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1. Introduction 

1.1 Autophagy 

Autophagy is a lysosome dependent quality control mechanism that rejuvenates a cell by 

degrading long-lived proteins and non-functional organelles to maintain cellular homeostasis 

(1, 2). The term ‘autophagy’ literally means self-eating and it has been known for several 

decades as an adaptation to starvation and as a major pathway responsible for the turnover 

of long-lived proteins (3-5). Discovery of many autophagy related genes (ATG) in the yeast 

Sacharomyces cerevesiae, whose gene products are specifically involved in this catabolic 

pathway, led to a better understanding of the process (6). The discovery of homologues of 

these autophagy-related genes in eukaryotic organisms unveiled the relevance of autophagy 

in many physiological processes (7, 8). It is now known that autophagy plays an effective role 

in development and differentiation, type II programmed cell death, elimination of protein 

aggregates and protection against tumors and pathogen invasion (1, 9-12).   

In the current literature, autophagy is classified into three types: 1. Microautophagy, 2. 

Macroautophagy and 3. Chaperone mediated autophagy (Figure 1). 

Microautophagy involves pinching of cytoplasmic components for degradation directly by 

the lysosomal membrane (13). It has been described very well in yeast, but it is yet not well 

characterized in eukaryotic organisms with the exception of one study which reported that 

microautophagy may be involved in cellular mechanisms like the biogenesis of multivesicular 

bodies (14).  Macroautophagy involves sequestration of cargo into a double membranous 

structure called autophagosome that ultimately fuses with the lysosome for degradation of its 

contents. This process is divided into four morphological steps: 1. induction, when the 

formation of autophagosome formation is initiated, 2. formation and completion of the 

autophagosome, during which the cargo gets enclosed into the vesicle, 3. docking & fusion, 

during which the outer membrane of an autophagosome tethers and fuses to a lysosome, 

and 4. degradation, involving lysis of the inner vesicle and breakdown of the cargo (15). Of 
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late, transcription factor EB (TFEB) has been associated to lysosomal biogenesis and was 

shown to play the role of a ‘master chef’ of macroautophagy under starvation conditions (16, 

17). Chaperone mediated autophagy (CMA), unlike micro- and macroautophagy, is a 

selective form of autophagy and is mainly induced during stress conditions (18, 19). It 

involves recognition of a pentapeptide motif (KFERQ) on the amino terminus of the 

substrates by chaperones such as cytosolic and luminal heat shock cognate protein (hsc) 70 

and hsc90. In addition, the CMA substrate proteins bind to monomers of the lysosome 

associated membrane protein (LAMP)-2A splice variant of the LAMP2 gene. This binding 

drives the LAMP-2A organization into multimeric complexes, which is essential for substrate 

translocation into lysosomes finally leading to their degradation (19).  

 

 

Apart from the classification mentioned above, another category of autophagy entitled 

‘selective autophagy’ has been described, that represents the selective elimination of 

unwanted components, protein aggregates, damaged/ dysfunctional organelles and invading 

pathogens (20). The selectivity of this pathway is achieved either via ubiquitin binding 

proteins or via specific autophagy adaptors/ autophagy receptors. Under certain settings, 

Figure 1. Cartoon depicting classical forms of autophagy with main steps in each type and characteristic 

features are presented (1). 
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when the ubiquitin-proteosomal system (UPS) is overloaded, protein aggregates are targeted 

to autophagic clearance through K-63 linkages, which are recognized by the ubiquitin binding 

domains (UBD) of p62 and neighbor of breast cancer 1 (NBR1) forming inclusion bodies. 

These are then directed to the autophagosome by binding to LC3B through the LC3 

interacting region (LIR motif) of p62 and NBR1. Alternatively, K-63 linked protein aggregates 

are recognized by the UBD domain of HDAC6 (and p62 & NBR1), which form aggresomes 

that are directed to proteasomal or autophagic degradation. Binding of p62 & NBR1 to LC3B 

through their LIR motif targets the protein aggregates to autophagosome and subsequent 

degradation (20, 21). 

In mammalian cells, a certain form of autophagy, aiming at selective removal of mitochondria 

has been identified and termed as ‘mitophagy’. Here, the ubiquitin-binding protein p62 

accumulates on damaged mitochondria and interacts with LC3B to target the damaged 

organelles to autophagic degradation (22). But other pathways of mitophagy exist too. The 

PTEN induced putative kinase 1 / parkinson protein 2, E3 ubiquitin protein ligase (PINK1/ 

Parkin) pathway of mitophagy has emerged as an important pathway that regulates 

mitophagy in mammalian cells. PINK1 is imported constitutively into the mitochondrial inner 

membrane where it is proteolytically cleaved. Upon loss of mitochondrial membrane potential 

(Δψm), PINK1 is stabilized on the outer mitochondrial membrane, thereby serving as a 

sensor for mitochondrial damage (23, 24). Parkin is a cytosolic protein under basal 

conditions. Upon loss of Δψm and/ or upon accumulation of PINK1 on the mitochondrial 

membrane, it translocates rapidly to the mitochondrial membrane, where it ubiquitinates 

several mitochondrial proteins and serves as a signal for mitophagy. Although PINK1 has 

been shown to promote Parkin mediated mitophagy, some reports reveal that it is not 

required for the function of Parkin (25), indicating that the relationship between PINK1 and 

Parkin in mitophagy is still not very clear. 

Mitochondrial Nix/BNIP3L and BCL2/adenovirus E1B 19 kd-interacting protein-3 (BNIP3) are 

autophagy receptors that have been shown to promote mitophagy in mammalian cells by 

directly binding to the LC3B via their LIR motifs (26). Nix is a Bcl2-related mitochondrial outer 



Defective autophagy & lysosomal stress in lung fibrosis_Mahavadi 

 

4 
 

membrane protein, that has been shown to selectively eliminate mitochondria, but not other 

organelles in reticulocytes (27). Because of its LIR motif, it is speculated to act as a receptor 

for targeting mitochondria to autophagosomes.  Both Nix and BNIP3 have been shown to be 

involved in hypoxia-induced mitophagy in mammalian fibroblasts via the activation of 

hypoxia-inducible factor (28). Active mitophagy occurs under steady-state conditions in cells. 

It is further stimulated on exposure to oxidative stress (and subsequent ROS production) or 

due to altered mitochondrial dynamics or both. The precise regulation of autophagy and / or 

mitophagy by ROS is yet unclear. Because of its ability to facilitate the turnover of bulk 

amount of proteins/ organelles, autophagy is generally accepted to represent a cellular 

response to oxidative stress, either as a mechanism for sensitization or as a mechanism for 

resistance to oxidative stress. For example, it has been shown that the autophagy protein 

Atg4B is subjected to redox regulation (29) and the ubiquitin binding protein p62 is 

transcriptionally regulated by oxidative stress response proteins (30). In addition, it is 

reported that increased oxidative stress prevents mitophagy by inactivating Parkin (26).  

1.2 Autophagy and the lysosome 

Independent of the type, the last leg of autophagy requires the efficient fusion of 

autophagosomes with lysosomes to enable the degradation of autophagic cargo. Generally, 

during macroautophagy, autophagosomes fuse with lysosomes by a two-step process. The 

first step is the migration of autophagsomes towards lysosomes and this is enabled by 

microtubules. The second step is the fusion event resulting in the formation of 

autolysosomes that is dependent on SNARE proteins. Proteins of the Rab family which are 

small GTPases actively participate in these membrane trafficking events. The pH of these 

acidic compartments may also bear a pivotal role in the fusion event.  Both autophagosomal 

as well as lysosomal pathways have complex functions in classical secretory cells that 

contain specialized secretory organelles which are either secretory lysosomes or lysosome 

related organelles (LROs). These organelles share their features with conventional 

lysosomes as well as secretory granules but use unique components of the secretory 
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machinery to perform their secretory functions. Classical examples of such organelles 

include melanosomes of melanocytes, lytic granules of activated cytotoxic T lymphocytes 

(CTL) and natural killer (NK) cells, azurophil granules of neurophilic leukocytes, Drosophila 

pigment granules, MHC class II compartments, platelet-dense granules of platelets and 

lamellar bodies of alveolar epithelial cells. Defects in such LROs give rise to a varied number 

of lysosome storage diseases which are discussed in the upcoming chapters.  

1.3 The complex role of autophagy in cell survival and cell death 

Basal autophagy is extremely important to breakdown unnecessary cargo and non-functional 

cellular organelles, thereby generating nutrients for the cell to sustain. This pathway was thus 

implied in cell survival (3, 31, 32). However, recent discoveries provide evidence that this 

pathway may also be involved in cell death mechanisms, especially in apoptosis (3, 33, 34). 

Some studies reveal that several common cellular stressors regulate both autophagy and 

apoptosis. Reactive oxygen species (ROS) for example trigger both apoptosis and 

autophagy (35, 36). The autophagy related protein 5 (Atg5), apart from regulating autophagy, 

has also been shown to regulate apoptosis. Atg5 is cleaved by the calcium-dependent 

protease calpain upon apoptotic stimulus and the cleavage product translocates onto the 

mitochondria, triggers cytochrome c release and caspase activation (37, 38). In addition, 

members of Bcl2-family and Beclin-1 serve as a point of crosstalk between autophagy and 

apoptosis pathways. It has been demonstrated that under normal conditions, Beclin1 

complexes with Bcl2 and Bcl-xL to maintain autophagy at basal levels. Dissociation of 

Beclin1 from this complex activates the autophagy pathway (35). Proteins like high mobility 

group box 1 (HMGB1) and BNIP3 compete with Bcl2 and direct Beclin1 towards 

autophagosome formation and activation of apoptosis (35, 38). 

Altered autophagic flux is mainly implicated in cancer, several neurodegenerative diseases 

and in lysosome related disorders. Many anti-cancer drugs are known to both stimulate and 

inhibit this pathway. Deregulation of both macroautophagy and chaperone mediated 

autophagy in the brain of Parkinson’s disease patients (39) and insufficient autophagy due to 
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prolonged unfolded protein response (UPR) in Alzheimer’s disease patients have been 

implicated (40). In addition, mouse models of lysosome storage diseases (LSDs), with 

severe neurodegenerative outcome like multiple sulfatase deficiency (MSD) and 

mucopolysaccharidosis type IIIA (MPS-IIIA), were shown to exhibit impaired autophagy (41, 

42). A mouse model of Gaucher’s disease, another LSD and neurodegenerative disease, 

displays abnormal autophagosomes and lysosomes implicating impaired autophagy (43). 

Altered autophagy was also reported in Niemann-Pick C (NPC) -/- mice as well as in 

fibroblasts from patients with NPC disease, a lipid storage disorder with disruption of 

cholesterol trafficking (44, 45). Researchers thus speculate on the role of autophagy in the 

pathogenesis especially of lysosome related disorders. Hence, targeting the autophagic 

pathway is one of the important issues being currently considered, albeit on a preclinical 

level. In spite of the wealth of information about autophagy and appreciable studies from 

many researchers in the field, the precise role of autophagy still remains to be elucidated in 

many other diseases and tissues of the body.  

1.4 Diffuse parenchymal lung diseases (DPLDs) 

DPLDs or interstitial lung diseases (ILDs) are a group of more than 300 heterogenous lung 

disorders that mainly affect the pulmonary interstitium, the alveolar epithelium and the 

capillary endothelium. Impaired gas exchange, reduced lung compliance and increase in the 

connective tissue are key characteristic features of DPLDs (46). The etiology of some DPLDs 

may be associated with a well-defined cause for example, silicosis, or drug-induced forms 

like amiodarone or bleomycin. Some DPLDs lack an obvious origin, for example, idiopathic 

interstitial pneumonia (IIP). IIPs are majorly grouped into chronic fibrosing and non-fibrosing 

interstitial pneumonia. Idiopathic pulmonary fibrosis (IPF) falls under the chronic fibrosing 

IIPs (Figure 2).  
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HPSIP

 

 

 

1.5 Idiopathic Pulmonary Fibrosis (IPF) and animal models of lung fibrosis 

IPF, as the name suggests, has an unknown etiology and is the most important form of 

idiopathic interstitial pneumonias (IIPs). It represents one of the most aggressive forms of 

organ fibrosis, killing patients within few years of diagnosis (47). IPF is characterized by a 

progressive decline in lung function and is associated with the histological appearance of 

usual interstitial pneumonia (UIP). The pathogenesis of IPF still remains to be fully 

elucidated, but may be based on chronic epithelial injury, disturbed epithelial-mesenchymal 

cross-talk, activation of fibroblasts, excessive collagen deposition and disruption of the 

delicate alveolar architecture, altogether resulting in progressive dyspnea, decline of lung 

function and, ultimately, death (48, 49). Several papers published in the past underscore the 

importance of the alveolar epithelium in the evolution of IPF. The very first report by Myers & 

Katzenstein on IPF disclosed the observation of extensive alveolar epithelial cell death and 

Figure 2. Schematic diagram showing a general classification for diffuse parenchymal lung diseases. 

Hermansky-Pudlak syndrome associated interstitial pneumonia (HPSIP) is now included for a better 

understading. Adapted from Maher et al., 2012. 
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suggested a pathomechanistic role for the epithelium (50). This concept has been further 

supported by appealing observations like severe and pro-apoptotic endoplasmic reticulum 

(ER) stress signaling in alveolar epithelial cells type II (AECII) from usual interstitial 

pneumonia (UIP) lungs due to familial and sporadic IPF (51, 52) and shortened telomere 

length in sporadic IPF epithelium (53). AECII are classical secretory cells of the alveolus that 

secrete the surface tension reducing lung surfactant. Lamellar bodies of the AECII are 

lysosome related organelles that store and secrete surfactant proteins and phospholipids 

(54). As an attempt to define the pathogenesis of lung fibrosis and to identify therapeutic 

options, several mouse models of lung fibrosis have been developed. Bleomycin is the most 

frequently used agent to drive lung fibrosis through intratracheal administration in mice (55). 

The concept of AECII injury as a triggering factor in lung fibrosis (56, 57) was supported by 

experimental data from some of these animal models, for example, prevention of bleomycin-

induced lung fibrosis by use of anti-apoptotic agents (58), and the induction of lung fibrosis 

by initiation of AECII cell death via AECII specific diphtheria toxin receptor expression (59).   

Hermansky-Pudlak syndrome (HPS) is an autosomal recessive disorder, and mutations in 

HPS genes are known to effect lysosome related organelles including lamellar bodies of the 

lungs in mice and men (60). Patients with mutations in some HPS genes (HPS1, HPS2 and 

HPS4) are reported to develop lung fibrosis (61-63), the clinical course and the histological 

presentation (UIP pattern) of which shows great similarities with IPF (64). Single HPS mutant 

mice (HPS1, HPS2) display alveolar macrophage activation (65) and increased susceptibility 

to bleomycin challenge (66).  

Amiodarone (AD) is a highly efficient antiarrhythmic drug with potentially serious side effects. 

Severe pulmonary toxicity is reported in patients receiving AD even at low doses, and may 

cause interstitial pneumonia as well as lung fibrosis and can also result in an IPF-like disease 

(67-69).  Again, apoptosis of AECII has been suggested to play an important role in this 

disease (70). Although molecular events underlying AD induced pulmonary toxicity are not 

clearly settled, certain mechanisms like cytotoxicity (71), intracellular phospholipidosis (72), 

alterations in the angiotensin signaling pathway (73), generation of oxidants (74) and 
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inflammatory reactions (75) have been indicated to be pivotal events. Taken together, severe 

injury to the AECII resulting in apoptosis is a common feature in IPF lungs and several 

animal models of lung fibrosis.  

1.6 Role of lysosomal stress and autophagy in lung fibrosis 

The regulation of autophagy in lung diseases represents a growing field of research. So far, 

increased autophagy resulting in apoptotic cell death has been shown under conditions of 

chronic obstructive pulmonary disease (COPD) (76). In cystic fibrosis, defective autophagy 

seems to occur and rescuing the autophagy pathway improved the trafficking of the cystic 

fibrosis transmembrane conductance regulator (CFTR) (77). More recent studies on the 

regulation of autophagy in lung fibrosis report that autophagy is either not activated or is 

insufficient in patients with idiopathic pulmonary fibrosis (IPF) and that TGFβ-1 inhibits 

autophagy in lung fibroblasts in vitro (78, 79).  Another study revealed an alteration in the 

Bcl-2-binding protein Beclin1 (80), providing a hint towards a dysfunction in the 

autophagy/apoptosis system in IPF fibroblasts. In addition, defective PINK1 dependent 

autophagy was indicated in IPF AECII (81). Nevertheless, the precise role of autophagy 

within the alveolar epithelial cells largely remains unexplored in IPF as well as in other forms 

of DPLDs. 
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2. Aims and objectives of this study 

In view of the studies so far, it is clear that lung fibrosis may result following several insults to 

the alveolar epithelial cells type II (AECII). AECII contain a great percentage of lysosome 

related organelles, the so called lamellar bodies. We hence hypothesized that injury to the 

lysosomal compartment may contribute to progressive AECII apoptosis and consecutive lung 

fibrosis. Hence, the overarching aim of this study was to understand if and how lysosome 

related alterations in the lysosomal compartment contribute to cellular stress in and 

apoptosis of AECII under conditions of lung fibrosis. In order to achieve this broad objective, 

we identified the following aims: 

1. Establish new animal models of lung fibrosis that may enrich the portfolio of animal 

models and may be exploited in subsequent studies  

2. Identify the contribution of lysosome related stress events, including the autophagy 

pathway towards AECII apoptosis in established animal models as well as in clinical 

samples of IPF and HPSIP patient lungs 

3. Understanding the pathomechanistic significance of autophagy and autophagy related 

proteins in lung fibrosis 
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3. Results and publications 

3.1 Animal models of lung fibrosis 

We first established two mouse models of lung fibrosis, the HPSIP [Mahavadi et al., 2010; 

(82)] and the amiodarone (AD) induced lung fibrosis model [Mahavadi et al., 2014; (83)]. 

HPS is a rare autosomal recessive disorder and several HPS genes are identified in both 

human and mice. HPS genes encode protein complexes that affect the synthesis of various 

lysosome related organelles (LROs) including lamellar bodies of the lungs. The function of 

these protein complexes is not fully known. The radiologic appearance and the 

histopathology (UIP) of HPSIP is comparable to that of IPF and the clinical course is similar 

to IPF. Pulmonary fibrosis is the major complication and cause of mortality in patients with 

some forms of HPS (HPS1, HPS2 and HPS4). One unique feature of HPSIP is the 

development of foamy AECII with increased lamellar body size and number termed as ʺgiant 

lamellar body degenerationʺ.  The mono mutant mouse models, HPS1 and HPS2, unlike 

HPS patients do not develop lung fibrosis (82). We then analyzed the lungs of HPS1/2 

double mutant mice. Firstly, HPS1/2 mice at 3 months start to develop patchy and sub-

pleural lung fibrosis that progresses as they reach 9 months age. HPS1/2 mice as well as 

lung samples from HPSIP patients display apoptosis of AECII via caspase 3 activation. 

HPS1/2 mice also display severe accumulation of surfactant lipids as well as surfactant 

proteins within the lung tissue and the mature / functional surfactant is either not detected or 

is greatly reduced in the broncho alveolar lavage fluids (BALF), indicating impaired surfactant 

secretion by AECII. These observations are also associated with enhanced and early 

lysosomal stress and late endoplasmic reticulum (ER) stress in the AECII. We also identified 

that cathepsin D, a lysosomal stress marker, is increased in the AECII of HPS1/2 mice as 

well as in HPSIP patients. In vitro, overexpression of cathepsin D in mouse lung epithelial 

(MLE12) cells led to activation of caspase 3 and proliferation of lung fibroblasts.  

We next attempted to establish another murine model of lung fibrosis that is induced by 

amiodarone (AD) (83). We treated C57BL/6 mice every fifth day intratracheally with 0.8 mg/ 
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kg body weight AD. Significant septal thickening, patchy interstitial lung fibrosis, extracellular 

matrix deposition, increased collagen fibrils, areas of dense fibrosis and areas with roughly 

preserved lung structure with increased AECII size was observed at day 7 after AD 

treatment. In addition, a significant increase in hydroxyproline levels was observed. AD 

treated mice also displayed altered surfactant homeostasis and apoptosis of AECII. Of 

interest and similar to HPS1/2 mice, AD treated mouse lungs also displayed increased levels 

of the lysosomal stress marker cathepsin D and an increase in ER stress markers. However, 

knockdown of cathepsin D in vitro did not decrease AD induced caspase 3 activation thus 

indicating that other alternate pathways might contribute towards the AECII apoptosis in AD 

model of lung fibrosis. 

Such observations in the AD model were paralleled by readouts of design-based stereology 

approach [Birkelbach,…, Mahavadi*, Knudsen*, 2015; (84)] where progressive AECII 

hypertrophy and a high correlation between AECII related ultrastructural changes and 

collagen fibril deposition through septal walls was established. In the lungs of IPF patients, 

we reported similar qualitative alterations within the AECII, indicating that the observed 

ultrastructural alterations are tightly correlated with the progression of fibrotic remodeling.  

3.2 Dysregulated autophagy in lung fibrosis 

In an attempt to analyze alternate lysosomal pathways that may drive AECII apoptosis, we 

sought to study the autophagy pathway in AD and in HPS models of lung fibrosis. In the 

amiodarone model [Mahavadi et al., 2015; (85)], analysis of autophagy parameters revealed 

that both the autophagy marker protein LC3B and substrate protein p62 were increased. 

According to the guidelines for monitoring autophagy, an increase in LC3B protein with a 

concomitant increase in p62 may indicate defective autophagy. However, we observed an 

up-regulation of p62 transcript which might have compensated for its protein level. Analysis 

of autophagic flux using autophagy inhibitors chloroquine and a combination of pepstatin and 

E64D revealed that AD in fact increases autophagy flux. MLE12 cells knocked down for 
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LC3B showed decreased caspase 3 activation and SP-C accumulation indicating that AD 

induced autophagy is at least in part mediated via the autophagy marker protein, LC3B.  

Next, in HPSIP patients and in the HPS model, autophagy marker proteins, LC3B and the 

standard autophagy substrate protein p62 were analyzed. In patients with HPSIP, we 

observed that the levels of p62 protein increased in AECII. Similar observations were made 

in HPS1/2 mouse model. The levels of p62 inversely correlated with the autophagic activity. 

The increase in p62 protein in HPS associated lung fibrosis revealed a decreased clearance 

of this protein, indicating defective autophagy. In vitro, knockdown of HPS1 drove A549 cells 

to apoptosis but when such cells were overexpressed with GFP-LC3B the activation of 

cleaved caspase was decreased. Altogether, our analysis indicated that loss of HPS1 results 

in impaired autophagy that is restored by overexpression of LC3B and that defective 

autophagy may play a vital role in AECII apoptosis and thereby in the development and 

progression of lung fibrosis in HPSIP [Ahuja,…, Guenther*, Mahavadi*, 2016; (86)].  

One interesting and novel observation from our studies was revealed is that, immunogold 

labelling for LC3B with subsequent electron microscopic analysis revealed a preferential 

staining for LC3B in lamellar bodies of AECII in HPS model, AD model as well as in control 

mice (85). In HPS1/2 mice, LC3B was localized to the lumen of the lamellar bodies, in AD 

and in healthy control mice, LC3B-bound gold particles were identified in close proximity to 

the limiting membrane of lamellar bodies (86). More so, in AD treated mice, membrane 

sharing between autophagosomes and lamellar bodies was observed. Observations from 

these studies clearly indicate that autophagy markers in general and LC3B in particular may 

be involved in lamellar body functions and hence, surfactant homeostasis. 

3.3 Role of LC3B in the development of lung fibrosis 

In view of our observations so far, we further sought to particularly understand the role of 

LC3B in the development of lung fibrosis. We first investigated the lung structure of LC3B-/- 

mice. At 3 months of age, the LC3B-/- mice showed regular lung architecture with no signs of 

lung abnormalities. However, upon aging until 9 months, LC3B-/- mice developed thickened 
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septae, smaller lamellar body profiles, altered surfactant homeostasis, severe lysosomal and 

ER stress as well as AECII apoptosis [Kesireddy,…, Mahavadi, 2019; (87)]. We identified 

that autophagosomal soluble N-ethylmaleimide–sensitive factor attachment protein receptor, 

syntaxin 17, is increased in the AECII of the aged LC3B-/- mice, but not in the younger mice 

and speculated that syntaxin 17 might have compensated for the LC3B function in the 

younger LC3B-/- mice. Such increase in syntaxin 17 was also observed in the AECII of IPF 

patient lungs as compared to the AECII of donor lungs. In vitro, knockdown of LC3B in 

MLE12 cells sensitized them to bleomycin induced apoptosis, while overexpression of LC3B 

rendered protection. Supporting these in vitro observations, upon low doses of bleomycin 

treatment for 7 days, LC3B-/- mice developed extensive fibrosis when compared to control 

mice treated with the same dose of bleomycin. In order to further gain an insight into the 

mechanisms underlying LC3B mediated autophagy and apoptosis, we performed 

immunoprecipitation of LC3B in MLE 12 cells followed by liquid chromatography coupled 

mass spectrometry (LC-MS/MS) and identified novel interacting partners. Of particular 

interest, we identified the lysosomal protective protein, Cathepsin A as a novel interacting 

protein of LC3B. This LC3B-cathepsin A interaction was confirmed by co-

immunoprecipitation analysis as well as reverse immunoprecipitation. We then analyzed 

cathepsin A in the AECII of LC3B-/- as well as in IPF patients. Interestingly, we could show 

Cathepsin A is increased in the AECII of both aged LC3B-/- mice and IPF patients. Analysis 

of cathepsin A protein sequence revealed 5 putative LC3B-interacting regions (LIRs). Our 

data so far suggest that LC3B mediated autophagy protects AECII from apoptosis and 

subsequent lung injury and fibrosis by modulating the functions of pivotal lysosomal proteins 

like Cathepsin A (87).  

3.4 Expanding the current understanding on the role of autophagy in lung 

fibrosis  

In IPF lungs, the highly proliferative and apoptosis-resistant behaviour of IPF fibroblasts 

contributes to excessive extracellular matrix deposition, matrix stiffening and perpetuation of 
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the fibrotic response via biochemical stress. It is hence imperative to identify precise 

molecular mechanisms and subsequent targets not only in the alveolar epithelium but also in 

the interstitial fibroblasts of IPF lungs. In addition, the autophagy-lysosomal system has been 

reported to be deregulated in fibroblasts (79) alongside with the AECII in IPF lungs (81). In 

this context, we identified that Bcl2 athanogene 3 (BAG3), a co-chaperone that regulates 

selective autophagy, is significantly increased in interstitial fibroblasts of IPF patients as 

compared to those of healthy donor lungs (Figure 3A, 3C, unpublished). BAG3 belongs to 

the BAG family of proteins which regulates protein folding and activity by interacting with heat 

shock protein 70 (Hsp70) (88, 89). BAG3, in particular, is known to control protein 

degradation in a highly specific manner via autophagy (90, 91). Its interaction with the two 

molecular chaperones, HSP70 and HSPB8 results in the formation of the multi-chaperone 

complex BAG3-HSPB8-HSP70. Formation of this complex together with HSP70-interacting 

ubiquitin ligase CHIP facilitates ubiquitination of substrate proteins (92). This enables BAG3 

to recruit HSP70 substrates to the autophagy adaptor protein SQSTM1/ p62.  Since p62 can 

simultaneously bind to ubiquitinated clients and the autophagy marker protein, LC3B (93), 

the substrates are degraded by autophagy in the lysosome. Along with an increase in BAG3, 

we also observed an increase in its substrate protein filamin C, confirming a dysregulation of 

BAG3 mediated autophagy in IPF fibroblasts (Figure 3D, 3E, unpublished), further hinting 

towards the involvement of the BAG3-HSPB8-HSP70 mutichaperone complex in defective 

autophagy as observed in IPF fibroblasts. 
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Figure 8. immunohistochemistry performed on serial paraffin-embedded lung  

Figure 3. A glimpse of preliminary data, procured from experiments performed in primary interstitial fibroblasts 

of IPF and donor lungs. A. Representative western blot images for the indicated proteins followed by B & C. 

respective densitometric quantifications showing an increase in BAG3 in IPF fibroblasts as compared to donors. 

D. western blots for filamin C and E. its quantification showing its significant increase in IPF fibroblasts as 

compared to donor fibroblasts. Representative bots from 5 patient fibroblasts are shown here and analysis was 

performed from 8-10 IPF and donor lung fibroblasts. Significance: *P<0.05. (Manuscript under review). 
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4. Discussion 

Important advances in the past decade increased our understanding of DPLDs and enabled 

development of effective drugs for these diseases. Pirfenidone and nintedanib are such 

drugs that have been reported to show a reduction in the decline in lung capacity and 

improved survival in IPF patients (94, 95). More recently, nintedanib has also been shown to 

reduce the rate of lung function decline also in patients with systemic sclerosis associated 

interstitial lung disease (SSc.ILD) (96). Combination treatment with both pirfenidone and 

nintedanib also showed encouraging results in IPF patients, but also an increased frequency 

of side effects (97). However, these drugs at best slow progression of the disease but cannot 

reverse fibrosis or improve breathlessness. Therefore, prognosis of IPF patients still remains 

poor and warrants a continuous search not only for drugs that target the progression of lung 

fibrosis, but which target trigger mechanisms of pathomechanistic significance. In this regard, 

both basic research and preclinical studies on model systems play important roles in 

identifying novel molecular mechanisms of the disease process.   

4.1 HPS1/2 & amiodarone treated mice as animal models of lung fibrosis  

So far, several animal models that mimic the development of lung fibrosis have been 

developed. Amongst them are the models based on bleomycin with single and repetitive 

dosing, asbestosis, radiation, silica, fluorescein isothiocyanate, ageing, diphtheria toxin and 

models based on overexpression of pro fibrotic factors like TGF-α & TGF-β and mutations in 

TERT, SFTPC or SFTPA2 genes. While these animal models provided us with invaluable 

insights into the pathogenesis of lung fibrosis, several limitations exist (98, 99), making not all 

of them suitable to fully represent the human disease. Bleomycin induced lung fibrosis is the 

most frequently used mouse model for lung fibrosis. Mice instilled with bleomycin 

intratracheally develop fibrosis in about 2-4 weeks, which is a relatively short period of time. 

This model has been constantly criticized due to several reasons: 1. Inflammation based 

model with extensive inflammation being observed in the first week, prior to the development 

of fibrosis; 2. The histopathological alterations in these mice do not fully represent the 
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characteristic UIP pattern that is observed in IPF patients; 3. Mice treated with single-dose of 

bleomycin resolve over time; 4. Mice respond to bleomycin in a strain dependent manner, 

with C57Bl/6 demonstrating the highest susceptibility; 5. Not a truly alveolar epithelial cell 

injury driven model rather many other cell types are involved, for example, endothelial cells, 

fibroblasts/ myofibroblasts, fibrocytes, several inflammatory cells, pericytes, airway epithelial 

cells and stem/ progenitor cells.  6. Broad range of its dosing regimen and high mortality 

rates add to the other drawbacks of this model (98). Recent studies following a repetitive 

application resulted in septal thickening and enlarged alveoli, develop hyperplastic club cells 

and infiltration of perialveolar ducts by inflammatory cells, again not fully representing the 

human situation (99, 100).  In this regard, the here in reported HPS model developing on the 

basis of natural mutations in both HPS1 (pale ear) and HPS2 (pearl) genes is characterized 

by spontaneous lung fibrosis with limited inflammation, AECII hyperplasia, giant lamellar 

bodies, early AECII injury and apoptosis and age-related onset of the disease. These 

HPS1/2 mice therefore offer as a better model for IPF/ UIP (64, 82). This is also supported 

by the fact that clinical course of HPSIP largely coincides with that of the IPF patients and 

that the histopathological and radiopathologic pattern is that of UIP. One major limitation of 

the HPS1/2 mouse model however is their poor breeding capacity, resulting in limited 

numbers of littermates. In order to overcome this, our current strategy focusses on 

generating AECII targeted conditional knockout of HPS1 and HPS2.  

Next, we reported that intratracheal administration of AD in mice leads to sub-pleural fibrosis 

with limited inflammation and massive AECII apoptosis. Ultrastructural analysis of AD treated 

mice lungs showed interstitial remodeling with considerable increase in collagen fibrils, septal 

wall thickness, injury to the blood-gas barrier, denuded basement membrane and larger 

lamellar body profiles in the AECII. Such alterations in different ultrastructural components 

with denudation of basal lamina and increased AECII profiles were also observed in IPF 

lungs, strengthening the concept that extent and significance of alveolar epithelial injury in 

AD model is similar to that in IPF patients (83, 84).  In view of the ultrastructural alterations of 

the lungs along with AECII apoptosis, we believe that the HPS1/2 and AD models offer a lot 
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of similarities to the ultrastructural alterations and epithelial pro-apoptotic signaling in IPF and 

other DPLDs and may be exploited to study novel pathomechanistic mechanisms of lung 

fibrosis.   

4.2 Altered surfactant homeostasis is a common feature of DPLDs 

Having in mind the extensive alterations in the lamellar bodies in our models, it is imperative 

that pulmonary surfactant is altered under conditions of IPF, HPS1/2 or in AD induced lung 

fibrosis. In fact, impaired surface activity due to pronounced disturbances in biochemical and 

physical properties of surfactant had been reported in patients with interstitial lung diseases 

including IPF already two decades ago (101). In addition, it is well documented that 

mutations in the SFTPC gene, showing barely detectable active SP-C but high amounts of 

misfolded protein, are the reason for some familial forms of interstitial lung diseases (102-

104) . Dense fibrosis with distorted AECII due to aberrant subcellular localization of the 

misfolded protein is a prominent observation in such patients (105). In the same line, in vitro 

studies showed that mutations in both the BRICHOS and the non-BRICHOS domains of SP-

C lead to defects in cellular quality control mechanisms (106, 107). The lungs of induced 

mutant SP-C (SftpcC121G) mice developed spontaneous pulmonary fibrosis and restrictive 

lung impairment (108). Next, pediatric patients with mutations in the ATP binding cassette 

subfamily A/3 (ABCA3) gene display severe surfactant deficiency and interstitial lung disease 

(109, 110). ABCA3 plays a major role in the exocytosis of surfactant lipids. Abnormally small 

lamellar bodies within the AECII accompanied by pulmonary fibrosis have also been reported 

in adolescent patients with ABCA3 mutations (111). Similarly, surfactant alterations appear to 

be responsible for the observed phenotypes in several animal models of lungs fibrosis as 

well as lysosome storage diseases (LSDs). Such LSDs include Chediak-Higashi syndrome 

(CHS) (beige mouse as murine counterpart) showing accumulation of lamellar body lipids 

(112, 113), chocolate mice with mutations in Rab38 gene a small GTPase that participates in 

regulating vesicular trafficking (114) and Niemann-Pick type C2 (NPC2) which is caused by 

acid sphingomyelinase deficiency (115, 116).  We observed significant alterations of 
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surfactant homeostasis in HPS1/2 as well as in AD treated mice. Severe accumulation of 

mature surfactant proteins and pro SP-C as well as altered surfactant phospholipid content 

and profile within the lungs was a persistent observation in both models. Lipidomic profiling 

of lung tissues revealed an increased percentage of phosphatidylcholine (PC) in HPS1/2 and 

AD treated mice (82, 83). More so, in HPS1/6 and in HPS1/2 mice lung homogenates, a 

significant increase in saturated PC was observed, which could be ascribed to the marked 

accumulation of the surface tension reducing dipalmitoylphosphatidylcholine (DPPC, PC-

32:0). Supporting this, defects in pulmonary surfactant secretion in HPS1/2 mice were 

reported by us (82) and others (117), an observation not made in the AD mouse model. 

Since surfactant storage, processing and secretion in AECII occurs in the lysosomal 

compartment, altered intracellular surfactant homeostasis in both HPS1/2 as well as AD 

mouse models indicates altered lysosomal homeostasis. In this regard, we observed that the 

lysosomal aspartyl protease, cathepsin D, is increased in the lungs of both HPS1/2 as well 

as in the AD model. Cathepsin D activates both intrinsic and extrinsic apoptotic signaling 

cascades (118). In the HPS1/2 model, we observed that AECII apoptosis is mediated by 

cathepsin D. In the AD model, however, although an increase in cathepsin D was observed 

in the lungs, our in vitro observations revealed that the increase in cathepsin D upon AD 

treatment alone is not sufficient to trigger apoptosis. This prompted us to identify other 

lysosome related events driving AECII apoptosis under conditions of AD treatment. Taken 

together, disturbed surfactant trafficking in the AECII seems to provoke chronic injury of 

AECII and elicits cellular stress mechanisms.  

4.3 Deregulation of autophagy taking the center stage in lung fibrosis 

Autophagy-lysosomal pathway and the ubiquitin-proteasomal pathway are the two protein 

quality control mechanisms of a cell. They govern the turnover of all intra and many 

extracellular proteins and organelles at broadly differing rates, from minutes to days to 

months.  While the autophagy-lysosomal system governs the turnover of long-lived proteins 

and unwanted organelles, the ubiquitin-proteasomal system is mostly responsible for the 
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rapid degradation of substrates (119, 120). The ubiquitin-proteasomal pathway has not been 

studied so far in the alveolar epithelium under conditions of lung fibrosis, but has been 

suggested to be activated in the mesenchymal compartment of IPF subjects and in the 

bleomycin model of lung fibrosis (121, 122). On the contrary, the autophagy pathway has 

been shown to be defective in the IPF fibroblasts. It has been reported that the autophagy 

pathway is either not activated or is insufficient in the fibroblasts of IPF lungs and has been 

suggested to play a role in their proliferation (78, 79).  

4.3.1 Lung fibrosis from the perspective of autophagy proteins 

In our studies, dysregulation of autophagy was observed in the alveolar epithelium in both 

HPS associated lung fibrosis as well as in AD model of lung fibrosis which emphasize the 

pivotal roles of autophagy proteins in several key functions of the AECII. In our attempts to 

add a fresh perspective to our understanding about the critical roles of autophagy proteins in 

AECII, we sought to study lung fibrosis from the perspective of autophagy proteins. In this 

regard, we identified that LC3B mediated autophagy plays protective role in the development 

of lung fibrosis as LC3B-/- mice upon aging develop septal thickening, AECII injury and 

apoptosis and are prone to secondary hits like bleomycin (87). Our study complements a 

previous study where mice deficient in ATG4B, a cysteine protease that cleaves the C—

terminal of LC3B resulted in increased sensitivity to bleomycin induced lung injury and 

fibrosis (123). Protective roles of LC3B under several settings have been reported previously 

(124, 125), but our study showed that loss of LC3B can result in overt lung injury. This 

concept is supported by previous studies which show that loss of the most proximal protein 

of the autophagy cascade, autophagy activating kinase ULK1/2 (yeast Atg1 homolog), (126, 

127), or loss of Atg5 display lung defects at a very early age (128). Loss of ULK1/2 or ATG5 

results in a cumulative loss of function of all downstream autophagy proteins that may result 

in early lung phenotypes in such mice. LC3B on the other hand, is the most distal protein in 

the autophagy cascade and most likely the reason for the delayed appearance of the 

phenotype in LC3B-/- mice. Our study also identified Cathepsin A as a novel interacting 

protein of LC3B that is increased in the AECII of IPF patients as well. Cathepsin A has been 
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reported to modulate chaperone induced autophagy (CMA) and it remains to be studied how 

LC3B-cathepsin A interaction could influence the CMA pathway in healthy as well as under 

fibrotic conditions.  

4.4 Contribution of HPS gene products to defective autophagy 

Defective autophagy, resulting in impaired clearance of toxic proteins in several tissues of 

the body, is well established in several LSDs (129). Likewise, in HPS1/2 mice as well as in 

HPSIP patients, we reported that autophagy is defective within the AECII. In vitro, 

overexpression of LC3B rescued HPS1 knockdown-mediated defective autophagy. HPS1 

and HPS4 proteins are subunits of a large protein complex, the biogenesis of lysosome 

related organelle complex-3 (BLOC3), the precise function of which remains obscure (130, 

131). The complex was however speculated to regulate the movement and distribution of 

lysosome related organelles (131). One straight forward explanation could be that one or 

more subunits of this complex directly interacts with motility factors in the cytoskeleton and 

absence of HPS1 or HPS4 might result in mistargeting the motility factor thereby leading to 

impaired movement of lamellar bodies to move towards plasma membrane to secrete 

surfactant or towards lysosome to degrade the accumulated proteins. It may also be 

speculated that, since the autophagy marker protein LC3B is an inherent microtubule 

associated protein, HPS1 or HPS4 might interact with LC3B and facilitate autophagy-

lysosome mediated degradation of autophagic cargo. In our studies, we also reported that 

LC3B is localized in lamellar bodies in both HPS1/2 mice and wild type mice. Immunogold 

labeling for LC3B was found to be pronounced in the lamellar body lumen of HPS mice, 

while, in wild type mice, gold particles for LC3B were localized to the limiting membrane of 

lamellar bodies. Although not shown in our studies, this observation points out a putative role 

of LC3B in particular and autophagy in general in regulating lamellar bodies, and hence, 

surfactant secretion. However, LC3B-/- mice do not show any lung abnormalities at birth or 

reveal abnormal surfactant secretion. One explanation for this observation is that Gamma-

aminobutyric acid receptor-associated proteins (GABARAPs) which are also LC3B family of 
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proteins may compensate for the loss of LC3B at earlier ages (132, 133).   Studies in the 

past showed that autophagy plays a regulatory role in phospholipid and cholesterol-rich multi 

vesicular body / multi lamellar body formation and in lamellae formation in secondary 

lysosomes (134, 135). In addition, autophagic delivery of phospholipids from the Golgi 

apparatus to late lysosomal organelles has been shown to promote multi lamellar body 

expression in mink lung type II alveolar epithelial cell line (135). Another observation in 

support of this concept comes from studies in Pompe disease, a lysosomal glycogen storage 

disease, in which a pivotal role of autophagy in cellular clearance and exocytosis of 

lysosomal glycogen was observed in muscle cells (136). This wealth of literature and our 

findings revealing LC3B localization to the lamellar bodies and autophagic rescue upon 

LC3B overexpression in HPS1 knockdown-induced defective autophagic cells argue that 

lamellar bodies are autolysosomes. However, experimental evidence for lytic and surfactant 

secretory functions of these organelles is lacking and is currently underway. In addition, our 

in silico analysis revealed three putative LC3B interacting regions (LIRs) in the human HPS1 

protein sequence (unpublished), which again strengthens our hypothesis that HPS1 interacts 

with LC3B and this interaction may be important to stimulate surfactant secretion and/ or 

cargo degradation via the autophagy pathway in the lung AECII. 

We also reported defective autophagy in the AECII of patients with HPS2 mutations and 

associated pulmonary fibrosis (137). HPS2 gene product is adaptor protein 3 (AP-3) which is 

known to bind to tyrosine sorting signals and for efficient delivery of tyrosinase to the 

melanosomes (138). More than one AP-3 dependent lysosome related pathways exist. For 

example, AP-3 delivers endolyn, a lysosomal mucosialin from trans-golgi network to 

lysosomes through an intracellular route bypassing early endosomes or it recruits 

LAMP3/CD63 directly to the lysosomes via early and late endosomes (139, 140). 

Additionally, AP-3 null cells were shown to mistarget both LAMP1 and LAMP2 proteins (141). 

LAMP2 represents the receptor for autophagosome-lysosome fusion, its mistargeting in the 

absence of AP-3 indicates defective autophagy. Further, lung lamellar bodies are in fact 

LAMP3 positive organelles (134) and it is currently under investigation if autophagy proteins 
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like LC3B may directly bind to AP-3 to facilitate the recruitment of LAMP3 to lamellar bodies 

or lysosomes in the AECII.      

4.5 A closer look into amiodarone induced excessive autophagy 

AD is an extremely effective anti-arrhythmic drug but exerts severe side effects particularly 

pulmonary toxicity with confluent lung fibrosis that remains as the main cause of mortality in 

patients receiving AD even at low doses. Foamy macrophages, characteristic AECII 

hyperplasia and apoptosis are typical features of AD induced lung fibrosis (142-144). Due to 

its unusually long half-life, AD gets enriched in lysosomes and results in lamellar body 

accumulation in several cell types. We and others reported induction of autophagy upon AD 

or its derivative dronedarone treatment in several tissues including the lungs (85, 145, 146). 

In fact, we reported that AD treatment increases autophagy flux and induces the fusion of 

phagophores (early autophagosomal structures) with lamellar bodies in the AECII. By use of 

electron microscopic tomography analysis, we showed a fusion and membrane sharing 

between these organelles. This interesting finding again supports the role of autophagy in 

lamellar body biogenesis and emphasizes the inevitable role of autophagy in degrading 

lamellar body contents and/ or in surfactant secretion. 

Our in vitro studies showed that inhibiting the terminal autophagy pathway by knocking down 

LC3B transiently reduced AD induced apoptosis of MLE12 cells. This is in full support of a 

previous study showing that blockade of angiotensin formation via angiotensin converting 

enzyme captopril or angiotensin 1 receptor antagonist losartan inhibited AECII apoptosis and 

lung fibrosis in a rat model of AD induced lung fibrosis (147). It may be intriguing to note that 

both captopril and losartan are in fact autophagy inhibitors (148, 149) and might have 

exerted their protective effects by inhibiting the autophagy pathway as well. 

Of note, AD is a cationic amphiphilic drug (CAD) and CADs are known to exert their first 

impact on lysosomes and induce phospholipidosis in several cell types (150). We also 

observed AD induced phospholipidosis in both lung tissue and BAL fluid. It has been 

suggested that phospholipidosis may be a defense mechanism of a cell in response to CAD 
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treatment, as lamellar bodies with increased phospholipids undergo exocytosis immediately 

in order to get rid of the intracellular build-up of toxins (150). This may be the reason behind 

increased surfactant phospholipid concentration in AD treated mice BAL fluids. However, 

once saturation levels are reached, lysosomal leaking is a possible event and elicits other 

events like mitochondrial dysfunction (150). Supporting this view, it has been shown that AD 

is metabolized via the P450 enzyme system and AD and its chief metabolite 

desethylamiodarone lead to the disruption of mitochondrial function, reactive oxygen species 

(ROS) production, decrease in mitochondrial membrane potential and cytochrome-c release. 

Our unpublished studies reveal that AD actually induces mitochondrial autophagy 

(mitophagy) in AECII. We also identified that mitophagy is elicited not only via autophagy 

receptor protein p62, but also via novel mitophagy protein, Bcl2L13. Our data show that 

mitochondrial integrity in the AECII is lost upon AD treatment and such disintegrated 

mitochondria are targeted to the autophagy-lysosomal system for degradation by aberrantly 

activated mitophagy receptors like p62 and Bcl2L13. It is being investigated if healthy 

mitochondria are also prone to autophagic degradation due to excessive autophagic turnover 

upon AD treatment and if rescuing such aberrant mitochondrial autophagy may prove 

beneficial for cells and mice treated with AD.   

4.6 Defective autophagy in IPF   

Inability of aging cells to maintain a highly efficient protein quality control is well established 

and IPF, being a remarkably aging associated disease, represents no exception from this 

rule. Insufficient autophagy has been reported in both the mesenchymal as well as the 

alveolar compartment of IPF patient lungs. Defective mitophagy within the AECII of IPF 

patients was specifically identified by Bueno and colleagues. Unpublished data from our 

group also show similar results in addition to the aberrantly increased mitophagy marker, 

namely Bcl2L13, within the IPF AECII. In addition, we also identified that autophagy related 

chaperones and co-chaperones, namely Hsp70 & BAG3 play significant roles in the 

fibroblasts of IPF patients (unpublished) where defective autophagy is a key player as well 
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(78, 79). Studies revealing the role of autophagy in AECII apoptosis and fibrosis are scarce. 

But it may be speculated that like in our animal models of lung fibrosis, defective autophagy 

in IPF AECII may contribute towards AECII apoptosis, increased profiles of lamellar bodies, 

altered surfactant protein processing or impaired activity of lung surfactant. Since both AECII 

and fibroblasts are reported to exhibit defective autophagy in IPF, it may be reasonable to 

consider pharmacological ‘fine-tuning’ of these cells which on the one hand would rescue 

AECII from apoptosis and on the other hand inhibit fibroblast proliferation.  

4.8 Concomitant cellular stress pathways in IPF and other DPLDs 

An accepted pathological concept of IPF is that repetitive AECII injury including genetic or 

aging related risk factors trigger impaired wound healing response and subsequent fibroblast 

activation and development of scar tissue. But what precisely leads to AECII death is a 

matter of extensive investigation. Studies from our group and by others underscored the 

importance of ‘maladaptive’ pro-apoptotic ER stress in the AECII of sporadic and familial IPF 

patients (51, 52, 151, 152). We were also able to show that provoking ER stress by CHOP 

alone in AECII is sufficient to trigger AECII apoptosis and a pro-fibrotic environment in vitro 

(153) and in vivo (unpublished). However, such Chop transgenic mice did not develop full-

blown fibrosis, indicating that further pro-fibrotic cellular stress pathways or a second-hit that 

activates such pathways is required to push the lung to develop the disease. It is noteworthy 

that two antagonistic functions for CHOP have been suggested: it regulates the transcription 

of several autophagy genes and of apoptotic proteins to facilitate pro-survival autophagy or 

cell death, respectively. However, it is not yet studied if the prolonged induction of autophagy 

genes that is triggered by CHOP is also involved in apoptosis. In this regard, we observed in 

our in vitro model of Chop overexpression, an altered autophagy flux (unpublished) as well 

as increased apoptosis, warranting further studies on the regulatory role of CHOP in 

autophagy and apoptosis. 

A prominent role for such ER stress was also established in asbestos-induced AECII 

apoptosis and lung fibrosis (154). Further, in HPSIP, in AD induced lung fibrosis, as well as 
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in aged LC3B-/- mice, we observed an increase in ER stress markers. It is intriguing to note 

that in HPSIP and in LC3B-/- mice, early lysosomal and late ER stress is a prominent finding. 

Although this was not clearly observed in the AD model, our in vitro observations from MLE 

12 cells revealed a similar phenomenon after treating MLE12 cells with AD for short time 

periods (30 minutes – 4 hrs; unpublished).  Taken together, our studies hint towards 

retrograde activation of ER stress by early lysosomal stress events under conditions of lung 

fibrosis. Whether this holds true for AECII of IPF patients as well remains a matter of future 

investigations. 

Additionally, in the alveolar epithelium, an imbalance in the oxidative-antioxidative response 

leading to mitochondrial dysfunction was reported (155). It has been suggested that 

environmental factors may induce ROS generation via induction of ER stress, thereby 

promoting AECII apoptosis with subsequent secretion of pro-fibrotic cytokines and growth 

factors that activate fibroblasts. Depletion of antioxidant mechanisms in the IPF AECII may 

also render these cells sensitive to several kinds of insults and trigger pro-fibrotic 

environment.  Mitochondrial dysfunction was one of the first reported observations in AD 

treated rat livers (156, 157) . AD has been reported to inhibit –oxidation of fatty acids, disable 

complex I and complex II of the respiratory chain and to decrease ATP formation resulting in 

enhanced ROS production and lipid peroxidation (157, 158). In the same line, we also 

observed an increased ROS production and altered mitochondrial dynamics in AD model of 

lung fibrosis.  

About 8-15% of familial IPF and about 11% of sporadic IPF patients in a lung transplant 

cohort were identified to carry mutations in genes related to telomerase elongating enzyme, 

telomerase reverse transcriptase regulator of telomere elongation helicase 1 or poly(A)-

specific ribonuclease (159, 160). In addition, IPF subjects with no known mutations in 

telomerase related genes are reported to display shortened telomere length as compared to 

their healthy counterparts in peripheral blood as well as in AECII (53, 161-163). This 

indicates destabilized chromosomes and increased percentage of DNA strand breaks. Such 
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DNA damage stress was also reported in some mouse models of lung fibrosis, namely the 

bleomycin and silica inhalation model (164, 165).  

In conclusion, deregulated autophagy and subsequent lysosomal stress are important 

pathological events in lung fibrosis. This, in addition to dysfunctional mitochondria, severe 

ER stress and other accompanying stress factors like DNA damage may result in a fully 

deregulated organelle crosstalk, thereby leading to a defective protein and organelle quality 

control and, ultimately, AECII death and fibrosis (Figure 4). It appears extremely complex to 

therapeutically target all these pathways in a fibrotic lung, especially as the hierarchy of 

these cellular surveillance systems is currently unknown. However, pharmacological 

intervention on the level of some of these key pathways may prove beneficial in fibrotic lung 

diseases based on chronic AECII injury.  

 

 

 

Defective Cellular Surveillance in Lung Fibrosis 

Figure 4. Defective cellular surveillance in alveolar epithelial cells in lung fibrosis. Illustration of the general 

protein transport path through different organelles in eukaryotic cells. Depicted here is a simplified version of 

organelle stress observed in the AECII of different forms of lung fibrosis. DNA damage, ER stress, 

mitochondrial dysfunction and lysosomal stress are common parameters that are observed in lung fibrosis 

which lead to deregulated organelle crosstalk resulting in defective protein and organelle quality control. 

These events trigger AECII apoptosis and ultimately, lung fibrosis. Red arrow indicates still unknown 

molecular mechanisms behind fusion of autophagosomes and lamellar bodies in some forms of lung fibrosis. 
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5. Summary and outlook 

In summary, the data provided in this work strongly support the concept that alterations in the 

autophagy-lysosomal system contribute to alveolar epithelial cell injury and apoptosis, 

representing a key trigger in the development of lung fibrosis. Altered surfactant homeostasis 

in HPSIP and AD induced lung fibrosis, in addition to the previous reports in IPF lungs, were 

first indicators of an effect on the lysosomal compartment of AECII. Further evidence for 

lysosomal stress stems from the observation of increased markers of autophagy in IPF 

patient lungs and HPSIP as well as in the AD models of lung fibrosis. One discrepancy that 

we reported is, however, that autophagic activity is increased under conditions of 

amiodarone treatment, while it is impaired in HPS associated lung fibrosis. Such defective 

autophagy has also been reported in AECII of IPF patient lungs. This indicates that, 

depending on the type, level and mode of insult, autophagy is differentially regulated in 

different models of lung fibrosis. The same holds true for the unfolded protein response: 

both, too little and too intensive (pro-apoptotic) ER stress might be detrimental for the cell. In 

addition, enhanced ER stress signatures as well as oxidative stress, indicative of 

mitochondrial dysfunction add another level of complexity to our understanding of the 

epithelial injury in the evolution of fibrotic diseases. It is known that, despite being discrete 

signalling components, these cellular organelles play a concerted role to maintain cellular 

homeostasis in response to any insult. In aging lungs like IPF, or in lungs with a genetic 

predisposition like HPSIP or in lungs affected by drugs like AD, such organelle crosstalk is 

disrupted creating an imbalance, which might fuel common cell death mechanisms. The 

immediate next steps will be aimed at understanding if pharmacological correction of 

autophagy-lysosomal system, eg., by autophagy inducing drugs, would be beneficial in 

rescuing the fibrotic AECII from toxic proteins and to re-direct them to pro-survival programs. 

That said, the indubitable role of other cellular compartments like the ER or mitochondria in 

the process of epithelial injury and lung fibrosis underscores the need for further research, 
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aiming to identify molecular machineries coordinating organelle crosstalk in injured AECII 

and to develop novel molecular switches affecting all of these surveillance programs. 
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6. Zusammenfassung 

Zusammenfassend lässt sich sagen, dass die Ergebnisse, die in dieser Arbeit präsentiert 

werden zeigen, dass Veränderungen im autophagie-lysosomalen System zu alveolar-

epithelialen Zellschädigungen und Apoptose beitragen, welche einen zentralen Auslöser bei 

der Entstehung der Lungenfibrose darstellen. Eine veränderte Surfactant Homöostase beim 

HPSIP und bei AD induzierter Lungenfibrose, wie sie bereits in IPF Lungen gezeigt wurde, 

waren die ersten Hinweise, die einen Einfluss auf das lysosomale Kompartiment von AECII 

vermuten ließen. Weitere Anzeichen für lysosomalen Stress lieferte die Beobachtung 

erhöhter Autophagiemarker-Level in Lungen von IPF Patienten und bei HPSIP, ebenso wie 

bei AD Modellen der Lungenfibrose. Wir haben jedoch auch eine Abweichende Beobachtung 

gemacht und in unserer Publikation gezeigt, dass die Autophagie-Aktivität unter 

Aminodarone erhöht ist, jedoch während sie in HPS assoziierter Lungenfibrose reduziert ist. 

Eine derart gestörte Autophagie wurde zudem bereits bei AECII in Lungen von IPF Patienten 

gezeigt. Diese Beobachtung deutet darauf hin, dass die Autophagie in Abhängigkeit von Typ, 

Grad und Art der Schädigung in den unterschiedlichen Modellen der Lungenfibrose 

differentiell reguliert ist, ähnlich wie bei der Unfolded Protein Response, ist zu geringer ER 

Stress ebenso schädlich für die Zelle, wie zu intensiver (pro-apoptotischer) ER Stress. 

Erhöhte ER Stress Marker und oxidativer Stress, bezeichnend für mitochondriale 

Dysfunktion, fügen eine weitere Ebene der Komplexität zu unserem Verständnis der 

epithelialen Verletzung bei der Entstehung von fibrosierenden Erkrankungen hinzu. Es ist 

bekannt, dass diese zellulären Organellen zusätzlich zu ihrer Aufgabe als eigenständige 

Signalkomponenten eine fein aufeinander abgestimmte Rolle spielen, bei der 

Aufrechterhaltung der zellulären Homöostase nach jeglicher Schädigung. Bei alternden 

Lungen, wie bei der IPF, in Lungen mit einer genetischen Prädisposition wie beim HPSIP 

oder bei Lungen, die durch Medikamente wie AD beeinträchtigt sind, ist dieser Cross-Talk 

der Organellen beeinträchtigt, wodurch ein Ungleichgewicht entsteht, welches 

möglicherweise die für den Zelltod verantwortlichen Mechanismen ankurbelt. In den 

unmittelbar nächsten Schritten wird es darum gehen zu verstehen, ob pharmakologische 
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Korrekturen des autophagy-lysosomalen Systems, beispielsweise mittels Autophagie-

induzierender Medikamente, dabei behilflich sein können, die fibrotischen AECII vor 

toxischen Proteinen zu schützen und sie hin zu einem pro-survival Programm umzulenken. 

Die zentrale Rolle, die andere Zellkompartimente wie das ER oder die Mitochondrien beim 

Prozess der epithelialen Verletzung und der Lungenfibrose spielen, unterstreicht den Bedarf 

an weiterer Forschung, durch welche weitere zelluläre Maschinerien identifiziert werden 

können, die den Cross-Talk der Organellen in verletzten AECII koordinieren und neuartige 

molekulare Schalter gefunden werden können, die alle diese Surveillance Programme 

beeinflussen können. 
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Rationale: The molecular mechanisms underlying Hermansky-Pudlak
syndrome–associated interstitial pneumonia (HPSIP) are poorly un-
derstood but, as in idiopathic pulmonary fibrosis, may be linked to
chronic alveolar epithelial type II cell (AECII) injury.
Objectives: We studied the development of fibrosis and the role of
AECII injury in various murine models of HPS.
Methods: HPS1, HPS2, and HPS6 monomutant mice, and HPS1/2 and
HPS1/6 double-mutant and genetic background mice, were killed at
3 and 9 months of age. Quantitative morphometry was undertaken
in lung sections stained with hemalaun–eosin. The extent of lung
fibrosis was assessed by trichrome staining and hydroxyproline
measurement. Surfactant lipids were analyzed by electrospray
ionization mass spectrometry. Surfactant proteins, apoptosis, and
lysosomal andendoplasmicreticulumstressmarkerswerestudiedby
Western blotting and immunohistochemistry. Cell proliferation was
measured by water-soluble tetrazolium salt-1 and bromodeoxyur-
idine assays.
Measurements and Main Results: Spontaneous and slowly progressive
HPSIP was observed in HPS1/2 double mutants, but not in other HPS
mutants, with subpleural onset at 3 months and full-blown fibrosis at
9 months. In these mice, extensive surfactant abnormalities were
encountered in AECII and were paralleled by early lysosomal stress
(cathepsin D induction), late endoplasmic reticulum stress (activat-
ingtranscription factor-4 [ATF4],C/EBPhomologousprotein [CHOP]
induction), and marked apoptosis. These findings were fully corrob-
orated in human HPSIP. In addition, cathepsin D overexpression
resulted in apoptosis of MLE-12 cells and increased proliferation of
NIH 3T3 fibroblasts incubated with conditioned medium of the
transfected cells.
Conclusions: Extensively impaired surfactant trafficking and secretion
underlie lysosomal and endoplasmic reticulum stress with apoptosis
of AECII in HPSIP, thereby causing the development of HPSIP.

Keywords: pulmonary surfactant; biogenesis of lysosome-related or-

ganelle complex; adaptor protein-3; apoptosis; cathepsin D

Hermansky-Pudlak syndrome (HPS) is a rare autosomal re-
cessive disorder associated with oculocutaneous albinism and
hemorrhagic diathesis (1). Several HPS genes have been
identified in both humans and mice that encode several pro-
tein complexes, the precise function of which is only partially
known and that affect various lysosome-related organelles
(LROs), including the lamellar bodies of the lungs. Hence,
on the basis of their role in LRO trafficking, these genes have
an enormous impact on a wide range of basic physiological
processes such as immune recognition, coagulation, and neu-
ronal function (2).

Pulmonary fibrosis due to HPS, entitled Hermansky-Pudlak
syndrome–associated interstitial pneumonia (HPSIP), is
known to develop in patients with HPS1 and HPS4 mutations,
the genes of which encode the ‘‘biogenesis of lysosome-related
organelle complexes’’ (BLOC)-3 (2–5). HPSIP is the most
serious complication and the main reason for death of patients
with HPS (6–8) and usually evolves during the third or fourth
decade of life. The clinical course of HPSIP shows great
similarities to the disastrous fate of patients with idiopathic
pulmonary fibrosis (IPF). Accordingly, the radiographic ap-
pearance of HPSIP is comparable to that of IPF and the
predominant histopathological pattern is that of usual intersti-
tial pneumonia (UIP) (9, 10).

In contrast to IPF/UIP, however, a characteristic foamy
swelling of alveolar epithelial type II cells (AECII) with
lamellar bodies of increased size and number (‘‘giant lamellar
body degeneration’’) is regularly observed in patients with
HPSIP (10).

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

No reports are available to date regarding the development
of pulmonary fibrosis in murine models of Hermansky-
Pudlak syndrome and the underlying mechanisms of Her-
mansky-Pudlak syndrome–associated interstitial pneumonia
in mice and humans.

What This Study Adds to the Field

Apoptosis of alveolar epithelial type II cells in Hermansky-
Pudlak syndrome–associated interstitial pneumonia in both
mice and humans, due to severe lysosomal and endoplas-
mic reticulum stress, may represent a prominent reason for
development of lung fibrosis.
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As the proteins encoded by the HPS genes and their precise
functions are only partly known, the pathogenesis of HPSIP is
still poorly understood. However, in light of the previously
mentioned histopathological findings, it has already been spec-
ulated that—like in IPF—chronic AECII injury may underlie
the development of lung fibrosis (10, 11).

Interestingly, the HPS mutations occur not only in humans
but also in mice, and several mono-, double-, and triple-mutant
HPS mice have been characterized largely on the basis of coat
color and platelet function. In some of these mice, including the
herein studied HPS1/2 (ep/pe) mice, abnormal lung structure
and abnormalities of surfactant transport and secretion in
AECII had been described (12, 13). However, the development
of HPSIP has not yet been described in murine HPS.

These reports prompted us to carefully assess a potential
development of HPSIP in several of these murine models and to
disclose potential underlying pathways. Some of the results of
this study have been previously reported in the form of two
abstracts (14, 15).

METHODS

Mice

Breeding pairs of HPS monomutant mice and HPS1/6 double-mutant
mice were purchased from Jackson Laboratory (Bar Harbor, ME).
Breeding pairs of HPS1/2 double-mutant mice were a kind gift from R.
Swank (Roswell Park, Buffalo, NY). C57BL/6J was the background strain
for the HPS1, HPS2, HPS6, and HPS1/2 mice. HPS1/6 mice were on the
B6C3Fe background. All mice were mated and maintained under specific
pathogen–free conditions, and five mice per group were killed at the ages
of 3 and 9 months and genotyped as described in the online supplement.

Quantification of Lung Collagen

Hydroxyproline levels in murine lungs were determined as described
elsewhere (16) and in the online supplement.

Computerized Lung Morphometry

Morphometric analysis was performed on hematoxylin and eosin–stained
lung tissue sections by determining the mean interalveolar distance and
mean septal thickness (linear intercept measurement). AxioVision

Figure 1. Development of pulmonary fibrosis only in HPS1/2 double-mutant mice: (a) Representative hematoxylin–eosin (H&E) stainings of

complete right lungs of HPS monomutant mice, double-mutant mice, and background wild-type (WT) control mice at the ages of 3 and 9 months.
(b) Higher magnification pictures of H&E- and trichrome-stained lungs of all the HPS mutants and WT controls analyzed in this study at the ages of 3

and 9 months. Original magnification, 3200 (scale bar, 100 mm). (c) Quantitative determination of lung hydroxyproline concentration in HPS1/2

double-mutant mice in comparison with WT control mice. *P , 0.05, n 5 5 mice per group. n.s. 5 not significant.
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software (Carl Zeiss MicroImaging GmbH, Jena Germany) was used
for the analysis as outlined in the online supplement.

Isolation of Murine Alveolar Epithelial Type II Cells

Murine AECII from the lungs of 3-month-old HPS1/2 and wild-type
(WT) control mice were isolated according to the protocol given in the
online supplement.

Cloning and Cell Culture

Full-length murine cathepsin D was cloned into the pcDNA3.1 expres-
sion vector and transfected into mouse lung epithelial (MLE)-12 cells,
using primers and protocols described in the online supplement. NIH 3T3
mouse fibroblasts were then incubated with conditioned medium from
either cathepsin D– or empty vector–transfected MLE-12 cells (24 h
posttransfection). WST-1:4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tet-
razolio]-1,3-benzene disulphonate or BrdU: 5-bromo-29-deoxyuridine
(Roche Applied Science, Mannheim, Germany) was added as described
in the online supplement and absorbance was measured at 450 nm.

Western Blot

Samples were subjected to denaturing sodium dodecyl sulfate–
polyacrylamide gel electrophoresis followed by electroblotting on

polyvinylidene difluoride membrane and immunostaining for the de-
sired proteins. Protocol and the source of antibodies are given in the
online supplement.

Phospholipid Analysis, Isolation of Large Surfactant

Aggregates, and Assessment of Surface Activity

Phospholipids (PLs) were extracted from bronchoalveolar lavage fluid
(BALF) or tissue extracts according to the Bligh and Dyer method as
referred to in the online supplement. Characterization and surface
activity of large surfactant aggregates (LAs) was undertaken as out-
lined in the online supplement.

Lipidomics

Lipids were quantified by electrospray ionization–tandem mass spec-
trometry in positive ion mode, as described in the online supplement.

Immunohistochemistry and in Situ Apoptosis Assay

ZytoChem Plus (AP) Broad Spectrum (Fast Red) kit (ZytoMed
systems, Berlin, Germany) was used with paraffin-embedded lung
sections for immunohistochemical localization of proteins according
to the manufacturer’s instructions. The protocol and source of anti-
bodies are given in the online supplement. The degree of cellular

Figure 2. Increase in mean linear intercept in Hermansky-Pudlak syndrome (HPS) mice: Graphic representation of the length distribution of

airspaces in (a) HPS1/2 mice and (b) HPS1/6 mice as well as the length distribution of septal thickness of (c) HPS1/2 mice and (d) HPS1/6 mice in
comparison with respective wild-type (WT) controls. Twenty to 30 regions, covering the entire periphery of one digitally scanned lung slide stained

with hematoxylin–eosin, were introduced with grids, comprising a total of 40,000 chords in the horizontal and vertical directions, with a distance of

40 mm. Each caption was analyzed by automated line-to-line intercept analysis, according to the criteria mentioned in METHODS. Five 9-month-old

mice per group were analyzed and the data are represented as the frequency distribution of either (a and b) alveolar diameter or (c and d) septal
thickness. In addition, the conventional parameters ‘‘mean linear intercept’’ and septal thickness are indicated in (e) and (f), respectively. ***P ,

0.001,**P , 0.01, *P , 0.05; n.s. 5 not significant.
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apoptosis was determined by the terminal deoxynucleotidyltransferase
dUTP nick end labeling (TUNEL) method, using the in situ cell death
detection kit, AP (Roche Applied Science) according to the manufac-
turer’s instructions. All stained sections were analyzed on digital slide
scanning, employing a Mirax scanner (Carl Zeiss GmbH, Jena,
Germany). Mirax Viewer software (Carl Zeiss GmbH) was used to
analyze and make snapshots of the stained tissue sections.

Statistics

Unless indicated otherwise, all data are expressed as means 6 SEM of
at least five mice. Statistical evaluation was performed by Mann-
Whitney U test (comparison of two groups) and by Kruskal-Wallis H
test (if more than two groups were analyzed). The level of significance
is indicated in the figure legends and footnotes as follows: */#P , 0.5,
**/##P , 0.01, ***/###P , 0.001.

RESULTS

Development of Pulmonary Fibrosis in HPS1/2

In HPS1/2 double-mutant mice, but not in HPS1/6 or HPS1,
HPS2, or HPS6 mice, spontaneous development of lung fibrosis
was evident at the age of 3 months (Figure 1a, left). Being
patchy and subpleural at the beginning, the extent of lung
fibrosis progressed over the age of 9 months (Figure 1a, right).
Although fibrosis was encountered in all the 9-month-old HPS1/

2 mice analyzed in this study, the extent of fibrosis differed
somewhat from mouse to mouse. At higher magnification,
lymphoplasmacellular infiltration and extracellular matrix de-
position, with a dramatic increase in AECII size but roughly
preserved lung structure, were evident at 3 months (Figure 1b).
In contrast, dense fibrosis with extensive remodeling of the
alveolar lung structure was prominent in 9-month-old HPS1/2
mice (Figure 1b, second row), because of which quantitative
lung morphometric analysis did not reveal any significant
increase in enlarged airspaces in HPS1/2 mice (Figure 2a) but
revealed a more than twofold increase in septal thickness, when

TABLE 1. DIFFERENTIAL BRONCHOALVEOLAR LAVAGE COUNTS
IN VARIOUS HERMANSKY-PUDLAK SYNDROME GROUPS

AMs PMNs Lymphocytes

C57BL/6 controls 99.5 6 0.7 0 0.5 6 0.7

HPS1/2 74.6 6 5.4 10.7 6 6.4 14.6 6 3.5

HPS1 67 6 40.0 0 33 6 40.0

HPS2 93.6 6 10.4 0.6 6 0.8 5.8 6 10.4

HPS6 43.8 6 17.9 0.4 6 0.2 55.8 6 23

HPS1/6 controls 99 6 1.0 0 0.5 6 0.7

HPS1/6 11.5 6 4.8 0 88.5 6 4.8

Definition of abbreviations: AMs 5 alveolar macrophages; HPS 5 Hermansky-

Pudlak syndrome; PMNs 5 polymorphonuclear lymphocytes.

Data represent means 6 SD.

Figure 3. Loss of surfactant in bronchoalveolar lavage fluid (BALF) of HPS1/2 mice: Western blot analysis of (a) mature surfactant protein (SP)-B and
(b) mature SP-C in BALF from Hermansky-Pudlak syndrome (HPS) mice along with their respective wild-type (WT) control mice at the ages of 3 and

9 months. An equal volume (20 ml per sample) of BALF was used for each analysis. (c) Data set showing phospholipid (PL) concentration and the

relative amount of large surfactant aggregates (LA content, given as a percentage of total PL) in BALF of HPS1/2 and WT control mice. (d and e)

Surface activity of LA from HPS1/2, HPS1/6, and WT control mice was characterized at a PL concentration of 2 mg/ml, employing a pulsating bubble
surfactometer. (d) gads (surface tension after 12 s of film adsorption) and (e) gmin (minimal surface tension after 5 min of film oscillation) are given as

millinewtons per meter (mN/m). *P , 0.05, **P , 0.01; n 5 5 mice per group.
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compared with WT controls (Figures 2c and 2e; and see Figure
E1 in the online supplement). As a result of such fibrotic
changes, lung hydroxyproline content was significantly elevated
(Figure 1c). In HPS1/2 mice at 3 months, HPS1 and HPS2
monomutant mice at 9 months, and even more in HPS1/6
double-mutant mice at 9 months, airspace enlargement was
a prominent finding (Figure 1b; and Figures 2b, 2d, and 2f).

Disturbed Composition and Function of the Alveolar

Surfactant Pool in HPS1/2 Mice

As compared with WT mice, mature surfactant protein (SP)-B
was undetectable in BALF from 3- and 9-month-old HPS1/2
mice and appeared greatly reduced in HPS1/6 mice of the same
age. In contrast, BALF levels of mature SP-B remained un-
changed in any of the other monomutant HPS mice (Figure 3a).
Similarly, significantly reduced levels of mature SP-C were
observed in the BALF of HPS1/2 mice at 3 and 9 months, but
appeared unchanged in all other HPS mutants (Figure 3b). In
addition, the total phospholipid content, but not the relative
content of large surfactant aggregates (LAs), was significantly
decreased in BALF from HPS1/2 mice (Figure 3c). As com-
pared with WT controls, LA preparations from HPS1/2 BALF,

but not from HPS1/6 BALF, showed a significant reduction in
surface activity (Figures 3d and 3e). From these data, we
concluded that HPS1/2 mice do have a significant defect in
surfactant secretion, resulting in inappropriately low alveolar
phospholipid and surfactant protein concentrations, thus lead-
ing to increased alveolar surface tension.

In addition, BALF cellular profiles from various HPS mice
were analyzed. Of interest, many enlarged alveolar macrophages
were encountered (data not shown), especially in HPS1/2 mice.
In addition, a modest lymphocytic alveolitis was observed in all
of the HPS mice analyzed (Table 1), and there was no sig-
nificant difference between HPS1/2 and the other mice.

Accumulation of Hydrophobic Surfactant Proteins

in HPS1/2 Lungs

A dramatic increase in intracellular content of almost all forms
of the pro- and mature forms of the hydrophobic surfactant
proteins SP-B and SP-C was encountered in lungs of HPS1/2
mice in comparison with their respective WT controls (Figure
4a). At the age of 3 months, especially 21-kD pro–SP-C, mature
SP-B, and mature SP-C were elevated. In 9-month-old HPS1/2
mice, a more extensive accumulation of all pro- and mature

Figure 4. Accumulation of hydrophobic surfactant proteins in HPS1/2 lung tissues: (a) Western blot analysis of lung homogenates (LH; equal

protein load) of (left) 3-month-old and (right) 9-month-old HPS1/2 double-mutant and wild-type (WT) controls for pro–surfactant protein (SP)-B,
mature SP-B, pro–SP-C, and mature SP-C. (b) Western blot analysis of isolated alveolar epithelial type II cells (AECII; equal protein load) and LH for

mature SP-B and mature SP-C from 3-month-old HPS1/2 mice and WT controls. [Please note that the blots in (a) and (b) have been developed to

show adequate staining for HPS1/2 mouse samples; longer development forwarded staining for mature SP-C also in AECII and LH of WT mice.]
Representative blots are from n 5 5 mice per group, and three independent experiments are shown. (c–h) Densitometry was performed from all

Western blot analyses of all HPS mouse lung homogenates. The target protein/b-actin ratio was calculated and is given as a percentage of the

respective WT controls. ***P , 0.001,**/##P , 0.01, */#P , 0.05; n 5 5 mice per group.
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forms of SP-B/C, with the exception of 42-kD pro–SP-B, was
encountered (Figure 4a). Densitometric analysis revealed a 25-
fold increase in mature SP-C and a 5-fold increase in mature SP-
B in HPS1/2 lung homogenates (Figures 4g and 4h). To confirm
that such accumulation would reflect the situation within the
AECII, the intracellular SP-B/C content was analyzed in AECII
isolated from 3-month-old HPS1/2 mice and WT mice. Accu-
mulation of mature SP-B and SP-C was seen exclusively in the
AECII of HPS1/2 mice (Figure 4b), but not in any other HPS
mutants (Figure E2). Regarding the proforms, only 19-kD pro–
SP-B appeared highly up-regulated in all HPS mice (although
significantly higher in HPS1/2), and some minor increases were
encountered for 21-kD pro–SP-C and 25-kD pro–SP-B in these
mice (Figures 4c24f; and see Figure E2). Gene expression
analysis did not show any differences in the expression of SP-
B and SP-C between HPS1/2 and control mice (Figure E3a).
Consistent with previous reports on the subcellular distribution
of pro- and mature forms of the hydrophobic surfactant proteins
in healthy AECII (17, 18) and with the ultrastructural appear-
ance of AECII in humans with HPSIP (10), mature surfactant
compounds seem to accumulate in the distal part of the
lysosomal transport axis of AECII from HPS1/2, and hence
largely in lamellar bodies.

Accumulation of Surfactant Phospholipids in HPS1/2 Lungs

We next analyzed the total phospholipid content of lung homog-
enates in all HPS mono- and double-mutant mice along with
their WT controls. Phospholipid content was increased in all HPS
mice, but to various extents. The strongest increase was found in
HPS1/2 mice (approximately threefold), which was also signif-
icantly higher as compared with all other HPS mice (Figure 5a).
It seems noteworthy to mention that, in contrast to the changes in
mature SP-B/C, the phospholipid content of HPS1/2 lung homog-

enates did not further increase beyond the age of 3 months. In
AECII, the combinatory loss of HPS1 and HPS2 genes thus does
not seem to affect early lysosomal transport processes, as sug-
gested for HPS1 or HPS2 gene products in other cell types (19, 20).

Lipidomic Profiling in HPS Mice

Because we observed differences in total phospholipids in HPS
mice, we further performed mass spectrometry–based lipido-
mics analysis of lung tissues from all 9-month-old HPS and WT
control mice. As evident from Table E1 in the online supple-
ment and Figure 5a, extensive alterations of the phospholipid
profile were encountered. In particular, HPS1/2 mice showed
a significant increase in phosphatidylcholine (PC). To some
extent this also held true for HPS1/6 mice. Of note, phospha-
tidylethanolamine plasmalogens were markedly depressed in
HPS1/2 versus the other mice (Table E1). Moreover, a signifi-
cant increase in saturated PC species was encountered in HPS1/
2 mice and, to some extent, also in HPS1/6 mice (Figure 5b),
which could be ascribed almost entirely to a marked increase in
dipalmitoylated phosphatidylcholine (DPPC, PC-32:0; Figure
5c). Another interesting observation was a significant increase
in glucosylceramides (GlcCer) in 9-month-old HPS1/2 mice,
with a ceramide/GlcCer ratio of 3.9 in HPS1/2 mice compared
with 7.6 in controls (see also Table E2). Because the expression
level of the synthesizing enzyme (glucosylceramide synthase)
remained unchanged (data not shown), the observed accumu-
lation of GlcCer in HPS1/2 mice might be due to their de-
creased clearance.

AECII Apoptosis in HPS1/2 Mice

Accumulation and impaired secretion of pulmonary surfactant
may have resulted in chronic cell stress and apoptosis of AECII

Figure 5. Accumulation of sur-

factant phospholipids in HPS1/2

mouse lungs: (a) Total phospho-
lipids were extracted from lung

tissue of all 3- and 9-month-old

Hermansky-Pudlak syndrome (HPS)
and wild-type (WT) control mice.

The resulting phospholipid (PL)

concentrations were normalized

against their respective protein
concentrations and values are

expressed as micrograms of phos-

pholipids per milligram of pro-

tein. (b and c) Lipidomic study
was performed for 9-month-old

HPS mice as compared with the

respective WT control mice. Col-
umns depicted here represent

fatty acid distribution of (b) the

phosphatidylcholine (PC) fraction

and (c) the relative content of
dipalmitoylated phosphatidylcho-

line (DPPC) within the PC frac-

tion. Values are expressed as the

molar percentage (mol %) of the
respective lipid class, related to

total PC. */#P , 0.05, **/##P ,

0.01, ***/###P , 0.001; n.s. 5 not

significant; n 5 5 mice per group.
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in lungs of HPS1/2 mice. To identify apoptotic AECII, we
performed immunohistochemistry for cleaved, activated cas-
pase-3, along with pro–SP-C on serial sections of HPS1/2 and
control mouse lungs. It was found that the pro–SP-C–positive
cells (AECII) also stained positive for cleaved caspase-3 in
HPS1/2 tissue sections, whereas no signal for cleaved caspase-3
was detected in any WT control (Figure 6a). Western blot
analysis for caspase-3 produced a similar result (Figure 6b).
Alternatively, we performed TUNEL staining, along with
immunohistochemistry, for the AECII-specific marker pro–
SP-C on serial sections from all HPS and control mice. As
depicted in Figure E4a in the online supplement, numerous
TUNEL-positive AECII were already evident only in the lung
tissue of HPS1/2 mice at an age of 3 months (but not in other
mutants), indicating that AECII apoptosis is an early event in
these mice. Thus, TUNEL data fully confirmed the cleaved
caspase-3 immunohistochemistry and again suggest that AECII

undergo extensive apoptosis in HPS1/2 mice, but not in other
HPS or control mice.

Lysosomal and Endoplasmic Reticulum Stress Underlie AECII

Apoptosis in HPS1/2 Mice

Observations to this point indicated that intracellular accumu-
lation of surfactant was especially prominent in HPS1/2 mice
and possibly related to the increased apoptosis of AECII, thus
favoring fibrosis development in HPS1/2 double-mutants. To
further study the pathways that may interconnect surfactant
accumulation and AECII apoptosis in HPS1/2 mice, it was
hypothesized that such surfactant accumulation may cause
primarily lysosomal stress in these mice. Therefore, a well-
known lysosomal aspartyl protease, cathepsin D, which has
been shown to induce apoptosis by several mechanisms (21, 22),
was analyzed by Western blotting. Increased levels of proca-
thepsin D (z44 kD), its glycosylated form (z54 kD), and

Figure 6. Alveolar epithelial type II cell (AECII) stress and apoptosis in HPS1/2 mice: (a) Serial paraffin-embedded lung tissue sections from (top) 9-

month-old HPS1/2 mice and (bottom) wild-type (WT) controls were immunostained either for (left) cleaved caspase-3 or (right) pro–surfactant

protein (SP)-C. Arrows indicate the same AECII stained for both proteins. (b) Western blot analysis of cleaved caspase-3 in lung homogenates of 3-
and 9-month-old HPS1/2 mice in comparison with that of 9-month-old WT controls. (c and d) Western blot analysis of cathepsin D in (c) lung

homogenates of HPS1/2 mice (3 and 9 mo of age) and in (d) isolated AECII of HPS1/2 and WT controls (3 mo of age). (e) Immunohistochemistry on

serial sections of (top) HPS1/2 and (bottom) WT mouse lungs for (left) cleaved caspase-3, (middle) pro–SP-C, and (right) cathepsin D. Arrows indicate

positive staining of AECII for all three proteins. Inset: High-magnification image, illustrating diffuse cytoplasmic staining of cathepsin D within the
AECII of HPS1/2 mice. Arrowhead indicates cathepsin D staining in macrophages in a WT mouse lung tissue section. (f) Western blot analysis for

activating transcription factor-4 (ATF4) and C/EBP homologous protein (CHOP) in lung homogenates of HPS1/2 mice and age-matched WT

controls. (g) Serial sections were stained for either (left) ATF4, (middle) pro–SP-C, or (right) CHOP in 9-month-old HPS1/2 and WT controls. Arrows

indicate the same AECII stained positive for all three proteins. Original magnification, 3400 (scale bar, 50 mm). Original magnification of inset, 3800
(scale bar, 20 mm). Representative blots and stainings from each group are shown, from n 5 5 mice per group.
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subsequent cleavage products were observed in lung homoge-
nates of 3- and 9-month-old HPS1/2 mice and in the AECII of
3-month-old HPS1/2 mice when compared with respective
controls (Figures 6c and 6d). Interestingly, cathepsin D levels
in lung homogenates of all other HPS mice were found to be
virtually identical (see Figures E5a–E5c in the online supple-
ment). Cathepsin D gene expression in HPS1/2 mice, however,
did not differ from controls (Figure E5d). In colocalization
studies employing immunohistochemistry for cathepsin D,
cleaved caspase-3, and pro–SP-C on serial sections, we identi-
fied all three proteins on identical regions in HPS1/2 lungs
(Figure 6e) with a pan-cytoplasmic distribution pattern for
cathepsin D (inset in Figure 6e).

Apart from the lysosomal stress response, the possible
existence of an endoplasmic reticulum (ER) stress response
was also assessed in HPS mice. For this purpose, the late ER
stress marker C/EBP homologous protein (CHOP; GADD153),
which represents an obligatory and important proapoptotic ER
stress compound, as well as activating transcription factor-4
(ATF4), which serves as a direct transcription factor for CHOP,
were studied. Western blot analysis using lung homogenates
revealed an up-regulation of both proteins in HPS1/2 mice, at

the age of 9 months (Figure 6f) but not at an age of 3 months
(data not shown). To check whether the ATF4 and CHOP
signals of lung homogenates originate from AECII, immuno-
histochemistry of ATF4, CHOP, and pro–SP-C was performed
on serial sections. Interestingly, these stainings illustrated that
pro–SP-C–positive cells stained positive for ATF4 and CHOP in
lung sections from 9-month-old HPS1/2 mice, whereas control
mouse sections showed no positivity (Figure 6g), thus indicating
that AECII from HPS1/2 mice undergo ER stress during a later
stage of the disease.

AECII Apoptosis Due to Lysosomal and ER Stress Is Also

a Prominent Finding in Human HPSIP

Lysosomal and ER stress pathways were characterized in
human HPSIP. Lack of frozen lung material from transplanted
human patients with HPS restricted the current work to avail-
able serial lung sections from paraffin-embedded lung tissues
from only two patients with HPS, on which immunohistochem-
istry was performed. Interestingly, AECII from patients with
HPSIP not only showed much more pronounced reactivity for
pro–SP-C as compared with donor lungs, but also showed
positive staining for both cleaved caspase-3 and cathepsin D

Figure 7. Apoptosis of alveo-

lar epithelial type II cells
(AECII) due to lysosomal and

endoplasmic reticulum stress

in human Hermansky-Pudlak
syndrome–associated intersti-

tial pneumonia (HPSIP): (a)

Representative immunohisto-

chemistry performed on serial
paraffin-embedded lung tissue

sections from (top) human

patients with HPS and (bot-

tom) healthy donors for (left)
cleaved caspase-3, (middle)

pro–surfactant protein (SP)-C,

and (right) cathepsin D. Ar-

rows indicate the same AECII
stained for all three proteins.

Inset: High-magnification im-

age, illustrating diffuse cyto-
plasmic staining of cathepsin

D within the AECII of HPSIP.

Arrowhead indicates cathepsin

D staining in macrophages in
a lung tissue section of

a healthy donor. (b) Serial

lung tissue sections from

(top) human patients with
HPS and (bottom) healthy do-

nors were stained for (left)

activating transcription factor-4
(ATF4), (middle) pro–SP-C, or

(right) C/EBP homologous

protein (CHOP). Arrows indi-

cate positive staining of an
AECII for all three proteins.

Representative sections from

patients with HPS1 and four

healthy donors are shown.
Original magnification, 3400

(scale bar, 50 mm). Original

magnification of inset, 3800
(scale bar, 20 mm).
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(Figure 7a), thus fully confirming the data observed in the elder

and fibrotic HPS1/2 mice. Diffuse cytoplasmic staining for
cathepsin D within AECII was also observed in lung sections

of HPSIP (inset in Figure 7a). Of interest, in healthy lung tissues

from mice (Figure 6e) and humans (Figure 7a) cathepsin D
staining was observed primarily in alveolar macrophages but

not in AECII, again underscoring the significance of the

observed increase in cathepsin D in AECII under conditions
of HPSIP. In addition, we investigated the expression of the

proapoptotic ER stress factor CHOP and its transcription factor

ATF4 in human HPSIP. As depicted in Figure 7b, immunore-
activity for CHOP and ATF4 was found in AECII of HPSIP

lungs, but not of donor lungs, again providing evidence for

a proapoptotic ER stress response in the AECII of these
patients.

Cathepsin D Promotes Apoptosis of Alveolar Epithelial Cell

Line and Fibroblast Proliferation

In addition, to assess the causative role of cathepsin D over-
expression in alveolar epithelial cell apoptosis and its role in
fibroblast proliferation, we overexpressed full-length mouse
cathepsin D in AECII-like MLE-12 cells. By analysis of cleaved
caspase-3, we observed significant cell death in cathepsin D–
transfected cells, as compared with empty vector–transfected
cells (Figure 8a). These cells were largely detached from the
culture plate, 24 hours posttransfection. Conditioned medium
from cathepsin D–transfected cells was then applied on NIH
3T3 fibroblasts and this resulted in increased viability and
proliferation, as measured by WST-1 assay (Figure 8b) and
BrdU incorporation (Figure 8c), respectively. Incubation of

NIH 3T3 fibroblasts with conditioned medium from empty
vector–transfected cells resulted in a significantly depressed
proliferative signal.

DISCUSSION

In patients with HPS, impaired lysosomal trafficking axis causes
a complex spectrum of cell- and organ-specific disturbances,
including severe pulmonary fibrosis in a larger subpopulation of
patients with HPS1 and HPS4 mutations. Another entity caused
by disturbed lysosomal transport is the Chédiak-Higashi syn-
drome (CHS), a bleeding disorder with severe and recurrent
infections. In murine models of CHS (beige mice with a muta-
tion in lysosomal trafficking regulator lyst1 [23], and chocolate
mice with a rab38 mutation [24]), increased cellularity and
modest interstitial inflammation have been described (23, 24),
and emphysema was a prominent finding in HPS1/2 (12). In
chocolate mice and in HPS1/2 mice, accumulation of mature
surfactant components and giant lamellar body degeneration
have been described to various extents. However, this is the first
study to show spontaneous development of lung fibrosis in
a murine model of HPS, which fully mimicks clinical HPSIP.

An obvious explanation for phenotypic differences in differ-
ent mouse models may be that, as compared with HPS1/2, in
other models, the accumulation of intracellular surfactant levels
may not have reached a critical threshold level to induce
chronic cellular stress and AECII apoptosis. In line with this,
beige mice exhibit modest PC (z1.5-fold) and SP-B accumula-
tion in lung homogenates, a slight reduction of SP-B in BALF at
24 weeks, and only a twofold increase in disaturated PC in
adulthood (25). Regarding the surfactant pool size in tissue and

Figure 8. Overexpression of

cathepsin D (CatD) drives ap-
optosis of an alveolar epithelial

cell line and proliferation of

fibroblasts: (a) Total protein

extracts prepared from ca-
thepsin D– and empty vector–

transfected mouse lung

epithelial (MLE)-12 cells as
well as cells collected from

supernatant after cathepsin D

transfection (after 24 h) were

subjected to Western blotting
for (top) cathepsin D and for

(middle) cleaved caspase-3,

with equal protein loading

(b-actin, bottom). Supernatant
from cells transfected with

empty vector did not contain

enough cells (protein) to be
included. (b and c) Condi-

tioned medium from either

cathepsin D– or empty vector–

transfected MLE-12 cells was
applied to an equal number of

NIH 3T3 fibroblasts and their

viability was assessed by (b)

water-soluble tetrazolium salt
(WST)-1 assay at various cell

numbers or their proliferation

was measured by (c) bromo-

deoxyuridine (BrdU) incorpo-
ration. *P , 0.05, **P , 0.01;

n.s. 5 not significant.
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airspace enlargement, these mice are thus comparable to HPS1,
HPS2, HPS6, and HPS1/6 mice (26), but they do not seem to
develop fibrosis. Several factors may contribute to the de-
velopment of lung fibrosis exclusively in HPS1/2.

First, activation of macrophages and elevation of basal
inflammatory cytokine levels, as reported for HPS1 and HPS2
mice (23, 27), may also support fibrotic reactions. Indeed,
macrophage activation has also been described in patients with
HPS1 mutations (28). On the other hand, with the exception of
altered morphology of macrophages (data not shown), our
HPS1/2 mice did not show a significantly different differential
cell count as compared with the other genotypes. Although such
assessment is certainly incomplete, it does not suggest a sub-
stantially different level of inflammatory changes between mice
that develop fibrosis and those that do not.

Second, changes in the extracellular surfactant pool may
contribute to the development of lung fibrosis. In HPS1/2 mice,
we now observed greatly increased alveolar surface tension
paralleled by a far-reaching absence of both hydrophobic sur-
factant proteins, most likely reflecting the severity of the intra-
cellular transport deficiency. In contrast, although also almost
deficient in SP-B at the alveolar level, HPS1/6 mice still had
reasonably high amounts of SP-C in the alveolar space and,
accordingly, normal surface tension–reducing characteristics of
the alveolar surfactant film. At a quick glance, such an obser-
vation may place SP-C at the center of a pathomechanistic concept,
especially bearing in mind that SP-C may well play a role in
maintaining lung mechanics (as suggested with SP-C2/2 mice
[29]). However, we believe that the loss of surface activity in
HPS1/2 mice is more simply related to the simultaneous loss of
SP-B and SP-C at the alveolar level, a feature well known from
term babies with respiratory distress, in whom a complete (no
gene expression) loss of SP-B and a functional (no processing of

pro–SP-C) loss of SP-C are encountered (30). At present, we
certainly cannot exclude a pathomechanistic role of the in-
creased alveolar surface tension in the process of lung fibrosis,
especially when keeping in mind the role of biomechanical
forces in fibroblast activation (31). Further experiments are
needed to precisely define the role of elevated alveolar surface
tension, a common feature in, for example, subjects with IPF
(32), in the development of lung fibrosis.

Third and, from our understanding, most importantly, an
intriguing interpretation of our data and those of others is that
the observed accumulation of mature and intermediate surfac-
tant compounds in AECII may be of potential harm for this cell
type and that—depending on the cellular stress level—airspace
enlargement or lung fibrosis may represent the phenotypic conse-
quences. Such an idea is supported by our observation that con-
ditioned medium from cathepsin D–transfected epithelial cells,
which are prone to apoptosis, promotes fibroblast proliferation.

In contrast to mice, in which HPSIP is provoked only by
a double hit affecting both HPS1 and HPS2 (33), single
mutation of HPS1 or HPS4 in humans resulted in HPSIP (4,
34, 35). In higher eukaryotes, HPS1 and HPS4 encode BLOC
(biogenesis of lysosomal-related organelle complex)-3 (36),
which was suggested to regulate endosomal and lysosomal
movements by microtubule- and actin-dependent mechanisms
(37–39). Adaptor protein (AP)-3 is affected in HPS2 and has
been suggested to play a role in transporting selected proteins
from trans-Golgi to lysosomes, endosomes, or lysosome-related
organelles and was shown to form a tripartite complex with
BLOC-1 and phosphatidylinositol-4-kinase type II a (PI4KIIa)
(40). Interestingly, one study showed anatomically different
AP-3–regulatory mechanisms in brain (41). It is also known to
directly interact with some other HPS gene products (but never
with BLOC-3) and cellular factors involved in lysosomal trans-

Figure 9. Proposed model for

induction of apoptosis of alve-
olar epithelial cells type II

(AECII) in Hermansky-Pudlak

syndrome–associated intersti-

tial pneumonia (HPSIP) lungs:
On the left, a healthy AECII is

shown, with regular surfactant

processing, transport, and se-

cretion. On the right, our data
on HPSIP are summarized, in

which giant lamellar bodies,

defective surfactant transport,

and impaired secretion of sur-
factant are shown. Alveolar

surface tension in HPSIP lungs

is increased, indicating the re-
duced surface activity of the

alveolar surfactant pool in

these lungs. Within the AECII,

an increase in cathepsin D,
glucosylceramides, and CHOP-

induced apoptosis of the cell

may result in the development

of lung fibrosis. CHOP 5 C/EBP
homologous protein; ER 5 en-

doplasmic reticulum; Glccer 5

glucosylceramides; LBs 5 lamel-
lar bodies; MVB 5 multivesicu-

lar bodies; PL 5 phospholipids;

SP 5 surfactant protein; TM 5

tubular myelin; ULV 5 unila-
mellar vesicles.
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port and secretion (42, 43). Similarly, in samples from patients
with HPS1 mutations, the intracellular localization of the AP-3
complex remained unaltered in fibroblasts (44, 45). Drawn
against this background and observations by Feng and col-
leagues (46), it appears highly unlikely that AP-3 directly
interacts with HPS1/BLOC-3, although these studies have never
been performed in active secretory cells in general and in
AECII in particular. Of note, in HPS1/2 mice, cumulative
accumulation of lysosomal enzymes (b-glucuronidase, b-galac-
tosidase) in lungs and kidneys again supports the concept of
a functional redundancy of HPS1 and HPS2 in surfactant
trafficking (46). Hence, only if both complexes are affected in
parallel will extensive accumulation of surfactant, cell stress,
and apoptosis occur, leading to fibrosis in mice (Figure 9).
Although unclear at present, a lack of functional redundancy
between BLOC-3 and AP-3 in humans could be a potential
explanation for the development of HPSIP with single BLOC-3
or AP-3 mutations.

Another explanation for all these differences between mice
and humans could involve environmental (e.g., smoking) or
medical factors. Regarding the latter, steroids and b-mimetics,
agents that may be frequently used in subjects with HPSIP, may
in fact increase surfactant expression and production and
aggravate the level of intracellular stress (47).

In general, HPS proteins were suggested to be responsible for
(1) cargo sorting and transport vesicle formation, (2) movement
of transport carriers across the cytoskeletal axis, and (3) tether-
ing, docking, and fusion of vesicles at the target membrane (48).
In view of the herein described accumulation of mature surfactant
compounds in HPS1/2, it appears likely that the biosynthetic
surfactant pathway is affected more in the distal part, starting at
the level of the multivesicular body (MVB; Figure 9), as it is well
known that the MVB is the earliest lysosomal organelle in which
maturation of SP-B/C occurs. The inability of isolated AECII
from HPS1/2 mice to adequately secrete surfactant even in
response to ATP (13) lends credence to the assumption that
a more distal transport process is altered in HPS1/2 mice.

Consistent with such reasoning, we observed an early
lysosomal stress reaction in HPS1/2 mice, characterized by
a significant increase in cathepsin D levels in AECII. Although
representing a normal lysosomal constituent, cathepsin D
potentially induces apoptosis in many cell types (21, 22) via
different mechanisms (49–51). Supporting this view, in the
present study, we observed apoptosis of MLE-12 cells in
response to overexpression of cathepsin D, and increased
proliferation of fibroblasts when incubated with conditioned
medium from cathepsin D–transfected cells. These observations
fully corroborate our findings in HPS mice and human samples,
in which highly increased levels of cathepsin D were observed in
AECII, signifying its prominent role in the development of
HPSIP. The development of AECII apoptosis and lung fibrosis
in HPS1/2 mice was further strengthened by lipidomic profiling
of lung tissue, particularly with a significant increase in gluco-
sylceramides. In fibroblasts isolated from patients with
Gaucher’s disease, such an accumulation of GlcCer was found
to cause oxidative stress and apoptosis (52). Moreover, accu-
mulation of gangliosides (gangliosidosis) or sphingomyelin
(Niemann-Pick disease) were shown to provoke the unfolded
protein response, causing neuronal death (53, 54). In line with
such reasoning, a severe ER stress response had been previously
shown to be the primary cellular consequence of mutations of
the SFTPC gene (55), a rare reason for development of familial
forms of idiopathic interstitial pneumonias. Mutations in the
BRICHOS domain of the carboxy-terminal part of pro–SP-C
resulted in misfolding and accumulation of the proprotein,
finally also leading to induction of ER stress and AECII

apoptosis (55, 56). Furthermore, severe ER stress, with the
induction of ATF4 and activation of the apoptosis mediator
CHOP, was observed in HPSIP (both in mice and humans) in
our study, similar to previous studies by our group in patients
with sporadic IPF (57). This ER stress response in HPSIP could
be due to increasing amounts of accumulating SP-B/C or
retrograde stacking of lysosomal surfactant compounds into
the ER. In any case, such additional ER stress adds further to
the lysosomal stress–induced AECII apoptosis. Drawn against
observations in IPF, these data suggest that apoptosis of
alveolar epithelium due to chronic lysosomal/ER stress indeed
represents a common observation in HPSIP (Figure 9) and
a pivotal event in the evolution of lung fibrosis in general. ER
stress has been implicated in many diseases such as Alzheimer’s
disease, diabetes, Parkinson disease, and, more recently, also in
chronic obstructive pulmonary disease (58, 59). Increasing
evidence suggests that certain chemical chaperons such as
sodium 4-phenyl butyrate or butylated hydroxyanisole (which
is also an antioxidant) may help to dampen the unfolded protein
response, thereby preventing cells from undergoing ER stress–
induced apoptosis (60, 61). As an attempt to rescue AECII from
ER stress–induced cell death in HPSIP, use of similar agents
may be discussed, but their ability to also circumvent lysosomal
stress, the primary injurious event in HPSIP to AECII, has yet
to be investigated.

Regarding the clinical similarities of IPF and HPSIP, it is an
intriguing thought that the herein identified HPS1/2 mice would
represent a much better model as compared with the widely
used bleomycin model, in which excessive inflammation before
the onset of lung fibrosis and its cessation after several weeks of
bleomycin challenge are ascertained drawbacks. Lack of effec-
tive treatment for IPF or HPSIP makes HPS1/2 mice a more
admissible murine fibrosis model.
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ABSTRACT

Amiodarone (AD) is a highly efficient antiarrhythmic drug with potentially serious side effects. Severe pulmonary toxicity is
reported in patients receiving AD even at low doses and may cause interstitial pneumonia as well as lung fibrosis.
Apoptosis of alveolar epithelial type II cells (AECII) has been suggested to play an important role in this disease. In the
current study, we aimed to establish a murine model of AD-induced lung fibrosis and analyze surfactant homeostasis,
lysosomal, and endoplasmic reticulum (ER) stress in this model. AD/vehicle was instilled intratracheally into C57BL/6 mice,
which were sacrificed on days 7, 14, 21, and 28. Extent of lung fibrosis development was assessed by trichrome staining and
hydroxyproline measurement. Cytotoxicity was assessed by lactate dehydrogenase assay. Phospholipids (PLs) were
analyzed by mass spectrometry. Surfactant proteins (SP) and markers for apoptosis, lysosomal, and ER stress were studied
by Western blotting and immunohistochemistry. AECII morphology was evaluated by electron microscopy. Extensive lung
fibrosis and AECII hyperplasia were observed in AD-treated mice already at day 7. Surfactant PL and SP accumulated in
AECII over time. In parallel, induction of apoptosis, lysosomal, and ER stress was encountered in AECII of mice lungs and in
MLE12 cells treated with AD. In vitro, siRNA-mediated knockdown of cathepsin D did not alter the AD-induced apoptotic
response. Our data suggest that mice exposed to intratracheal AD develop severe pulmonary fibrosis, exhibit extensive
surfactant alterations and cellular stress, but AD-induced AECII apoptosis is not mediated primarily via cathepsin D.

Key words: amiodarone; surfactant; lung fibrosis; alveolar epithelial cell apoptosis; lysosomal stress; ER stress
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Amiodarone (AD) is an iodinated benzofuran derivative and falls
under the class III antiarrhythmic drugs. Although proven highly
efficient in controlling cardiac arrhythmias, its clinical use is
mainly limited by its adverse effects (Chang et al., 2007; Okayasu
et al., 2006). Black box warnings of AD include hypo and hyper
thyroidism, corneal micro deposits, dermatitis, symptomatic
bradycardia, and most importantly, severe pulmonary toxicity
(Chang et al., 2007). The frequency of pulmonary toxicity in pa-
tient cohorts receiving high dose of AD (≥400 mg/day) has been
estimated at 10–17%, with fatalities occurring in about 10% of
cases with pulmonary toxicity (Ott et al., 2003). Low dose of AD
(200 mg/day) was believed to be relatively safe, but increasing
evidence suggests the risk of pulmonary complications, espe-
cially lung fibrosis, even in low dosage treatment group of pa-
tients. Apart from pulmonary fibrosis, pneumonitis and acute
respiratory distress syndrome (ARDS) are also well documented
as potential side effects of AD (Chang et al., 2007; Charles et al.,
2006). According to a statistical analysis published in 1999 (Con-
nolly, 1999), AD accounted for 24.1% of the total antiarrhythmic
prescriptions in 1998. But its usage has drastically increased in
the last decade. After considering its risk factors, clinicians use
AD to treat atrial fibrillation (in the absence of pre-excitation)
when other agents are either contra-indicated or have failed
(January et al., 2014). More recently, follow-up drugs have been
developed such as dronedarone, which has been suggested to
cause less lung, liver, and thyroid toxicity (Zimetbaum, 2009).
Unfortunately, dronedarone not only caused over-mortality in a
group of patients with depressed left ventricular function (Kober
et al., 2008) but it also appeared to be less efficient in controlling
atrial fibrillation in a head-to-head comparison study with AD
(Le Heuzey et al., 2010). For this reason AD still represents the
preferred drug.

Pathogenic and molecular events underlying AD-induced
pulmonary toxicity are not clearly settled but may include direct
cytotoxicity (Ashrafian and Davey, 2001), excessive intracellular
phospholipid (PL) accumulation (Martin et al., 1989), alterations
in the angiotensin signaling pathway (Uhal et al., 2007), genera-
tion of oxidants (Sarma et al., 1997), and inflammatory reactions
(Wilson et al., 1991). In fact, AD is toxic to several types of lung
cells in vitro (Bargout et al., 2000; Chiovato et al., 1994). Apart from
these, it is known that AD gets enriched in lysosomes (∼500-fold
as compared with serum) and causes accumulation of multil-
amellar bodies in the cytoplasm of various cell types (Somani
et al., 1987).

A murine model for AD-induced lung fibrosis has not been
described, with the exception of one recent study where an al-
kaloid, neferine, was reported to exert protective effects in AD-
treated mice (Niu et al., 2013). However, a systematic analysis
of the ongoing cellular stress mechanisms in mice in response
to amiodarone treatment is missing. The purpose of this study
is to establish a mouse model of AD-induced pulmonary fibro-
sis and systematically analyze the surfactant alterations, lyso-
somal, and endoplasmic reticulum (ER) stress in this model.

MATERIALS AND METHODS

Mice. Intratracheal administration of vehicle or amiodarone (0.8
mg/kg body weight, Sigma-Aldrich, Germany) was performed
in C57BL/6 mice every fifth day as detailed in the online sup-
plement. Altogether, 10 mice per each group were included.
Mice were sacrificed according to standard lab procedures as de-
scribed before (Mahavadi et al., 2010). Both the University Ani-
mal Care Committee and the Federal Authorities for Animal Re-

search of the Regierungspraesidium Giessen (Hessen, Germany)
approved the study protocol.

Lung compliance, histology, and electron microscopy. Mice were sub-
jected to lung compliance measurement as described in the on-
line supplement. Mice were sacrificed 7 and 14 days after first AD
or vehicle challenge for perfusion fixation. In order to represent
the whole organ a systematic uniform sampling was performed.
Tissue blocks designated to transmission electron microscopy
were embedded in epoxy resin. Detailed protocols are described
in the online supplement.

Biochemical analysis. PLs analysis and characterization of large
surfactant aggregates (LAs) was undertaken as described be-
fore (Mahavadi et al., 2010). Bronchoalveolar lavage (BAL)-derived
LAs were isolated by highspeed centrifugation (48,000 × g, 1
h, 4◦C, Sorvall centrifuge). LA preparations were re-assessed
for PL content (as described in the online supplement) and re-
lated to the originally centrifuged amount of PLs (indicating
the% of LA in the original BALF). Lipids were quantified by elec-
trospray ionization–tandem mass spectrometry in positive ion
mode (Mahavadi et al., 2010). Lipid species were annotated ac-
cording to the recently published proposal for shorthand nota-
tion of lipid structures that are derived from mass spectrometry
(Liebisch et al., 2013). Details about lactate dehydrogenase (LDH)
assay, Western blot, immunohistochemistry, and source of anti-
bodies are given in the online supplement.

Cell culture. Mouse lung epithelial cell lines (MLE12) were cul-
tured as described before (Mahavadi et al., 2010). Preparation of
AD solution and protocols for immunofluorescence and siRNA
transfection are given in the online supplement.

Statistics. All data are expressed as means ± SEM of at least five
mice for in vivo studies. For in vitro experiments, three or more in-
dependent experiments were conducted for AD treatment and
triplicate transfections were performed for siRNA studies. Sta-
tistical significance was assessed employing Mann-Whitney U
test. Significance is indicated as *p � 0.5, **p � 0.01, ***p � 0.001.

RESULTS

Development of Lung Fibrosis in Mice after AD Treatment
C57/Bl6 mice treated intratracheally with AD employing a mi-
crosprayer displayed significantly lowered lung compliance as
compared with the vehicle-treated mice (Fig. 1A). AD treatment
resulted in a significant increase in lung hydroxyproline levels
compared with the vehicle-treated mice (Fig. 1B), reaching sig-
nificance at day 14. Septal thickening, patchy interstitial lung
fibrosis, lymphoplasmacellular infiltration, extracellular matrix
deposition, areas of dense fibrosis, and areas with roughly pre-
served lung structure with increased AECII size were observed
in AD-treated mice, right from day 7 onward (Figs. 1C and 1D).
Trichrome staining of lung sections confirmed increased colla-
gen deposition by day 7 post AD treatment (Fig. 1E). Electron
microscopy demonstrated fragmentation of the alveolar lining
with denudation of the basal lamina as well as interstitial edema
at day 7 (Fig. 1F), which was supported by the observation of in-
creased lung wet weight following AD treatment (Supplemen-
tary fig. 1). At day 14, an increase in collagen fibrils within thick-
ened septal wall tissue was the most prominent finding (Fig. 1F,
Supplementary fig. 2). Differential cell counts revealed a modest
neutrophilic alveolitis starting at day 7, which persisted over the
entire observation period (Supplementary fig. 3).
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FIG. 1. Development of pulmonary fibrosis in AD-treated mice. (A) Graphical representation of dynamic lung compliance showing a significant decrease in AD-treated
mice as compared with vehicle-treated controls. (B) Hydroxyproline measurement of total right lungs showing a significant increase in AD-treated mice as compared
with vehicle-treated mice. (C–E) Representative H&E (C and D) and trichrome stainings (E) of complete left lungs (C) and higher magnification images (D, E) of days

7, 14, 21, and 28 AD and day 28 vehicle-treated mice showing patchy fibrosis in AD-treated mice. Scale = 100 �m, original magnification: ×200. (F) Representative
transmission electron microscopic images: Fragmentation of the alveolar lining (alv epi) and denudation of basal lamina was a typical finding in d7 AD-treated mice.
Interstitial edema (ed) is also visible. At d14, septal wall thickening was a consequence of deposition of collagen fibrils (asterisk) and interstitial cells (IC). Profiles of

AECII containing lamellar bodies (block arrows) were observed within thickened septal walls. Vehicle-treated mice lungs showed no signs of injury or fibrosis; septal
walls were slim and collagen (col) could be located on the “thick” side of the blood-gas barrier. The thin side consisted of alveolar epithelium (alv epi), basal lamina
(bl), and endothelium (endo). Alv: alveolar airspace. Scale = 2 �m. *p � 0.5, **p � 0.05, n = 5 mice per group and three independent experiments were performed.
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Lung Tissue Damage and Altered Surfactant Homeostasis in AD-
Treated Mice
We observed a significant increase in total protein concentra-
tion and a significant increase in LDH activity in bronchoalveo-
lar lavage fluids (BALF) (Figs. 2A and 2B) of AD-treated mice as
compared with vehicle-treated control mice, indicating an in-
crease in lung cell permeability and lung tissue damage respec-
tively. Parallely, we observed a significant increase in total PLs in
BALF of AD- versus vehicle-treated mice (Fig. 2C), with a signif-
icant reduction in the relative content of LAs seen at day 7, but
not at later time points (Fig. 2D). In agreement, lipidomic anal-
ysis of the alveolar surfactant pool forwarded modest changes
in the PL profile (Table 1), but distinct changes in the fatty acid
profiles, with a significant reduction in the relative amount of
dipalmitoylphosphatidylcholine (DPPC) as well as saturated PC
and a corresponding increase in unsaturated PC (Table 2). Like-
wise, saturated phosphatidylglycerol (PG) was significantly re-
duced at the favor of unsaturated PG species (Table 2). PE-based
plasmalogens were increased in AD-treated mice as compared
with vehicle-treated mice (Table 3). Analysis of mature forms
of surfactant proteins (SP) B and C in BALF of AD- and vehicle-
treated mice did not forward any significant differences (Fig. 2E).
Taken together, we observed significant cell damage and analy-
sis of the alveolar surfactant pool after AD treatment forwarded
significant changes only with regard to PL components.

On the other hand, marked alterations of the intracellular
surfactant pool were easily observed and consisted of a signif-
icant elevation of the tissue PLs (Fig. 3A) and a significant in-
crease in the 42 kDa form of pro SP-B and a remarkable (5–10-
fold) increase in mature SP-B, pro SP-C, and mature SP-C in AD-
treated mice (Figs. 3B–D). Lipidomics analysis of lung tissue PLs
revealed a significant increase in bis(monacylglycero)phosphate
(BMP; also known as lysobisphosphatidic acid, LBPA), a PL that is
present in the internal vesicles of multivesicular bodies (MVBs)
and that has been suggested to be a biomarker of AD-induced
phospholipidosis (Table 4) (Mortuza et al., 2003). In line with
this observation, we also observed the increased number of pro-
files of MVBs within the AECII of AD-treated mice (Supplemen-
tary fig. 4A), as compared with vehicle-treated mice (Supple-
mentary fig. 4B). Lipidomics analysis further revealed significant
increase in cholesterol esters in AD-treated mice (Table 4). In
addition, small, but significant changes in other PL classes in
AD-treated mice lungs were observed (Table 4), overall support-
ing the concept that there was a substantial intracellular accu-
mulation of mature surfactant compounds. In full agreement,
electron microscopy showed larger and more prominent AECII
in close neighborhood to areas of interstitial fibrosis suggest-
ing hypertrophy and/or hyperplasia of this cell type. Addition-
ally, lamellar bodies were increased in number and size whereas
components of intra-alveolar surfactant appeared more abun-
dant after AD treatment (Figs. 3E and F).

AD Induces Apoptosis of AECII in Mice
Compared with the vehicle-treated mice, we observed a signifi-
cant, fivefold increase in the cleaved form of caspase 3 in day 7
AD-treated mice that decreased over time (Figs. 4A and B, Sup-
plementary fig. 5A). Immunohistochemistry for cleaved caspase
3 and the AECII marker pro SP-C on serial lung sections revealed
localization of cleaved caspase 3 signal to AECII in AD-treated
mice, whereas no detectable signal was seen in the lung sections
of vehicle-treated mice lungs (Fig. 4C). Supporting these data,
electron microscopy of lung tissues of AD-treated mice lungs
showed fragmentation of the alveolar epithelium and denuda-

tion of the basal lamina in mice at d7 after AD treatment (Fig.
1F).

AD Induces Lysosomal and ER Stress in the AECII
Drawn against our previous report of cathepsin D mediated
apoptosis of AECII in a mouse model of Hermansky-Pudlak syn-
drome associated lung fibrosis (Mahavadi et al., 2010), yet an-
other form of lung fibrosis being associated with extensive sur-
factant accumulation and AECII apoptosis, we investigated the
regulation of cathepsin D in AD-induced lung fibrosis. We ob-
served a significant 11-fold increase in cathepsin D levels in
lung homogenates of AD-treated mice at day 7 (vs. vehicle),
which gradually decreased over time (Figs. 5A and B). In addi-
tion, immunohistochemistry for cathepsin D and pro SP-C on
serial lung sections showed that the increased cathepsin D was
localized to the AECII in AD-treated mice whereas it was mostly
restricted to macrophages in vehicle-treated control mice (Fig.
5E, Supplementary fig. 5B). Based on our previous study about
induction of ER stress within the AECII of IPF patients (Korfei
et al., 2008), we analyzed two markers of ER stress, the activat-
ing transcription factor (ATF)-6 and C/EBP homologous protein
(CHOP). We observed a significant ∼10-fold increase in the p50
form of the ATF6 and ∼3-fold increase in the CHOP protein in
AD-treated mice lungs from day 7 through day 28 as compared
with vehicle-treated mice lungs (Figs. 5A, C, and D). Immuno-
histochemistry revealed the induction of ATF6 within AECII and
also in some, pro SP-C negative, interstitial cells (Fig. 5F, Sup-
plementary fig. 5C). To investigate if AD may exert similar ef-
fects in vitro, we treated mouse lung epithelial (MLE) 12 cells
with vehicle or with 10 �g/ml AD (according to Bargout et al.,
2000) for 8, 16, and 24 h. Western blot analysis revealed an in-
crease in cleaved caspase 3, cathepsin D, p50ATF6, and CHOP as
well as pro SP-C in AD-treated cells as compared with vehicle-
treated or untreated cells (Fig. 6A). These data completely cor-
roborated with the data obtained from AD-treated mice. Inter-
estingly, high levels of AD-induced toxicity as evident by LDH
assay were observed in MLE12 cells only after 24 h of AD treat-
ment and not at earlier time points (Supplementary fig. 6). We
then performed knockdown studies in order to investigate if AD
may drive apoptosis of MLE12 cells via cathepsin D activation.
We transfected cells with a cathepsin D specific versus a scram-
bled siRNA for 48 h and then treated with AD or vehicle for 8
h. Significant knockdown of cathepsin D was observed (Fig. 6B).
In AD- versus vehicle-treated MLE12 cells, cathepsin D knock-
down resulted in slightly, albeit insignificantly, reduced levels
of cleaved caspase 3 (Figs. 6B and C). Interestingly, MLE12 cells
treated with vehicle did show an increased level of cleaved cas-
pase, which—most likely—originated from the stress of trans-
fection. In these cells not treated with AD, knockdown of cathep-
sin D clearly attenuated the extent of apoptosis, as evident from
the reduced amount of cleaved caspase 3. Hence, transfection-
induced apoptosis of MLE12 cells seems to be mediated to a
larger part through cathepsin D, but AD-induced alveolar epithe-
lial cell apoptosis or pro SP-C increase is not primarily mediated
via cathepsin D.

DISCUSSION

In the present study, we could show that intratracheal aerosol
administration of AD, a frequently used antiarrhythmic drug
causing lung fibrosis in a substantial proportion of treated pa-
tients, similarly causes a patchy interstitial fibrosis in C57Bl/6
mice alongside with increased alveolar epithelial cell apoptosis,
lysosomal stress, and ER stress. To our knowledge, this is the
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FIG. 2. Lung injury and increased surfactant in BAL fluid of AD-treated mice. Graphical representation of (A) total protein concentration and (B) LDH activity in BAL

fluid from days 7, 14, 21, and 28 AD and day 28 vehicle-treated mice. (C) Total PLs were extracted from BAL fluid of AD (days 7, 14, 21, and 28) and vehicle-treated mice
(day 28). The final concentrations were calculated as ‘per ml’ BAL fluid. (D) Data set indicating relative amount of large surfactant aggregates (LA content, given as a
percentage of total PL) in BAL fluid of AD- and vehicle-treated mice. (E) Western blot analysis of mature surfactant protein (SP)-B and mature SP-C in BAL fluid of AD-

and vehicle-treated mice. *p � 0.05, **p � 0.01; n = 5 mice per group and three independent experiments were performed.

first study to undertake a systematic analysis of surfactant alter-
ations and cellular stress events with special reference to AECII
in response to AD treatment in mice.

AD and its metabolites are well known to exert both direct
and indirect toxicity on different cell types (Chiovato et al., 1994;
Martin et al., 1989). Direct toxicity of AD causing disruption of
cellular integrity thereby leading to tissue damage has been re-

ported previously (Bolt et al., 2001) and by us in the current study.
Other important features of AD-induced cytotoxicity include in-
tracellular phospholipidosis (Martin et al., 1989), free radical for-
mation (Sarma et al., 1997), membrane destabilization due to in-
hibition of Na+/K+-ATPase (Chatelain et al., 1985), disruption of
intracellular calcium homeostasis (Lubic et al., 1994), and dis-
ruption of cellular energy homeostasis (Fromenty et al., 1990).

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article-abstract/142/1/285/1710567 by U

niversitaet G
iessen user on 24 O

ctober 2019



290 TOXICOLOGICAL SCIENCES, 2014, Vol. 142, No. 1

FIG. 3. Accumulation of surfactant in AD-treated lung tissues. (A) Total PLs were extracted from lung tissue of all AD- and vehicle-treated mice. The resulting PL
concentrations were normalized against their respective protein concentrations and values are expressed as micrograms of PLs per milligram of protein. (B) Western
blot analysis of lung homogenates of (left) AD-treated mice at days 7,14 and vehicle at day 28 and (right) AD-treated mice at days 21, 28, and vehicle at day 28 for
prosurfactant protein (SP)-B, mature SP-B, pro–SP-C, and mature SP-C. Representative blots are from n = 5 mice per group and results of three independent experiments

are shown. (C and D) Densitometry was performed on all Western blot analyses. The target protein/�-actin ratio was calculated and is given as a percentage of the
respective vehicle-treated controls. ***p � 0.001,**p � 0.01, *p � 0.05; n = 5 mice per group. Representative blots and analysis from n = 5 mice per group and three
independent experiments are shown. (E) Representative transmission electron micrographs showing increased number and size of profiles of AECII (hyperplasia;

arrows) d14 post AD challenge compared with vehicle-treated mice. AECII filled with abundant and enlarged profiles of lamellar bodies (LB) are shown. Scale bar =
10 �m (upper panel); 2 �m (lower panel). (F) Alveolar areas filled with surfactant in some areas appeared more prominent in AD-treated mice lungs (left panel) as
compared with vehicle-treated mice lungs (right panel). tm, tubular myelin; mlv, multilamellated vesicles; ulv, unilamellated vesicles. Scale bar = 2 �m.
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FIG. 4. Induction of AECII apoptosis in mice after AD treatment. (A) Western blot analysis of lung homogenates of (left) AD-treated mice at days 7, 14 and vehicle at

day 28 and (right) AD-treated mice at days 21, 28 and vehicle at day 28 for cleaved caspase 3 and �-actin. Representative blots and analysis from n = 5 mice per group
and three independent experiments are shown. (B) Densitometry analysis of cleaved caspase 3/�-actin ratio was calculated for all available blots and is given as a
percentage of the respective vehicle-treated controls. *p � 0.05. (C) Immunohistochemistry performed on serial lung sections from day 7 AD- and vehicle-treated mice
for cleaved caspase 3 and pro SP-C. Arrows indicate apoptotic AECII in AD-treated mice. Scale bar = 50 �m; Original magnification of pictomicrographs: ×400. n = 5

mice per group and three independent experiments were performed.
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FIG. 5. Induction of lysosomal and ER stress in the AECII of AD-treated mice. (A) Western blot analysis of lung homogenates of (left) AD-treated mice at days 7, 14
and vehicle at day 28 and (right) AD-treated mice at days 21, 28 and vehicle at day 28 for cathepsin D, ATF6, CHOP, and �-actin. Representative blots and analysis from

n = 5 mice per group and three independent experiments are shown. (B,D,E) Densitometry analysis of the cathepsin D (B) p50ATF6 (D) or CHOP (E) to �-actin ratio
was calculated for all blots and is given as a percentage of the respective vehicle-treated controls. **p � 0.01, *p � 0.05; n = 5 mice per group and three independent
experiments were performed. (C and F). Immunohistochemistry performed on serial lung sections from day 7 AD- and vehicle-treated mice for cathepsin D and pro

SP-C (D) or for ATF6 and pro SP-C (E). Arrows indicate cathepsin D-positive and ATF6-positive AECII in C and F, respectively, in AD-treated mice. Scale bar = 50 �m.
Original magnification of pictomicrographs: ×400.
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TABLE 1 PL Profile in BAL Fluid from AD- and Vehicle-Treated Mice

BAL %PC %SM %PE %PE P %PS %PG %PI %LPC %Cer %CE %FC

AD d7 67.99 ± 0.01**0.80 ± 0.12 1.00 ± 0.06 1.23 ± 0.10* 1.45 ± 0.17 9.12 ± 0.50 2.06 ± 0.26 0.93 ± 0.24 0.12 ± 0 0.77 ± 0.22 14.6 ± 1.1**
AD d14 70.85 ± 0.35 0.31 ± 0 0.9 4 ± 0.01 0.90 ± 0.02 0.93 ± 0.02 11.81 ± 0.10 1.59 ± 0.04 0.37 ± 0.01 0.07 ± 0 0.18 ± 0 12.0 ± 0.3
AD d21 70 ± 0.58 0.51 ± 0.04 0.90 ± 0 0.94 ± 0.02* 0.90 ± 0.03 10.99 ± 0.23 1.54 ± 0.05 0.77 ± 0.11 0.14 ± 0 0.57 ± 0.17 12.7 ± 0.5
AD d28 71.91 ± 0.38**0.32 ± 0.01 0.90 ± 0.01 0.85 ± 0.01 0.8 1 ± 0.01 12.02 ± 0.22 1.72 ± 0.12 0.48 ± 0.06 0.07 ± 0 0.19 ± 0.03 10.7 ± 0.4**
Veh d28 68.91 ± 0.17 0.36 ± 0.02 0.889 ± 0.05 0.74 ± 0.06 0.73 ± 0.03 11.83 ± 0.3 1.52 ± 0.09 0.71 ± 0.1 0.10 ± 0 0.23 ± 0.02 13.9 ± 0.1

Note. Depicted here are the relative percentages of different PL classes in the BAL fluid of AD- and vehicle-treated mice at the indicated time points. Values are
represented as means ± SEM, p-value summary: *p � 0.05, **p � 0.01. Where significance is not mentioned, values are considered as being not significant. Per group,
n = 5 mice were analyzed. SM, Sphingomyelin; PC, Phosphatidylcholine ; LPC, Lysophosphatidylcholine ; PE, Phosphatidylethanolamine; PE P, PE-based plasmalogens;
PG, Phosphatidylglycerol; PS, Phosphatidylserine; Cer, Ceramides; CE, Cholesteryl esters; FC, Free cholesterol.

TABLE 2 PC and PG Lipid Species in BAL Fluid from AD- and Vehicle-Treated Mice

BAL % sat PC % PC 32:0 (DPPC) % unsat PC % alkyl PC % sat PG % unsat PG

AD d7 46.7 ± 1.2** 38.2 ± 1.2** 49.2 ± 1.2** 4.21 ± 0.17 15.6 ± 1.2** 84.3 ± 1.2**
AD d14 47.1 ± 0.4* 37.1 ± 0.7** 49.1 ± 0.4* 3.77 ± 0.10 17.1 ± 0.2** 82.8 ± 0.2**
AD d21 49.7 ± 0.2** 41.8 ± 0.3** 46.7 ± 0.2* 3.51 ± 0.14 17.0 ± 0.3** 82.9 ± 0.3**
AD d28 49.5 ± 0.3** 39.6 ± 0.5** 46.9 ± 0.4** 3.53 ± 0.05 17.4 ± 0.3** 82.5 ± 0.3**
Veh d28 54.21 ± 0.5 45.7 ± 0.7 42.2 ± 0.7 3.58 ± 0.15 21.3 ± 0.5 78.6 ± 0.5

Note. Depicted here are the relative percentages of different lipid species from PC & PG phospholipds in the BAL fluid of AD and vehicle treated mice at the indicated
time points. PL species annotation is based on the assumption of even numbered carbon chains only. Values are represented as means ± SEM, p-value summary: *p

� 0.05, **p � 0.01. Where significance is not mentioned, values are considered as being not significant. Per group, n = 5 mice were analyzed. PC, Phosphatidylcholine;
DPPC, Dipalmitoylated PC; PG, Phosphatidylglycerol.

TABLE 3 Lipid Species of PE-Based Plasmalogens in BAL Fluid from AD- and Vehicle-Treated Mice

BAL PE P-16:0 PE P-18:1 PE P-18:0 Total

AD d7 5.3 ± 0.8** 0.50 ± 0.07** 0.78 ± 0.10* 6.6 ± 1.0**
AD d14 4.0 ± 0.1** 0.27 ± 0.01* 0.50 ± 0.01* 4.7 ± 0.1**
AD d21 5.1 ± 0.5** 0.42 ± 0.04* 0.61 ± 0.04* 6.1 ± 0.5**
AD d28 3.8 ± 0.5** 0.22 ± 0.02 0.40 ± 0.04 4.4 ± 0.8**
Veh d28 1.7 ± 0.2 0.18 ± 0.01 0.32 ± 0.03 2.2 ± 0.3

Note. Depicted here are the nmol/ml PE-based plamsalogens in BAL fluid of AD- and vehicle-treated mice at the indicated time points. Values are represented as means
± SEM, p-value summary: *p � 0.05, ** p �0.01. Where significance is not mentioned, values are considered as being not significant. Per group, n = 5 mice were analyzed.

PE P, PE-based plasmalogens.

The extent of cytotoxicity is, however, dosage and time depen-
dent. The in vivo and in vitro AD dosages used in this study are
within the range of AD concentrations reported within the lungs
of patients treated with this drug (Brien et al., 1987; Plomp et al.,
1984). Because of repeated AD doses, it is logical to assume that
a portion of the applied AD might get accumulated in the alve-
olar hypophase which associates with the layers of pulmonary
surfactant due to its amphiphilic nature. But surfactant film in
the hypophase is continuously renewed and lipids are removed
from the alveoli with a turnover time of few hours (Wright, 1990).
It has been indicated that AD does not affect the degradation of
exogenous DPPC and that it does not interfere with early stages
of endocytosis, a process through which surfactant is recycled by
the alveolar type II cell (Baritussio et al., 2001). Hence directly af-
ter AD administration there might be a high and possibly toxic
local concentration in the alveolar hypophase, but due to the
short turnover time of surfactant, this is also taken up by AECII,
making the accumulation of toxic AD concentrations in the hy-
pophase unlikely. Although significant tissue damage was ob-
served in AD-treated mice in this study, in vitro data revealed
that apoptosis is predominant, followed by direct toxic effects
in AD-treated MLE 12 cells.

Full-blown AD-induced lung fibrosis was visible on day 7, in
the absence of extensive inflammatory changes. As extensive
AECII cell death is known to be a prominent feature in some id-
iopathic (IPF, cellular and fibrotic NSIP, EAA) (Jinta et al., 2010;

Korfei et al., 2008) and drug-induced forms of interstitial pneu-
monia including AD (Bargout et al., 2000), our data reinforce the
concept that lung fibrosis may actually develop very fast, prob-
ably pending on the magnitude of epithelial cell death. In line
with such reasoning, the extent of fibrosis as well as the extent
of epithelial cell death seemed to slightly vanish over time de-
spite continuous application of identical AD dosages. This to us
suggests the evolution of a compensatory mechanism of the in-
jured AECII, making these cells less susceptible towards the toxic
effects of AD.

Although impairment in lung compliance and significant in-
crease in total PL content in BALF from AD-treated mice were
observed, we did not observe a remarkable difference in total
surfactant pool in these mice. The decrease in lung compli-
ance in AD-treated mice might however be a result of the in-
creased thickness of the fibrotic lung tissue. This observation
makes the AD model different to the already known Hermansky-
Pudlak syndrome associated lung fibrosis, the bleomycin in-
duced mouse model of lung fibrosis and to the clinical IPF, where
pronounced disturbances in the biochemical and physical prop-
erties of lung surfactant pool were reported (Gunther et al., 1999;
Horiuchi et al., 1996; Mahavadi et al., 2010).

As mentioned earlier, AD gets enriched within the lysosomes
of various cell types and gets only gradually degraded because of
its uncommon long half-life (Okayasu et al., 2006; Somani et al.,
1987). In line with such reasoning, the prominent histopatho-
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FIG. 6. AD-induced AECII apoptosis is not mediated by cathepsin D. (A) Representative Western blot images from cell lysates from AD (8, 16, and 24 h) or vehicle-treated
(24 h) or untreated MLE12 cells for cleaved caspase 3, cathepsin D, pro SP-C, ATF6, CHOP, and �-actin. (B) Representative Western blot images for cathepsin D, cleaved

caspase 3, pro SP-C, and �-actin from MLE12 cells treated with AD or vehicle and transfected with scrambled or siRNA for cathepsin D. Untransfected cells treated
with AD, vehicle, or untreated cells were included as controls. Different parts from same Western blots are separated by vertical lines. (C) Densitometry analysis of
cleaved caspase 3 to �-actin ratio was calculated and is given as a percentage of untreated cells. *p � 0.05. Representative images and densitometry analysis from three
independent experiments with triplicate transfections each are shown.

logical and biochemical read-out of AD toxicity in the alveo-
lar epithelium was that of a substantial disturbance of lysoso-
mal homeostasis, clearly indicated by the profound increase in
the size and number of lamellar bodies within the AECII, and
the significant increase in the hydrophobic SP and PL content.
These findings are in agreement with previous studies report-
ing lamellar inclusions in several tissues including lung in AD-
treated patients (Dake et al., 1985). The increase in lamellar body
sizes might account to the increased surfactant PLs as described
before (Padmavathy et al., 1993) and in our current study, and be-
cause of increased amounts of pro and mature forms of SP –B
and –C within the lungs of AD-treated mice as described here.

Other important observations from our study are the in-
crease in cholesterol and BMP in AD-treated mice lungs. This in-
crease in cholesterol esters along with other accumulated lipids
might contribute towards the characteristic foamy nature of

cells due to AD treatment. This is further supported by a re-
cent study which reported that upon AD treatment, distribu-
tion of BMP, cholesterol and other lipids were altered but the
removal of cholesterol did not restore the AD-induced BMP dis-
tribution (Piccoli et al., 2011). Although AD is very well-known
to induce phospholipidosis in various tissues, the effects of AD
on intra-alveolar surfactant pool are not reported extensively.
We observed that AD increases the intra-alveolar surfactant in
mice. Of note, along with an increase in the unsaturated species
of PC and PG, we observed an increase in PE plasmalogens. Plas-
malogens are integral components of lung surfactant and are se-
creted by AECII together with the other surfactant components.
They are implicated to play both functional and structural roles
(Rustow et al., 1994). Plasmalogens are antioxidant PLs and AD
has been implicated to increase oxidative stress (Sarma et al.,
1997). Hence, it is reasonable to speculate that the increase in
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plasmalogens after AD treatment, as observed in the current
study might be one of the rescue mechanisms of the type II cell
to cope up with the increased oxidative stress. Moreover, it has
been shown that increasing amount of ethanolamine plasmalo-
gens result in reduced surface tension in synthetic PL mixtures
(Rudiger et al., 1998). Clinically, treatment of premature infants
(with ARDS) with synthetic surfactant without plasmalogens
demonstrated less efficient recovery when compared with treat-
ment with natural surfactant extracts from bovine lungs (Ra-
manathan, 2009). Hence, although not experimentally proven
here, the increase in plasmalogens may in part explain the ongo-
ing compensatory mechanism of the injured AECII that makes
the mice less susceptible towards the toxic effects of AD over
time.

Because surfactant processing, secretion, and re-uptake in
AECII take place in the lysosomal compartment, an altered in-
tracellular surfactant homeostasis as seen in our model reflects
an altered lysosomal homeostasis. In addition, because of an in-
crease in alveolar epithelial cell apoptosis, lysosomal, and ER
stress markers, at a quick glance, the AD model offers a lot of
similarities with the recently described model of Hermansky-
Pudlak syndrome (HPS) associated interstitial pneumonia (Ma-
havadi et al., 2010). In agreement with this concept, we observed
an increase in the levels of cathepsin D, a lysosomal aspartyl
protease within the lungs of AD-treated mice and in mouse
lung epithelial cells after AD treatment. Although cathepsin D
is involved in activating pro-apoptotic mechanisms and termi-
nal caspases (Kagedal et al., 2001), unlike in the HPS model, we
observed that AD-induced apoptosis of alveolar epithelial cells
is not mediated via cathepsin D, rather the increase in cathep-
sin D levels after AD treatment might in fact reflect an increase
in an overall lysosomal turnover in the alveolar epithelial cells,
indicating that other lysosomal cell death pathways might be
activated. In fact, it has been shown that AD induces cytoplas-
mic inclusions (Dake et al., 1985; Somani et al., 1987) and stimu-
lates autophagy (Morissette et al., 2009), a lysosome dependent
pathway in several cell types. Whether alveolar epithelial cells
undergo apoptosis in an autophagy-dependent manner has yet
to be studied in our model.

Altogether, our study describes some important cellular
stress mechanisms induced by AD within the AECII and paves
the way for further studies on the role of these cellular stress
events in the development of AD-induced lung fibrosis.
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Birkelbach B, Lutz D, Ruppert C, Henneke I, Lopez-Rodriguez
E, Günther A, Ochs M, Mahavadi P, Knudsen L. Linking progres-
sion of fibrotic lung remodeling and ultrastructural alterations of
alveolar epithelial type II cells in the amiodarone mouse model. Am J
Physiol Lung Cell Mol Physiol 309: L63–L75, 2015. First published
May 8, 2015; doi:10.1152/ajplung.00279.2014.—Chronic injury of
alveolar epithelial type II cells (AE2 cells) represents a key event in
the development of lung fibrosis in animal models and in humans,
such as idiopathic pulmonary fibrosis (IPF). Intratracheal delivery of
amiodarone to mice results in a profound injury and macroautophagy-
dependent apoptosis of AE2 cells. Increased autophagy manifested in
AE2 cells by disturbances of the intracellular surfactant. Hence, we
hypothesized that ultrastructural alterations of the intracellular surfac-
tant pool are signs of epithelial stress correlating with the severity of
fibrotic remodeling. With the use of design-based stereology, the
amiodarone model of pulmonary fibrosis in mice was characterized at
the light and ultrastructural level during progression. Mean volume of
AE2 cells, volume of lamellar bodies per AE2 cell, and mean size of
lamellar bodies were correlated to structural parameters reflecting
severity of fibrosis like collagen content. Within 2 wk amiodarone
leads to an increase in septal wall thickness and a decrease in alveolar
numbers due to irreversible alveolar collapse associated with alveolar
surfactant dysfunction. Progressive hypertrophy of AE2 cells and
increase in mean individual size and total volume of lamellar bodies
per AE2 cell were observed. A high positive correlation of these AE2
cell-related ultrastructural changes and the deposition of collagen
fibrils within septal walls were established. Qualitatively, similar
alterations could be found in IPF samples with mild to moderate
fibrosis. We conclude that ultrastructural alterations of AE2 cells
including the surfactant system are tightly correlated with the pro-
gression of fibrotic remodeling.

stereology; pulmonary fibrosis; alveolar epithelial type II cells; sur-
factant; collapse induration

THE FUNCTION OF THE LUNG CRITICALLY depends on its structural
integrity. Within the limited space of the chest the mammalian

lung provides a large surface area with a very thin diffusion
barrier for efficient gas exchange (61). An economical network
of connective tissue elements including collagen and elastic
fibers stabilizes the lung, allowing continuous volume changes
during breathing without noticeable effort at the same time.
Besides the connective tissue elements, the surfactant system
of the lung is of utmost importance, since it stabilizes the
interior surface area of the lung by reducing surface tension
within the alveoli, particularly at low lung volumes (3). The
alveolar epithelium consists of alveolar epithelial type I and
type II (AE2) cells. AE2 cells, also termed the “defender of the
alveolus” (10), are critically involved in epithelial regeneration
and surfactant metabolism. Increasing evidence suggests that
dysfunction of the AE2 cells is causally linked to interstitial
lung diseases in humans and in animal models. Targeted injury
of AE2 cells by diphtheria toxin has been shown to be suffi-
cient to induce fibrotic remodeling in mice lungs (51). Further-
more, disturbances in the secretion pathway of lamellar bodies,
the surfactant storage organelles of AE2 cells, are linked to the
development of pulmonary fibrosis in mice mimicking features
of the Hermansky-Pudlak syndrome-associated interstitial
pneumonia (HPSIP) (17, 34). In these mice, obvious features
of AEC2 cell stress include giant lamellar bodies, early lyso-
somal and late endoplasmic reticulum (ER) stress, and, finally,
apoptosis of this cell type (34). Supporting this, increased
susceptibility for the development of pulmonary fibrosis and
abnormalities in the AE2 cells were reported in animal models
of Hermansky-Pudlak syndrome (64). Hence, intracellular traf-
ficking defects of surfactant components as such might con-
tribute to a profibrotic milieu in the lung (64). On the same line,
increased surface tension within alveolar air spaces, as ob-
served in different models of lung fibrosis (19, 34), suggests
impaired alveolar dynamics, a feature that is likely to be
present in sporadic IPF as well (16, 46).

In familial IPF, mutations of the surfactant protein C (SP-C)
gene lead to the accumulation of misfolded and misdirected
SP-C, which in turn induced an unfolded protein response, ER
stress, and, ultimately, apoptosis (5, 37, 39). Ultrastructural
analyses of lung explants from patients with juvenile interstitial
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lung disease due to SP-C mutations revealed the existence of
hypertrophic AE2 cells, often containing increased number of
profiles of disorganized lamellar bodies (18). Similarly, spon-
taneous development of lung fibrosis in domestic cats, linked
to the quantitative and qualitative alterations of lamellar bodies
within hypertrophic AE2 cells, was reported, suggesting sim-
ilarities between feline IPF and human IPF (62). IPF is one of
the most common forms of diffuse parenchymal lung diseases.
It is, however, associated with a very limited prognosis (43).
Effective drug therapies completely stopping disease progres-
sion are currently not available, and lung transplantation re-
mains the only therapeutic option (49). The current pathoge-
netic concept suggests that fibrotic pulmonary remodeling is a
consequence of repetitive minor injuries of unknown origin of
the alveolar epithelial lining with denudation of the basal
lamina and a disturbed alveolar reepithelialization (13). The
exact mechanisms leading to the ongoing injury of the alveolar
epithelium have not yet been defined in IPF, but it has been
hypothesized that premature senescence of AE2 cells, distur-
bances of the surfactant system, and mechanical stress are
involved (6, 8). Recent studies focusing on AE2 cells in IPF
and animal models of pulmonary fibrosis point towards a
central role of this cell type in the disease pathogenesis, since
impaired regeneration capacity in concert with increased rate
of apoptosis (58) and ER and lysosomal stress is consistently
observed (15, 26, 34). Such “cellular stress” signature of the
AE2 cells found in familial cases with SP-C mutations is at
least in part shared with sporadic IPF (26, 27). According to
earlier ultrastructural observations, AE2 cells located at fibrotic
septal walls accompanied by signs of acute injury showed
marked abnormalities of lamellar bodies’ morphology in IPF
(23). However, in areas with massive destruction and more
progressed fibrotic remodeling like honey combing, AE2 cells
were less often found and largely replaced by cuboidal cells,
whose ultrastructure differed significantly from that of the AE2
cells (23). AE2 cells and myofibroblasts appear to be the most
important constituents in IPF, at least in the initial phase of the
disease, meaning that structural and molecular alterations of
AE2 cells and the degree of fibrotic remodeling within septal
walls are linked together. Hence, dysfunctional AE2 cells as
morphologically characterized by hypertrophy (increase in
cellular size), hyperplasia (increase in number), and abnormal-
ities of the intracellular surfactant system might be involved in
generating a profibrotic microenvironment in the lung (48).

Amiodarone, a very potent antiarrhythmic drug, accumulates
within lysosomes and related organelles such as lamellar bod-
ies. Administration of this drug is associated with interstitial
fibrosis without relevant inflammation in mice paralleled with
surfactant accumulation, increased ER stress and lysosomal
stress, and increased autophagy and apoptosis of AE2 cells (32,
33). We have recently demonstrated that LC3B, the autophagy
marker protein, was preferably localized at the limiting mem-
brane and the interior of lamellar bodies both in healthy
controls and after amiodarone challenge. Moreover, we ob-
served classical autophagosomes, which are extremely rare in
AE2 cells, in direct connection with the limiting membrane of
the lamellar body after amiodarone challenge providing clear
evidence that lamellar bodies and autophagosomes share the
same source of membranes. In full support, knockdown of
LC3B reduced amiodarone-induced accumulation of SP-C and
apoptosis of alveolar epithelial cells (32). Hence, autophagy to

a certain degree seems to be involved in cellular surfactant
homeostasis and lamellar body formation in healthy AE2 cells
while the excess of autophagy as indicated by an increase in
LC3B and related increase in intracellular surfactant pool
might induce dysfunction of AE2 cells and even cell death.
Whether these autophagy-related disturbances of intracellular
surfactant pool or whether an overall increase in autophagy
would directly correlate with the severity of septal wall fibrosis
is unclear. To answer this question, design-based stereology up
to the electron microscopic level represents the method of
choice. Design-based stereology allows sophisticated quantifi-
cation of fibrotic remodeling in different compartments of the
lung, e.g., within septal walls or within alveolar space, a
feature that is not possible using other analytical methods. In
the present study we analyzed the degree of septal wall fibrosis
as a function of disturbances of the intracellular surfactant
system. We tested the hypothesis whether ultrastructural alter-
ations of AE2 cells including hypertrophy and hyperplasia as
well as the alterations in the intracellular surfactant pool
correlate with the severity of fibrosis in the amiodarone model
of pulmonary fibrosis in mice by means of design-based
stereology at the light and ultrastructural level. A high positive
correlation between disturbances of the intracellular surfactant
pool such as the volume of lamellar bodies on the one hand and
the total amount of collagen fibrils within the septal wall tissue
on the other hand could be found. These findings could be
reproduced in sporadic human IPF diagnosed according to
current criteria (43) at a qualitative level in areas with com-
paratively slight to moderate fibrosis.

MATERIALS AND METHODS

Animal models

The animal model of amiodarone-induced interstitial fibrosis has
been described in detail elsewhere (33). Briefly, 20 male C57Bl/6
mice at the age of 8 wk received 0.8 mg/kg body wt amiodarone
intratracheally every 5th day. Animals were randomly divided into
two groups. AD d7 and AD d14 were killed 7 and 14 days after first
amiodarone treatment, respectively. Seven days after first amiodarone
administration, collagen content as estimated by hydroxyproline level
in our previous study was significantly increased and progressive till
day 14 but remained stable thereafter up to day 28 (33). Age-, gender-,
and body weight-matched C57Bl/6 mice served as controls. Both the
University Animal Care Committee and the Federal Authorities for
Animal Research of the Regierungspraesidium Giessen (Hessen, Ger-
many) approved the study protocol.

Fixation, Sampling, and Processing

The quantitative morphometric methods used in this study are
based on the official research policy statement of the American
Thoracic Society/European Respiratory Society on quantitative as-
sessment of lung structure (21). Five animals each in groups wild type
and AD d7 as well as six animals in group AD d14 were included in
this study. The perfusion fixation process was based on a previous
protocol described by Vasilescu et al. (56). A multipurpose fixative
was used containing 4% paraformaldehyde, 0.1% glutaraldehyde in
0.2 M HEPES buffer. The perfusion pressure was 30 cmH20 and the
airway opening pressure during fixation was 13 cmH2O, respectively.
Fixation was started after the pulmonary vascular bed was rinsed with
0.9% NaCl solution. The airway opening pressure was adjusted during
expiratory limb after recruitment maneuver (30 cmH2O). After stor-
age of the lungs for at least 24 h in fixative at a temperature of 4°C,
the fluid displacement method was used to determine the total lung
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volume (45). Afterwards, a systematic uniform randomization was
carried out (54). The whole lungs were embedded in 4% agar and cut
in cranio-caudal direction in eight lung slices with a thickness of 2
mm each using a tissue slicer. The aim of the systematic uniform
randomization is to give every part of the lung the same chance of
being considered for the stereological assessment. Hence, the stereo-
logical parameters represent the entire lung. Tissue slices designated
for light microscopy were osmicated, immersed in 4% aqueous uranyl
acetate, dehydrated in an acetone solution with rising concentration
(e.g., 70, 90, and 100%), and embedded in glycol methacrylate
according to the manufacturer’s instructions (Technovit 8100;
Heraeus Kulzer, Wehrheim, Germany). This protocol has been vali-
dated to minimize tissue deformation and therefore was appropriate
for design-based stereology (47). The tissue slices assigned to electron
microscopy had to undergo an additional unbiased sampling step.
Areas from which a cube with an edge length about 1–2 mm should
be taken from were randomly chosen by a point grid cast randomly on
the slices. By means of this procedure, six to eight tissue blocks were
obtained per lung. These small tissue blocks were postfixed in osmium
tetroxide, stained en bloc in half-saturated aqueous uranyl acetate,
dehydrated in a rising acetone series, and embedded in Epon. Six out
of six to eight tissue blocks were taken by chance and further
processed for stereological assessment.

Stereological Analysis

Design-based stereology at the light microscopic level was con-
ducted applying a computer-assisted stereology system (newCAST;
Visiopharm, Horsholm, Denmark) equipped with a computer-con-
trolled Ludl-stage to carry out a systematic uniform random area
sampling. In our study, stereological parameters to appropriately
characterize lung fibrosis in animal models were based on recently
published recommendations (36, 40). Following a cascade sampling
design, volume fractions (VV) of structures of interest were deter-
mined within the given reference volume at different levels of mag-
nification using a coherent point grid for point counting. As the
volume of the reference space was known, volume fractions were
converted to total volumes by multiplication with the reference space.
Volume fractions of parenchyma [VV(Par,Lung)] and nonparenchyma
[VV(Nonpar,Lung)] within the lung were determined in the first step.
The parenchyma includes any tissue that participates in gas exchange,
which is an area with recognizable ductal and alveolar architecture
(alveolar and ductal air space, septal wall tissue). Consistently, non-
parenchyma was defined as structures that do not contribute to gas
exchange under normal conditions, like bronchioli, all kind of blood
vessels (except capillaries within septal wall tissue and corner ves-
sels), and perivascular/peribronchiolar connective tissue. In addition,
the volume fraction of destructed lung parenchyma [VV(des,lung)]
was determined. Destructed parenchyma included atelectasis, areas of
alveolar edema filling the alveoli, and scars completely destroying the
lung architecture. All parameters described above were determined
using a primary magnification of �5 and sections stained with
toluidine blue. In a further step, with the use of a primary magnifi-
cation of �20 compartments within parenchyma were further as-
sessed. With the use of a combination of point and intersection
counting, volume fractions of alveolar air space [VV(alv,par)], ductal
air space [VV(duc,par)], and septal wall tissue [VV(sep,par)] as well as
the surface density of the alveolar epithelium [SV(alvepi,par)] were
determined. The arithmetic mean thickness of septal wall tissue was
calculated as volume-to-surface ratio [��(sep)].

The first and fourth section of a series of sections were taken and
stained with orcein and the physical disector was used to calculate the
total number of alveoli per lung [N(alv,lung)] (22, 41). In a previous
study in bleomycin-induced lung injury and fibrosis, the number of
open alveoli per lung has been shown to highly correlate with lung
compliance (31). The section thickness was 1.5 �m so that the
disector height was 4.5 �m.

With the use of pairs of semithin sections for a physical disector
counting (disector height 3 �m), the number of AE2 cells per lung
[N(AE2,lung)] was determined at �100 oil immersion (24, 52). In
addition, the number-weighted mean volume of AE2 cells [�vN(AE2)]
was measured using the rotator method (53).

The electron microscopic analysis was performed using ultrathin
sections (thickness �100 nm) of the Epon-embedded tissue blocks.
The ultrastructural analyses were performed by means of a transmis-
sion electron microscope (Morgagni 268; FEI, Eindhoven, The Neth-
erlands) equipped with a Veleta camera (Olympus Soft Imaging
Solutions, Münster, Germany). In wild type and AD groups, AE2 cells
were recorded by meandering over the section using a magnification
of �7,100 and taking every second AE2 cell. Approximately 25 AE2
cells per section were analyzed. Images of the alveolar septal wall
were recorded at a primary magnification of �14,000 following a
systematic uniform random area sampling. Every 100 �m in x and y
direction an image was taken if septal wall tissue was present. A
coherent test system including test points and line segments was
projected on these images using the STEPanizer stereology tool (55).
For the AE2 cells, volume fractions of lamellar bodies [VV(lb/AE2)]
within AE2 cells were determined by means of point counting and the
volume-weighted mean volume of the lamellar bodies by point sam-
pling of linear intercept lengths (14). The images of septal wall tissue
were used to determine the volume fractions of alveolar epithelium
[VV(alvepi/sep)], basal lamina [VV(bl/sep)], collagen [VV(col/sep)],
interstitial cells [VV(ic/sep)], endothelial cells [VV(endo/sep)], and
capillary lumen [VV(cap/sep)]. The arithmetic mean thickness of the
blood-gas-barrier [��(bgb)] was calculated as a volume-to-surface-ratio
by point and intersection counting (60).

Function of Alveolar Surfactant

Function of alveolar surfactant was determined by means of estab-
lished methods (33, 34). Mice were killed and subjected to bronchoal-
veolar lavage. Large surfactant aggregates were prepared by high
speed centrifugation (48,000 g, 1 h, 4°C) and adjusted to 2 mg/ml
phospholipidcontent. After a 30-min incubation period at 37°C, sam-
ples were transferred to the disposable sample chamber, and adsorp-
tion was measured over an initial period of 12 s (�ads � equilibrium
surface tension). Next, pulsation was started by sinusoidally oscillat-
ing the bubble radius between 0.4 and 0.55 mm at a rate of 20
cycles/min. The pressure differences across the air/liquid interface
were recorded continuously over 5 min and minimum surface tension
(�min � dynamic surface tension behavior under pulsation) was
calculated using the Young-Laplace equation.

Ultrastructure of Human IPF Lung Explants

Detailed ultrastructural descriptions of AE2 cells in fibrosing lung
diseases including IPF have been published in 1982 (23). As diag-
nostic criteria of the clinical entity IPF have changed within the last
decades, we processed lung tissue of two IPF lung explants diagnosed
according to current criteria (43) for transmission electron micro-
scopic evaluation. These two patients with sporadic IPF were partic-
ipating in the European IPF Registry/Biobank and gave informed
consent for participation. As most parts of the lungs of IPF lung
explants are completely destructed and characterized by honey comb-
ing and cysts with very severe fibrosis, we focused on areas of the
lung that were adjacent to such severe fibrotic areas as identified at
macroscopic level but still contained air so that tissue did not descent
in fixation solution. Tissue blocks with a diameter of 1–2 mm were
sampled and immersion fixed in 1.5% glutaraldehyde, 1.5% parafor-
maldehyde in 0.15 M HEPES buffer for at least 24 h at 4°C.
Afterwards, tissue was embedded in Epon as described above. The
European IPF Registry and Biobank have been approved by the local
ethic committee and data protection officers. Embedded tissue for
electron microscopic evaluation from five healthy donor lungs was
available from a previous study (41).
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Statistics

Data were analyzed using one-way ANOVA with a Bonferroni
correction for multiple comparisons. A value of P � 0.05 was
considered significant. Correlation analyzes were carried out using
Spearman-test and pooled data. Tests were performed using Prism
GraphPad 5.0 software.

RESULTS

Qualitative Findings: Animal Models

Air spaces were homogenously inflated and septal walls
were slim with open corner vessels in control animals, sug-
gesting a successful perfusion fixation (Fig. 1). After amioda-
rone challenge, focal thickening of septal walls was observed
(Fig. 1). In some regions with thickened septal walls alveolar
ducts were enlarged, lacking alveoli (Fig. 1, asterisk), hinting
at high surface tension and alveolar collapse (63) and collapse
induration as a mechanism for a loss of ventilated alveoli (9,
31). Some areas demonstrated accumulation of intra-alveolar

surfactant in alveolar space 7 days after first amiodarone
challenge (Fig. 1, arrowhead), which was absent in the control
group.

At the electron microscopic level traces of interstitial and
alveolar edema were occasionally seen 7 days after challenge
(Fig. 2). In addition, denudation of the basal lamina due to cell
death (usually oncosis) of AE1 and AE2 cells was a typical
finding (Fig. 2). Interstitial edema was present 7 days after
amiodarone within the thick side of the septal wall, where, as
opposed to the thin side, stabilizing connective tissue elements
like collagen fibrils (Fig. 2, asterisk) are found. At day 14,
edema was not present anymore. Instead large bundles of
collagen fibrils could be observed within the alveolar septal
wall tissue often in close neighborhood to enlarged profiles of
AE2 cells, which were completely filled with enlarged and
numerous lamellar bodies (Figs. 2 and 3). In addition, the
thickness of the basal lamina appeared to have increased. Some
AE2 cells could be located within thickened septal wall tissue,
indicating that they had lost their usual spatial orientation

Fig. 1. Amiodarone and septal wall thickening. Representative light microscopic images of toluidine blue stained sections: enlarged alveolar ducts (asterisk) with
thickened septal walls deprived of their alveoli were seen in AD d7 and AD d14 (killed 7 and 14 days after 1st amiodarone treatment, respectively). Adjacent
alveoli appeared to be enlarged compared with the control group. In some alveoli surfactant material could be observed after amiodarone challenge but not in
untreated controls (arrowhead).

Fig. 2. Amiodarone and injury of the blood-gas barrier. Representative electron microscopic images of septal wall morphology: basal lamina was denuded in AD
d7 as a consequence of epithelial cell injury (arrowhead). The endothelium was unaffected. In AD d14 bundles of collagen fibrils (asterisk) were increased and
observed in thickened septal walls underneath enlarged alveolar epithelial type II (AE2) cells completely filled with lamellar bodies (lb). Alv, alveolar air space;
bl, basal lamina; endo, endothelium; caplumen, capillary lumen; IC, interstitial cell; ed, interstitial edema.
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regarding the contact to alveolar air space, e.g., as a conse-
quence of alveolar collapse (Fig. 3). As published previ-
ously by our group (33), more and larger profiles of AE2
cells containing high amounts of lamellar bodies suggested
hyperplasia and hypertrophy of AE2 cells in this animal
model (Fig. 3).

Human IPF Lung Explants and Healthy Donor Lungs

Alveolar epithelium was injured as shown by fragmentation
(Fig. 4, arrow) and denudation of the basal lamina in areas with
slight septal wall thickening (Fig. 4, arrowhead). In direct
neighborhood to areas of denuded basal lamina, AE2 cells
were enlarged and filled with abundant lamellar bodies (Figs. 4
and 5). Some of the AE2 cells were lifted off the basal lamina
and showed signs of cell death like swelling and vacuolization
(Fig. 4, DC) (35). Septal walls were thickened as a conse-
quence of an increase in components of the extracellular matrix
(ECM) including collagen fibrils (Figs. 4 and 5, asterisk). A
prominent finding was the marked thickening of the basal
lamina in these regions. Enlarged and numerous AE2 cells
were present that contained larger and above all more lamellar
bodies compared with the healthy controls. Within interstitial
tissue, profiles of AE2 cells occurred. Microvilli-like structures

separated these AE2 cells from a surrounding basal lamina. As
microvilli are usually observed at the luminal and not at the
basolateral surface, this observation might be a consequence of
alveolar collapse within the space between the AE2 cell and the
denuded basal lamina representing the residual alveolar lumen.
Alternatively, the polarization of the cell got lost and this might
be considered a morphological correspondent of epithelial-
mesenchymal transition.

Quantitative Findings: Amiodarone Model of Pulmonary
Fibrosis

Stereological data related to general lung architecture and
AE2 cells including intracellular surfactant pool and composi-
tion of the septal wall tissue are summarized in Tables 1–3 and
Figs. 6–9.

General lung architecture and surfactant function. Amioda-
rone induced a significant increase in total volume of septal
wall tissue per lung [V(sep,lung); Table 1]. While the total
volume of alveolar air spaces [V(alvair,lung)] remained virtu-
ally unchanged, a marked increase in the total volume of ductal
air space [V(ductair,lung)] could be found in AD d7 being in
line with the qualitative finding of enlargement of alveolar
ducts. In turn, the surface area of alveolar epithelium per unit

Fig. 3. Amiodarone and ultrastructure of AE2 cells. Representative electron microscopic images showing ultrastructure of AE2 cells and the surfactant system:
more and larger profiles of AE2 cells were observed in AD d7 and AD d14 (arrows) in particular in areas with thickened septal walls. These enlarged AE2 cells
contained more and larger profiles of lamellar bodies.
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parenchyma [SV(alvepi/par)] was significantly decreased in
this group but was nearly normalized in AD d14. Alveolar
number per lung [N(alv,lung)] showed a trend towards lower
values in both amiodarone groups (Fig. 6A) while septal walls
were significantly thickened (Fig. 6B). A significant negative
correlation of pooled data between septal wall thickness and
alveolar number supports the concept of collapse induration
where alveolar collapse leads to septal wall thickening (Fig.
6C). In addition, the remaining alveoli were characterized by a
larger number-weighted mean volume [�vN(alv)]. This finding
supports the notion that alveolar collapse and collapse indura-
tion, e.g., due to high surface tension and at later time points
fibroproliferation, led to thickening of septal walls around
enlarged alveolar ducts. In line with this speculation, we
observed remnants of the basal lamina within thickened septal
walls 7 and 14 days after first amiodarone challenge (Fig. 6,
D–F). Remnants of the basal lamina have been suggested by
Katzenstein and Myers (38) to result from collapse induration,
which is likely to contribute to the loss of lung capacity in
fibrosing lung diseases (31). In this context, we performed
measurements to characterize the function of bronchoalveolar
lavage-derived intra-alveolar surfactant by means of a pulsat-
ing bubble surfactometer. Seven days after first amiodarone
challenge we observed a significant increase in minimum
surface tension compared with control animals (Fig. 7). The
surfactant dysfunction was associated with a decline in alveolar

number and the occurance of collapse induration at the ultra-
structural level. Fourteen days after first amiodarone challenge,
the function of the intra-alveolar surfactant had partly recov-
ered although the alveolar number remained stable. This sug-
gests that collapse induration is an irreversible process.

AE2 cells and intracellular surfactant. Compared with the
control group, amiodarone induces a progressive increase in
the number-weighted mean volume of AE2 cells [�vN(AE2)]
from day 7 to 14 (Fig. 8A; Table 2). The total number of AE2
cells per lung [N(AE2,lung)] also increased at day 7 but
remained stable thereafter (Fig. 8B). The hypertrophy of AE2
cells (increase in cellular volume) could partly be explained by
an progressive increase in the total volume of lamellar bodies
per cell [V(lb,AE2); Fig. 8C]. As demonstrated by the volume-
weighted mean volume, the lamellar bodies as such increased
in size after amiodarone challenge (Fig. 8D).

Composition of septal wall tissue. Although alveolar col-
lapse as such could at least partly explain the increase in septal
wall thickness after amiodarone challenge, this is not the case
regarding the marked increase in the total volume of alveolar
septal walls per lung (Table 3). Hence, we analyzed the
composition of septal walls at the ultrastructural level by
dividing alveolar septal walls into different components: alve-
olar epithelium, basal lamina, collagen fibrils, amorphous
ECM, interstitial cells, endothelium, and capillary lumen. A
slight increase in the total volume of the alveolar epithelium

Fig. 4. Lung injury in idiopathic pulmonary fibrosis (IPF). Representative images of human IPF explants with thickened septal walls and healthy donor lungs:
injury of the alveolar lining indicated by swelling of epithelial cells (arrow) and denudation of basal lamina (arrowhead). AE2 cells in these regions were enlarged
in size, contained more profiles of lamellar bodies, and were sometimes lifted off the basal lamina. Some of them fulfilled ultrastructural criteria of cell death
(DC). Asterisk marks bundles of collagen fibrils.
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[V(alvepi,sep)] was observed, which could most likely be
attributed to hyperplasia and hypertrophy of AE2 cells and also
to the swelling of alveolar epithelial type I cells. The total
volume of endothelial cells [V(endo,sep)] and capillary lumen
[V(caplumen,sep)], however, remained more or less stable
after amiodarone challenge. Unlike the volume of capillaries
within septal walls, the surface area of endothelium
[S(endo,sep)] demonstrated a significant increase in AD d7,
hinting towards angiogenesis, as a consequence of septal wall
remodeling induced by amiodarone.

The most important factor leading to an increase in the
volume of the septal walls could be assigned to the components
of the interstitial tissue. The amorphous ECM [V(aECM,sep)]
and collagen fibrils [V(coll,sep)] demonstrated a progressive
increase after first amiodarone challenge and their volume
increased by the factor 3 to 4 (Fig. 9A). The total volume of
interstitial cells [V(IC,sep)] demonstrated an initial increase till
day 7 by the factor 3 compared with the control group but then
decreased again till day 14 after first amiodarone challenge. In
essence, the described remodeling process led to an increase in
the arithmetic mean thickness of the blood-gas barrier [�(bgb)]
due to deposition of connective tissue elements within the
alveolar septal walls (Fig. 9B).

Correlation analysis. A progressive remodeling, character-
ized by an increase in the volume of collagen fibrils until day
14 after amiodarone, could be observed. These findings were in
line with the increase in the hydroxyproline level after the first
amiodarone challenge as a typical marker used to assess the
severity of pulmonary fibrosis (33). A correlation between the
total volume of collagen fibrils within the alveolar septal wall
(ultrastructural level) and the hydroxyproline level (biochem-
ical level) could also be observed in the bleomycin model of
pulmonary fibrosis (12). Hence, in the present study, we used
the volume of collagen fibrils within the septal wall as an
important severity marker of pulmonary fibrosis. High positive
correlations between the volume of collagen fibrils within
septal walls on the one hand and hypertrophy of AE2 cells,
total volume of lamellar bodies per AE2 cell, and the volume-
weighted mean size of lamellar bodies on the other hand could
be established (Fig. 10, A–C). The same was the case taking the
volume of amorphous ECM into consideration (data not

Fig. 5. IPF and the ultrastructure of AE2 cells.
Characteristic ultrastructure of AE2 cells in re-
gions with thickened septal walls of IPF lung
explants and healthy human donor lungs. AE2
cells were increased in number and size contain-
ing enlarged lamellar bodies. Some AE2 cells
appeared to be embedded within thickened sep-
tal walls. Asterisk indicates bundles of collagen
fibrils.

Table 1. General lung architecture

Parameter Control AD d7 AD d14 P Value

V(lung), cm3 0.52 (0.07) 0.93 (0.07)* 0.72 (0.20) �0.01
V(des,lung), mm3 / 34.3 (23.6) 27.9 (7.3)
N(alv,lung), 106 3.09 (0.06) 2.22 (0.83) 2.23 (0.56) 0.08
NV(alv/par), 1/cm3 6.33 (0.02) 2.72 (0.83)* 3.69 (1.03)† �0.01
�vN(alv), 103 �m3 93.5 (2.7) 177.6 (55.9) 144.1 (52.3) �0.01
S(alvepi,lung), cm2 209 (37.1) 210 (35.5) 245 (28.1) NS
SV(alvepi/par), cm2/cm3 431 (50.9) 273 (21.7)* 424 (82.6)‡ �0.01
V(alvair,lung), cm3 0.29 (0.06) 0.37 (0.09) 0.31 (0.08) NS
V(ductair,lung), cm3 0.12 (0.03) 0.33 (0.06)* 0.17 (0.07)‡ �0.01
V(sep,lung), mm3 75.0 (8.7) 146.7 (16.8)* 128.5 (21.6)† �0.01
��(sep), �m 7.32 (1.35) 14.5 (4.0)* 10.4 (0.9)† �0.01
Lm, �m 78.2 (13.1) 118.6 (6.0)* 76.7 (18.3)† �0.01

Values are means (SD). AD d7 and AD d14, killed 7 and 14 days after 1st
amiodarone treatment, respectively; V, volume; N: number; NV, numerical
density; �vN, number-weighted mean volume; S, surfacearea; Sv, surface area
density; ��, arithmetic mean thickness; des, destructed lung parenchyma; alv,
alveoli; par, lung parenchyma; alvepi, alveolar epithelium; alvair, alveolar air
spaces; ductair, ductal airspaces; sep, septal wall tissue; Lm, mean linear
intercept length. One-way ANOVA and Bonferroni test for statistical signifi-
cance: *control vs. AD d7; †control vs. AD d14; ‡AD d7 vs. AD d14.
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shown). Altogether, alterations in intracellular surfactant pool
and the severity of the pulmonary fibrosis are tightly correlated
in this model.

DISCUSSION

The present study is the first stereological characterization of
the amiodarone model of pulmonary fibrosis in mice. More-
over, for the first time, a quantitative link between alterations
of AE2 cells and the degree of the deposition of collagen fibrils
within the septal wall as a marker of severity of fibrosis could

be established in an animal model. At a qualitative level these
findings were reproducible in human IPF samples, where, in
areas with thickened septal walls due to excessive ECM depo-
sition but more or less maintained alveolar architecture and
signs of lung injury (denuded basal lamina), AE2 cells ap-
peared to be hypertrophic containing more and enlarged
lamellar bodies. In humans amiodarone has been reported to
induce a broad spectrum of pulmonary diseases ranging from
acute respiratory distress syndrome to pulmonary fibrosis (7).
In the current study, repetitive intratracheal instillation of
amiodarone was used to mimic repetitive alveolar epithelial
injury, a key characteristic of IPF. As demonstrated earlier by
our group, amiodarone induces lysosomal stress (including
autophagy) and endoplasmatic reticulum stress and results in
autophagy-dependent apoptosis of AE2 cells (32–34). More-
over, electron microscopic tomography convincingly demon-
strated that autophagosomes and lamellar bodies share the
same source of membranes and that LC3B preferably localizes
to the limiting membrane or the interior of lamellar bodies. It
is hence reasonable to state that autophagy manifests the
formation of increased and enlarged lamellar bodies in this
animal model of pulmonary fibrosis (32). Therefore, the mouse
model of repetitive intratracheal instillation of amiodarone was
exploited to establish a correlation between disturbances of the
intracellular surfactant system as a severity marker of epithelial
stress defined by ultrastructural criteria and the degree of septal
wall fibrosis. Therefore, we tried to translate our ultrastructural
findings from the animal model to human IPF samples. AE2
cells are critical for maintaining healthy alveolar homeostasis,
which is also reflected by the term “defender of the alveolus”

Fig. 6. Collapse induration. Total number of alveoli per lung (A) and arithmetic mean thickness of septal walls (B). Septal wall thickness and total number of
alveoli demonstrated a negative correlation (C), meaning that alveolar collapse and collapse induration could explain at least partly the loss of alveoli in this
model. D–F: at the ultrastructural level, basal laminae could be observed within thickened septal walls (arrowhead). Alvepi, alveolar epithelial cell. Individual
data and mean are given.

Fig. 7. Amiodarone and the function of alveolar surfactant. Seven days after
first amiodarone challenge, minimum surface tension (�min) of bronchoalveolar
lavage-derived alveolar surfactant is significantly increased and recovers
somewhat on day 14. Data were obtained at a concentration of 2 mg phos-
pholipids/ml.
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(10). Besides their critical role in surfactant homeostasis which
is inevitable to stabilize alveolar micro architecture during
respiratory cycle, the role of AE2 cells as self-renewing stem
cells of the alveolar epithelial lining is well accepted (57).
Moreover, direct cell contacts with surrounding cells including
fibroblasts located underneath the basal lamina (50) suggest a
direct epithelial-mesenchymal communication, which is ex-
panded by autocrine and paracrine mediators including, for
instance, growth factors or inflammatory factors secreted by
AE2 cells. These factors are known to regulate epithelial-
mesenchymal cross talk and in turn influence alveolar micro
architecture including turnover of components of the ECM
under physiological and pathological conditions (20, 25, 30).
In addition, in vitro studies suggested that AE2 cells, in concert
with interstitial cells, are involved in the production of com-
ponents of the ECM including collagen type I (11, 25) and
these extracurricular functions have to be regulated very tightly
in order not to interfere with the regular pulmonary functions
as gas exchanger. Hence, dysfunctional AE2 cells have been

suggested as key factors in generating a profibrotic microen-
vironment in the lung in pulmonary fibrosis (48). Recent
studies linked ER stress of AE2 cells due to excessive accu-
mulation of misfolded surfactant proteins to AE2 cell dysfunc-
tion and, as a final consequence, apoptosis in familial (37, 39)
as well as sporadic IPF (26, 27). In HPSIP, AE2 cells demon-
strate a massive defect in secretion of intracellular surfactant
components leading to an accumulation within the cell (17).
This has been proven to be a potent trigger for lysosomal and
ER stress, resulting in apoptosis (34), inflammation (2), and
fibrotic remodeling (64). Hence, altered surfactant homeostasis
by AE2 cells might be involved in generating a profibrotic
environment in the lung. In the amiodarone model, increased
autophagy has been shown to be a critical mechanism for
accumulation of SP-C and cell death (32). In addition, quali-

Table 2. Alveolar type II cells and intracellular surfactant

Parameter Control AD d7 AD d14 P Value

N(AE2,lung), 106 2.76 (0.30) 4.63 (0.90) 4.48 (2.59) NS
NV(AE2/par), 1/cm3 5.54 (0.49) 5.74 (0.81) 6.93 (3.39) NS
�vN(AE2), �m3 321 (33) 522 (25)* 648 (40)†‡ �0.01
VV(lb/AE2) 0.18 (0.02) 0.19 (0.04) 0.23 (0.02)† 0.04
V(lb,AE2), �m3 58.3 (11.0) 101.7 (21.6)* 146.9 (17.3)†‡ �0.01
V(lb,lung), mm3 0.16 (0.04) 0.46 (0.04) 0.69 (0.47)† 0.03
	V(lb), �m3 0.95 (0.19) 1.63 (0.59) 1.80 (0.54)† 0.03

Values are means (SD). AE2, alveolar type II cells; lb, intracellular surfac-
tant; VV, volume fraction; 	V, volume-weighted mean volume. One-way
ANOVA and Bonferroni test for statistical significance: *control vs. AD d7;
†control vs. AD d14; ‡AD d7 vs. AD d14.

Table 3. Composition of septal wall tissue

Parameter Control AD d7 AD d14 P Value

V(alvepi,sep), mm3 18.3 (2.9) 35.6 (7.20)* 31.6 (6.6)† �0.01
V(BL,sep), mm3 3.55 (0.94) 9.02 (2.18)* 6.85 (1.83)† �0.01
V(aECM,sep), mm3 7.48 (2.14) 27.3 (7.6)* 28.0 (11.6)† �0.01
V(col,sep), mm3 0.73 (0.29) 2.15 (0.52)* 3.06 (1.01)† �0.01
V(IC,sep), mm3 10.8 (3.4) 32.9 (13.9)* 23.3 (3.6) �0.01
V(endo,sep), mm3 15.1 (3.2) 21.1 (2.6)* 17.2 (2.7) 0.02
V(caplumen,sep), mm3 19.1 (6.4) 18.5 (5.6) 17.6 (5.1) NS
S(endo,sep), cm2 620 (138) 978 (141)* 716 (123)‡ �0.01
V(inter,sep), mm3 22.5 (3.1) 71.5 (21.8)* 61.2 (16.0)† �0.01
��(bgb), �m 0.43 (0.12) 0.57 (0.12) 0.60 (0.08)† 0.05

Values are means (SD). Alvepi, alveolar epithelium; BL, basal lamina;
aECM, amorphous extracellular matrix; col, collagen fibrils; IC, interstitial
cells; endo, endothelium; caplumen, capillary lumen; inter, interstitial tissue;
bgb, blood-gas barrier. One-way ANOVA and Boferroni test for statistical
significance *control vs. AD d7; †control vs. AD d14; ‡AD d7 vs. AD d14.

Fig. 8. Stereological data of AE2 cells. Num-
ber weighted mean volume of AE2 cells
[�vN(AE2); A], total number of AE2 cells per
lung [N(AE2); B], total volume of lamellar
bodies per AE2 cell [V(lb,AE2); C], and
volume-weighted mean volume of lamellar
bodies [�vv(lb); D]. Individual data and mean
are given.
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tative ultrastructural findings suggested an increase of intracel-
lular surfactant pool size as a consequence of amiodarone
treatment. Lamellar bodies are part of the lysosomal pathway
and diverse mechanisms have been identified or suggested
regarding the biogenesis of this organelle (42, 59). From a
structural point of view autophagy has been convincingly
linked to the intracellular surfactant pool, partly revealing its
link to the degree of interstitial fibrosis. The volume of intra-
cellular surfactant, defined by morphological criteria as the
volume of lamellar bodies, could be an appropriate parameter
of cellular stress and AE2 cell dysfunction inducing autophagy
in the amiodarone model of pulmonary fibrosis.

In the present study, we quantified alterations of the intra-
cellular surfactant pool as well as the structural remodeling
process within the septal wall tissue using design-based stere-
ology at the light and electron microscopic level. We found a
progressive hypertrophy of AE2 cells within the first 14 days
after amiodarone challenge, accompanied by a dramatic in-
crease in the total volume of lamellar bodies per AE2 cell. The
later could be attributed to an increase in the mean size of
lamellar bodies. These changes regarding the intracellular
surfactant pool were escorted by a thickening of the septal
walls as indicated by an increase in the arithmetic mean
thickness of septal walls, a loss of ventilated alveoli, and an
increase in interstitial tissue elements within septal walls.
In particular, the total volume of ECM and above all collagen
fibrils as defined by ultrastructural criteria demonstrated a
progressive increase till day 14. In IPF, alveolar collapse has
been discussed to explain the observed decrease in alveolar
surface area and volume of air space per lung (9). These

pathological findings, however, could partly be reproduced by
the amiodarone model of lung fibrosis in the present study and
are most likely a consequence of an impaired intra-alveolar
surfactant function, a feature this mouse model shares with
human IPF as well as with the bleomycin model (16, 31).

A former study from 1982 analyzed changes of epithelial
cells at the ultrastructural level in human pulmonary fibrosis
including IPF (23). As opposed to healthy lung tissue, AE2
cells found in areas of thickened septal walls with slight
fibrotic changes were characterized by the occurrence of giant
lamellar bodies. In the present study, we also analyzed areas of
thickened septal walls from two IPF patients diagnosed accord-
ing to the current criteria (43). We could confirm the qualita-
tive findings by Kawanami et al. (23) and found larger and
more profiles of AE2 cells filled with abundant and larger
lamellar bodies in close neighborhood to bundles of collagen
fibrils and denudation of the basal lamina. These observations
indicated that AE2 cell changes and interstitial remodeling are
colocalized with areas of ongoing epithelial injury. Interest-
ingly, immunohistochemical staining in areas of human IPF
lungs that appeared at light microscopic level more or less
normal demonstrated an increased, dot-like staining for LC3B
while in areas with severe fibrosis (e.g., fibroblastic foci) LC3B
was reduced, meaning that in areas with severe fibrosis and
fibroblast foci autophagy seems to be insufficient while in other
areas autophagy could be increased (1). In human IPF these
biochemical markers of autophagy seem to be paralleled by the
ultrastructural presentation of alterations of intracellular sur-
factant where in severely affected areas lamellar bodies are
rare, disrupted, and small while in other regions, e.g., giant

Fig. 9. Collagen content and blood-gas bar-
rier. Total volume of collagen fibrils within
septal walls per lung [V(col,sep); A] and the
arithmetic mean thickness of the blood-gas
barrier [��(bgb); B]. Individual data and mean
are given.

Fig. 10. AE2 cells and severity of fibrosis. Correlation analyses between the total volume of collagen within the septal walls and the number-weighted mean
volume of AE2 cells (A) and total volume of lamellar bodies per AE2 cell (B) and volume-weighted mean volume of lamellar bodies (C).
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lamellar bodies can be observed. However, severe fibrosis such
as honeycombing and fibroblast foci is not present in the
amiodarone model.

Intratracheal delivery of amiodarone might not truly mimic
the drug delivery to the lung as it occurs clinically with
systemic amiodarone therapy. Our animal model, however,
exhibits histopathological alterations including patchy intersti-
tial fibrosis, foamy AE2 cells, lung phospholipidosis, and AE2
apoptosis that resemble clinical amiodarone induced pulmo-
nary toxicity. Of note, we recently reported severe surfactant
accumulation and association of lamellar bodies with autopha-
gosomal structures in amiodarone-treated mice. Hence, under
the assumption that the increased intracellular surfactant pool
is an indicator of cellular stress including autophagy with
excessive accumulation of surfactant proteins and phospholip-
ids, which might in turn be involved in driving fibrotic remod-
eling, we were able to establish a high positive correlation
between the increase in the intracellular surfactant pool and the
amount of collagen fibrils within septal wall tissue in the
amiodarone model. Since both interstitial and epithelial cells
are responsible for the turnover of components of the ECM,
we also quantified the volume of interstitial cells within the
septal walls. A correlation between the volume of interstitial
cells and the degree of fibrosis was not found. These data
clearly demonstrate that the alterations of AE2 cells and the
septal wall fibrosis are linked together, meaning that they are
either induced by the same factors or even causally linked, e.g.,
the excessive burden/stress due to increased surfactant pool
provokes the generation of a more profibrotic environment by
the AE2 cells, as seen in HPSIP.

In the amiodarone model, the total volume of destructed
lung parenchyma was limited and amounted to �4% of total
lung volume, which is less as has been found in the bleomycin
model (
10%) (31). The bleomycin model is much more
complex including interstitial fibrosis within septal walls, ex-
tensive intra-alveolar fibrosis, and alveolar collapse (28, 29,
31). In the amiodarone model, the most prominent findings
were thickened septal walls due to interstitial fibrosis and less
intra-alveolar fibrosis or collapse induration.

Conclusion

Amiodarone challenge induces a progressive interstitial re-
modeling with considerable increase in components of ECM
especially collagen fibrils within the septal walls. Similar
alterations regarding the different ultrastructural components
have also been demonstrated to occur in IPF lungs. The
progressive increase in collagen fibrils could be tightly corre-
lated to disturbances of the intracellular surfactant system
suggesting that both pathological alterations are mediated by
the same factors or that there is a causal relationship. In other
words accumulation of intracellular surfactant potentially
linked to autophagy-related dysfunction of AE2 cells and cell
death after amiodarone challenge is clearly correlated with the
degree of septal wall fibrosis. Qualitative findings observed in
thickened septal walls with slight to moderate fibrotic remod-
eling from patients with IPF suggest that hypertrophy of AE2
cells and an increase in the intracellular surfactant pool could
also be linked to a fibrotic remodeling process in humans at
least in the early stages of the disease process.
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Abstract

Amiodarone (AD) is an iodinated benzofuran derivative, especially known for its antiarrhythmic properties. It
exerts serious side-effects even in patients receiving low doses. AD is well-known to induce apoptosis of type
II alveolar epithelial cells (AECII), a mechanism that has been suggested to play an important role in AD-
induced lung fibrosis. The precise molecular mechanisms underlying this disease are, however, still unclear.
Because of its amphiphilic nature, AD becomes enriched in the lysosomal compartments, affecting the general
functions of these organelles. Hence, in this study, we aimed to assess the role of autophagy, a lysosome-
dependent homeostasis mechanism, in driving AECII apoptosis in response to AD. In vitro, AD-treated MLE12
and primary AECII cells showed increased proSP-C and LC3B positive vacuolar structures and underwent
LC3B-dependent apoptosis. In addition, AD-induced autophagosome-lysosome fusion and increased autophagy
flux were observed. In vivo, in C57BL/6 mice, LC3B was localised at the limiting membrane of lamellar bodies,
which were closely connected to the autophagosomal structures in AECIIs. Our data suggest that AD causes
activation of macroautophagy in AECIIs and extensive autophagy-dependent apoptosis of alveolar epithelial
cells. Targeting the autophagy pathway may therefore represent an attractive treatment modality in AD-
induced lung fibrosis.

Keywords: autophagy; amiodarone; alveolar epithelial cells; lamellar bodies; LC3B; apoptosis

Received 11 September 2014; accepted 31 March 2015

The authors have no conflicts of interest to declare.

Introduction

Amiodarone (AD) is pharmacologically classified as a
cationic amphiphilic drug. It is an efficient antiarrhyth-
mic drug with typical class III Vaughan-Williams prop-
erties. In spite of its beneficial effects against almost all
kinds of arrhythmias, its clinical use is tempered
because of its contraindications [1,2], which include
corneal micro deposits, dermatitis, symptomatic brady-
cardia, hypo- and hyper-thyroidism and, most impor-
tantly, severe pulmonary toxicity [1]. It is estimated

that 10–17% of patients receiving 400 mg AD per day
develop pulmonary toxicity, with fatalities occurring in
about 10% of cases [3]. Previous studies suggested that
elderly patients with a pre-existing lung disease are at a
high risk of developing AD-induced pulmonary toxic-
ity. It was initially believed that a low dose of AD was
relatively safe, but more recent case reports have
revealed a high risk of pulmonary complications, espe-
cially confluent lung fibrosis, even with low dosage
treatment of patients (200 mg per day). Acute respira-
tory distress syndrome and pneumonitis are also well-
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documented side effects of AD [1,4]. Hence, according
to the recent guideline for the management of patients
with atrial fibrillation, AD is prescribed to treat atrial
fibrillation in the absence of pre-excitation only when
other agents are unsuccessful [5].

At a cellular level, foamy macrophages and hyper-
plasia of type II alveolar epithelial cells (AECIIs) are
the most common features of AD-induced pulmonary
fibrosis. In addition, it has been demonstrated that
AD induces apoptosis of alveolar epithelial cells in
vitro and that AD induces toxicity in several types of
lung cells [6,7]. In full accordance, we have recently
shown that intratracheal administration of AD indu-
ces lung fibrosis in mice and that AD induces surfac-
tant accumulation, AECII apoptosis, lysosomal stress
and ER stress in this model [8]. Although the precise
molecular events underlying AD-induced lung fibro-
sis still remain to be clearly settled, mechanisms such
as excessive intracellular phospholipidosis, direct
cytotoxicity, oxidative stress and the angiotensin sig-
nalling pathway [9–12], were previously suggested to
contribute to the pathogenic chain of events.

It has been shown that AD becomes enriched in
lysosomes (�500-fold as compared to serum) and
causes accumulation of multilamellar bodies in the
cytoplasm of various cell types [13,14]. Similarly,
AD as well as its derivative dronedarone was shown
to induce autophagy, a lysosome-mediated degrada-
tion pathway that is extremely important in maintain-
ing cellular homeostasis [15,16]. More recently, it
was claimed that activating the autophagy pathway
rescues AD-induced lung fibrosis in rats [17].

Autophagy is a fundamental catabolic cellular process
that degrades unnecessary proteins and damaged organ-
elles, thereby helping in cell survival. At a molecular
level, different types of autophagy pathways have been
described. Macroautophagy is well characterised and is
one of the important types of autophagy that involves
sequestration of the cargo into a double-membrane vesi-
cle known as an autophagosome. This process involves
complex interactions between several autophagy-related
(Atg) proteins. The autophagosome ultimately fuses with
the lysosome to degrade its components. More detailed
analyses of this process are given in previous reviews
[18,19]. Several diseases such as cancer, neurodegenera-
tive diseases, lysosomal storage disorders, cystic fibrosis,
chronic obstructive pulmonary disease (COPD) and idio-
pathic pulmonary fibrosis (IPF) have been linked to
altered autophagy [20].

We recently established a mouse model of AD-
induced lung fibrosis and reported surfactant altera-
tions, severe AECII apoptosis and cellular stress in this
model. We reported that AD-induced AECII apoptosis
is not mediated via Cathepsin D, and speculated on the

involvement of other lysosomal pathways in driving
AECII apoptosis in this model [8]. In the current study,
we aimed to carefully analyse the role of macroautoph-
agy (referred as autophagy hereafter) in AD-induced
alveolar epithelial cell apoptosis and to identify if the
autophagy marker protein microtubule-associated pro-
tein 1 light chain-3B (LC3B) is localised to the lamel-
lar bodies of alveolar epithelial cells.

Methods

Cell culture

Mouse lung epithelial cell lines (MLE12) and isolation
of primary mouse AECII and culture were performed
as described before [21]. Preparations of AD solution
and the protocol for siRNA transfection are described
elsewhere [8]. For immunofluorescence analysis,
MLE12 cells were plated in 8-well chamber slides.
After overnight adherence and following treatments,
cells were washed and fixed with 4% paraformalde-
hyde, followed by washing and permeabilisation with
0.5% Triton X-100. Permeabilised cells were then
washed, blocked with 10% donkey serum and 3%BSA
in PBS. Incubation with primary antibody (LC3B or
LAMP2; abcam, Cambridge, UK) was performed
overnight at 4 8C. Following washing, secondary anti-
body (Alexa Fluor 555, donkey anti rabbit or Alexa
Fluor 488, donkey anti rat; Life Technologies, Darm-
stadt, Germany) was added for 1 h at RT in dark. Sam-
ples were then washed and mounted with mounting
medium with DAPI for nuclear staining (VECTA-
SHIELD mounting medium with DAPI, Vector Labs/
Enzo Life Sciences GmbH, L€orrach, Germany) fol-
lowed by microscopy (Leica Mirosystems, Germany).
Protocols for RNA extraction, RT-PCR and primers
used are given in Supporting Information.

Autophagy flux

10 mg/ ml stock solution of chloroquine (CQ; Chloro-
quine diphosphate salt, Sigma-Aldrich) was prepared
by dissolving it in cell culture grade aqua dest. MLE12
cells were plated in 6-well cell culture dishes. Next
day, medium was replaced with fresh culture medium
and CQ or vehicle (cell culture grade aqua dest) was
added. 2 or 6ml from CQ stock solution per 2ml cul-
ture medium was added to get a final concentration of
10 or 30 mg/ml, respectively. 4 h later, AD or vehicle
was added and cells were harvested after 8 h, followed
by Western blotting for LC3B. Similarly, MLE12 cells
were pre-incubated with DMSO or 10 mg/ml pepstatin
and E64D (Enzo life sciences) dissolved in DMSO for
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1 h followed by incubation with AD for 8 h, after
which cells were harvested and the lysates were proc-
essed for Western blotting of LC3B.

Mice

Intratracheal administration of vehicle or AD (0.8 mg/
kg body weight, Sigma-Aldrich, Germany) was per-
formed in C57BL/6 mice every fifth day as described
elsewhere [8]. Ten mice were included per group.
Both the University Animal Care Committee and the
Federal Authorities for Animal Research of the Regier-
ungspraesidium Giessen (Hessen, Germany) approved
the study protocol.

Electron microscopy

Mice were sacrificed 7 and 14 days after first AD or
vehicle challenge for perfusion fixation. In order to
represent the whole organ, systematic uniform sam-
pling was performed. Detailed protocols are described
in Supporting Information.

Biochemical and statistical analysis

Details of Western blot, immunohistochemistry and
sources of antibodies are given in Supporting Informa-
tion. All data are expressed as means 6 SEM of at least
five mice for in vivo studies. For in vitro experiments,
three or more independent experiments were con-
ducted for AD treatment and triplicate transfections
were performed for siRNA studies. Statistical signifi-
cance was assessed using the Mann–Whitney U test.
Significance is indicated as: *p< 0.5, **p< 0.01,
***p< 0.001.

Results

AD induces macroautophagy and increases
autophagy flux in murine alveolar epithelial cells

Mouse lung epithelial (MLE) 12 cells were treated
with vehicle or with 10 mg/ml AD (according to [7,8])
for 8, 16 and 24 h. We observed a heavily vacuolated
cytoplasm in MLE 12 cells treated with AD (Figure
1A). Immunofluorescence analysis for the macroau-
tophagy marker, LC3B as shown in Figure 1B,
revealed giant autophagosomes in AD-treated cells
decorated with LC3B; vehicle-treated cells on the
other hand showed occasional punctate staining, but
more often a diffuse staining for LC3B. Western blot
analysis showed an impressive increase in the conver-
sion of LC3BI to LC3BII, p62 and LAMP2 in AD-
treated cells as compared to vehicle treated or

untreated cells (Figure 1C, Supporting Information
Figure S1a). It has been indicated that p62 cannot be
used as a maker for autophagy in all contexts, espe-
cially if it is transcriptionally upregulated [22]. Hence
we aimed to analyse if transcriptional up-regulation of
p62 might explain the marked increase at the protein
level under AD treatment and, not surprisingly, semi-
quantitative and q-PCR analysis showed significant
time-dependent up-regulation of p62 mRNA after
treating cells with AD, as compared to vehicle-treated
or untreated cells (Supporting Information Figure
S1b). Primary AECII treated with AD or vehicle for
24 h also showed significantly increased LC3B and
proSP-C after AD treatment as compared to vehicle-
treated cells (Figure 1D). As an attempt to understand
if the fusion event between autophagosomes and lyso-
somes occurs in response to AD treatment, we per-
formed immunofluorescence for LC3B and LAMP2.
Indeed, AD-treated MLE12 cells showed giant auto-
phagosomes, decorated with LC3B and LAMP2,
which co-localised with each other (Figure 2A), dem-
onstrating fusion between autophagosomes and lyso-
somes. Further, in order to evaluate the autophagy flux
after AD treatment (according to current guidelines
[23]), MLE12 cells were pre-treated with the vacuolar
ATPase inhibitor bafilomycin A1, followed by AD
versus vehicle treatment. Surprisingly, AD-induced
vacuolar morphology completely disappeared upon
pre-treatment of MLE12 cells with bafilomycin A1
(Supporting Information Figure S2a). This observation
is in full accordance with a previous study, which
reported that bafilomycin A1 significantly suppresses
the uptake of AD in different cell types [15]. Hence,
we excluded bafilomycin A1 and used another prote-
ase inhibitor, chloroquine, and a combination of pep-
statin and E64D, which have also been suggested for
assessing autophagic flux [23]. MLE12 cells were pre-
incubated with saturating concentrations of chloro-
quine (30mg/ml) [23], for 4 h followed by AD or vehi-
cle treatment. We observed a significant increase in
LC3BII and a marked decrease in p62 after AD treat-
ment in the presence of chloroquine (Figure 2B,C),
thus clearly indicating a slight but significant increase
in autophagy flux after AD treatment. Increase in auto-
phagic flux was also observed when cells were pre-
incubated with pepstatin and E64D, followed by AD
treatment (Supporting Information Figure S2b).

AD-induced AECII apoptosis is mediated by LC3B
in vitro

In order to clarify the mechanistic role of macroau-
tophagy in AD-induced AECII injury and apoptosis,
we transfected MLE12 cells for 48 h with a LC3B-
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Figure 1. Increase in markers of autophagy in alveolar epithelial cells following AD treatment. (A) Phase contrast images of MLE12
cells 8 h post AD or vehicle treatment. Arrows indicate huge vacuolar structures in AD-treated MLE 12 cells. (B) Immunofluorescence
images for LC3B (red) from MLE 12 cells treated with AD or vehicle for 8 h. Arrows indicate LC3B-labelled vacuolar structures in AD-
treated cells. (C) Representative Western blot images from cell lysates from AD (8, 16, and 24 h) or vehicle treated (24 h) or untreated
MLE12 cells for LC3B, Beclin1, LAMP2 and ß-actin. (D) Immunoblot images for LC3B and pro SP-C from AECIIs isolated from C57Bl/6
mice and treated for 24 h with AD or vehicle.
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Figure 2. AD-induced increased autophagy flux in MLE 12 cells. (A) Immunofluorescence images for LC3B (red), LAMP2 (green) and overlay
images of both LC3B and LAMP2 from MLE 12 cells treated with AD or vehicle for 8 h. Arrows indicate huge vacuolar structures labelled
with both LC3B and LAMP2 (yellow) in AD-treated cells. Nuclei are stained with DAPI (blue). Scale bar 5 50mm. (B and C) Representative
Western blot images for LC3B and b-actin after pre-incubation of MLE12 cells with chloroquine (CQ; 10 and 30mg/ml) for 4 h followed by
AD or vehicle treatment for 8 h. Upper and middle panels represent lower and higher exposures (to detect LC3BI), respectively, of the LC3B
Western blot membrane and densitometry analysis performed from n 5 3 independent experiments. Significance was calculated by compar-
ing all treated groups with untreated cells and then between different treatment groups as indicated. *p< 0.05, **p< 0.01, ***p< 0.001.
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specific and a scrambled siRNA and then treated with
AD or vehicle for 8 h. Quite strikingly, cleaved caspase
3 levels, being massively increased in scrambled
siRNA-transfected and AD-treated cells, returned to
almost normal levels in response to LC3B knockdown
(Figure 3A,B). Additionally, specific knockdown of
LC3B also reversed the AD-induced proSP-C eleva-
tion almost to control levels (Figure 3A,C). Based on
these observations, LC3B, either directly or indirectly,
seems to regulate intracellular proSP-C content in
response to AD treatment.

AD induces macroautophagy and the fusion between
autophagosome and lamellar bodies in AECII

In order to identify if AD induces macroautophagy in
vivo, we performed intratracheal administration of AD
every fifth day in mice and sacrificed the animals at
days 7, 14, 21 and 28. Development of lung fibrosis
was observed in AD-treated mice from day 7 onwards
[8]. Analysis of lung homogenates for macroautophagy
markers revealed a significant (�10-fold) increase in
LC3BII as well as p62 levels (�3-fold) as compared to
vehicle-treated mice at all the time points analysed
(Figure 4A,B, Supporting Information Figure S3a,b).
The levels of Beclin1, another well-known autophagy
protein, remained unaltered (Figure 4A). Moreover,
the overall level of LAMP2, a lysosomal marker,

increased in AD treated lungs (Figure 4A,C), indicat-
ing a marked increase in the overall lysosomal content
after AD treatment. Immunohistochemistry on serial
lung sections revealed numerous LC3B positive AECII
in AD-treated mice as compared to vehicle-treated
controls (Figure 4D, Supporting Information Figure
S3c). In order to further confirm this finding, we per-
formed immunogold labelling for LC3B on lung tis-
sues of AD and vehicle-treated mice. This revealed
preferential labelling of LC3B on the limiting mem-
brane and the interior of lamellar bodies (LB) of
AECII in AD as well as in vehicle-treated mice (Figure
5A). After AD treatment, however, gold labelling
appeared to be more intense compared to vehicle-
treated mice, confirming the results from our immuno-
histochemistry staining (Figure 5A). In addition, using
EM tomography, we observed a connection between
lamellar bodies and autophagosomes via membranes
within the AECII of mice treated with AD (Figure
5B,C; Supporting Information video1).

Discussion

Our data indicate that AD induces enhanced fusion
of autophagosomes to lysosomes as well as to lamel-
lar bodies (which also belong to the lysosomal

Figure 3. AD-induced AECII apoptosis is mediated by LC3B. (A) Representative Western blot images for LC3B, cleaved caspase 3,
proSP-C, cathepsin D and b-actin from MLE12 cells transfected with scrambled siRNA (scr) or siRNA for LC3B (LC3B si) and treated
with AD or vehicle for 8 h. Cells treated only with AD, vehicle or untreated cells were included as controls. Different parts from the
same Western blots are separated by vertical lines. (B and C) Densitometry analysis of cleaved caspase 3 (B) and proSP-C (C) to
b-actin ratio was calculated and is given as a percentage of untreated cells. *p< 0.05.
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compartment), increased autophagy flux and mark-
edly increased and LC3B-dependent apoptosis of
alveolar epithelial cells. We were also able to show
localisation of LC3B to the lamellar bodies in
AECIIs and report that the AD-driven dysregulation
of proSP-C is dependent on LC3B.

AD is noted for its unusually long half-life. It
accumulates within the lysosomal compartments of
various types of lung cells [2,14], including AECIIs.
Similarly, we also observed an increase in the size
and number of lamellar bodies within AECIIs and

altered intracellular surfactant homeostasis in AD-
treated mice. It was previously reported that the
activity of Cathepsin D, a lysosomal enzyme, is
increased after AD treatment [24] and we recently
showed that Cathepsin D protein levels increase in
AD-treated mice lungs as well as in MLE cells [8].
All these observations reflect altered lysosomal
homeostasis following AD treatment. However, we
did not observe Cathepsin D-dependent apoptosis of
MLE cells in response to AD treatment, indicating
the involvement of other lysosome-related pathways

Figure 4. Increase in markers of autophagy in AECIIs from AD-treated mice. (A) Western blot analysis of lung homogenates of (left)
AD-treated mice at days 7, 14 and vehicle at day 28 and (right) AD-treated mice at days 21, 28 and vehicle at day 28 for LC3BII,
Beclin 1, LAMP2 and b-actin. (B and C) Graphical representation of densitometry analysis is shown for the LC3B and LAMP2 Western
blots shown in (A). Representative blots and analysis from n 5 5 mice. *p< 0.05. (D) Representative images of immunohistochemistry
for LC3B and pro SP-C performed on serial lung sections from day 7 AD and vehicle-treated mice. Arrows indicate AECIIs positive for
LC3B. Scale bar 5 50 lm; Original magnification of pictomicrographs: x400.
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in driving apoptosis [8]. Supporting this, we observed
extensive vacuolisation and an increase in the
autophagy markers when MLE12 cells were directly
exposed to AD. This observation is in complete
agreement with some previous studies, which
reported AD-induced LC3B positive vacuolar struc-
tures in different human cells in culture [25,26]. It
may be logical to speculate that increased autophagy
could be a mechanism to degrade the deposited drug
from the lysosomal compartments. Supporting this
concept, in response to AD, we observed a marked
increase in LAMP2 protein levels (in mice and cells)
and LC3B co-localisation with LAMP2, a protein
that has been shown to be pivotal for autophagosome
maturation as well as for autophagosome-lysosome
fusion [27,28]. At first glance, it appears that AD
treatment might lead to defective autophagy due to
an increase in the autophagy substrate protein p62
following AD treatment. However, we observed up-
regulation of p62 transcript following AD treatment
that might compensate for its protein level, question-
ing its use as a marker for autophagy flux. Further
analysis of autophagy flux using inhibitors such as
chloroquine and a combination of pepstatin and
E64D (but not bafilomycin A1) revealed that AD
actually increases autophagy flux in MLE12 cells.
While this manuscript was in preparation, Lee et al
[17] reported similar observations in other cell types,
surprisingly using bafilomycin A1 as the inhibitor for
flux studies, in spite of previous reports which
impressively showed that bafilomycin A1 suppresses
the uptake of AD [15].

AD is metabolised to its chief metabolite, desethyl-
amiodarone (DES), by the P450 enzyme system [29].
DES shares some toxicological and pharmacological
characters of AD and some studies have documented
that DES is much more cytotoxic than AD, causing
cell death even at low doses in many cell types [30].
Disruption of mitochondrial function, including pro-
duction of reactive oxygen species (ROS), decrease

in mitochondrial membrane potential and cytochrome
c release, are well-documented effects of both AD
and DES [31–34]. Since we and others have shown
that AD induces autophagy in many cell types, it
may not be surprising to note that DES also exerts
similar effects. Accumulation of DES in tissues due
to prolonged AD treatment may also contribute in
part to the dysregulated autophagy pathway and
thereby apoptosis of AECIIs in mice in response to
AD treatment. Basal autophagy is an extremely
important housekeeping process that prevents accu-
mulation of unwanted proteins within the cytoplasm
[18–20]. Under certain conditions such as cancer, it
is believed to be potentially maladaptive [35] or
under certain settings of uncontrolled increase in
autophagy as in COPD, it might lead to cell death
[19,36]. Hence, it appears important that the autoph-
agy process is well-balanced. The interplay between
autophagy and apoptosis is a matter under continuous
discussion and the intricate molecular mechanisms
between these two pathways are extremely complex
[19,35]. Nevertheless, there exists some evidence that
molecules of the autophagy pathway do play a role
in executing apoptosis in certain settings. For exam-
ple, knockdown of LC3 rescued p53-deficient
HCT116 cells from apoptosis [37] and LC3B-/- mice
were shown to be resistant to apoptosis after cigarette
smoke exposure [38]. In line with these findings, we
now show that AD-induced cleaved caspase 3 levels
are decreased after LC3B knockdown in MLE12
cells, indicating a role for LC3B in mediating their
apoptosis and, probably, also lung fibrosis.

Under physiological conditions, the autophagy
pathway orchestrates with other vital cellular path-
ways. It is hence not surprising that autophagy influ-
ences other pivotal cellular mechanisms or vice versa
under certain pathological conditions [39]. For exam-
ple, in a previously described rat model of AD-
induced pulmonary toxicity, blockade of angiotensin
formation inhibited the development of lung fibrosis.

Figure 5. AD induces fusion between autophagosome and lamellar bodies in AECII. (A) Representative images from immunogold label-
ling for LC3B on lung sections of AD (day 7) and vehicle treated mice. Arrows indicate preferential binding of LC3B to lamellar bodies
(LB) in AECII. Block arrows indicate LC3B-bound gold particles in close proximity to the limiting membrane of LB of AECII in AD and
vehicle-treated mice. Scale bar50.5mm. (B) Single slice of EM tomogram showing a direct link between autophagosomes (A) and
lamellar bodies (LB) via membranes (i); the boxed area is shown at higher magnification in (ii, iii). Different slices of the tomogram
showing that the limiting membrane of the lamellar body and the autophagosome share the same membrane are shown adjacent to
these images (iv). In the lower panel (v-vii), different rotation views of the model of the connection between LB and the autophago-
some are shown: the junction is highlighted by a red circle. Colour code: yellow, limiting membranes; blue, membranous content of
the autophagosome; red, ribosomes; grey, core of the lamellar body; brown, lipid lamellae. (C) A second example obtained by means
of EM tomography showing a direct link between autophagosomes (A) and lamellar bodies (LB) via membranes (i). The membranes of
the LB also protrude and form a double membrane layer of an autophagosome which separates a compartment of low density within
the autophagosome from the cytosol (ii). The lower row (iii-v) represents a 3D reconstruction of the membranes of a LB (red) and the
membranes of the autophagosome (blue).
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In fact, the angiotensin (AT) 1 receptor antagonist
losartan that was used to inhibit AECII apoptosis and
thereby lung fibrosis [40] is actually also an inhibitor
of autophagy [41,42].

Another intriguing observation that stems from the
current work is the presence of LC3B at the vicinity of
the limiting membrane of lamellar bodies within the
AECIIs of mouse lungs. Sometimes, especially in
response to AD, membranes of these lamellar bodies
were observed to be in close connection with phago-
phores/ autophagosomal structures. It has been shown
that an autophagic process is involved in the biogenesis
of multilamellar bodies [43]. However, proteomic anal-
ysis of lung lamellar bodies from rats did not reveal
the presence of LC3B either on the limiting membrane
or in the lumen of lamellar bodies [44]. We neverthe-
less could convincingly show gold-labelled LC3B par-
ticles both in the lumen as well as on the limiting
membrane of lamellar bodies. Based on these observa-
tions, it may be reasonable to speculate on the role of
LC3B in surfactant homeostasis in normal and, even
more, in AD-injured AECIIs. In complete agreement
with this, we could now show that knockdown of
LC3B impressively decreased the levels of AD-induced
accumulation of SP-C in MLE12 cells.

In conclusion, our current study demonstrates a
critical role for macroautophagy, especially the
marker LC3B, in regulating AECII cell death in
response to AD. Although not addressed experimen-
tally here, it appears reasonable to speculate that the
magnitude of autophagy flux is also linked to the
extent of lung fibrosis. This study enhances our
understanding of the molecular mechanisms underly-
ing AD-induced lung fibrosis. Based on our data, it
appears reasonable to target autophagy pathways for
improving epithelial survival and minimise AD-
induced lung fibrosis. However, a careful and critical
analysis is warranted when targeting the autophagy
pathway as too little or too much autophagy is dele-
terious for the cells.
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SUPPLEMENTARY MATERIAL ON THE INTERNET
Additional Supporting Information may be found in the online version of this article.

The following supplementary material may be found in the online version of this article:

Figure S1: (a) Representative Western blot images from cell lysates from AD (8, 16 & 24 hours) or vehicle treated (24 hours) or untreated

(UT) MLE12 cells for p62 and ß-actin. (b). Graphical representation depicting quantification of p62 mRNA using q-PCR in MLE 12 cells

upon AD treatment for the indicated time points, vehicle or untreated cells. Below, a representative agarose gel image from semi-quantitative

RT-PCR for p62 is shown. b-actin was used as house-keeping gene.

Figure S2: (a) Representative phase contrast images of MLE12 cells pre-treated with bafilomycin A1, AD and both bafilomycin A1 and AD.

Scale bar5100mm. (b) Representative Western blot images for LC3B and b-actin after pre-incubation of MLE12 cells with vehicle (DMSO)

or pepstatin 1 E64D (10mg/mL each) for 1hour followed by AD or vehicle treatments for 8 hours.

Figure S3. (a) Western blot analysis of lung homogenates of (left) AD treated mice at days 7, 14 and vehicle at day 28 and (right) AD treated

mice at days 21, 28 and vehicle at day 28 for p62 & b-actin in AD treated mice. (b) Graphical representation of densitometry analysis is

shown for p62 Western blots shown in (a). Representative blots and analysis from n55 mice. *p< 0.05. (c). Immunohistochemistry performed

on serial lung sections from mice treated with AD at 14, 21, 28 days and vehicle at day 28 for LC3B and pro SP-C showing numerous LC3B

positive AECIIs (indicated with arrows) in AD treated mice. Scale bar in all the images550 lm; Original magnification of pictomicrographs:

400x.

Video1. Transmission electron tomography and modelling of an autophagosome connected to a lamellar body in a type II alveolar epithelial

cell. Reconstructed volume is used for modelling of an autophagosome and a lamellar body (grey, core of the lamellar body; brown, lipid

lamellae), sharing the same limiting membrane (yellow). The autophagosome exhibits membranous content (blue) and ribosomes (red). The 3D

model reveals a junction between the lamellar body and the autophagosome and a remaining opening of the structure indicating a late phago-

phore/early autophagosome.
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Korfei M, Gochuico BR, Bellusci S, Seeger W, Ochs M, Guenther A,
Mahavadi P. MAP1LC3B overexpression protects against Hermansky-
Pudlak syndrome type-1-induced defective autophagy in vitro. Am J
Physiol Lung Cell Mol Physiol 310: L519–L531, 2016. First published
December 30, 2015; doi:10.1152/ajplung.00213.2015.—Hermansky-
Pudlak syndrome (HPS) is a rare autosomal recessive disorder, and some
patients with HPS develop pulmonary fibrosis, known as HPS-associated
interstitial pneumonia (HPSIP). We have previously reported that HPSIP
is associated with severe surfactant accumulation, lysosomal stress, and
alveolar epithelial cell type II (AECII) apoptosis. Here, we hypothesized
that defective autophagy might result in excessive lysosomal stress in
HPSIP. Key autophagy proteins, including LC3B lipidation and p62,
were increased in HPS1/2 mice lungs. Electron microscopy demonstrated
a preferable binding of LC3B to the interior of lamellar bodies in the
AECII of HPS1/2 mice, whereas in wild-type mice it was present on
the limiting membrane in addition to the interior of the lamellar
bodies. Similar observations were noted in human HPS1 lung sec-
tions. In vitro knockdown of HPS1 revealed increased LC3B lipida-
tion and p62 accumulation, associated with an increase in proapop-
totic caspases. Overexpression of LC3B decreased the HPS1 knock-
down-induced p62 accumulation, whereas rapamycin treatment did
not show the same effect. We conclude that loss of HPS1 protein
results in impaired autophagy that is restored by exogenous LC3B and
that defective autophagy might therefore play a critical role in the
development and progression of HPSIP.

autophagy; Hermansky-Pudlak syndrome; alveolar epithelial cells;
Hermansky-Pudlak syndrome-associated interstitial pneumonia; apo-
ptosis; lung fibrosis

HERMANSKY-PUDLAK SYNDROME (HPS), a rare genetic disorder, is
typically characterized by platelet dysfunction, occulocutane-

ous albinism, accumulation of ceroid lipofuscin in lysosomes,
granulomatous colitis, and pulmonary fibrosis (16). Clinical
diagnosis of HPS is established by hair and skin hypopigmen-
tation, ocular abnormalities, and microscopic visualization of
platelets revealing absence of dense bodies (16). Until now,
HPS has been most frequently characterized among patients of
Puerto Rican descent (2), but the disease is prevalent all over
the world. Mutations in HPS genes are primarily known to
affect the regulation and function of various lysosome-related
organelles (LROs) such as platelet-dense granules, pigment
cell melanosomes, and lung lamellar bodies (8, 12).

Several HPS mutations have been described previously, but
pulmonary fibrosis known as HPS-associated interstitial pneu-
monia (HPSIP) seems to occur mostly in HPS1, HPS2, and
HPS4, each encoding a different gene (1, 9, 17). HPSIP is a
leading cause of death in these patients usually in the fourth or
fifth decade of their life (9). Lungs of patients with HPSIP are
typically characterized by swelling of alveolar epithelial type II
cells (AECII) with an increase in size and number of lamellar
bodies, termed “giant lamellar body degeneration” (34). Giant
lamellar bodies are also observed within the AECII of HPS1/2
double-mutant mice (18), and we have previously reported that
these mice spontaneously develop lung fibrosis associated with
AECII-specific cellular stress and apoptosis (30). On the other
hand, mice with mutations either in HPS1 or HPS2 genes show
an increased predisposition to pulmonary fibrosis upon bleo-
mycin challenge (56).

Whereas HPS2 encodes the �-subunit of the adaptor pro-
tein-3 (AP-3) that sorts proteins from endosomes to LROs (40),
HPS1 and HPS4 proteins are subunits of the biogenesis of LRO
complex-3 (BLOC-3), which plays a role in the distribution of
lysosomes and LROs (15). Such effects of HPS gene products
on lysosomes was also supported by a study in the lungs of
HPS1/2 mice, which demonstrated severe defects in surfactant
secretion from the lamellar bodies (18), which are the LROs of
the AECII. In the same vein, we previously reported accumu-
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lation of surfactant proteins associated with severe lysosomal
stress and apoptosis of AECII in HPS1/2 mice as well as in a
patient with HPS1 with interstitial pneumonia (30). On the
basis of these observations, we hypothesized that these lyso-
some-associated disturbances in HPSIP might be a result of
altered autophagy, a basic homeostasis mechanism of a cell
that degrades long-lived proteins and organelles via lysosomes
(14) to promote cellular homeostasis. Both selective (4) and
nonselective forms (45) of autophagy exist. Classically, au-
tophagy is divided into macroautophagy, microautophagy, and
chaperone-mediated autophagy (33). Autophagy basically in-
volves formation of double-membrane structures called au-
tophagosomes, which carry long-lived proteins or dysfunc-
tional organelles in their lumen to fuse with lysosomes and
degrade their contents (25). This is a dynamic process and
requires the coordinated function of several autophagy-related
(Atg) gene products (33). Microtubule-associated protein 1
light chain-3� (MAP1LC3B; referred to as LC3B hereafter) is
one of the important autophagy-related proteins, and its lipi-
dated form (LC3BII) is a marker for the autophagosomes (50,
51). It interacts with sequestosome 1 (SQSTM1)/p62, a sub-
strate for autophagy that carries the cargo to the autophago-
somes for degradation (38). Autophagy is tightly regulated in
the cells at a basal level, and any functional defect in this
degradation pathway results in the intracellular accumulation
of toxic substrates, which has deleterious effects on various
biological processes (44, 55). Dysfunctional autophagy has
been indicated to play an important role in the development of
several pathologies, including lysosomal storage diseases
(LSDs) (10, 37, 46), neurodegenerative diseases (23), and
several organ-specific diseases, including lung fibrosis (3, 39).

Because lysosomal stress has been reported in HPSIP, we
hypothesized that autophagy pathway plays a key role in the
development and progression of HPSIP. Hence, we aimed to
study this pathway in HPS1/2 mice, HPS1 human lungs, as
well as to study the in vitro effects of HPS1 knockdown on
autophagy.

MATERIALS AND METHODS

Mice. Breeding pairs of HPS1 and HPS2 monomutant mice were
purchased from the Jackson Laboratory, whereas the HPS1/2 double-
mutant mice breeding pairs were received as a gift from Richard
Swank (Roswell Park, Buffalo, NY). Background strain for these mice
was C57BL/6J. All mice were kept under pathogen-free conditions
and were genotyped as described before (30). Both the University
Animal Care Committee and the Federal Authorities for Animal
Research of the Regierungspraesidium Giessen (Hessen, Germany)
approved the study protocol.

Human lung sections, immunohistochemistry, and Western blot.
Written, informed consent was obtained, and subjects were enrolled in
a protocol (04-HG-0211) approved by the Institutional Review Board
of the National Human Genome Research Institute. For human sub-
jects with HPS1, tissue was procured from a postmortem lung spec-
imen and an explanted lung sample. Information about lungs from
organ donors (used as controls) has been described before (24). All
specimens from human and mice were fixed in 4% formaldehyde and
embedded in formalin, and serial sections (3–6 �m) were performed.
Immunostaining was performed using ZytoChem plus Broad Spec-
trum (AP-Fast red and HRP-DAB, Zytomed Systems) kit according to
the manufacturer’s instructions and as described before (30) for
immunohistolocalization of LC3B (Abcam) and SQSTM1/p62 (Sig-
ma-Aldrich). Stained sections were scanned with Hamamatsu scanner

(Nanozoomer 2.0 RS). NDP.view2 software was used to make the
images and analysis. Lung homogenates and cell lysates were dena-
tured and subjected to Western blotting as described previously (30)
to detect LC3B, green fluorescent protein (GFP), GAPDH, ATG5,
myc (Abcam), p62 and ATG7 (Sigma-Aldrich), transcription factor
EB (TFEB) (Proteintech), and lysosome-associated membrane protein
2 (LAMP2) (Santa Cruz Biotechnology).

Cloning, cell culture, and siRNA transfection. Full-length LC3B
(gene bank accession number: NM_026160) was cloned into
pEGFP-C1 expression vector and pCMV-myc-Tag3 (Agilent Tech-
nologies). Standard protocols were used for cloning, and A549 cells
were transfected with GFP-LC3B or myc-LC3B plasmids. Cells were
harvested after the indicated time points to isolate protein or RNA for
further analysis. A549 cells were transfected with 50 nM human HPS1
siRNA (Santa Cruz Biotechnology) or scrambled siRNA (Dharma-
con) in serum-free medium and cultured for the indicated time in the
same medium without antibiotics followed by harvesting them for
protein or RNA isolation.

Immunofluorescence. Immunofluorescence was performed accord-
ing to the previously described protocols (29). Briefly, following
plasmid or siRNA transfection for the indicated time points, cells were
washed with ice-cold PBS and fixed in 4% paraformaldehyde. Per-
meabilization was performed with 0.1% Triton X-100, and nonspe-
cific binding was blocked with 10% donkey serum followed by
overnight incubation with primary antibodies against cleaved
caspase-3 (Cell Signaling Technology), LC3B, LAMP1, caspase-8
(Abcam), and p62 (Sigma-Aldrich). Slides were then washed and
incubated with respective Alexa Fluor probes (Alexa Fluor 488 or
555, Life Technologies) raised in donkey. Microscopy was performed
using a Leica M205 FA fluorescent stereoscope (Leica Microsystems)
equipped with a Leica DFC360 FX camera, and all images were
captured using an �63 objective lens. Immunofluorescence images
were analyzed using Leica Application Suite Advanced Fluorescence
(LAS AF) software, version 4.3. Quantification of the immunofluo-
rescence images was performed using the JACOP plugin from ImageJ
to calculate Pearson’s coefficient (7). Briefly, for quantification,
15–30 random regions per well were imaged and subjected to the
JACOP plugin. Image-acquisition parameters were kept constant for
all images during the process of obtaining images. Pearson’s coeffi-
cient of colocalization was calculated using Costes automatic thresh-
old method for each of these pair of images having two different
fluorophores.

PCR and RT-PCR. Cells were harvested, and total RNA was
isolated (RNeasy Plus Mini Kit, Qiagen). RNA was reverse tran-
scribed to cDNA (Omniscript RT Kit, Qiagen) and then subjected to
PCR (HotstarTaq Polymerase PCR Kit, Qiagen) using primers for
human HPS1, �-actin, GAPDH, and p62 with gene bank accession
numbers NM_000195.3, NM_001101.3, NM_002046.5, and
NM_003900.4 respectively, using the following primers: HPS1: for-
ward: 5’GGACTTCTTGCTGGTGAAGAG3=, reverse: 5=CATCTG-
GAGTTTGTACCCCATG3=; �-actin: forward: 5=ACCCTGAAG-
TACCCCATCG3=, reverse: 5=CAGCCTGGATAGCAACGTAC3=;
p62: forward: 5=TGGACCCATCTGTCTTCAAA3=, reverse: 5=
TCTGGGAGAGGGACTCAATC3=; GAPDH: forward: 5=ACCCA-
GAAGACTGTGGATGG3=, reverse: 5=GTGTCGCTGTTGAAGT-
CAGAG3=.

Electron microscopy and distribution pattern of immunogold la-
beling for LC3B in control and HPS1/2 mice. A perfusion fixation of
mice lungs was performed using a multipurpose fixation solution (4%
paraformaldehyde, 0.1% glutaraldehyde in 0.2 M HEPES buffer)
according to recently published methods (53). Three lungs each
[wild-type (WT) vs. HPS1/2] were subjected to a systematic uniform
sampling (52) and embedded in lowicryl resin following a freeze
substitution procedure. Immunogold labeling for LC3B (Abcam) was
carried out as described before (29). Quantitative analysis of gold
labeling was performed to determine cellular compartments in which
a preferential labeling exists. As advocated by the current standards
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for quantitative evaluation of lung structures, we determined the
relative labeling index (RLI) followed by �2 analysis for statistical
assessment of distribution pattern (19, 32). A systematic uniform area
sampling was performed to sample AECII. Three lungs for each group
(WT vs HPS1/2) were included, and two sections per lung were
studied. The following compartments were defined, and volume
fractions (Vv) and surface densities within AECII cells were deter-
mined by point and intersection counting: lumen of lamellar body,
the limiting membrane (area 100 nm around the limiting mem-
brane), mitochondria, nucleus, and cytosol. In addition, gold par-
ticles (Ngold observed) in these five compartments were counted. Sup-
plemental Fig. S1 demonstrates examples of gold particles in different
compartments of the cell (supplemental material for this article is
available online at the American Journal of Physiology Lung Cellular
and Molecular Physiology website). Gold particles were seen also in
cytosol and counted accordingly. The cell size of AECII cells was
much larger in HPS1/2 mice than in WT mice, and volume fractions
of different compartments differed extensively (Table 1). For in-
stance, the volume fraction of lamellar bodies in AECII was 61% in
HPS1/2 and 13% in WT. Using volume fractions, the expected
number of gold particles per subcellular compartment (Ngold expected)
was calculated by multiplication of the sum of all counted gold
particles in AECII cells and the volume fraction of the subcellular
compartment. Ngold expected is the number of particles we would
have counted in the different compartments if labeling was ran-
dom. Ngold observed and Ngold expected were used in a further step to
calculate the RLI as follows: RLI � Ngold observed/Ngold expected.

Statistics. For statistical comparison of the difference between
groups, one-way ANOVA was applied followed by Bonferroni’s
multiple comparison as a posttest. GraphPad Prism 5.0 was employed.
P values were as follows: *P � 0.05, **P � 0.01, and ***P � 0.001.
Distribution patterns of immunogold labeling in different ultrastruc-
tural compartments of AECII were assessed using �2 analysis and a
degree of freedom of 4 (in view of 5 defined ultrastructural compart-
ments).

RESULTS

Defective autophagy in HPSIP. To study the regulation of
autophagy under HPSIP conditions, we first analyzed the lungs
of 3- and 9-mo-old HPS1/2 mice. Whole-lung homogenates
from these mice were subjected to Western blotting of key
autophagy marker proteins. Compared with age-matched WT
mice lungs as well as HPS1 and HPS2 monomutant mice, we
observed an increase in LC3BII, the lipidated form of LC3B,
indicating the formation of autophagosomes in HPS1/2 mice
lungs (Fig. 1A). Supporting this, HPS1/2 mice lung homoge-
nates (both 3 and 9 mo old) showed an increase in the levels of
autophagy proteins p62, Atg7, and Atg5 and the regulator of
lysosomal biogenesis, TFEB. Accumulation of p62 together
with an increase in LC3BII is already indicative of a defective
autophagy pathway. Interestingly, an increase in p62 was
observed in the older HPS1 mice (9 mo) but not in the younger
HPS1 mice (3 mo). Correspondingly, LAMP2, a lysosomal
marker protein, was increased in both the double-mutant as
well as in the monomutant HPS mice compared with age-
matched controls (Fig. 1A).

Furthermore, we performed transmission electron micros-
copy on HPS1/2 and WT mice lungs. Immunogold labeling for
LC3B was performed on a qualitative basis. Gold particles
were found in lamellar bodies but occasionally also in other
compartments, such as cytosol and mitochondria in both WT
and HPS1/2 mice. However, whereas in WT mice gold parti-
cles were often observed in close proximity to the limiting
membrane of lamellar bodies, this was not the case in HPS1/2
mice (Fig. 1B), in which the label was almost exclusively
found inside the lamellar bodies. Hence, the distribution pat-
tern of labeling for LC3B appeared to differ between WT and
HPS1/2. To detect the preferential binding to AECII compart-
ments in dependency of the genotype on a statistical basis, we
determined the RLI, followed by the �2 analyses to test the
distribution of labeling for randomness (Table 1), as advocated
by the ATS/ERS standards for quantitative evaluation of lung
structures (19). On the basis of the RLI � 1 and �2 analysis
with a P � 0.05 (degree of freedom � 4), a preferential
labeling for LC3B was found in the lamellar body as well as
the limiting membrane in WT mice, whereas, in HPS1/2, a
preferential binding of LC3B to the lamellar body, but not the
limiting membrane, was encountered (RLI � 1). These data
clearly demonstrate a different subcellular distribution of
LC3B in WT vs. HPS1/2 mice (Fig. 1D, Table 1). Table 1
demonstrates a high number of observed gold particles in
lamellar bodies, which is an increase of more than sevenfold
compared with WT mice. The larger number of observed gold
particles in lamellar bodies is above all a consequence of
enlarged cells and enlarged lamellar bodies, which contribute
62% to the volume of AECII compared with WT mice, in
which the lamellar bodies are smaller and contribute to only
13% of the volume of AECII (Table 1).

We next performed immunohistochemistry for p62 and
surfactant protein C on serial lung sections of HPS1/2 and WT
mice lung sections. Interestingly, we observed an intense
staining for p62 within the AECII of HPS1/2 mice lung
sections (Fig. 1, C and D), reflecting defective autophagy.
Supporting these observations, AECII of one patient with
HPS1 also displayed an increased staining for p62 (Fig. 2, A
and B). Results until this point indicated an accumulation of

Table 1. Stereological analysis of LC3B labeling

Compartment Ngold observed Vv(comp/cell) Ngold expected RLI

WT
LB 246 0.13 54 4.55
LM 67 0.04 16 3.69
Mitochondria 15 0.16 66 0.22
Nucleus 4 0.19 79 0.05
Cytosol 84 0.49 203 0.41
Total 416 1 418

HPS1/2

LB 1,830 0.61 1,158 1.58
LM 27 0.04 71 0.38
Mitochondria 0 0.01 18 0
Nucleus 6 0.05 100 0.06
Cytosol 34 0.30 566 0.06
Total 1,897 1 1,913

In wild-type (WT) mice, the number of observed gold particles
(Ngold observed) is larger than the expected number of gold particles (Ngold

expected) in lamellar bodies (LB) and the limiting membrane (LM). Accord-
ingly, the relative labeling index (RLI) is �1 in these compartments, suggest-
ing a nonrandom distribution of gold particles and a preferable binding to LM
and LB. To test the hypothesis that the distribution is nonrandom, a �2 test was
added. With a total �2 of 997 and a degree of freedom (dF) of 4, the null
hypothesis of random distribution must be rejected (P � 0.05). In HPS1/2
mice, Ngold observed � Ngold expected was found in LB but not in LM. Hence the
RLI is � 1 in LB but � 1 in LM so that a preferable binding can be attributed
to the LB but not to the LM. A total �2 of 1013 and a dF of 4 results in a P �
0.05 so that the null hypothesis of random distribution of gold particles must
be rejected. LC3B, light chain 3�; HPS, Hermansky-Pudlak syndrome.
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p62 within the AECII in the lungs of HPS1/2 mice and patient
with HPS1, pointing toward defective autophagy under condi-
tions of HPS-associated lung fibrosis.

Knockdown of HPS1 in A549 cells leads to defective au-
tophagy and induces upregulation of apoptosis-related
proteins. To further examine the effect of the loss of HPS1
gene on autophagy in vitro, we performed siRNA-mediated
knockdown of HPS1 in the A549 cell line. After 24 h of
transfection, knockdown of HPS1 led to vacuolization in A549
cells, a feature that was not so prominent in scrambled or in
untreated cells (Fig. 3, A–C). Supporting this observation,
Western blot analysis showed a prominent and significant
increase in both LC3BII and p62 in A549 cells following
HPS1 knockdown for 24 h (Fig. 3, D–F) and 48 h (not
shown). It has been suggested that the transcriptional acti-
vation of p62 might counteract the degradation of p62
protein via autophagy, which might lead to either steady-
state levels of p62 protein or, sometimes, an increase in p62
protein levels (41). In such cases, p62 may not be used as a

marker for autophagy-mediated clearance. Hence, to iden-
tify whether the increase in p62 protein level was a mere
reflection of its transcriptional regulation, we analyzed the
transcript levels of p62 in untreated cells or cells transfected
with scrambled siRNA or HPS1 siRNA. As indicated in Fig.
3, G and H, semiquantitative PCR showed that the transcrip-
tion of p62 is not upregulated following HPS1 knockdown
in A549 cells. Taken together, our results clearly indicate a
defect in autophagy pathway, as evident by simultaneous
LC3B and p62 accumulation attributable to loss of func-
tional HPS1 protein in vitro.

In line with our previous observations (30), we observed
severe cell death after 24 h of HPS1 knockdown that was
already evident under the cell culture microscope. Autophagy
has been recently shown to regulate the clearance of active
caspases, especially caspase-8 (57). We therefore analyzed
caspase-8 and caspase-3 levels following HPS1 knockdown.
As evident from Fig. 3I, HPS1 knockdown led to an increased
staining of the apoptosis markers, cleaved caspase-3 and

Fig. 1. Defective autophagy in the alveolar epithelial type II cells (AECII) of Hermansky-Pudlak syndrome (HPS)1/2 mice. A: 3- and 9-mo-old HPS1/2, HPS1,
HPS2, and wild-type (WT) mice lung homogenates were subjected to Western blotting to detect the indicated markers of autophagy. B: immunogold labeling
for light chain 3� (LC3B) on lung sections of HPS1/2 and WT mice. Lamellar bodies (LBs) within AECII of WT or HPS1/2 mice lungs are depicted here. Arrow
heads indicate LC3B gold labeling on the limiting membrane of LBs in WT mice. *LC3B gold labeling within the lumen of LBs in HPS1/2 mice lungs. LM,
lamellar membrane of LBs. C and D: serial sections of HPS1/2 and WT mice lungs were stained for p62 and prosurfactant protein C (SP-C). Original
magnification: �200; scale bar � 100 �m (C). High-magnification images for the selected regions are depicted in D. Arrows indicate p62-positive AECII in
HPS1/2 mice lung sections. Original magnification: �400; scale bar � 50 �m (D). Representative images from 3 different experiments are shown with n � 3–5
mice. ATG, autophagy-related gene protein; TFEB, transcription factor EB; Lamp, lysosome-associated membrane protein.
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caspase 8, compared with scrambled siRNA transfected or
untransfected cells.

Overexpression of LC3B before HPS1 knockdown protects
cells against p62 accumulation. On the basis of the previous
results, we hypothesized that autophagy flux might be de-
creased following HPS1 knockdown. To test this, we per-
formed coimmunofluorescence for the autophagosome marker
LC3B and the lysosomal marker LAMP1 following knockdown
of HPS1 gene alongside with scrambled siRNA-transfected or
untreated cells to study whether the fusion event between autopha-
gosomes and lysosomes occurs following HPS1 knockdown.
Interestingly, we observed primarily nuclear as well as cytosolic
localization of LC3B, and this LC3B signal did not colocalize
with LAMP1 (Fig. 4A). Quantification of the fluorescence signals
also revealed a significant decrease in colocalization between
LC3B and LAMP1 (Fig. 4B), again implicating defective au-
tophagic degradation in cells with HPS1 knockdown, whereas a

diffuse staining for LC3B and normal LAMP1 distribution were
observed in untreated cells or scrambled siRNA-transfected cells.
Generally, use of autophagy inhibitors like bafilomycin A1 or
chloroquine is recommended to study autophagy flux on a bio-
chemical level. However, according to the guidelines of au-
tophagy (21), prolonged exposure (�8 h) of cells to these inhib-
itors is not recommended because of lysosomal leakage. Hence,
we aimed to assess the GFP-LC3 cleavage, which was also
suggested to study the flux. In this approach, the LC3 part of the
protein degrades more rapidly than the GFP, and detection of the
GFP fragment alone indicates an increased autophagy flux (21).
We therefore transfected A549 cells with GFP-LC3B for 24 h
followed by the transfection of scrambled siRNA or HPS1 siRNA
for another 24 h. Following HPS1 knockdown, the GFP-LC3B
colocalized with LAMP1 (Fig. 4, C and D), and, using anti GFP
antibody, we observed free GFP fragment in cells transfected with
GFP-LC3B and HPS1 siRNA, whereas bands corresponding to

Fig. 2. Defective autophagy in AECII of lung of a patient with HPS1. Serial lung sections from 1 patient with HPS-1 and healthy donor were immunostained
either for p62 or pro-SP-C. A: original magnification: �200; scale bar � 100 �m. B: high-magnification images for the selected regions are shown, and arrows
indicate p62-positive AECII in the lung sections of a patient with HPS1. Scale bar � 50 �m. C: low- and high-magnification images for negative control in which
primary antibody was omitted are shown. Representative images from 3 independent experiments are shown.
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Fig. 3. siRNA-mediated knockdown of HPS1 in A549 cells results in defective autophagy and increased apoptosis. A: phase-contrast images of A549 cells after
24 h of transfection with HPS1 or scrambled siRNA or untransfected cells (UT). Scale bar � 100 �m. B: representative agarose gel image of semiquantitative
PCR performed for HPS1 and �-actin from cDNA prepared from the RNA isolated from untransfected or HPS1 or scrambled or mock-transfected A549 cells.
�-Actin was used as a housekeeping gene. C: densitometric quantification of HPS1 transcript levels after HPS1 knockdown compared with scrambled, mock,
and untreated cells. D: representative Western blot images for LC3B, p62, and GAPDH from cell lysates prepared from untransfected, mock, or scrambled (scr)
siRNA or HPS1 siRNA-transfected A549 cells after 24 h. E and F: graphical representation of densitometry analysis from Western blots shown in D is shown
as ratio of LC3BII/LC3BI (E) and fold change in p62 protein level (F) compared with untransfected controls. *P � 0.05, **P � 0.01, ***P � 0.001. G:
representative agarose gel image from semiquantitative RT-PCR for p62 is shown. GAPDH was used as a housekeeping gene. H: quantification of p62 transcript
levels is represented as fold change compared with untransfected controls. I: representative immunofluorescence images for cleaved caspase-3 (red) and caspase-8
(green) following HPS1 or scrambled siRNA transfection or untransfected cells. DAPI (blue) was used to stain cell nuclei. Scale bar � 10 �m. Western blot
images and immunofluorescence images are represented here from n � 3 independent experiments. UT1, untransfected sample 1; UT2, untransfected sample 2;
NT, no template sample.
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GFP-LC3B were observed in all samples transfected with the
plasmid (Fig. 5A). The detection of cleaved GFP fragment in
GFP-LC3B and HPS1 siRNA-transfected cells indicated an in-
crease in autophagy flux. However, one striking observation that
we noted from these experiments is that cells transfected with
GFP-LC3B and HPS1 siRNA did not display the kind of severe
vacuolization compared with HPS1 siRNA transfection alone
(Fig. 5B). To understand the mechanism behind this observation,
we transfected cells with GFP-LC3B, followed by HPS1 siRNA

or scrambled siRNA or left them untreated. As indicated in Fig.
5C, cells transfected with GFP-LC3B showed a decrease in HPS1
knockdown-induced LC3B (endogenous) as well as p62 accumu-
lation (Fig. 5, C and D). This to us indicated that the GFP cleavage
as observed in Fig. 5A was a result of the activation of autophagy
because of GFP-LC3B transfection per se, a feature that is not
observed upon HPS1 knockdown alone. To further confirm that
this induction of autophagy was due to overexpression of LC3B
and not due to GFP, we transfected cells with myc-LC3B plasmid,

Fig. 4. Endogenous LC3B and LAMP1 do not colocalize following HPS1 knockdown. A: A549 cells were either left untreated or were transfected with HPS1
siRNA or scrambled siRNA for 24 h followed by immunofluorescence for endogenous LC3B (red) and LAMP1 (green). B: quantification of the LC3B-LAMP1
colocalization signal is depicted as Pearson’s coefficient. ***P � 0.001. C: A549 cells were transfected with GFP-LC3B plasmid for 24 h and were left untreated
or transfected with HPS1 siRNA or scrambled siRNA for another 24 h followed by immunofluorescence for LAMP1. DAPI was used to stain the nuclei. Scale
bar � 10 �m. D: quantification of the colocalization signals of LC3B with LAMP1 is depicted as Pearson’s coefficient. ns, not significant. Representative images
from n � 3 independent experiments are shown.
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followed by transfection with HPS1 siRNA or scrambled siRNA
or left them untreated with or without myc-LC3B transfection.
We observed that cells transfected with myc-LC3B also showed a
decrease in accumulation of p62 (Fig. 5, E and F), indicating that
the observed effects are LC3B specific.

It is well documented that rapamycin is an inhibitor of
mammalian target of rapamycin, which leads to the activation
of autophagy (6). We hence asked whether activating the
autophagy pathway with rapamycin in HPS1 knockdown cells
would also exert similar effects like LC3B overexpression. We
treated the cells with 100 nM rapamycin followed by HPS1
siRNA or scrambled siRNA transfection or left them untrans-

fected. Cells treated with rapamycin did show an increase in
LC3BII levels (not shown), but there was no decrease in HPS1
knockdown-induced p62 accumulation following rapamycin
treatment (Fig. 5, G and H). This readout indicated that
rapamycin treatment did not reverse or attenuate the p62
accumulation induced by HPS1 knockdown.

DISCUSSION

In the present study, we document that the autophagy path-
way is defective in HPS1/2 mice as well as in human patients
with HPS1. In addition, we report that in vitro knockdown of

Fig. 5. Overexpression of LC3B reduces HPS1 knockdown-induced p62 accumulation. A: A549 cells transfected with green fluorescent protein (GFP)-LC3B
were left either untransfected or transfected with mock, HPS1, or scrambled siRNA for another 24 h. Cell lysates were subjected to Western blotting using
anti-GFP antibody. Empty GFP plasmid-transfected cells were taken as controls to detect free GFP. *Bands corresponding to free GFP. B: phase-contrast images
of cells indicating vacuolar structures in HPS1 siRNA transfection that are not detectable in GFP-LC3 and HPS1 siRNA-transfected cells. C–F: A549 cells were
transfected with GFP-LC3B (C and D) or myc-LC3B (E and F) followed by transfection with scrambled or HPS1 siRNA for 24 h. Western blots and densitometry
quantification for the indicated proteins show fold change compared with untransfected controls (D and F). G and H: representative Western blot images depicting
p62 and GAPDH (G) and quantification of p62 Western blot (H) from cells transfected with HPS1 or scrambled siRNA, which were treated with 100 mM
rapamycin. *P � 0.05. Representative images and analysis from n � 3 independent experiments are shown.
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HPS1 gene in A549 cells results in apoptosis that is associated
with defective autophagy. Overexpression of GFP-LC3B or
myc-LC3B rescued HPS1 knockdown-mediated defective au-
tophagy by promoting autophagosome-lysosome fusion,
thereby normalizing p62 levels (Fig. 6).

HPS gene products are known to affect LROs of the body,
causing impaired lysosomal trafficking and secretion and there-
fore cell- and organ-specific disturbances. HPS1 and HPS4
proteins are two subunits of a large protein called BLOC-3
(35). Functions of BLOC-3 complex remain obscure, but few
studies have demonstrated that this protein complex might
regulate microtubule-dependent movement and distribution of
LROs (15). Although direct studies reporting autophagy regu-
lation in the absence of HPS1 are scarce, there is one study that
showed that tyrosine-related proteins, LAMP1, and LAMP3
were sequestered in large membranous structures resembling
macroautophagosomes in melanocytes derived from patients
with HPS1 (5). In contrast, AP-3, affected in patients with
HPS2, is the only HPS protein of which functions are well
characterized. HPS2 encodes mutations in the �3A subunit of
the AP-3 complex, and this complex has been indicated to sort
membrane proteins from endosomes to lysosomes and tissue-
specific LROs (40). Of note, it has been reported that AP-3-null
cells selectively mistarget LAMP1 and LAMP2 proteins (47).
LAMP2 is a receptor for autophagosome-lysosome fusion, and
its mistargeting by AP-3-deficient fibroblasts indicates dys-
regulated autophagy. Likewise, our present study reveals de-
fective autophagy in the absence of functional HPS1 protein in

humans and in the absence of both HPS1 and AP-3 proteins in
mice. Besides species-specific differences, loss of both HPS1
and AP-3 proteins in mice might collectively lead to accumu-
lation of autophagosomes, thereby resulting in the early lyso-
somal stress events as reported for HPS1/2 mice (30).

We observed a total increase in LC3B and p62 in HPS1/2
mice as well as in vitro following HPS1 knockdown in A549
cells. According to the classical autophagy pathway, an in-
crease in LC3B with a parallel increase in p62 indicates
deficient autophagy (41). Supporting this, we also did not
observe a colocalization of LC3B with the lysosomal marker
LAMP1. In line with this observation, a study published by
Zhen et al., (58) while this manuscript was in revision showed
p62 accumulation and impaired autophagosome-lysosome fu-
sion in brain tissue of buff mutant mice, an HPS mouse model
that also exhibits hypopigmentation and platelet storage pool
deficiency. Furthermore, as an attempt to study autophagy flux
following knockdown of HPS1 in vitro, we performed GFP
cleavage assay by transfecting cells with GFP-tagged LC3B.
Interestingly, in such cells, we observed a decrease in cellular
vacuolization compared with cells in which HPS1 knockdown
alone was performed, indicating that exogenous LC3B was
protective, in part through induction of autophagy. This obser-
vation is in agreement with previously reported studies, in
which overexpression of autophagy-related genes leading to
antiapoptotic effects were shown (31, 42).

Altered autophagy has been indicated in the pathophysiol-
ogy of several LSDs. In Niemann-Pick type C (NPC), a
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Fig. 6. Proposed model for defective autophagy following HPS1 knockdown. A: under healthy conditions in which autophagy is functional, p62 is recruited into
the autophagosomes, which fuse with lysosomes to form autophagolysosomes, in which p62 and other contents are degraded. B: under conditions of HPS1
knockdown in A549 cells, fusion between autophagosomes and lysosomes is impaired, thereby resulting in defective autophagy (LC3B and p62 accumulation).
C: overexpressing LC3B (GFP-LC3B is shown as example) before knocking down HPS1 leads to the fusion of GFP-LC3B-labeled autophagosomes and
lysosomes, resulting in functional autophagolysosomes and eventually p62 degradation.
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complex sphingolipidosis disorder, accumulation of autopha-
gosomes was reported in skin fibroblasts from patients with
NPC (37) and in brains of NPC mice (26). It has been
suggested that induction of autophagy with impairment of
autophagy flux leads to the severe aspects like generation of
reactive oxygen species and accumulation of ubiquitinated
proteins in the NPC neuropathology (28). Similarly, in other
sphingolipidoses like Gaucher disease and Fabry disease, in-
duction of autophagy and accumulation of autophagy sub-
strates including p62 were reported in several tissues of pa-
tients as well as in mouse models of these diseases (11, 27, 36,
48). Such impaired autophagy flux was observed also in other
LSDs like mucolipidosis (54), Pompe disease (43), Dannon
disease (49), and neuronal ceroid lipofuscinoses (22). Simi-
larly, we now report impaired autophagy resulting in accumu-
lation of autophagy substrate p62 in vitro in the absence of
HPS1 protein. Supporting this, we observed that LC3B immu-
nogold labeling could preferentially be located in the lumen of
lamellar bodies but not on the limiting membrane of lamellar
bodies of the HPS1/2 mice compared with control mice.
Whether this impaired autophagy contributes to the giant
lamellar body degeneration that is characteristic to the HPSIP
needs to be further studied. Another intriguing observation that
stems from our present work is the nuclear localization of
LC3B in cells in which the HPS1 gene was knocked down.
Both LC3BI and LC3BII were shown to localize to nucleus
(13), and it is known that nuclear LC3B is deacetylated to drive
autophagy under starvation conditions (20); however, the func-
tion of nuclear LC3B under other settings is not yet clear. Why
HPS1 gene knockdown should drive nuclear localization of
endogenous LC3B remains an open question.

Altered autophagy has been reported in lung fibrosis re-
cently. In a mouse model of amiodarone-induced lung fibrosis,
we showed an increase in autophagy flux and autophagy-
dependent apoptosis of alveolar epithelial cells (29). In patients
with idiopathic pulmonary fibrosis, it was reported that au-
tophagy was not induced despite the activation of the upstream
pathways that induce autophagy (39). In the present study, we
report that autophagy is impaired in HPS-associated lung
fibrosis. On the basis of this information, it seems that au-
tophagy is regulated differently depending on the kind of
insult. Considering the complex regulation of autophagy and
the integrated functions of the autophagosomes, lysosomes,
and LROs, this observation may not be surprising. In any case,
one of the important features shared by these different types of
lung fibrosis is lysosomal stress in the alveolar epithelial cells
that results from altered autophagy, either too much or too
little.

We conclude that defective autophagy may be an important
mechanism behind lysosomal stress events and epithelial cell
apoptosis in the development of HPS-associated lung fibrosis.
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ABSTRACT: Insufficient autophagy has been reported in idiopathic pulmonary fibrosis (IPF) lungs. Specific roles of
autophagy-related proteins in lung fibrosis development remain largely unknown. Here, we investigated the role of
autophagymarkerproteinmicrotubule-associatedprotein1 light chain3b (LC3B) in thedevelopmentof lungfibrosis.
LC3B2/2 mice upon aging show smaller lamellar body profiles, increased cellularity, alveolar epithelial cell type II
(AECII) apoptosis, surfactant alterations, and lysosomal and endoplasmic reticulum stress. Autophagosomal soluble
N-ethylmaleimide–sensitive factor attachmentprotein receptor syntaxin 17 is increased in theAECIIof agedLC3B2/2

mice andpatientswith IPF. Proteasomal activity, however, remainedunaltered inLC3B2/2mice. In vitroknockdown
ofLC3B sensitizedmouse lungepithelial cells tobleomycin-inducedapoptosis, but its overexpressionwasprotective.
In vivo, LC3B2/2 mice displayed increased susceptibility to bleomycin-induced lung injury and fibrosis. We iden-
tified cathepsin A as a novel LC3B binding partner and its overexpression in vitro drives MLE12 cells to apoptosis.
Additionally, cathepsin A is increased in the AECII of aged LC3B2/2mice and in the lungs of patients with IPF. Our
study reveals that LC3Bmediated autophagy plays essential roles in AECII bymodulating the functions of proteins
like cathepsin A and protects alveolar epithelial cells from apoptosis and subsequent lung injury and fibrosis.—
Kesireddy,V. S., Chillappagari, S., Ahuja, S., Knudsen, L.,Henneke, I.,Graumann, J.,Meiners, S.,Ochs,M., Ruppert,
C.,Korfei,M.,Seeger,W.,Mahavadi,P.Susceptibilityofmicrotubule-associatedprotein1 light chain3b (MAP1LC3B/
LC3B) knockout mice to lung injury and fibrosis. FASEB J. 33, 12392–12408 (2019). www.fasebj.org
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Idiopathic pulmonary fibrosis (IPF) represents one of the
most aggressive forms of organ fibrosis, killing patients
within a few years of diagnosis (1). IPF has a remarkable

age-related onset and is characterized by a progressive
decline in lung function with the histologic appearance of
usual interstitial pneumonia. The pathogenesis of IPF
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remains to be fully elucidatedbutmaybebasedon chronic
epithelial injury, disturbed epithelial-mesenchymal cross-
talk, activation of fibroblasts, excessive collagen de-
position, and disruption of the delicate alveolar
architecture, altogether resulting in progressive dyspnea,
decline of lung function and, ultimately, death (2, 3).
Several studies published in the past underscore the im-
portance of the alveolar epithelium in the evolution of IPF
and lung fibrosis in general; already, the very first report
by Myers and Katzenstein on IPF disclosed extensive al-
veolar epithelial type II cell (AECII) death and suggested a
pathomechanistic role for the epithelium (4). AECII are
secretory cells, and lamellar bodies of the AECII are
lysosome-related organelles that are responsible for the
storage and secretionof lung surfactant (5, 6).Qualitative
and quantitative alterations in lamellar bodieswithin the
hypertrophic AECII are well reported in patients with
IPF as well as in several animal models. Likewise, alter-
ations in the lysosomal compartmentwithin theAECII in
both clinical as well as experimental models of lung
fibrosis are well documented. Firstly, pronounced
changes in surfactant properties in patients with IPF
have been reported (7–11). Furthermore, giant lamellar
bodies, alterations in the surfactant secretion pathway,
and lysosomal stress were linked to the development of
pulmonary fibrosis in Hermansky-Pudlak syndrome
(HPS)-associated and in amiodarone-induced lung fi-
brosis (12, 13). Along the same lines, we and others have
shown that autophagy, a lysosome-dependent protein
quality control mechanism of a cell, is either defective as
in IPF and in HPS-associated lung fibrosis or excessively
active as in the amiodarone model (10, 14–16), which, in
either case, indicates the pathologic relevance of auto-
phagy in the development of lung fibrosis.

Autophagy is a tightly regulated intracellular house-
keeping mechanism that degrades long-lived proteins and
unnecessary/nonfunctional organelles (17). It involves the
function and interaction of several autophagy-related
(Atg) gene products, which result in the conversion of
the cytosolic form of the microtubule-associated
protein 1 light chain 3b (MAP1LC3B/LC3B) to the
membrane-bound, lipidated LC3BII form that labels the
double membraned structures called autophagosomes
(17, 18). These autophagosomes fuse with lysosomes to
degrade their contents. Recently, it was shown that
mammalian orthologs of yeast Atg1 (ULK)1 and 2
double knockout mice display lung abnormalities in-
cluding glycogen-laden AECII (19). In addition, auto-
phagy was shown to be altered in the widely used
bleomycin model of lung fibrosis and that mice de-
ficient for the deconjugation protease, Atg4, display
accelerated apoptosis and lung fibrosis following
bleomycin challenge (20).

We previously demonstrated that LC3B is localized to
the limiting membrane of lamellar bodies of AECII in 2
models of lung fibrosis: the amiodarone model and the
HPSmodel (10, 16). In addition, in the amiodaronemodel,
we reported that the autophagosomes and lamellar
bodies share the same membrane (16) and under condi-
tions of HPS1 knockdown, overexpression of LC3B res-
cued cells from defective autophagy (10). Based on these

observations, we now aimed to further understand the
role of LC3B in the development of lung fibrosis.

MATERIALS AND METHODS

Mice and human lung tissue

Homozygous LC3B2/2 mice (B6; 129P2-Map1lc3btm1Mrab/J)
and wild-type (WT) control mice (B6129PF2/J) were purchased
from The Jackson Laboratory (Bar Harbor, ME, USA). Both the
University Animal Care Committee and the Federal Authorities
for Animal Research of the Regierungspraesidium Giessen
(Hessen,Germany) approved the studyprotocol.Micewerebred
and maintained in specific pathogen-free conditions. Thirteen-
and 42-wk-old mice were euthanized following the protocols
previously described (12, 13). Mice that were ~13 wk old were
treated with vehicle (0.9% NaCl) or 1.5 U/kg bodyweight bleo-
mycin (Hexal AG, Holzkirchen, Germany) intratracheally. Each
group consisted of about 5–10 animals: LC3B2/2 or WT mice.
Mice were euthanized according to the protocols previously
described (10, 13). Shock-frozen lung tissue samples from 16
patients with IPF (mean age 54 6 SD: 9.14) and 6 nondiseased
control subjects (donors; mean age 48.16 6 SD: 8) were used for
homogenization and subsequent Western blot analysis. Addi-
tionally, formalin-fixed, paraffin-embedded lung tissue samples
from5patientswith sporadic IPF (mean age 54.86 SD: 11.07) and
5 nondiseased control subjects (mean age 50.8 6 SD: 9.41) were
used for immunohistochemistry. All IPF diagnoses were made
according to the American Thoracic Society (ATS)/European
Respiratory Society (ERS) consensus criteria (21). The Universi-
ties of Giessen and Marburg Lung Center (UGMLC) Giessen
Biobank [member of the German Centre for Lung Research
(DZL) Platform Biobanking] provided all human lung tissue
samples. The study protocol was approved by the Ethics
Committee of the Justus-Liebig University Giessen (111/08
and 58/15).

Electron microscopy

After fixation of the lungs by instillation of 1.5% glutaralde-
hyde, 1.5% paraformaldehyde in 0.15 M 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer, lungs were subjected to a
systematic uniform random sampling, and 4–6 tissue pieces per
lung were sampled (22), post fixed with osmium and uranyl
acetate, and embedded in epoxy resin (Epon;Miller-Stephenson,
Danbury, CT, USA). Afterwards, ultrathin sections were cut
(thickness 80 nm). Electron microscopic evaluation of 4 sections
per organ was performed using a Morgagni 268 Electron Mi-
croscope (Thermo Fisher Scientific, Waltham, MA, USA). A
systematic uniform random area sampling was performed to
sample 150–200 profiles of AECII for stereological assessment of
the intracellular surfactantpooldefinedbyultrastructural criteria
as the amount of lamellar bodies. Random test points were used
to count points hitting lamellar bodies or all other structures of
the sampled AECII to determine the volume fraction of lamellar
bodies within AECII. In addition, the point sampled intercept
method was used to determine the volume-weighted mean
volume of lamellar bodies, a parameter that is dependent on the
number-weighted mean volume as well as the coefficient of
variation of lamellar bodies (23).

Histology and immunofluorescence

Lung tissues harvested from mice were fixed in 4% formalde-
hyde and embedded in formalin, and serial sections of thickness
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3–6 mm were prepared. Hematoxylin and eosin (H&E) and
masson goldner staining were performed according to the pre-
viously described protocols (12). A ZytomedChem Plus Broad
SpectrurmKit (AP-Fast Fed, AP008RED-MS; Zytomed Systems,
Berlin, Germany) was used to perform immunostaining of
cleaved caspase-3 (9664; Cell Signaling Technology, Danvers,
MA, USA), pro SP-C (AB3786; MilliporeSigma, Burlington, MA,
USA), syntaxin 17 (PA5-40127; Thermo Fisher Scientific), and
cathepisin A (ab184553; Abcam, Cambridge, United Kingdom)
as per the manufacturer’s instructions and as previously de-
scribed (13). Hamamatsu scanner (Nanozoomer 2.0 RS; Hama-
matsuPhotonics,HamamatsuCity, Japan)wasused for scanning
the stained sections. NDP.view 2.0 software was used for pre-
paring and analyzing the images. For quantifying immunohis-
tochemistry images, 5–6 regions from 5 mice per group were
randomly analyzed for intensity quantification using ImageJ
software (National Institutes of Health, Bethesda, MD, USA)
following the instructions given in the ImageJ documentation
(https://www.unige.ch/medecine/bioimaging/files/1914/1208/6000/
Quantification.pdf). For staining on lung sections, prosurfactant
protein C (proSP-C) antibody (AB3786; MilliporeSigma) was
labeled with Alexa Fluor 488 using the Alexa Fluor 488 anti-
body labeling kit from Thermo Fisher Scientific (A20181), fol-
lowing the manufacturer’s instructions, and was used to stain
AECII on mouse lung sections for costaining studies. For hu-
man sections, ATP binding cassette subfamily A member 3
(ABCA3) antibody was used to stain AECII. Microscopy was
performed using a Leica M205 FA Fluorescent Stereoscope
(LeicaMicrosystems, Buffalo Grove, IL, USA) equippedwith a
Leica DFC360 FX camera. Immunofluorescence images were
quantified using Leica LAS X LS software on 10–15 randomly
selected regions permouse or human sections and represented
as mean fluorescence intensity, using the SEM. Four to 5mice or

human sections per group were used for each staining with
subsequent quantification.

Western blot

Denatured lung homogenates and cell lysates were used for
Western blotting as previously described (12). Antibodies used
for Western blots are listed in Table 1.

Proteasome activity assay

Total lungextracts fromyoungandoldLC3B2/2andWTcontrol
mice were generated using native lysis conditions. Proteasome
activitywasmonitored in total extracts for the chymotrypsin-like
and caspase-like proteasome activities using the Promega Glo
Assay (Madison, WI, USA) as previously described (24).

Cell culture

Small interfering RNA (siRNA) for LC3B was purchased from
SantaCruzBiotechnology (Dallas, TX,USA), and transfections in
MLE12 cells were performed according to the previously de-
scribed protocols (16). Cells were plated 1 d before the experi-
ment, and when they reached confluency, they were transfected
with nontargeting (NT) siRNA or with siRNA against mouse
LC3B (Santa Cruz Biotechnology) for 24 h followed by treatment
with bleomycin for 4 h and then harvesting. Green fluorescent
protein (GFP)-LC3Bwas generated as previously described (16),
and mouse cathepsin A tagged with myc was from OriGene

TABLE 1. List of antibodies used

Name Catalog no. Company

Immunoblotting and immunoprecipitation
b-actin ab8227 Abcam

ATF6 NBP1-77251 Novus Biologicals, Centennial, CO, USA
Cleaved caspase-3 9664 Cell Signaling Technology
Cathepsin D AF1029 R&D Systems, Minneapolis, MN, USA
Cathepsin A ab184553 and ab217857 Abcam
Cathepsin L () ab58991 Abcam
Gadd163 sc-7351 HRP Santa Cruz Biotechnology
GFP ab5450 Abcam
GABBARAPL1 Genetex, Irvine, CA, USA
Glyceraldehyde 3-phosphate dehydrogenase 2118s Cell Signaling Technology
LC3B ab48394 and 2775s Abcam and Cell Signaling Technology
Lamp1 ab24170 Abcam
Lamp2 MABC40 MilliporeSigma
Myc ab9106 Abcam
Mature SP-C WRAB-76694 Seven Hills, Cincinnati, OH, USA
Mature SP-B WRAB-48604 Seven Hills
PSMD11 14786-1-1AP Proteintech, Rosemont, IL, USA
Proteasome 20s core subunit BML-PW8155-0100 Enzo Life Sciences, Farmingdale, NY,

USA
ProSP-C AB3786 MilliporeSigma
Pro-SP-B WRAB-55522 Seven Hills
P62 P0067 MilliporeSigma
Syntaxin 17 () PA5-40127 Thermo Fisher Scientific

Immunohistochemistry and immunofluorescence
ABCA3 WAMB-ABCA3-17 Seven Hills
Cleaved caspase-3 9664 Cell Signaling Technology
Cathepsin A ab184553 and ab217857 Abcam
Pro-SP-C AB3786 MilliporeSigma
Syntaxin 17 PA5-40127 Thermo Fisher Scientific
P62 P0067 MilliporeSigma
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Technologies (Rockville,MD,USA;NM_001038492;MR207589).
Cotransfection of these plasmids in MLE12 cells was performed
using Lipofectamine 2000 (Thermo Fisher Scientific), and cells
were harvested after 24 h.Alveolar epithelial cells fromLC3B2/2

orWTmicewere isolatedaspreviouslydescribed (12).Briefly, 42-
wk-old LC3B2/2 (5mice) orWTmice (5mice)were anesthetized
and dissected followed by lung lavaging. Lungs were flushed
with 0.9%NaCl through the left ventricle, and 1.5ml dispase and
0.5 ml melted agarose were injected, and then the dissected lung
was incubated in dispase at room temperature for 45 min. Lung
tissue was then minced. Cell populations were not pooled, and
cells from each mouse were analyzed separately. Following
panning on antibody-coated dishes (using CD16/CD45; BD
Biosciences, San Jose, CA, USA), cells were coated on noncoated
dishes for 30 min at 37°C/4% CO2 incubator. Suspensions were
centrifuged and pellets were frozen for further analysis. Control
staining was performed using proSP-C (AB3786; Milli-
poreSigma) antibody as well as Nile red staining.

Coimmunoprecipitation

Tosylactivated dynabeads (Thermo Fisher Scientific) were used
for all coimmunoprecipitation experiments, and immunopre-
cipitation was performed according to the manufacturer’s pro-
tocol.Briefly, dynabeadswerecoupled to theantibody (anti-myc,
anti-cathepsin A, or rabbit IgG) by incubating them overnight at
room temperature on a tube rotator. The next day, supernatant
was removed by placing the tubes in a magnetic stand. After
washing, antibody coupled beads were added to the sample
[freshly harvested MLE12 cells using immunoprecipitated lysis
buffer (Thermo Fisher Scientific)] and incubated in a tube rotator
overnight at 4°C.An aliquot of 10%of the lysate, before adding it
to the beads, was used as input. The next day, an unbound
sample was discarded by placing the tubes in a magnetic stand.
Following washing, the immunoprecipitated samples or input
were then denatured at 98°C for 10min in buffer containing SDS
and were subjected to Western blotting.

Statistics

All data are expressed as means 6 SD of $5 mice for in vivo
studies. For in vitro experiments, $ independent experiments
were conducted for bleomycin treatment and triplicate trans-
fections were performed for siRNA/GFP-LC3B/cathepsin
A-myc studies. Statistical significance was assessed using the
Mann-Whitney U test. Results were significant when P, 0.05.

RESULTS

LC3B2/2 mice display age-dependent
alteration in lung structure

In view of our previous studies that showed a critical role
of LC3B in HPS-associated lung fibrosis as well as in the
amiodarone model of lung fibrosis and based on obser-
vations from other studies that reported lung-specific al-
terations in certain autophagy gene knockout mouse
models, we now asked if LC3B knockout mice would
display lungalterations.Acarefulhistologic analysis of the
lungs of 13-wk-old LC3B2/2 mice (young mice) and
age-matched WT control mice revealed normal lung ar-
chitecture. However, 42-wk-old LC3B2/2 mice (aged
mice) did show areas with increased cellularity and re-
duced airspaces (Fig. 1A and Supplemental Fig. S1).

Because immunogold labeling demonstrated a preferen-
tial binding of LC3B antibodies to the limiting membrane
of lamellar bodies in our previous studies (10, 25), we
closely examined the ultrastructure of AECII in LC3B2/2

mice. The morphology of lamellar bodies with respect to
the densely packed lipid layers as well as the limiting
membranedid not differ betweenWTandLC3B2/2mice.
At best, in some AECII of the LC3B2/2 mice, there were
fewer and smaller profiles of lamellar bodies compared
with WT mice (Fig. 1B). Thus, we added a stereologi-
cal assessment and determined the volume fraction
of lamellar bodies within AECII as well as the
volume-weighted mean volume of lamellar bodies. The
volume fraction was significantly reduced in LC3B2/2

mice comparedwithWTmice, meaning that per volume
of AECII, the cells contained less intracellular surfactant
(Fig. 1C). Also, the volume-weighted mean volume was
significantly reduced in LC3B mice, indicating that la-
mellar bodieswere smaller or characterizedby a reduced
size variability (Fig. 1D). Analysis of surfactant proteins
revealed significant difference only in pro and mature
surfactant protein B (SP-B) levels in lung homogenates
between LC3B2/2 and WT mice (Supplemental Fig.
S2A–F).

Aged LC3B2/2 mice display apoptosis of AECII

Because apoptosis of AECII is a hallmark in the develop-
ment of lung fibrosis, we further asked if the AECII of
LC3B2/2 mice undergo apoptosis. Immunoblots from
total lung homogenates revealed significant cleavage of
caspase-3, the terminal apoptosis marker in the older but
not in the younger LC3B2/2 mice as compared with
age-matched WT mice (Fig. 2A, B). Interestingly, histo-
logic staining for cleaved caspase-3 as well as proSP-C, an
AECIImarker on serial sections revealed that AECII in the
42-wk-old LC3B2/2 mice display extensive apoptosis,
especially in the patchy fibrotic regions (Fig. 2C–E).

LC3B2/2 mice display lysosomal and
endoplasmic reticulum stress and increase
in syntaxin 17 within their AECII

By immunoblotting, we also analyzed the lysosomal
markers, lysosome-associatedmembrane protein (LAMP)
1 and2, the lysosomal stressmarker, cathepsinDaswell as
the standard autophagy substrate and receptor protein
p62. Cathepsin D and LAMP1 levels did not differ be-
tween LC3B2/2 and WT control mice, but p62 and
LAMP2 levels were significantly increased in the older
LC3B2/2 mice as compared with their age-matched con-
trols (Fig. 3A–E). Interestingly, thepro formof cathepsinD
is decreased in the younger LC3B2/2 mice. In the older
mice, on theotherhand,weobservedan increase in thepro
and cleaved forms of cathepsin D, albeit a nonsignificant
increase (Fig. 3A, E). Furthermore, in order to analyze
whether these mice develop alternate cellular stress
mechanisms, we queried 2 endoplasmic reticulum
(ER) stress markers, activating transcription factor 6
(ATF6), and C/EBP homologous protein (CHOP).
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Immunoblotting analysis revealed that the activated
form (p50) of ATF6 and CHOP significantly increased in
LC3B2/2mice in an age-correlatedmanner as compared
with WT controls (Fig. 3F–H), indicating that lysosomal
has a retrograde stress effect on the ER, thereby activat-
ing the ER stress proteins in aged LC3B2/2 mice.

Of note and as indicated in Fig. 3A, B and Supple-
mental Fig. S3A, the autophagy substrate and receptor
protein p62 accumulated in the aged mice as compared
with the younger LC3B2/2 mice. We interpreted this
finding as an activation of compensatorymechanisms in

the absence of LC3B-mediated autophagy in the younger
LC3B2/2 mice. We thus hypothesized that knockout of
LC3B may result in a compensatory activation of the
proteasome in younger LC3B2/2 mice. To test this, we
analyzed 2 proteasomal subunits: the 20S core subunit
and the 26S proteasome non-ATPase regulatory subunit
11 (PSMD11). Interestingly, a significant increase in the
20S core subunit expressionwas observed in the younger
mice, whereas its levels were significantly decreased in
older LC3B2/2mice relative toWT controls and the levels
of PSMD11 remained unaltered (Fig. 4A, B). In total lung

Figure 1. Decreased airspaces and diameter of distal air spaces in aged LC3B2/2 mice. A) Representative H&E staining of
complete left lungs (upper panel) and higher magnification images of the H&E staining (middle panel) and trichrome staining
(lower panel) of 13- and 42-wk-old LC3B2/2 and WT mice. Scale for the whole lungs, 2 mm; scale for the higher magnification
pictures, 100 mm; original magnification, 3200. B) Representative transmission electron microscopic images from 42-wk-old
LC3B2/2 and age-matched WT mice showing an example of smaller profiles of lamellar bodies in LC3B2/2 compared with WT
(primary original magnification,38900). C, D) Stereological data revealed a reduced volume fraction of lamellar bodies in AECII
[VV(LB/AECII)] (C) combined with a reduced volume-weighted mean volume of lamellar bodies [nV(LB)] (D).
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extracts, however, we did not consistently observe differ-
ences in either chymotrypsin-like or caspase-like protea-
somal activities between LC3B2/2 and WT or between
younger andoldermice (Fig. 4C,D). This indicated that the
proteasome is not activated to compensate for the loss of
LC3B-mediated autophagy function in theLC3B2/2mice.

In addition, we also analyzed g-aminobutyric acid
receptor-associated protein-like 1 (GABARAP1), an-
other ATG8 family member that is involved in
autophagosome maturation, to understand whether
GABARAP1L would compensate for the loss of LC3B
function in LC3B2/2 mice. However, GABARAP1L

Figure 2. AECII apoptosis in aged LC3B2/2 mice. A) Western blot analysis of lung homogenates of 13-wk-old (left) or 42-wk-old
(right) LC3B2/2 and WT mice for cleaved caspase-3 and b-actin. B) Densitometry analysis of cleaved caspase-3/b-actin ratio. C,
D) Representative immunohistochemistry images of serial lung sections of 42-wk-old LC3B2/2 and WT mice for cleaved caspase-3
and proSP-C. Original magnification of images are 3200 (C) and 400, (D). Scale bars, 50 and 25 mm, respectively. Arrows in D
indicate apoptotic AECII in LC3B2/2 mice. E) Immunohistological staining for cleaved caspase-3 in several regions of the lungs
were quantified and depicted as a bar graph. Representative blots and analysis from n = 5 mice/group and $3 independent
experiments are shown. **P , 0.01.
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Figure 3. Lysosomal and ER stress in LC3B2/2 mice. A) Western blot analysis of lung homogenates of 13-wk-old (left) or 42-wk-
old (right) LC3B2/2 and WT mice for the autophagy marker protein, p62, lysosomal markers, LAMP1 and 2, and cathepsin D
and b-actin. B–E) Graphical representation of the densitometry analysis of the respective protein to b-actin ratio is shown. F)
Western blot analysis of lung homogenates of 13- (left) or 42-wk-old (right) LC3B2/2 and WT mice for the ER stress marker
proteins, cleaved form of ATF6 and CHOP. G, H) Graphical representation of the densitometry analysis of the respective protein
to b-actin ratio is shown. Representative blots and analysis from n = 5 mice/group and 3 independent experiments are shown;
ns, not significant. *P , 0.05, **P , 0.01.
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Figure 4. Up-regulation of syntaxin 17 in LC3B2/2 mice. A) Western blot analysis of lung homogenates of 13-wk-old (left) or
42-wk-old (right) LC3B2/2 and WT mice for the 20S core subunit of the 20S proteasome, the PSMD11 and b-actin. B) Graphical
representation of densitometric quantification for 20S core subunit. C, D) Chymotrypsin-like (CTL) (C) and caspase-like (CL)
(D) proteasome activity was measured in total lung extracts of LC3B2/2 and WT control mice. E) Western blot analysis of lung
homogenates of 13-wk-old (left) or 42-wk-old (right) LC3B2/2 and WT mice for syntaxin 17, Atg14, and b-actin. F) Graphical
representation of densitometric quantification for syntaxin 17. G) Immunofluorescence staining on paraffin sections from

(continued on next page)
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protein levels in both young and old LC3B2/2 mice did
not differ from their age-matched WT mice (Supple-
mental Fig. S3B). This observation is in full accordance
with a previous study frommouse embryonic fibroblasts
of LC3B2/2 mice (26).

Maturationof autophagosomesand,more importantly,
their fusion with lysosomes involve the autophagosomal
solubleN-ethylmaleimide–sensitive factor attachment
protein receptor (SNARE) syntaxin 17. It was shown that
in cells lacking the classic ATG conjugation system, syn-
taxin 17–positive autophagosome-like structures are
formed at a reduced rate and fuse with lysosomes (27).
Likewise, it has been suggested that Atg14 might also
compensate for the role of LC3B to form syntaxin 17–
positive autophagosomes (28).However,wedidnot find
consistent difference in the protein levels of Atg14 in
LC3B2/2 mice compared with WT mice (Fig. 4E). In-
terestingly, syntaxin 17 protein levels did not alter in the
younger LC3B2/2mice but were significantly increased in
olderLC3B2/2miceboth in lunghomogenates aswell as in
primary AECII (Fig. 4E, F and Supplemental Fig. S4A, B).
In fact, punctate staining for syntaxin 17 was observed in
WT and in younger LC3B2/2mice, but the older LC3B2/2

micedisplayed increasedanddiffused staining for syntaxin
17within theAECIIascomparedwithWTmice (Fig.4G,H).
Taken together, these readouts indicate that syntaxin 17–
mediated autophagy may be defective in older LC3B2/2

mice but not in younger mice. Next, we also evaluated
syntaxin 17 in the explanted lungs of patients with IPF as
well as healthy donors. Protein levels of syntaxin 17 were
significantly increased in total lung extracts of patientswith
IPF as comparedwith donor lungs (Supplemental Fig. S4C,
D). Likewise, immunohistochemical analysis revealed in-
creasedstaining for syntaxin17within theAECIIofpatients
with IPF as compared with the AECII of donor lungs
(Supplemental Fig. S4E, F). This indicates that upon aging,
defective autophagy, as seen in both agedLC3B2/2mice as
well as inpatientswith IPF, results inaconcomitant increase
in syntaxin 17–positive structures within the AECII.

LC3B2/2 mice display increased susceptibility
to bleomycin-induced lung fibrosis

We further sought to study the role of LC3B in driving
apoptosis of AECII and subsequent lung fibrosis both in
vivo as well as in vitro. To this end, we performed
siRNA-mediated knockdown of LC3B in MLE12 cells fol-
lowedeitherby treatmentwithbleomycinorvehicle for 4h
or by leaving themuntreated (Fig. 5A,B). Cells transfected
with NT siRNA served as controls. It is well documented
that bleomycin induces apoptosis of alveolar epithelial
cells and subsequent lung fibrosis (29, 30). Replicating
these findings, we also observed significant increase in the
apoptosis marker, cleaved caspase-3 levels inMLE12 cells
transfected with NT siRNA, followed by bleomycin
treatment (Fig. 5A, C). Next, in cells transfected with

siRNA against LC3B followed by bleomycin treatment, a
further increase of the level of cleaved caspase-3 protein
was observed (Fig. 5A,C).We interpreted this observation
as a sensitization of MLE12 cells to bleomycin-induced
apoptosis through knockdown of LC3B. On the contrary,
cells overexpressing GFP-LC3B followed by bleomycin
treatment displayed reduced levels of cleaved caspase-3
and thus apoptosis as signaling compared with cells
overexpressing empty GFP followed by bleomycin treat-
ment (Fig. 5D, E), indicating the protective role of
GFP-LC3B upon bleomycin treatment. These data re-
confirm previous studies from our group as well as from
others about the protective role of LC3B in lung patholo-
gies (16, 31, 32).

Basedon these readoutsand to furtherdelineate the role
of LC3B in lung fibrosis, we treated the younger LC3B2/2

as well as WT mice with a single low dose (1.5 U/kg) of
bleomycin and euthanized them at d 7 or 14. As indicated
in Fig. 6A–D, LC3B2/2 mice challenged with bleomycin
at d 7 displayed increased cellularity and reduced air-
spaces as comparedwith bleomycin-challengedWTmice.
Such differences were not clearly seen in mice challenged
with bleomycin for 14 d (unpublished data). LC3B2/2

at d 7 following bleomycin challenge displayed a non-
significant increase in apoptosis as indicated by cleaved
caspase-3 immunoblots in Supplemental Fig. S5E, F com-
pared with WT mice challenged with bleomycin. These
data supportedourpreviousobservations fromFigs. 1 and
2, wherein the older LC3B2/2 mice displayed increased
lung alterations. In addition, we also analyzed for cellular
stress (lysosomal and ER stress) markers in LC3B2/2 and
WT mice challenged with bleomycin. Significant differ-
ences were observed in cathepsin D levels at d 14 after
bleomycin challenge of LC3B2/2 vs. WT mice and ATF6
(p50) between d 7 bleomycin vs. wt mice (Supplemental
Fig. S5E, G, H). In addition, p62 and LAMP2 protein
levels were significantly different between bleomycin-
challenged LC3B2/2 mice on d 14 vs. WT mice (Supple-
mental Fig. S5A, D). The levels of lysosomal marker
protein, LAMP1 remained unaffected (Supplemental Fig.
S5A, C).

Cathepsin A is an LC3B binding partner and is
increased in the AECII of LC3B2/2 mice and the
lungs of patients with IPF

The results described above point toward a significant
contribution of LC3B to lung fibrosis. We then sought to
analyze the underlying molecular mechanisms. In this
context, one intriguing observation deriving from our
analysis is the increased levels of cathepsin L as well as
cathepsin A levels in LC3B2/2 mice lungs vs.WT control
lungs (Fig. 7A–C and Supplemental Fig. S3B, C). Cathep-
sin L is a cysteine protease involved in functions including
protein turnover and antigen presentation. Cathepsin A,
on the other hand,was identified as a lysosomal protective

42-wk-old LC3B2/2 or WT control mice for the AECII marker, proSP-C (green) and syntaxin 17 (red). DAPI was used to stain the
nuclei in blue. H) Syntaxin 17 fluorescence signal intensity was quantified and depicted as a bar graph. Representative blots and
analysis from n = 5 mice/group and 3 independent experiments are shown; ns, not significant. *P , 0.05, **P , 0.01.
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Figure 5. Knockdown of LC3B sensitizes MLE12 cells to bleomycin-induced apoptosis. A) MLE12 cells were either transfected
with LC3B siRNA or NT siRNA for 24 h followed by bleomycin (Bleo) or vehicle (Veh) treatment for 4 h. Representative Western
blot images are shown from these cell lysates for LC3B, cleaved caspase-3, and b-actin. B, C) Graphical representation of
densitometric quantification for LC3B/b-actin (B) and cleaved caspase-3/b-actin (C) ratio are shown. D) MLE12 cells were
either transfected with GFP-LC3B or empty GFP vector for 24 h followed by Bleo or Veh treatment for 4 h. Representative
Western blot images are shown from these cell lysates for GFP-LC3B using anti-GFP antibody or for both GFP-LC3B and
endogenous LC3B using anti-LC3B antibody, cleaved caspase-3, and b-actin. E) Graphical representation of densitometric
quantification for cleaved caspase-3 is shown. Representative blots and analysis from 4 independent experiments are shown; ns,
not significant. *P , 0.05, **P , 0.01.
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protein because it protects b-galactosidase and neur-
aminidase from intralysosomal proteolysis. It is a multi-
catalytic enzyme with carboxypeptidase, deamidase, and
esterase activities (33). Cathepsin A shares its structural
homologywith theyeast carboxypeptidaseYandhasbeen
shown to regulate chaperone-mediated autophagy (34).
We did not observe any changes in the protein levels of
LAMP2a or GABARAP (Supplemental Fig. S3B), but
proSP-C–positive AECII in LC3B2/2 mice showed in-
creased cathepsin A staining as compared with the AECII
of WT control mice lungs (Fig. 7D, E). In full support,
primary AECII isolated from 42-wk-old LC3B2/2 mice
displayed significantly increased cathepsin A protein
levels as compared with those of age-matched WT mice
(Fig. 7F, G). We thus hypothesized that apart from the
chaperone-mediated autophagy, cathepsin A might also
contribute to themacroautophagypathway. To study this,
we first analyzed the protein sequence of cathepsin A. As
shown inFig. 8A, themouse cathepsinAprotein has 5 core
LC3 interacting regions (LIRs), of which 3 are Y-type
(YxxL), 1 is a W-type (WxxL), and 1 is F-type (FxxI) LIR.
We next overexpressed myc-cathepsin A, and GFP-LC3B
in MLE12 cells performed coimmunoprecipitation exper-
iments, which revealed an interaction between the 2
overexpressed proteins (Fig. 8B). In addition, endogenous

cathepsin A immunoprecipitation revealed an interaction
with endogenous LC3B protein (Fig. 8C). Apart from its
protective activity, cathepsin A overexpression has been
shown to exert oxidative stress and cell death in cardiac
tissue (35). Thus, to study the biologic significance of ca-
thepsin A overexpression as seen in LC3B2/2 mice, we
overexpressed cathepsin A in MLE12 cells and analyzed
cleaved caspase-3 as the terminal apoptosis marker. Cells
overexpressing cathepsin A alone showed significant in-
crease in cleaved caspase-3 as compared with cells over-
expressing both LC3B as well as cathepsin A (Fig. 8D, E),
indicating the importance of their interaction in regulating
apoptosis. These data are fully supported by data from
patients with IPF, where defective autophagy has been
reported (15). As shown in Fig. 9, cathepsin A protein
levelswere significantly increased in the total lungextracts
of patientswith IPFas comparedwith thoseofdonors (Fig.
9A, B). The increased cathepsin A protein levels in IPF
could be ascribed to the AECII and by immunohisto-
chemistry where serial lung sections of IPF, and donor
lungs were stained for proSP-C and cathepsin A (Fig. 9C,
D) as well as by immunofluorescence where the sections
were costained for ABCA3, the marker of the limiting
membraneof lamellar bodies inAECII and for cathepsinA
(Fig. 9E, F).

Figure 6. LC3B2/2 mice are susceptible to bleomycin-induced lung injury and fibrosis. Representative H&E (upper panel) and
trichrome staining (lower panel) of complete left lungs of LC3B2/2 (A) or WT mice (C ) treated with bleomycin (Bleo) for
7 d and their respective higher magnification images are shown (B, D). Original magnification, 3200. Scale bars: 2.5 mm
(whole lung);100 mm (high magnification).
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Figure 7. Increase in cathepsin A in LC3B2/2 mice. A–C) Western blot analysis (A) of lung homogenates of 13-wk-old (left) or 42-
wk-old (right) LC3B2/2 and WT mice for cathepsin A (pro form), for cleaved form of cathepsin A and b-actin followed by their
densitometric quantifications in (B, C) respectively. D) Immunofluorescence staining on paraffin sections from 42-wk-old
LC3B2/2 or WT control mice for the AECII marker, proSP-C (green), and cathepsin A (red). DAPI was used to stain the nuclei
in blue. E) Cathepsin A fluorescence signal intensity was quantified and depicted as a bar graph. F) Representative Western blots
for the indicated proteins from primary AECII isolated from 42-wk-old LC3B2/2 or WT mice. G) Densitometric quantification for
cathepsin A from AECII is shown. Representative blots and analysis from n = 5 mice/group and 3 independent experiments are
shown. *P , 0.05, **P , 0.01.

LUNG INJURY IN LC3B2/2 MICE 12403

 15306860, 2019, 11, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.201900854R

 by Justus-L
iebig-U

niversitat, W
iley O

nline L
ibrary on [29/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



DISCUSSION

In the current study, we report that the LC3B2/2 mice at
42 wk display reduced airspaces and diameter of distal
airspaces and increased cellularity. These older mice also
display AECII apoptosis and increased lysosomal and ER
stress without any concomitant increase in the proteaso-
mal activity. However, syntaxin 17, the lysosomal SNARE
that is involved in the autophagosome-lysosome fusion is
accumulated in the AECII of aged LC3B2/2mice (Fig. 10)
as well as in the AECII of human patients with IPF. Fur-
thermore, in vitro knockdown of LC3B followed by bleo-
mycin treatment in MLE12 cells resulted in increased
apoptosis. Likewise, in vivo, LC3B2/2 mice upon bleo-
mycin challenge showed increased susceptibility to lung
injury as reflected by reduced airspaces, increased cellu-
larity, aswell as increasedapoptosis. Inaddition to this,we
identified cathepsin A as a novel interacting partner of
LC3B and its protein levels to be increased in the AECII of
LC3B2/2 mice as well as in patients with IPF. Further-
more, in vitro overexpression of cathepsin A resulted in
increased apoptosis,whichwas reduced in the presence of
overexpressed LC3B. To our knowledge, this is the first
study to reveal lung defects in LC3B2/2 mice and their
susceptibility to lung injury upon bleomycin treatment as
well as the significance of the cathepsin A overexpression
in fibrotic lungs.

Our current observations are in line with our previous
studywhereweshowed that overexpressionofGFP-LC3B
protects lung epithelial cells from HPS1 knockdown–
induced defective autophagy (16). Although protective
effects of LC3B in several settings have been reported (16,
31, 32), this is the first study to show that its loss can result
in lung injury.Ourdata also complement a recent studyby
Cheong and colleagues (19) who reported that serine/
threonine-protein kinases, ULK1/2 double knockout
mice, and ATG5 knockout mice display lung defects at a
very early age. ULK1 and 2 are mammalian orthologs of
yeast ATG1, which is the first protein in the autophagy
pathway (36, 37). ULK1/2 double knockout results in the
deactivation of all the downstream autophagy gene
products, thus resulting in a cumulative knockout situa-
tion of the autophagy pathway that may have resulted in
the neonatal mortality of ULK1/22/2 mice. Here, we
show that the loss of LC3B, the distal protein in the auto-
phagy pathway is sufficient to result in lung injury, albeit
in oldermice. That said,we cannot exclude nonautophagy
functions of LC3B to contribute to thephenotype observed
in LC3B2/2 mice.

It has been reported that LC3B2/2 mice develop nor-
mally without any compensatory increase in LC3a or
proteins associated with fibronectin, the synthesis of
which is used to studyLC3-regulatedmRNA translational
control. The same study emphasized the activation of
novel compensatory mechanisms in the absence of LC3B
(26). In line with this notion, one striking observation of
our current study is that the autophagy substrate protein
p62 is increased slightly in younger, but significantly in
older, LC3B2/2mice as compared with age-matchedWT
control mice. A straightforward explanation of that ob-
servation is that compensatory autophagy pathways

might be activated in the younger mice in the absence of
LC3B. Indeed, it has been suggested that other proteins
that are involved in the homeostatic processes might
compensate for the loss of LC3B (31, 38). However,we did
not observe significant increase in GABARAP proteins
that could compensate for the loss of LC3B-mediated
autophagy in LC3B2/2 mice.

It is well established that the ubiquitin proteasome
system and autophagy are the 2 fundamental protein
quality control mechanisms of the cell (39). In fact, under
certain settings of defective proteasomal degradation,
autophagic degradation has been shown to be activated in
order to alleviate proteotoxic stress (40–42). Although
there is no direct evidence showing the inverse, recent
reports reinforce the notion that coordinated and com-
plementary action of these pathways is extremely impor-
tant to rescue cells from cellular stress (39). Hence, we
hypothesized that the increased accumulation of p62 in
older as compared with younger LC3B2/2mice may be a
result of the compensatory function of the proteasome in
the younger mice. Although we observed an increase in
the20Score subunitprotein levels in theyoungerLC3B2/2

mice, we did not observe an increase in the proteasome
activity. This led us to study the regulation of other
autophagy-related proteins potentially compensating for
the loss of LC3B in the younger LC3B2/2mice. It has been
shown that the lysosomal SNARE protein syntaxin 17 is
recruited to the completed autophagosomes and aids in
the fusion of autophagosomes and lysosomes also in the
absence of the classic ATG conjugation mechanisms.
Agreeingwith this notion, we also identified that syntaxin
17 was accumulated in the AECII of older LC3B2/2 mice
but not in the younger mice, indicating that syntaxin 17–
mediated autophagy may compensate part of LC3B
functions in the younger mice, but upon aging, its func-
tions are discounted. Likewise, in the AECII of patients
with IPFwheredefective autophagyhasbeen reported,we
now identified elevated syntaxin 17 protein levels thereby
supporting the data from LC3B2/2 mice.

Next, we observed that the younger LC3B2/2mice are
susceptible to bleomycin-induced lung injury. The most
pronounced effects were observed 7 d after a single
low-dose bleomycin application in which LC3B2/2 mice
display increased cellularity and patchy fibrotic consoli-
dations as compared with the WT mice treated with
bleomycin. A note of caution here is that this time point
coincides with inflammatory response to bleomycin.
LC3B2/2andWTmice treatedwithbleomycin showedno
perceivable differences at d 14 posttreatment. Our obser-
vation regarding the susceptibility of LC3B2/2 mice sup-
ports the findings of a previous study in which deficiency
of ATG4B resulted in increased sensitivity of mice to
bleomycin-induced lung fibrosis (20). ATG4B is a cysteine
protease that cleaves LC3B at its C terminus, a cleavage
that is essential to conjugate it to phosphatidylethanol-
amine and insert it on the membranes (43) and absence of
ATG4Bmight result in the inhibitionofLC3Bcleavageand
thereby autophagy.

Another interesting observation from this study is the
increase of cathepsinAprotein levels in the agedLC3B2/2

mice and in the AECII of the lungs of patients with IPF, as
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well as the interaction between these 2 proteins. To our
knowledge, the interaction between these 2 proteins has
notyetbeen reported.Ourdata indicate that the increase in
cathepsin A in the absence of LC3Bmay contribute to the
apoptosis of AECII. Cathepsin A has been suggested to
elicit oxidative stress and cell death in cardiomyocytes.
Althoughnot showndirectly in our study, it is plausible to
speculate that the apoptosis of mouse lung epithelial cells
upon cathepsin A overexpression in vitro or the over-
expression of cathepsin A in the AECII of LC3B2/2 mice
may retrogradely elicit oxidative stress and subsequent
apoptosis. Our data do suggest, however thatmodulation

of cathepsin A protein levels by LC3B is important in de-
fining thephysiologic roles of cathepsinA inAECII.Our in
vitro as well as in vivo observations are fully supported by
the data from the lungs of patients with IPF, altogether
suggesting that the increased cathepsin A protein levels
may contribute to the increased cellular stress and apo-
ptosis of AECII in lung fibrosis.

Our current study ascertains the pathomechanistic role
of autophagy in general and LC3B in particular in the
development of pulmonary fibrosis. This study also raises
the possibility that in IPF, LC3B-mediated regulation of
cellular mechanisms may play an integral role in eliciting

Figure 8. Cathepsin A is an LC3B interacting protein. A) Alignment of 5 putative LIRs of mouse cathepsin A, highlighting the N-
and C-terminal amino acids of the core motif in yellow. B) Cathepsin A is coimmunoprecipitated with LC3B in MLE12 cells
coexpressing cathepsin A (myc tagged) and LC3B (GFP tagged). C) Representative Western blots for cathepsin A and LC3B
following immunoprecipitation of endogenous cathepsin A from MLE12 cells. D) Overexpression of cathepsin A, LC3B, empty
myc, or GFP plasmids followed by Western blots using anti-myc, GFP, cleaved caspase-3, and b-actin. E) Densitometric
quantification for cleaved caspase-3 is shown. Representative blots and analysis from 3 independent experiments are shown. *P,
0.05.
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Figure 9. Increase in cathepsin A in AECII of IPF lungs. A, B) Western blot analysis of lung homogenates of patients with IPF and
age-matched donors for cathepsin A and glyceraldehyde 3-phosphate dehydrogenase as loading control (A) followed by
densitometric quantification for cathesin A (B). C, D) Serial paraffin sections from IPF and donor lungs were stained for
cathepsin A and the AECII marker proSP-C and pictomicrographs were performed for the same areas from both types of
staining. High magnification images (D) show several AECII cells also stained positively for cathepsin A, as indicated by the
arrows. E) Immunofluorescence staining for the AECII lamellar body limiting membrane marker, ABCA3 (green) and cathepsin
A (red). DAPI was used to stain nuclei in blue. F) Cathepsin A fluorescence signal intensity was quantified and depicted as a bar
graph. Scale bars, 100 mm. Representative pictures are shown from ~10–15 patients with IPF and donors. **P , 0.01.
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cellular stress in the AECII, which, in addition to the acti-
vation of concomitant stress pathways, subsequently re-
sults in pulmonary fibrosis.

ACKNOWLEDGMENTS

The authors thank the German Research Foundation for
supporting this study through an independent research grant
to P.M. The authors also thank Silke Haendel, Stefanie Hezel
[Department of Internal Medicine, Justus-Liebig University
(JLU) Giessen], and Susanne Faßbender (Institute of Func-
tional and Applied Anatomy, Hannover Medical School) for
their excellent technical support. The authors also thank Prof.
Dr. Saverio Bellusci (Department of Internal Medicine, JLU
Giessen) and laboratory members for help with fluorescence
miscroscopy. The authors declare no conflicts of interest.

AUTHOR CONTRIBUTIONS

V. S. Kesireddy, S. Chillappagari, S. Ahuja, I. Henneke,
J. Graumann, C. Ruppert, and M. Korfei performed
experiments; V. S. Kesireddy and P. Mahavadi developed
the project, analyzed and interpreted the data, and wrote
the article; S. Chillappagari and J. Graumann critically
read themanuscript; L. Knudsen andM.Ochs performed
electron microscopy and interpreted the data; S. Meiners
performed proteasome analysis; W. Seeger and P.
Mahavadi supervised the study; P. Mahavadi designed

the study; and all authors approved thefinal version of the
manuscript.

REFERENCES

1. King, T. E., Jr., Pardo, A., and Selman, M. (2011) Idiopathic
pulmonary fibrosis. Lancet 378, 1949–1961

2. Selman,M., and Pardo, A. (2006) Role of epithelial cells in idiopathic
pulmonary fibrosis: from innocent targets to serial killers. Proc. Am.
Thorac. Soc. 3, 364–372

3. American Thoracic Society; European Respiratory Society.
(2002) American Thoracic Society/European Respiratory So-
ciety International Multidisciplinary Consensus Classification of
the Idiopathic Interstitial Pneumonias. [This joint statement of
the American Thoracic Society (ATS) and the European Re-
spiratory Society (ERS) was adopted by the ATS board of di-
rectors, June 2001 and by the ERS Executive Committee, June
2001.] Am. J. Respir. Crit. Care Med. 165, 277–304; erratum: 166,
426

4. Myers, J. L., and Katzenstein, A. L. (1988) Epithelial necrosis and
alveolar collapse in the pathogenesis of usual interstitial pneumonia.
Chest 94, 1309–1311

5. Fehrenbach,H. (2001)Alveolar epithelial type II cell: defender of the
alveolus revisited. Respir. Res. 2, 33–46

6. Weaver, T. E., Na, C. L., and Stahlman, M. (2002) Biogenesis of
lamellar bodies, lysosome-related organelles involved in storage
and secretion of pulmonary surfactant. Semin. Cell Dev. Biol. 13,
263–270

7. Lutz, D., Gazdhar, A., Lopez-Rodriguez, E., Ruppert, C.,
Mahavadi, P., Günther, A., Klepetko, W., Bates, J. H., Smith,
B., Geiser, T., Ochs, M., and Knudsen, L. (2015) Alveolar
derecruitment and collapse induration as crucial mechanisms
in lung injury and fibrosis. Am. J. Respir. Cell Mol. Biol. 52,
232–243

8. Thomas, A. Q., Lane, K., Phillips J. III, Prince, M., Markin, C.,
Speer, M., Schwartz, D. A., Gaddipati, R., Marney, A., Johnson, J.,
Roberts, R., Haines, J., Stahlman, M., and Loyd, J. E. (2002)
Heterozygosity for a surfactant protein C gene mutation
associated with usual interstitial pneumonitis and cellular
nonspecific interstitial pneumonitis in one kindred. Am. J.
Respir. Crit. Care Med. 165, 1322–1328

9. Schmitz, G., andMüller, G. (1991) Structure and function of lamellar
bodies, lipid-protein complexes involved in storage and secretion of
cellular lipids. J. Lipid Res. 32, 1539–1570

10. Mahavadi, P., Knudsen, L., Venkatesan, S., Henneke, I., Hegermann,
J., Wrede, C., Ochs, M., Ahuja, S., Chillappagari, S., Ruppert, C.,
Seeger, W., Korfei, M., and Guenther, A. (2015) Regulation
of macroautophagy in amiodarone-induced pulmonary fibrosis.
J. Pathol. Clin. Res. 1, 252–263

11. Miller, B. E., andHook, G. E. (1990) Hypertrophy and hyperplasia of
alveolar type II cells in response to silica and other pulmonary
toxicants. Environ. Health Perspect. 85, 15–23

12. Mahavadi, P., Korfei, M., Henneke, I., Liebisch, G., Schmitz, G.,
Gochuico, B. R.,Markart, P., Bellusci, S., Seeger,W., Ruppert, C., and
Guenther, A. (2010) Epithelial stress and apoptosis underlie
Hermansky-Pudlak syndrome-associated interstitial pneumonia. Am.
J. Respir. Crit. Care Med. 182, 207–219

13. Mahavadi, P., Henneke, I., Ruppert, C., Knudsen, L., Venkatesan, S.,
Liebisch, G., Chambers, R. C., Ochs, M., Schmitz, G., Vancheri, C.,
Seeger, W., Korfei, M., and Guenther, A. (2014) Altered surfactant
homeostasis and alveolar epithelial cell stress in amiodarone-induced
lung fibrosis. Toxicol. Sci. 142, 285–297

14. Patel, A. S., Lin, L., Geyer, A., Haspel, J. A., An, C. H., Cao, J., Rosas,
I. O., and Morse, D. (2012) Autophagy in idiopathic pulmonary
fibrosis. PLoS One 7, e41394

15. Bueno,M.,Lai, Y.C.,Romero,Y.,Brands, J., StCroix,C.M.,Kamga,C.,
Corey, C., Herazo-Maya, J. D., Sembrat, J., Lee, J. S., Duncan, S. R.,
Rojas, M., Shiva, S., Chu, C. T., and Mora, A. L. (2015) PINK1
deficiency impairs mitochondrial homeostasis and promotes lung
fibrosis. J. Clin. Invest. 125, 521–538

16. Ahuja, S., Knudsen, L., Chillappagari, S., Henneke, I., Ruppert, C.,
Korfei, M., Gochuico, B. R., Bellusci, S., Seeger, W., Ochs, M.,
Guenther, A., and Mahavadi, P. (2016) MAP1LC3B overexpression
protects against Hermansky-Pudlak syndrome type-1-induced

Figure 10. Schematic representation of pathomechanistic
events in LC3B2/2 mice. Aged LC3B2/2 mice (42 w) lungs
show increased cellularity and AECII apoptosis with smaller
lamellar body profiles. AECII show increase in syntaxin 17,
lysosomal, and ER stress with a concomitant increase in the
novel LC3B interacting partner, cathepsin A that contributes
to AECII apoptosis. Furthermore, LC3B2/2 mice display
increased susceptibility to bleomycin-induced lung injury and
fibrosis. Similar observations from the lungs of patients with
IPF emphasized the pathomechanistic role of autophagy in
lung fibrosis.

LUNG INJURY IN LC3B2/2 MICE 12407

 15306860, 2019, 11, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.201900854R

 by Justus-L
iebig-U

niversitat, W
iley O

nline L
ibrary on [29/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



defective autophagy in vitro. Am. J. Physiol. Lung Cell. Mol. Physiol.
310, L519–L531

17. Mizushima,N. (2007)Autophagy: process and function.GenesDev.21,
2861–2873

18. Codogno, P., andMeijer, A. J. (2005) Autophagy and signaling: their
role in cell survival and cell death. Cell Death Differ. 12 (Suppl 2),
1509–1518

19. Cheong, H., Wu, J., Gonzales, L. K., Guttentag, S. H., Thompson,
C. B., and Lindsten, T. (2014) Analysis of a lung defect in
autophagy-deficient mouse strains. Autophagy 10, 45–56

20. Cabrera, S., Maciel, M., Herrera, I., Nava, T., Vergara, F., Gaxiola, M.,
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O., and Meiners, S. (2016) Inhibition of proteasome activity induces
formation of alternative proteasome complexes. J. Biol. Chem. 291,
13147–13159

25. Ahuja, S., Knudsen, L., Chillappagari, S., Henneke, I., Ruppert, C.,
Korfei, M., Gochuico, B. R., Bellusci, S., Seeger, W., Ochs, M.,
Guenther, A., and Mahavadi, P. (2016) MAP1LC3B overexpression
protects against Hermansky-Pudlak syndrome type-1-induced de-
fective autophagy in vitro. Am. J. Physiol. Lung Cell. Mol. Physiol. 310,
L519–L531

26. Cann, G. M., Guignabert, C., Ying, L., Deshpande, N., Bekker, J. M.,
Wang, L., Zhou, B., and Rabinovitch, M. (2008) Developmental
expression of LC3alpha and beta: absence of fibronectin or
autophagy phenotype in LC3beta knockout mice. Dev. Dyn. 237,
187–195

27. Tsuboyama,K.,Koyama-Honda, I., Sakamaki, Y., Koike,M.,Morishita,
H., and Mizushima, N. (2016) The ATG conjugation systems are
important for degradation of the inner autophagosomal membrane.
Science 354, 1036–1041

28. Hamasaki,M., Furuta,N.,Matsuda,A.,Nezu,A., Yamamoto,A., Fujita,
N., Oomori, H., Noda, T., Haraguchi, T., Hiraoka, Y., Amano, A., and
Yoshimori, T. (2013) Autophagosomes form at ER-mitochondria
contact sites. Nature 495, 389–393

29. Wang, R., Ibarra-Sunga, O., Verlinski, L., Pick, R., and Uhal, B. D.
(2000) Abrogation of bleomycin-induced epithelial apoptosis and
lung fibrosis by captopril or by a caspase inhibitor.Am. J. Physiol. Lung
Cell. Mol. Physiol. 279, L143–L151

30. Lee, V. Y., Schroedl, C., Brunelle, J. K., Buccellato, L. J., Akinci, O. I.,
Kaneto, H., Snyder, C., Eisenbart, J., Budinger, G. R., and Chandel,
N. S. (2005) Bleomycin induces alveolar epithelial cell death through
JNK-dependent activation of themitochondrial death pathway.Am. J.
Physiol. Lung Cell. Mol. Physiol. 289, L521–L528

31. Lee, S. J., Smith, A., Guo, L., Alastalo, T. P., Li,M., Sawada,H., Liu, X.,
Chen, Z. H., Ifedigbo, E., Jin, Y., Feghali-Bostwick, C., Ryter, S. W.,
Kim, H. P., Rabinovitch, M., and Choi, A. M. (2011) Autophagic
protein LC3B confers resistance against hypoxia-induced pulmonary
hypertension. Am. J. Respir. Crit. Care Med. 183, 649–658

32. Lahm, T., and Petrache, I. (2012) LC3 as a potential therapeutic
target in hypoxia-induced pulmonary hypertension. Autophagy 8,
1146–1147

33. Hiraiwa, M. (1999) Cathepsin A/protective protein: an unusual ly-
sosomal multifunctional protein. Cell. Mol. Life Sci. 56, 894–907

34. Cuervo, A. M., Mann, L., Bonten, E. J., d’Azzo, A., and Dice, J. F.
(2003) Cathepsin A regulates chaperone-mediated autophagy
through cleavage of the lysosomal receptor. EMBO J. 22, 47–59

35. Petrera, A., Kern, U., Linz, D., Gomez-Auli, A., Hohl, M.,
Gassenhuber, J., Sadowski, T., and Schilling, O. (2016) Proteomic
profiling of cardiomyocyte-specific cathepsin a overexpression links
cathepsin a to the oxidative stress response. J. Proteome Res. 15,
3188–3195
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