophages 

(BMM) (fig. 3.11 D).   
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We were also able to quantify the infection levels in AEC by FC, being the average 

percentage of infection approximately 10% (fig. 3.11 E).  Interestingly, we measured 

active TGF-β1 concentrations by ELISA in samples of BAL from PR8 infected mice at 

day 0 (control), 3, 4, 5, 7, 8, and 9 post-infection.  Although no statistically significant 

differences between samples were found, we can see an increasing tendency from 

A B C 

D E F 

G H 

Control IV 

Figure 3.11. Megalin is downregulated in AEC from IV of infected mice.   A – G. Lung samples were 
obtained from mice 5 days after intratrachaeal instillation of PR8 IV (n=5).  A: Light micrograph 
showing a hematoxilin/eosin staining of lung cuts control and PR8 infected. Scale bar 100 µm. Zoom 
10X. B: Average thickness from the alveolar-capillary wall in mock and infected (IV) samples. C: 
Protein contents from control (Mock) and infected (IV) mice BAL D: Cells from BAL were analyzed by 
FC. Graph shows the percentages of live cells (Live), total leucocytes (Leuc.), Polymorphonuclear 
cells (PMN), resident alveolar macrophages (rAM), and bone marrow macrophages (BMM).  E: AEC 
from lung samples were analyzed by FC for viral surface proteins (HA).  Graph shows percentages for 
HApos cells in mock (M) and infected (IV) samples. F: TGF-β1 levels were measured in BAL from mice 
control and IV infected for 3, 4, 5, 7, 8 and 9 days by ELISA. G: AEC were isolated and analyzed by 
western blot. Top: Densitometric quantification of p-GSK3β. Bottom: Representative blot. H: Total 
megalin levels were analyzed in AEC by WB (left) and Immunohistochemistry (right).  Scale bar 20 
µm.  Zoom 63X.  
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day 8 on (fig. 3.11 F). Additionally, analysis of the AEC protein extracts by WB 

showed no activation (dephosphorylation) of GSK3β (fig. 3.11 G)  However, an 

evident decrease in the amount of total, whole length megalin was shown, which was 

also confirmed by megalin immunohistochemistry of fixed lung samples (fig. 3.11 H).   

Furthermore, we analyzed the RNA expression profiles from AEC and BAL cells, by 

performing deep sequencing of all mRNA species (RNAseq) (fig. 3.12).  We found 

that the majority of the differentially expressed genes (DEG) in AEC under influenza 

infection conditions are related to an innate immune response activation and anti-viral 

response genes (fig. 3.12 A). In infected and non-infected AEC samples the most 

expressed gene was surfactant protein C (Sftpc), which was expected since it is a 

known marker for AT2 cell, but its expression was not significantly affected by IV 

infection.  We looked then for the expression of receptor molecules which have been 

described to bind albumin: megalin, secreted protein acidic and rich in cysteine 

(SPARC), the scavenger receptor CD36, and neonatal Fc receptor (Fcgrt) (Bern et al. 

2015; Zhao et al. 2018) in AEC.  Megalin and Cd36 were the only ones significantly 

downregulated in the IV infected samples. Megalin mRNA counts decreased an 

average of more than 50% (fold change = 0.49) and Cd36 an average 24% (fold 

change = 0.76).   
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Members of the LDL receptor-related proteins (LRP) family have been described to 

undergo RIP receptor processor mechanism, in response to ligand binding which in 

D E F 

Figure 3.12. mRNA expression in AEC and BAL cells from IV infected mice.  A: Top 50 differentially 
expressed genes (DEG) in AEC.  B:  mRNA expression levels in mock and infected (IV) AEC of the 
albumin receptors megalin, secreted protein acidic and rich in cysteine (Sparc), the scavenger 
receptor Cd36, and neonatal Fc receptor (Fcgrt).  Expression levels or transferrin receptor (TFr) are 
shown for comparison.  C: mRNA levels of the top 6 most expressed LDL receptor family members in 
AEC. D – E: Tgfb1, Itgb6 and Tgfbi mRNA levels in AEC (D) and BAL (E). F: mRNA levels of clathrin 
(Cltc) and caveolin-1 (Cav-1) in AEC.  Normalized RNAseq data, N=3. Bars represent mean ± SD. 
TPM: transcripts per million. 
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turn results in the receptor downregulation (Lal and Caplan 2011; Wygrecka et al. 

2011). We then analyzed if IV treatment triggers downregulation not just in megalin 

but in other members of the LRP family as well.  The data shows that in our 

experimental conditions, only megalin and Lrp6 showed a significant decrease under 

IV infection (figure 3.12 C).  While the reduction in megalin mRNA expression was 

more than 50%, the reduction in Lrp6 mRNA counts was approximately 35%. 

When we looked for TGF-β1 mRNA expression we found no signifigative differences 

either in AEC or BAL cells (figure 3.12 D).  However, Tgfbi, a protein that is induced 

by the presence of active TGF-β1 in lung epithelial and other cell types (Skonier et al. 

1992; Thapa, Lee, and Kim 2007), was upregulated with a fold change of 2.7 and 1.8 

in AEC and BAL respectively. Moreover, integrin αvβ6 (Itgb6), a TGF-β inducible 

integrin that binds to and activates latent TGF-β (Snelgrove, Godlee, and Hussell 

2011), was significantly upregulated.   

Next we asked ourselves if the mRNA of proteins involved in the coating of vesicles 

in cellular endocytosis were differentially expressed in AEC.  Not clathrin nor 

caveolin-1 showed significant variations in their mRNA expression levels (fig. 3.12 F). 

 

MMPs expression and function in IV infection. 

Since MMPs play a crucial role in RIP,  we analyzed the differential expression of 

MMPs in AEC and BAL cells. In AEC from IV inoculated mice, MMP-19 was the only 

metalloprotease that showed a significant increment with a fold change of 4.2, while 

the expression of MMP-14 showed a moderate upregulation tendency (fig. 3.13 A).  

In BAL cells, MMP-14 expression was markedly upregulated in IV infected mice with 

a fold change of 56 compared to control, an increase of 5600%. At the same time 

expression levels of TIMP-2, the endogenous inhibitor of MT1-MMP (Hernandez-

Barrantes et al. 2000), were not significantly changed (fig. 3.13 B).  MMP-12 and -25 

were both upregulated each with approximately a fold change of 5. 

Next, we looked for MMPs protein expression in MLE-12 cells and PCLS in culture.  

Western blot analysis of protein expression in IV inoculated MLE-12 cells showed an 

upregulation of MMP-12.  The expression of MMP-2, MMP-14 and MMP-19 were not 

significantly increased (figure 3.13 A).  In IV inoculated PCLS the expression of 
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MMP-9 was downregulated, while the protein levels of MMP-2 and MMP-14 were 

unchanged.  
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In our in vivo results, mRNA expression of MMP-14 was notably upregulated in BAL 

cells. Previous work from our group showed that MMP-14 interacts with megalin and 

suggested that it participates in the mechanism of megalin shedding from the plasma 

membrane (Mazzocchi et al. 2017). To analyze if the reduction in the plasma 

membrane abundance of megalin could be reverted by inhibition of MMP-14 we used 

the specific inhibitor NSC405020 in MLE-12 cells and PCLS cultures (figure 3.14).   

We found that MMP-14 inhibition partially recovered megalin expression in MLE-12 

IV inoculated cells (fig. 3.14 A).   

The albumin uptake levels of IV infected cells also showed a partial recovery (fig. 

3.14 B).  However, the number of cells that took albumin up in the IV treated 

condition was not improved, which shows that MMP-14 inhibition was not enough to 

reverse the effects of IV infection.  In the PCLS model, we found a partial recovery on 

albumin uptake levels of the AEC of IV treated samples (fig. 3.14 D).   

  

Figure 3.13. Relative MMPs expression levels in influenza-inoculated AEC and BAL cells.  A – B: 
mRNA levels of the top 6 most expressed MMPs and Timp2 in AEC (A) and BAL (B) from infected 
mice. Normalized RNAseq data, N=3. Bars represent mean ± SD. TPM: transcripts per million.  C – 
D: MLE-12 cells (C) or PCLS (D) were inoculated with IV for 24h and the protein extracts analyzed by 
Western Blot.  Representative blots and MMP/actin densitometry ratio graphs are shown. Values 
represent mean ± SD. N=3. C: In MLE-12 cells protein expression of MMP-12 was upregulated in IV 
conditions, while expression of MMP-2, MMP-14 and MMP-19 did not show significant differences.  
Representative megalin and actin WB bands are shown. D: In PCLS, protein expression of MMP-9 
was downregulated, while no significant differences were found in MMP-2 and MMP-14 expression. 
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Figure 3.14. Inhibition of MMP-14 partially recovers megalin abundance and albumin uptake in 
MLE-12 cells and PCLS.  A: MLE-12 cells were inoculated with IV (MOI 1) and incubated with the 
specific MMP14 inhibitor NSC405020 200µM (MMP14i) or vehicle (DMSO) for 24h.  Total megalin 
was analyzed by western blot. Left: representative blot.  Right: Densitometry quantification 
normalized to beta-actin.   B. MLE-12 cells exposed to the same treatment as in A were incubated 
for one hour with AF488-albumin 50µM and analyzed by flow cytometry.  Left: Cell frequency (%) 
of AF-488 albumin uptake in the AEC population Right: AF-488 median fluorescence intensity 
(MFI) of the cells.  C: Gating strategy from B.  D: PCLS were incubated in mock (M) or influenza 
virus (IV) conditions for 24h in the presence of MMP14 inhibitor NSC405020 (MMP14i) 200µM or 
vehicle (DMSO) and incubated with AF488-albumin for 1 h. Left: Flow cytometry data showing the 
median fluorescence intensity (MFI) of AF488 in AEC. Right: % of live cells per condition. N=3.   
E: Gating strategy and FMO control. 
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Discussion 

ARDS accounts for more than 10% of all ICU admittances in the world and has an 

associated mortality of approximately 40%.  Different pathologies can lead to this 

syndrome, with IV infection being one of the main causes.  During ARDS the fluid 

and protein accumulation in the alveolar space -due to increased alveolar-capillary 

barrier permeability- impairs gas exchange in the alveoli. The concentration of protein 

in the alveoli is three times higher in non-survivors than in patients who recover from 

the disease (Bachofen and Weibel 1977). Hence, clearance of protein from the 

alveolar space is critical to improving the outcome of ARDS. However, as of today, 

no effective therapeutic approaches have been developed.  

During ALI and ARDS the reparation of the alveolo-capillary barrier in combination 

with an effective fluid and protein removal are needed to restore the alveolar function. 

Several studies from our group have aimed to understand the underlying 

mechanisms and pathways that are involved in these processes (Buchäckert et al. 

2012; Grzesik et al. 2013; Vohwinkel et al. 2017; Mazzocchi et al. 2017; 

Gwoździńska et al. 2017).   

In the current study, we characterized the albumin uptake process in our study 

models: MLE-12 cells and PCLS. In MLE-12 cells we could establish that albumin 

uptake can be inhibited at 4°C and increased with the incubation time and albumin 

solution concentration (fig.3.1).  Albumin clearance at 4 °C is attributable exclusively 

to passive transport processes because active processes are shut down at this 

temperature (Rutschman, Olivera, and Sznajder 1993).  Dextran of the same MW as 

albumin (70 KDa), which was used as a micropinocytosis probe (L. Li et al. 2015), 

was taken up at much lower rates than albumin.  When molecules are cleared faster 

than expected for their size is an indication that they are taken up by an active 

process (R. H. Hastings et al. 1995).  Taken together, our results line up with 

previously described reports showing that albumin endocytosis in AEC is a receptor-

mediated process (Buchäckert et al. 2012; Takano et al. 2015).   

We were also able to show that inoculation with Influenza A/Puerto Rico/8/1934 

H1N1 strain leads to productive infection in MLE-12 cells, and we optimized the 

infection protocol assessing infectivity levels at different time points and MOIs 

(fig.3.2). 



69 
 

Our group has previously described a TGF-β1/GSK3β-dependent mechanism for the 

downregulation of megalin, where the TGF-β1 mediated dephosphorylation and 

activation of GSK3β leads to the phosphorylation of the cytoplasmic tail of megalin, 

inducing its endocytosis (Buchäckert et al. 2012).  We hypothesized that IV would 

induce this kinase’s activation and that would lead to a decrease in cell surface 

megalin abundance. Contrary to our expectations, during our experimental time 

frame, we were not able to detect a decrease in GSK3β phosphorylation levels (fig. 

3.3 B, C). The Receptor-regulated Smads or R-Smads are intracellular mediators that 

directly transduce extracellular TGF-β1 signals into the nucleus acting as 

transcription factors. They associate with type I cell surface TGF-β receptor and are 

phosphorylated on two serine residues at the C-terminal end (Weiss and Attisano 

2013). Phosphorylation of SMAD2 and 3 can then be used as proof for the presence 

of active TGF-β on the cell surface.  Moreover, megalin promoter contains two 

SMAD-binding elements, and the interaction between these and SMAD2 and 3 leads 

to a reduction in megalin expression (Cabezas, Farfán, and Marzolo 2019).  Our 

results showed that the phosphorylation levels of SMAD2 were downregulated in the 

IV-treated samples during the first 3 hours post-infection and didn’t show a significant 

difference compared to the control from 6h to 24h (fig. 3.3 B, C).  Moreover, the 

downregulation in TGF-β1 mRNA levels (fig. 3.4 D) and the lack of an increase in 

active TGF-β1 presence in culture media (fig. 3.4 F), led us to infer that there is no 

increased TGF-β1 activity in the IV-treated MLE-12 cells at all the analyzed time 

points.  However, when we compared cell surface and total megalin levels in mock 

and IV treated cells, we found a strong downregulation as early as 12h post infection 

(fig. 3.4 A, B). This was seen not only at the translational but also at the 

transcriptional levels, suggesting that IV is inducing megalin downregulation at both 

levels (fig. 3.4 D) even when neither TGF-β1 nor GSK3β activities were increased.  

The binding and uptake assay (Yumoto et al. 2006; Buchäckert et al. 2012), showed 

a decreasing tendency in the FITC-albumin uptake levels of IV incubated cells over 

the experimental time frame, however, no statistically significant differences were 

found (fig. 3.3 A).  This was reverted when the albumin uptake was assessed by FC, 

where we could see a clear decrease in the fluorescence intensity and in the 

percentages of cells that took albumin up in the IV-treated samples (fig. 3.4 G). This 

apparent discrepancy can be explained by the fact that FC provides a higher 

resolution in fluorescence measurements and excludes dead cells. This method also 
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allowed us to quantify a marked decrease in the percentage of live cells that 

endocytosed AF488-albumin. Interestingly, this albumin uptake downregulation was 

correlated by a decrease in the expression of megalin but not by the activation of 

GSK3β in all the considered time points.  Put together, our results suggest that in IV 

inoculated MLE-12 cell cultures, downregulation of albumin uptake is independent of 

GSK3β activation. 

During a viral infection, an organized host immune response is triggered to achieve 

viral clearance and recovery from infection. This response can be divided into a fast 

initiation phase and a resolution phase. During the initiation phase, there is an 

activation of the antiviral innate immunity involving the recognition of viral pathogen-

associated molecular patterns, the recognition of damage-associated signals, and 

activation of the inflammasome and complement system.  The resolution phase 

involves cellular immunity response and the production of antibodies (Yoo et al. 

2013).  In order to orchestrate these responses, the interaction of different cell types 

that participate in the inflammation process is needed. Also, TGFβ, a known 

modulator of the immune response, is produced by immune cells (M. O. Li et al. 

2006; Worthington et al. 2012). On the other hand, culture of alveolar epithelial 

monolayers model only the AT2 cells, lacking components representing the 

endothelium and bronchial epithelium. Moreover, cell cultures are often transformed 

cells whose genome and metabolism have been altered (e.g. it has been proposed 

that cancer cells take albumin up at higher levels due to their metabolic rate (Merlot, 

Kalinowski, and Richardson 2014)). For these reasons, cell monocultures are a 

limited model for the study of the effects of IV infection in protein uptake of AEC. By 

utilizing a PCLS model we were able to study the AEC response in a more accurate 

lung environment where most lung cell types were represented including immune 

system lung-resident cells and lung parenchymal cells.   

We were able to characterize the albumin uptake process in cultured mice PCLS by 

using FC and confocal microscopy.  The time-course and albumin concentration 

curve experiments showed that protein uptake measures in AEC are reproducible 

and reliable (fig. 3.5).   Similarly to MLE-12 cells, after one hour of incubation AF488-

albumin was internalized by a higher percentage of cells than TR-dextran of the 

same molecular weight (fig. 3.6 B). In addition, the AF488-albumin uptake levels 

were strongly decreased at 4°C as well as in the presence of 1000-fold molar excess 
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of unlabeled albumin (fig. 3.6 C).  Taken as a whole, our results are consistent with 

previous reports showing that albumin uptake in cell culture and isolated lungs is 

temperature-dependent and can be inhibited by competition, which are both 

indicators of a receptor-mediated and active process (Rummel 2007; Yumoto et al. 

2012; Buchäckert et al. 2012; Takano et al. 2015).    

Endocytosis inhibition studies allow determining the key routes and components of 

the albumin uptake process. Chlorpromazine is a cationic amphipathic drug that 

causes the assembly of clathrin and adaptor proteins on endosomal membranes thus 

preventing their assembly on the plasma membrane and blocking clathrin-dependent 

endocytosis.  It was also shown to inhibit clathrin-independent endocytosis although 

it varies in specificity and efficacy depending on the cell type (Dutta and Donaldson 

2012; Vercauteren et al. 2010).  

Dynasore inhibits the GTPase activity of dynamin, which prevents the constriction 

and fission of endocytic vesicles from the membrane.  It has been typically used to 

inhibit caveolar and clathrin-mediated endocytosis, however, it has been shown that it 

also can inhibit fluid-phase endocytosis and peripheral membrane ruffling (Preta, 

Cronin, and Sheldon 2015; Oh et al. 2012; R. J. Park et al. 2013).  

Macropinocytosis is a process whereby a relatively large amount of the external fluid 

phase is engulfed by the cell, in respect to its volume. It has been shown to occur in 

AEC, where it can even internalize bigger particles like bacteria and viruses (García-

Pérez et al. 2008; Torriani et al. 2019). It is defined as a highly coordinated process, 

with the participation of specific membrane components, that is triggered with distinct 

molecular regulators (Kumari, Mg, and Mayor 2010). The mechanisms of 

macropinosome scission from the plasma membrane haven’t been fully described, 

however, there is evidence indicating that isoforms of dynamin are involved in this 

process in epithelial cells (Cao et al. 2007).  Amiloride, a Na+/H+ exchanger inhibitor, 

is widely used as a macropinocytosis specific inhibitor (Koivusalo et al. 2010; Kumari, 

Mg, and Mayor 2010) although it has been shown to have alternate inhibitory effects 

on clathrin-mediated endocytosis of albumin in kidney epithelial and human 

carcinoma cells (Gekle, Freudinger, and Mildenberger 2001; Ivanov, Nusrat, and 

Parkos 2004). 

In our results, incubation of PCLS with the inhibitors chlorpromazine, amiloride, and 

dynasore, showed a decrease in the percentage of total cells that assimilated 
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albumin, as well as the control at 4°C (fig. 3.6 D, left) suggesting that dynamin-

mediated processes and possibly macropinocytosis play an important role in albumin 

endocytosis of lung cells, which may highlight the implication of macrophages in the 

albumin uptake process in the lung.  However, when only AT2 cells were analyzed, 

the AF488 MFI decreased significantly with dynasore and chlorpromazine treatments, 

while the amiloride treatment did not affect the albumin uptake levels (fig. 3.6 E, 

right).  Taken as a whole, these results suggest that endocytosis of albumin in 

alveolar epithelial cells from PCLS is mainly mediated by clathrin-mediated 

endocytosis.  This lends support to previous findings in alveolar epithelial cell line 

models suggesting that the endocytosis of FITC-labeled albumin in cultured RLE-6TN 

cells, A549 cells, and in rat primary type II and type I-like cells is mainly clathrin-

dependent, while the involvement of caveolae-mediated endocytosis of albumin 

played only a minor role (Yumoto et al. 2006; Ikehata et al. 2008; Yumoto et al. 2012; 

Buchäckert et al. 2012).  One of the limitations of the use of fluorescently labeled 

albumin is that albumin movement across the alveolo-capillary barrier involves its 

degradation (Rummel 2007; Yumoto et al. 2006). FITC-labeled albumin degradation 

increases significantly the fluorescence intensity of the FITC molecules. If samples 

are not processed timely and kept at cold temperatures it may lead to inaccurate 

measurements of albumin uptake and hence special care should be taken to ensure 

accuracy and reproducibility.  Future studies could benefit from the use of genetically 

modified mice expressing fluorescent reporters and/or knocking out genes of key 

components in order to determine their individual contribution to the protein transport 

mechanism from the alveolar space. 

Despite intensive research, the precise mechanism by which proteins are cleared 

from the distal air spaces remains poorly understood. The pathophysiological 

relevance of active protein removal in the setting of acute lung injury is controversial 

and a topic of intense debate (Mazzocchi et al. 2017). In the review from Hastings et 

al. 2004, various reports referring to alveolar albumin transport were summarized.  It 

was highlighted that two mechanisms of albumin transport may take place in the 

alveolar epithelium, each one acting in different settings.  In albumin concentrations 

lower than 5 mg/mL, the transport of protein through the alveolar epithelium in whole 

lung models shows saturation kinetics, is dependent on the temperature and is 

sensitive to pharmacological agents which either stimulate or inhibit endocytosis.  

However, in concentrations of protein higher than 5 mg/mL, the rate of clearance is 
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not affected by pharmacological agents, doesn’t show saturation kinetics, and is 

proportional to the concentration. Previous works from our group (Rummel 2007 and 

Buchäckert et al. 2012) where albumin concentrations lower than 1 mg/mL were used 

for most protein uptake experiments, suggested that the albumin transport occurring 

across the alveolar-capillary barrier is due to transcytosis, and is energy-dependent, 

which is in line with previous observations. During ARDS the protein concentrations 

in the alveolar edema can reach up to 95% of the plasma levels. In a recent medical 

study involving samples from 79 patients that received low tidal volume (lung-

protective) ventilation at day 0 of ARDS, the interquartile range of the total protein 

concentration in BAL was 0.890–3.170 mg/mL with a median of 1.793 mg/mL 

(Hendrickson et al. 2017).  These values further confirm that the process of 

transcytosis plays a relevant role in regulating the amount of protein in the alveolar 

environment in ARDS until edema resolution.  Nevertheless, assessing the exact 

contribution of these active transport processes to the overall protein clearance in 

vivo in uninjured and injured lungs as well as in the setting of ARDS will require 

further research. 

Infected AEC from PCLS showed an important decrease in albumin uptake levels.  In 

contrast to what was observed in the inhibition studies where the endocytic 

processes were halted with chemical inhibitors of endocytosis, the frequency of the 

cells that internalized labeled albumin did not change significantly, however, the MFI 

was significantly reduced.  This is consistent with the idea of a downregulation of the 

amounts of albumin receptor on the cell surface, which would not affect the 

percentage of cells that take up albumin but instead, reduces the amount of albumin 

being internalized (fig. 3.8) confirming a connection between protein uptake and the 

abundance of the receptor.  Interestingly, in the cells from IV inoculated PCLS, 

albumin uptake levels were downregulated in both infected (HA+) and non-infected 

(HA-) cells as also was the cell surface expression of megalin (fig. 3.9).  This 

suggests that the downregulation of the protein uptake and megalin abundance is 

independent of the infection status of the cells and that the presence of the virus in 

the medium is enough to induce the megalin negative regulation, either through a 

direct effect or through paracrine cell communication.  

In the work of Vohwinkel et al. 2017, it was described that megalin expression on the 

cell surface can be downregulated by the phosphorylation of the PPPSP motif in 



74 
 

megalin’s cytoplasmic domain by active GSK3β.  We hypothesized that megalin 

downregulation under IV infection conditions is mediated by its phosphorylation 

through this kinase.  However, similarly to what we saw in MLE-12 cells, we found no 

activation of GSK3β in PCLS at all the studied time points.  In fact, when we used the 

specific GSK3β inhibitor Tideglusib, we found no recovery in megalin’s expression 

under IV infection conditions (fig. 3.10).  These data suggest that the activity of 

GSK3β is not needed to drive megalin’s downregulation in our experimental setting.  

Interestingly, tideglusib treatment recovered partially the albumin uptake levels of 

infected samples, which implies that a secondary mechanism of albumin uptake that 

does not involve megalin can also be restored by GSK3β inhibition. 

To further confirm our results, we performed an in vivo study, where we analyzed the 

effects of IV infection on the TGF-β1/GSK3β/megalin axis in mice lungs.  We could 

document the morphometric and pathophysiological effects of a 5 days IV infection in 

mice lungs, like increased alveolar damage, evidence of protein leakage, and 

extravasation of leukocytes.  Similarly to MLE-12 and PCLS models, we also found in 

the infected lungs decreased expression levels of megalin protein and RNA, as well 

as no signs of GSK3β activation (fig. 3.11 and fig. 3.12 B).  Analysis of BALs from IV 

infected mice showed no significant increment in active TGF-β1 levels, however, an 

increasing tendency could be found from day 8 on. Since TGF-β1 has 

immunomodulatory and anti-inflammatory effects (Worthington et al. 2012) a raise in 

its levels is consistent with the start of the resolution phase, which in this mouse 

model occurs one week after infection. In our differential gene expression analysis 

we found no significant differences in TGF-β1 mRNA between mock and infected 

samples, however, the expressions of Tgfbi and Itgb6, two proteins that are induced 

by TGF-β1, were upregulated in AEC which suggests this cytokine is active under 

our IV experimental conditions. 

The mRNA expression of membrane-related proteins that have been pointed out as 

potential albumin receptors showed that megalin (lrp2) is the receptor gene that 

undergoes the strongest downregulation in IV conditions.  This is consistent with the 

results observed also in IV-inoculated MLE-12 cells.   

CD36 is a membrane glycoprotein that acts as a scavenger receptor and is involved 

in transcytosis by its direct interaction with caveolin-1 and was singled out to be 

responsible for albumin transcytosis across dermal microvascular endothelium 



75 
 

(Raheel et al. 2019). It has also been implied in viral uptake in hepatic cells (Cheng et 

al. 2016). CD36 mRNA was highly expressed in control samples and significantly 

downregulated in infected samples. However, its contribution to albumin uptake 

processes in AEC has not been described so far and should be further investigated.  

The SPARC protein is a secreted matricellular glycoprotein acting in the extracellular 

matrix environment that is expressed in many different cell types and is 

overexpressed in cancer cells.  It is a protein that binds to albumin in the interstitium 

leading to the accumulation of albumin in the tumor periphery where it contributes to 

the enhanced permeation and retention effect observed in tumors (Merlot, 

Kalinowski, and Richardson 2014; C. R. Park et al. 2019). In our results, Sparc did 

not show differential expression between control and IV conditions which shows that 

a potential implication in albumin uptake in AEC is at least not regulated at a 

transcriptional level.  

The human neonatal Fc receptor is expressed by the Fcgrt gene and mediates 

recycling and transcytosis of IgG and albumin in various cell types, with a role central 

to homeostatic regulation and conservation of albumin from intracellular catabolic 

degradation (Anderson et al. 2006).  Similarly to Sparc, Fcgrt was not significantly 

downregulated in IV conditions and its mRNA expression levels were comparatively 

low.  Nevertheless, SPARC and FCGRT proteins contribution to albumin uptake in 

the alveolar epithelium should be further investigated. 

Other potential albumin receptors like the scavenger receptors gp60 (albondin), 

gp18, and gp30 could not be identified in our RNAseq analysis.  Even when gp60 

was one of the first specific albumin receptors described, the gene encoding albondin 

protein has to our knowledge not yet been mapped in animal or human genomes 

(Bern et al. 2015). Their contribution to albumin transport remains then to be further 

studied.   

From the most expressed LRP gene family members, megalin (LRP2) has the 

highest expression levels in AEC.  LRP1 is a multi-ligand receptor that binds and 

endocytoses a broad spectrum of over 40 ligands, including lipoproteins, extracellular 

matrix proteins, proteases, and protease/ inhibitor complexes and growth factors (L. 

Wujak, Markart, and Wygrecka 2016).  It has also been reported to function as a 

receptor for TGFβ-1, mediating CHO cell growth inhibition upon its binding (Tseng, 

Huang, and Huang 2004).  In ARDS conditions TNFα induces LRP1 MMP-14-
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mediated shedding at the fibroblast surface which prevents the endocytosis and 

regulation of the activities of proteases like MMP-2 and MMP-9.  MMPs exert both 

detrimental and beneficial effects during the repair of injured alveoli by further 

damaging the basement membrane and stimulating AT2 cells migration.  Transient 

LRP1 inactivation promotes re-epithelialization and limits damage to the basement 

membrane. Conversely, prolonged LRP1 absence leads to imbalanced ECM 

deposition, excessive proteolysis, and pathological tissue remodeling, which may 

lead to pulmonary fibrosis (Wygrecka et al. 2011; L. Wujak, Markart, and Wygrecka 

2016; Lukasz Wujak et al. 2018).   In our study, the gene coding for lrp1 was also 

highly expressed in AECs although it did not show differential expression in IV 

conditions when compared to control. Most LRP1 function studies have focused on 

its capacity to internalize and regulate the activity of MMPs, however, due to its role 

as a multi-ligand receptor and its structural similarity to megalin, its contribution to 

alveolar protein clearance should be further studied.   

LRP6 showed a significant downregulation as well in IV conditions.  Although LRP6 

belongs to the LDLR family, it has unique characteristics; for example, the 

cytoplasmic C-terminal domain of LRP6 contains at least one copy of a PPPSP motif 

instead of the NPxY common to all other LDLR family members.  It is a Wnt co-

receptor with essential functions in the Wnt/β-catenin pathway that controls 

embryonic development and adult homeostasis.  Disruptions in Lrp6 function have 

been linked to many complex human diseases, including metabolic syndrome, 

cancer, Alzheimer’s disease, and osteoporosis (MacDonald, Tamai, and He 2009; Z. 

M. Wang et al. 2018).  Some studies have shown that Wnt and its downstream 

typical signal transduction pathway have an important impact on ARDS resolution by 

regulating inflammatory responses and AT2 cell proliferation (Cai et al. 2015; H. F. Li 

and Liu 2019). Additional research is needed in order to further study if LRP6 also 

plays a role in the protein clearance process in the alveolar epithelium and to fully 

understand its contribution to ALI/ARDS resolution. 

Furthermore, clathrin and caveolin-1 mRNA expression in AEC did not show 

differential expression in IV conditions, implying that their potential participation in 

albumin uptake downregulation in IV infection is at least, not regulated at a 

transcriptional level.   
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MMPs are a family of zinc-dependent endopeptidases that are involved in the 

degradation of various proteins in the ECM (Cui, Hu, and Khalil 2017). The 

contribution of MMPs to the pathology of ALI and ARDS has been studied for 

decades.   Pro-inflammatory cytokines induce MMP over-expression and increase 

their activity thereby participating in airway and alveolar remodeling where MMPs 

play a role in both the destructive pathology and in the process of tissue repair.  

Chemical inhibition of MMPs in ALI has been shown to limit lung damage, presenting 

a potential therapeutic strategy for the treatment of this pathology (Davey, McAuley, 

and O’Kane 2011; Solun and Shoenfeld 2020). 

Our data show that several MMPs mRNA were expressed in AEC and BAL cells of 

control and infected mice.  Mmp19 expression was significantly upregulated in 

infected AEC samples.  Also known as RASI-1, MMP-19 has been described to use 

components of the ECM as substrates, which implies a role in tissue remodeling 

(Davey, McAuley, and O’Kane 2011) and protection against the development of 

fibrosis after lung injury (Yu et al. 2012).   

One striking observation was the 56-fold-change upregulation of MMP14 (also known 

as MT1-MMP) in BAL cells from infected mice.  Known MMP-14 substrates in the 

ECM are collagen, gelatin, fibronectin, and laminin, but also non-ECM proteins like 

Pro-MMP-2 and -13, LRP1, and CD44 (Davey, McAuley, and O’Kane 2011; Rozanov 

et al. 2004; Wygrecka et al. 2011). MMP-14 is a membrane-tethered protease that 

has a mechanism of regulation in which the active enzyme undergoes a series of 

processing events, either autocatalytic or mediated by other proteases that result in 

the shedding of the catalytic domain.  This shedding would shift the proteolytic 

activity from the plasma membrane to the pericellular environment (reviewed by 

Hernandez-Barrantes et al. 2002).  

Upregulation of MMP-14 has previously been reported in ARDS (Wygrecka et al. 

2011). These extremely elevated levels of MMP-14 mRNA expression were also 

found in the work of Talmi-Frank et al. 2016 with IV H1N1 infected mice, where most 

of the MMP-14-overexpressing cells after 5 days of infection were immune cells of 

myeloid origin. This report revealed important morphologic and compositional 

changes of the ECM in IV-infected lungs, which included the depletion of fibrillar 

collagens. These deleterious effects on the ECM were abolished when the mice were 

treated with an MMP-14 specific inhibitor antibody but not with the IV inhibitor 
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Oseltamivir, which indicates that the effect was due to the protease’s activity.  

Additionally, in the same study, they also used a second mouse model of co-infection 

of IV with Streptococcus pneumoniae (Talmi-Frank et al. 2016) and showed that 

treatment with the specific MMP-14 inhibitor antibody significantly increased the 

survival of IV + bacteria-infected mice over the bacteria-only infected control. Mice 

that did not receive the inhibitor had bacteremia and dissemination of S. pneumoniae 

into the spleen and liver, while the infection of treated mice remained confined within 

the lungs. The results suggested that the ECM damage contribution to the lethal 

influenza infection is caused by infiltrating immune cells and their overexpression of 

MMP-14. This highlights the potential therapeutic strategy of a timely MMP-14 

inhibition during IV infection. 

Since we observed megalin protein downregulation in MLE-12 and PCLS IV infection 

models, we analyzed the protein levels of some MMPs by WB to see if they were 

upregulated in these models. The protein expression of MMP-14 in IV-treated MLE-

12 and PCLS, however, was not significantly increased supporting that infiltrating 

monocytes and/or polymorphonuclear cells are the main source of this MMP during 

IV infection.   

In MLE-12 cells, MMP-12 protein was significantly upregulated.  Reports have shown 

strong overexpression of Mmp-12 gene in AT2 cells during pulmonary inflammation 

triggered lung remodeling, linking it to tumorigenesis and chronic obstructive 

pulmonary disease (Lian et al. 2005; Qu et al. 2009).  We were not able to test MMP-

12 protein presence in lung samples, however, since many MMPs have overlapping 

roles it would be of interest to analyze the expression of this protein in vivo during IV 

and its potential role in megalin downregulation.   

Lung stromal cells are also an important source of MMPs (Craig et al. 2015; L. 

Wujak, Markart, and Wygrecka 2016).  In PCLS however, we did not observe an 

increase in the protein levels of the active forms of MMP-2, -9 or -14, three MMPs 

that have been shown to participate in megalin shedding from the cell surface 

(Mazzocchi et al. 2017).  Nevertheless, in all experiments with IV-inoculated MLE-12 

cells or PCLS, we detected a downregulation of megalin protein expression (cell 

surface and total).  WB is a useful technique for the relative quantification of proteins.  

However, it is relevant to mention that MMPs can form inhibition complexes with 

TIMPs that will be dissociated during electrophoresis. Therefore, one limitation of this 
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technique is that even when changes in intensities of protein bands of MMPs active 

forms reflect changes in the protein synthesis by the cells, this may not represent 

accurately variations in their endogenous activities.   

MMP-14 has been described to activate MMP-2 in response to bleomycin in AEC 

(Kunugi et al. 2001) and to mediate the proteolysis of the extracellular domain of 

LRP1 (Wygrecka et al. 2011).  Previous work from our group showed that MMP-2 

and MMP-14 can have direct physical interaction with megalin on the plasma 

membrane of AEC, which suggests that megalin could serve as a scaffold allowing 

the interaction of these metalloproteases and activation of the enzyme that later 

mediates the shedding of its own ectodomain (Mazzocchi et al. 2017).  The small 

molecule NSC405020 specifically inhibits MMP-14 homodimerization via the MMP-14 

PEX domain, a process that is required for proMMP-2 activation (Itoh et al. 2001; 

Zarrabi et al. 2011; Remacle et al. 2012).  When we added this inhibitor in the culture 

medium of MLE-12 cells and PCLS the levels of expression of megalin and albumin 

uptake (MFI) in IV inoculated samples recovered partially, suggesting that MMP-14 

may play a role in megalin shedding.  Our data are in agreement with the published 

report of Mazzocchi et al. 2017, where it was shown that in TGF-β1 treated RLE-6tn 

cells, megalin’s shedding was increased as well as MMP-14 expression and its 

distribution on the plasma membrane, while treatment with MMP-14 siRNA recovered 

the amounts of megalin protein expression as well as albumin binding and uptake 

levels.  In our data, nevertheless, the percentage of cells that internalized albumin 

remained lower than for the mock condition, which suggests that MMP-14 is only 

partly responsible for albumin uptake downregulation in IV exposed AEC, and other 

players are participating in this process.  Several nonspecific inhibitors of MMPs like 

tetracyclines and hydroxamates have been shown to limit lung damage, suggesting 

that these compounds could be used as a potential pharmacotherapeutic strategy for 

treating ALI/ARDS (Davey, McAuley, and O’Kane 2011).   

In the work of Mazzocchi et al., it was suggested that TGF-β1 has a regulatory role in 

megalin shedding through the modulation of MMPs activities.  The concentration of 

TGF-β1 used as a stimulus was at least two orders of magnitude higher than the 

ones we measured in our in vivo experiment.  We did not find such an increase of 

active TGF-β1, nor increased SMAD2/3 phosphorylation, in our IV-infected samples.    
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The question of what is the stimulus that triggers megalin downregulation in AEC 

during IV infection remains open.  Notably, it has been shown that several of the 

molecules that affect the expression of megalin at mRNA and protein levels are also 

its ligands (reviewed by Marzolo and Farfán 2011). For instance, vitamins A and D, 

which are endocytosed by megalin, increase megalin mRNA in different cell types 

(Liu et al. 1998). Another example is clusterin, a glycoprotein that binds to megalin 

and can act as an antiapoptotic agent in prostatic cells increases megalin mRNA and 

protein expression (Ammar and Closset 2008).  The hormone angiotensin 2 exerts its 

signaling through binding the ATR1 receptor, but it can also be endocytosed by 

megalin and downregulate its expression (Hosojima et al. 2009) being an example of 

negative megalin regulation.  It has also been shown that albumin concentrations 

higher than 10 mg/mL promote downregulation of megalin at both mRNA and protein 

levels and apoptosis after 24h of treatment in renal proximal tubule cells, an effect 

that seemed to be independent of TGF-β1 activity (Caruso-Neves et al. 2006).   

The group of Biemesderfer et al. has shown that megalin undergoes Notch-like 

processing, where a signaling pathway is activated by ligand and the downstream 

effects of ligand binding may imply gene regulation (fig. 1.6). They showed that RIP 

of megalin in the kidneys can be activated by vitamin D-binding protein and may 

regulate vitamin D metabolism-related genes. However, they highlighted the need to 

address the question of whether all megalin ligands activate processing equally, and 

as a result, activate or repress the same genes (Biemesderfer 2006).  In our study, 

we show a clear downregulation of megalin at a transcriptional and translational level 

upon IV infection. After post-translational modifications, megalin glycoprotein is 

heterogeneously glycosylated, where the most abundant glycans are SAα2,6Gal and 

SAα2,3Gal (Morelle et al. 2000). Since IV internalization depends on the interaction 

with its HA protein and cell surface receptors containing SA residues bound to 

galactose, megalin-mediated endocytosis is probably one of the viral entry 

mechanisms.  It is tempting to speculate that the interaction between the virus itself 

and megalin could be triggering the receptor’s downregulation.   

To our knowledge, our study is the first that reports a strong downregulation of 

megalin expression in IV-inoculated MLE-12 cells, PCLS, and AEC from IV-infected 

C57BL/6 mice.  We also show the effects of MMPs inhibition and discussed how a 

timely use of MMPs inhibitors could be a potential therapeutic target to increase 
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protein clearance during ALI/ARDS. However, the specific mechanisms that trigger 

megalin downregulation under IV infection and to which extent the implications of this 

event affect protein clearance in the lung under ALI/ARDS are not yet completely 

understood and would require further research.   
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Summary 

Acute respiratory distress syndrome (ARDS) is a common complication of influenza 

virus (IV) infection. During ARDS, alveolar protein concentrations often reach 40-90% 

of plasma levels, causing severe impairment of gas exchange and promoting 

deleterious alveolar remodeling.  

Protein clearance from the alveolar space is initiated by clathrin-mediated 

endocytosis, in part by the multi-ligand receptor megalin. Here, we aimed to 

investigate whether IV infection impairs alveolar protein clearance.  

Infection with IV A/Puerto Rico/8/1934 H1N1 seasonal, mouse-adapted strain caused 

a marked downregulation of albumin uptake in MLE-12 cells and in alveolar epithelial 

cells (AEC) from PCLS, as assessed by flow cytometry and confocal microscopy, 

which was associated with decreased plasma membrane abundance, total protein 

levels and mRNA expression of megalin. Previous work from our group showed that 

megalin downregulation can be triggered by the binding of TGF-β1 to its receptor, 

which leads to the dephosphorylation and activation of glycogen synthase kinase -

3β(GSK3β). The activity of this kinase phosphorylates the cytoplasmic domain of 

megalin, signal that internalizes the receptor and impairs protein uptake.  Contrary to 

our expectations, we found no signs of activation of the TGF-β1/GSK3β/megalin axis 

in our in vitro models. 

To further dissect the effects of IV infection on endocytic pathways, we infected mice 

with IV in vivo and subjected isolated AEC and cells obtained from bronchoalveolar 

lavage (BAL) to bulk RNA sequencing. Of note, downregulation of megalin and other 

endocytosis related receptors like the scavenger receptor CD36 and Lrp6 was 

evident in AEC.  Moreover, we observed that downstream targets of TGF-β1, such as 

Itgb6 and Tgfbi were markedly upregulated in AEC upon IV infection, suggesting the 

presence of the active form of the cytokine which is of relevance as our group had 

previously shown that activation of TGF-β1 is sufficient to reduce cell-surface 

abundance of megalin.  We also identified a significant upregulation of MMP-14 in 

BAL cells. Moreover, the specific inhibition of this protease partially recovered the 

levels of total megalin and albumin uptake.  This suggests that the previously 

described MMP-driven shedding mechanisms are potentially involved in 

downregulation of megalin and thus clearance of excess alveolar protein.  
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Importantly, it highlights the therapeutic potential of timely MMPs inhibition in the 

treatment of IV-induced ARDS. 

As lower alveolar edema protein concentrations are associated with better outcomes 

in ARDS, identifying targetable mechanisms of impaired alveolar protein clearance 

after IV infection may hold a therapeutic promise.  
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Zusammenfassung 

Das akute Atemnotsyndrom (ARDS) ist eine häufig vorkommende Komplikation einer 

Infektion mit einem Influenzavirus. Während des ARDS erreichen die alveolären 

Proteinkonzentrationen oft 40-90% der Plasmakonzentration, was zu einer schweren 

Beeinträchtigung des Gasaustauschs führt und einen schädlichen alveolären Umbau 

fördert.  

Die Protein-Clearance aus dem Alveolarraum wird durch eine Clathrin-vermittelte 

Endozytose initiiert, zum Teil durch den Multiligandenrezeptor Megalin. Ziel der 

Untersuchung war, ob eine IV-Infektion die alveoläre Protein-Clearance 

beeinträchtigt.  

Die Infektion mit dem saisonalen, mausadaptierten IV A/Puerto Rico/8/1934 H1N1-

Stamm verursachte ein deutliches Herunterregulieren der Albuminaufnahme in MLE-

12-Zellen und in alveolären Epithelzellen (AEC) aus PCLS, wie mittels 

Durchflusszytometrie und konfokaler Mikroskopie festgestellt wurde.  Dies ging mit 

einer verringerten Plasmamembranabundanz, Gesamtproteinspiegeln und mRNA-

Expression von Megalin einher. Frühere Arbeiten unserer Gruppe zeigten, dass das 

Herunterregulieren von Megalin durch die Bindung von TGF-β1 an seinen Rezeptor 

ausgelöst werden kann, was zur Dephosphorylierung und Aktivierung der 

Glykogensynthase-Kinase 3β (GSK3β) führt. Die Aktivität dieser Kinase 

phosphoryliert die zytoplasmatische Domäne von Megalin, ein Signal, das den 

Rezeptor internalisiert und die Proteinaufnahme beeinträchtigt. Entgegen unseren 

Erwartungen fanden wir in unseren in vitro-Modellen keine Anzeichen für eine 

Aktivierung der TGF-β1/GSK3β/Megalin-Achse. 

Um die Auswirkungen der IV-Infektion auf endozytische Signalwege weiter zu 

untersuchen, infizierten wir Mäuse mit IV in vivo und unterzogen isolierte AEC und 

Zellen aus bronchoalveolärer Lavage (BAL) einer Massen-RNA-Sequenzierung. 

Auffällig war das Herrunterregulieren von Megalin und anderen mit der Endozytose 

verbundenen Rezeptoren wie dem Scavenger-Rezeptor CD36 und Lrp6 in AEC. 

Darüber hinaus beobachteten wir, dass Downstream-Targets von TGF-β1, wie Itgb6 

und Tgfbi, in AEC nach IV-Infektion deutlich hochreguliert wurden, was auf das 

Vorhandensein der aktiven Form des Zytokins hindeutet. Dies ist für uns von 
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Bedeutung, da unsere Gruppe zuvor gezeigt hatte, dass die Aktivierung von TGF-β1 

ausreicht, um die Zelloberflächenhäufigkeit von Megalin zu reduzieren. Wir 

identifizierten auch ein signifikantes Hochregulieren von MMP-14 in BAL-Zellen. 

Darüber hinaus erreichte die spezifische Hemmung dieser Protease teilweise die 

Werte des gesamten Megalins und der Albuminaufnahme, was darauf hindeutet, 

dass die zuvor beschriebenen MMP-getriebenen Shedding-Mechanismen 

möglicherweise am Herunterregulieren von Megalin und damit an der Clearance von 

überschüssigem Alveolarprotein beteiligt sind. Maßgeblich ist, dass es das 

therapeutische Potenzial einer rechtzeitigen MMP-Inhibition bei der Behandlung des 

IV-induzierten ARDS hervorhebt. 

Da niedrigere alveoläre Ödemproteinkonzentrationen mit besseren Ergebnissen bei 

ARDS verknüpft sind, stellt die Identifizierung von zielgerichteten Mechanismen der 

beeinträchtigten alveolären Protein-Clearance nach IV-Infektion Hoffnung auf 

Therapiemöglichkeiten dar.   
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