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ABSTRACT 

 

Idiopathic pulmonary fibrosis (IPF) is the most common among the fibrosing 

interstitial lung diseases and is characterised by progressive deterioration of lung 

function and poor prognosis. The role of pulmonary macrophages in the 

pathogenesis of idiopathic pulmonary fibrosis remains controversial and poorly 

understood; although it is considered that they orchestrate the progression and 

maintenance of fibrosis. Impaired mitochondria homeostasis and function are 

established hallmarks of aging and increasing evidence suggests a link with lung 

fibrosis. Mitochondria homeostasis may be also affected in alveolar macrophages in 

idiopathic pulmonary fibrosis. In this study, we used bronchoalveolar lavage (BAL), a 

tool for both clinical and research purposes, and a rich source of alveolar 

macrophages. 

In this study, BAL samples were examined from 52 patients with IPF and 19 healthy 

individuals. Measurements of mitochondria reactive oxygen species (ROS), 

mitochondria morphology and related gene expression were performed. 

Additionally, autophagy and mitophagy levels were analysed. 

Our results showed that mitochondria in alveolar macrophages from IPF patients 

have prominent morphological defects and impaired transcription. We observed a 

significant reduction of mitochondria homeostasis regulators PINK1, PARK2 and 

NRF1. Additionally, a significant increase in mitochondria ROS was associated with 

reduced expression of mitochondria-encoded oxidative phosphorylation (OXPHOS) 

genes. However, despite the increase in damaged, oxidised mitochondria, 

macroautophagy and mitophagy, central processes in the maintenance of healthy 

mitochondria levels, were not upregulated in IPF AMs. Importantly, mitochondria 

ROS was correlated with lung function parameters and disease severity as measured 

by composite physiologic index (CPI). Conclusively, our results suggest a perturbation 

of mitochondria homeostasis in alveolar macrophages in IPF.  
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ΠΕΡΙΛΗΨΗ 

 

Ανάμεσα στις Διάχυτες Διάμεσες Πνευμονοπάθειες (ΔΔΠ), η Ιδιοπαθής Πνευμονική 

Ίνωση (ΙΠΙ) αποτελεί την πιο συχνή ιδιοπαθή διάμεση πνευμονοπάθεια και την πιο 

σοβαρή νόσο λαμβάνοντας υπόψη την προοδευτική επιδείνωση της αναπνευστικής 

λειτουργίας που σχετίζεται με την ποιότητα ζωής, την πτωχή επιβίωση, και τις 

περιορισμένες θεραπευτικές επιλογές. Παρόλο που τα τελευταία έτη  η ανακάλυψη 

των παθογενετικών μηχανισμών της νόσου όλο και περισσότερο κεντρίζει το 

ενδιαφέρον των ερευνητών, τα αίτια παθογένειας της ΙΠΙ παραμένουν εν πολλοίς 

άγνωστα. Το προτεινόμενο μοντέλο παθογένειας που επικρατεί έως σήμερα 

αναφέρεται σε βλάβες του επιθηλίου του βρογχικού δέντρου και των κυψελίδων 

που οφείλονται σε περιβαλλοντικούς παράγοντες, όπως την έκθεση σε καπνό, 

ιογενείς λοιμώξεις, γαστροοισοφαγική παλινδρόμηση, και όλα αυτά σε ένα 

υπόβαθρο ενός επιθηλίου γενετικά προδιαθετημένου σε ανώμαλη επιδιόρθωση. 

Απορρύθμιση των μηχανισμών επούλωσης, ανώμαλη επανα-επιθηλιοποίηση, 

υπέρμετρος πολλαπλασιασμός ινοβλαστών και μεγάλη παραγωγή εξωκυττάριας  

θεμέλιας ουσίας, αποτελούν τα στοιχεία που χαρακτηρίζουν την παθογένεια της ΙΠΙ.  

Μηχανισμοί οι οποίοι αποτελούν μονοπάτια της γήρανσης έχουν βρεθεί και στην 

ΙΠΙ , συμβάλλοντας στην ενίσχυση της άποψης ότι η νόσος αποτελεί μία νόσο 

πρώιμης γήρανσης. Σ’ αυτούς συμπεριλαμβάνεται το οξειδωτικό στρες, η 

δυσλειτουργία των μιτοχονδρίων, η μη αποτελεσματική αυτοφαγία και οι αλλαγές 

στην εξωκυττάρια ουσία.  Η λεπτή ισορροπία μεταξύ αποικοδόμησης και 

βιογένεσης των μιτοχονδρίων έχει δειχθεί ότι είναι πολύ σημαντική για τη σωστή 

λειτουργία του κυττάρου. Συσσώρευση κατεστραμμένων πρωτεϊνών και οργανιδίων 

που οφείλεται σε μη αποτελεσματική αυτοφαγία οδηγεί σε αυξημένο κυτταρικό 

στρες και κυτταρικό θάνατο και έχει συσχετιστεί με νοσήματα της γήρανσης. 

Πρόσφατες μελέτες σε επιθηλιακά κύτταρα και ινοβλάστες σε πειραματικά μοντέλα 

ή/και ασθενείς με ΙΠΙ έδειξαν δυσλειτουργία των μιτοχονδρίων και μη 

αποτελεσματική αυτοφαγία των μιτοχονδρίων, δηλαδή μιτοφαγία. Σημαντικό ρόλο 

φαίνεται να διαδραματίζει το μόριο PINK1 (PTEN-induced kinase 1) που αποτελεί 
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κύριο ρυθμιστή της διαδικασίας της μιτοφαγίας και τα επίπεδά του έχουν βρεθεί 

μειωμένα στα επιθηλιακά κύτταρα ασθενών με ΙΠΙ.  

Ο ρόλος των μακροφάγων αποτελεί τελευταία όλο και περισσότερο αντικείμενο 

έρευνας καθώς πολλά δεδομένα υποστηρίζουν την εμπλοκή των κυψελιδικών 

μακροφάγων στην ΙΠΙ. Τα κυψελιδικά μακροφάγα δεν αποτελούν μόνο κύτταρα του 

ανοσοποιητικού συστήματος επηρεάζοντας μέσω ανοσολογικών μηχανισμών, αλλά 

επίσης μέσω παραγωγής κυτταροκινών διαμορφώνουν το κατάλληλο 

μικροπεριβάλλον και αλληλεπιδρούν με τους υπόλοιπους κυτταρικούς πληθυσμούς 

στον πνεύμονα προάγοντας την ανάπτυξη της πνευμονικής ίνωσης. Έχει βρεθεί ότι 

τα μακροφάγα αποκτώντας ένα εναλλακτικά ενεργοποιημένο φαινότυπο, με 

αντίσταση στην απόπτωση, συμμετέχουν ενεργά στα μονοπάτια της παθογένειας 

της ίνωσης μέσω παραγωγής μεσολαβητών οι οποίοι σχετίζονται με την επιβίωση 

των μυοϊνοβλαστών, την ενεργοποίηση των επιθηλιακών κυττάρων και πιθανά στη 

μετατροπή των τελευταίων σε μεσεγχυματικά. 

Η δική μας μελέτη είχε ως στόχο την ανάλυση των μακροφάγων από 

βρογχοκυψελιδικό έκπλυμα ασθενών με ΙΠΙ, και συγκεκριμένα την εκτίμηση των 

μιτοχονδρίων τους. Απομόνωση των κυψελιδικών μακροφάγων πραγματοποιήθηκε 

από το βρογχοκυψελιδικό έκπλυμα το οποίο ελήφθη μέσω της διαδικασίας της 

βρογχοσκόπησης. Η λήψη του εκπλύματος αποτελεί μία ελάχιστα επεμβατική 

μέθοδο που οδηγεί σε συλλογή κυττάρων από τις κυψελίδες, που στο μεγαλύτερο 

ποσοστό τους αφορούν μακροφάγα (>80%). Οι ασθενείς (52 ασθενείς) που 

συμπεριελήφθησαν στη μελέτη υπεβλήθησαν σε βρογχοσκόπηση στο πλαίσιο 

διερεύνησης διάχυτης διάμεσης πνευμονοπάθειας (και έπειτα 

διαπιστώθηκε/επιβεβαιώθηκε ότι πρόκειται για ΙΠΙ) και συγκρίθηκαν με υγιείς 

μάρτυρες (19 άτομα) οι οποίοι υπεβλήθησαν σε βρογχοσκόπηση στο πλαίσιο 

διερεύνησης άτυπων μικροοζιδίων ή για αποκλεισμό πνευμονικής νόσου έπειτα 

από κάποιο επεισόδιο αιμόπτυσης, και με βάση τα αποτελέσματα της 

βρογχοσκόπησης (επισκόπηση βρογχικού δέντρου, καλλιέργειες, κυτταρολογικές 

εξετάσεις ) κρίθηκαν υγιείς .   

Τα κυψελιδικά μακροφάγα των ατόμων που συμπεριελήφθησαν στην παρούσα 

μελέτη αξιολογήθηκαν με βάση τα επίπεδα οξείδωσης των μιτοχονδρίων 

χρησιμοποιώντας κυτταρομετρία ροής, και διαπιστώθηκε ότι τα μακροφάγα 
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ασθενών με ΙΠΙ εμφανίζουν σημαντικά υψηλότερα επίπεδα οξειδωμένων 

μιτοχονδρίων. Το αποτέλεσμα αυτό δεν συσχετίζεται με την καπνιστική συνήθεια 

των ασθενών, ενώ φάνηκε να σχετίζεται με στατιστική σημαντικότητα με τις κλινικές 

παραμέτρους της νόσου.  Μελετήθηκαν ακολούθως τα επίπεδα αυτοφαγίας και 

μιτοφαγίας ώστε να διερευνηθεί εάν η αύξηση των οξειδωμένων μιτοχονδρίων 

οφείλεται σε μειωμένη διαδικασία αποικοδόμησης και ανακύκλωσης στα κύτταρα 

του βρογχοκυψελιδικού εκπλύματος, όμως δεν διαπιστώθηκαν σημαντικές 

διαφορές ανάμεσα σε ασθενείς και υγιείς μάρτυρες. Επιπλέον, εκτιμήθηκε η 

μορφολογία των μιτοχονδρίων στα κυψελιδικά μακροφάγα με τη χρήση 

ηλεκτρονικού μικροσκοπίου. Παρατηρήθηκε ότι τα μιτοχόνδρια στα μακροφάγα των 

ασθενών είναι δύσμορφα και έχουν αυξημένη διάμετρο υπονοώντας πιθανή 

δυσλειτουργία σύμφωνα με προηγούμενες μελέτες. Παράλληλα, επιβεβαιώθηκε ότι 

τα μακροφάγα στους ασθενείς με ΙΠΙ  παρουσιάζουν δείκτες μάλλον υπέρ 

εναλλακτικής ενεργοποίησης-προϊνωτικό προφίλ. Τέλος, εκτιμήθηκε η έκφραση 

διαφόρων γονιδίων που σχετίζονται με την ανακύκλωση και την οξειδωτική 

φωσφορυλίωση που συμβαίνει στα μιτοχόνδρια, και βρέθηκε διαταραγμένη στους 

ασθενείς. 

Η μελέτη αυτή αποτελεί την πρώτη προσπάθεια χαρακτηρισμού της διαδικασίας της 

αυτοφαγίας, της μορφολογίας, και της οξείδωσης των μιτοχονδρίων στα 

μακροφάγα ασθενών με ΙΠΙ ρίχνοντας φως σε πιθανά παθογενετικά μονοπάτια της 

σοβαρής αυτής ασθένειας. Είναι σαφές από τα αποτελέσματα της μελέτης ότι τα 

μιτοχόνδρια των κυψελιδικών μακροφάγων των ασθενών με ΙΠΙ είναι δύσμορφα και 

δυσλειτουργικά, με αυξημένα επίπεδα οξείδωσης. Καθώς είναι αδιαμφισβήτητη η 

σημασία των μακροφάγων , όχι μόνο ως κύτταρα του ανοσοποιητικού, αλλά και ως 

ενορχηστρωτές της ινωτικής διεργασίας στον πνεύμονα, τα νέα δεδομένα 

αποτελούν σημαντικά στοιχεία που θα μπορούσαν να βοηθήσουν στον καλύτερο 

χαρακτηρισμό αυτού του αινιγματικού κυτταρικού πληθυσμού, σχετικά με τη 

λειτουργία, τη δράση και το μεταβολισμό τους.  
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ABBREVIATIONS 

 

IPF, idiopathic pulmonary fibrosis 

UIP, usual interstitial pneumonia  

CT, computed tomography 

ECM, extracellular matrix  

HRCT, high resolution computed tomography 

TERT, telomerase reverse transcriptase  

TERC, telomerase RNA component 

PARN, polyadenylate-specific ribonuclease 

RTEL1, telomere elongation helicase 1 

TINF2, TERF1(Telomeric repeat-binding factor 1)-interacting nuclear factor 2  

DKC1, dyskerin dyskeratosis congenita 1 

SFTPA2, SFTPB, SFTPC, surfactant proteins A2, B and C  

ABCA3, ATP-binding cassette family A member 3 

ATP11a, ATPase phospholipid transporting 11A 

TOLLIP, Toll-interacting protein 

OBFC1, oligonucleotide/oligosaccharide-binding folds containing 1 

SNPs, single nucleotide polymorphisms  

AECIIs , alveolar epithelial cells type II 

EMT, epithelial to mesenchymal transition 

TGFβ1, transforming growth factor β 

ER, endoplasmic reticulum 

ROS, reactive oxygen species 

OXPHOS, oxidative phosphorylation 

RNS, reactive nitrogen species  

mETC, mitochondrial electron-transport chain 

MRC, mitochondria respiratory chain 

PGC-1a , PPARγ coactivator-1a 

NRF1, nuclear respiratory factor 1 

PINK1, PTEN-induced kinase 1 
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PARK2, parkin E3 ubiquitin ligase  

Atgs, autophagy-related genes 

mTOR , mammalian target of rapamycin 

PI3K, phosphatidylinositol-3-kinase 

mTORC1, mTOR complex 1 

ULK1, uncoordinated-51–like protein kinase 1  

AMPK, AMP-activated protein kinase 

BECN, Beclin-1coiled-coil myosin-like BCL2-interacting protein 

LC3, ubiquitin-like protein microtubule–associated protein 1 light chain 3 

PE, phosphatidylethanolamine  

p62, selective autophagy receptor p62/sequestosome1 SQSTM1 

BNIP3, Bcl-2/adenovirus E18 19-kDa-interacting protein 

VDAC, voltage-dependent anion channel proteins 

LYCAT, lysocardiolipin acyltransferase 

HGB1, haemoglobin 1 gene 

AMs, alveolar macrophages 

Mo-AMs, monocyte-derived alveolar macrophages 

MMP, matrix metalloproteinase 

GAPDH. glyceraldehyde-3-phosphate dehydrogenase 

BAL, bronchoalveolar lavage 

MT, mitochondrial 

PI, propidium iodide 

PFTs, pulmonary function tests 

CPI, composite physiologic index 

DLco, diffusing capacity for carbon monoxide 

TLC, total lung capacity 

MFI, mean fluorescent intensity 

rRNA, ribosomal RNA 

MT-ND1, mitochondrial encoded NADH dehydrogenase 1 

MT-ND5, mitochondrial encoded NADH dehydrogenase 5 

MT-ATP6, ATP synthase 6 
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1. INTRODUCTION 

 

1.1 Idiopathic Pulmonary Fibrosis 

 

Idiopathic Pulmonary Fibrosis (IPF) is a chronic fibrotic lung disease, characterized by 

progressive deterioration of lung function and poor prognosis. It is the most 

common of the idiopathic interstitial pneumonias, with unknown cause, limited to 

the lungs, and primarily affecting older individuals (1).	The prevalence of the disease 

appears to be increasing, although it is unclear whether this reflects increased 

recognition or a true increase in incidence. The incidence of IPF appears to be higher 

in North America and Europe (3 to 18 cases per 100,000 people per year)(2) (1). 

IPF is defined by the histopathologic and/or radiologic pattern of Usual Interstitial 

Pneumonia (UIP), and as mentioned by the recently revised guidelines for the 

diagnosis of IPF, this disease should be considered in adult patients with unexplained 

chronic exertional dyspnea, cough, bibasilar inspiratory crackles, and/or digital 

clubbing that occur without other symptoms or positive serological tests that could 

suggest a multisystem or autoimmune disease (3).  

IPF is also currently considered as a disease associated with aging since the incidence 

of the disease increases with older age, and presentation typically consists of 

insidious onset of dyspnea and dry cough in the sixth and seventh decade of life (4). 

Moreover, the majority of IPF patients are men than women, and the most of the 

patients have a history of cigarette smoking (3). Clinicians frequently fail to consider 

interstitial lung disease in patients with dyspnea as they often initially receive a 

diagnosis of heart failure or chronic obstructive pulmonary disease. Thus, it should 

be highlighted that the patient highly suspected of having IPF is a male patient, ex 

smoker, older than 60 years old with unexplained fibrotic lesions in the Computed 

Tomography (CT) scan of the lungs.  

The diagnostic approach to IPF is highly reliant on HRCT (High Resolution Computed 

Tomography-HRCT) images of the lungs. HRCT features mostly seen in UIP include 

honeycombing, traction bronchiectasis, and traction bronchiolectasis, which may be 

seen with the concurrent presence of ground-glass opacification and fine reticulation 
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(5). Honeycombing is the most characteristic sign of UIP pattern highly suggestive of 

IPF, and it refers to clustered cystic airspaces of typically consistent diameter (3–10 

mm, but occasionally larger) with thick, well-defined walls (5) (Fig. 1). Subpleural and 

basal predominant distribution of UIP pattern is usually seen in HRCT images of IPF 

patients while histological pattern is also that of UIP usually with the presence of 

fibrotic foci (Fig. 1). On the other hand, “pure” ground-glass opacification is not a 

typical feature of UIP, and its presence in a patient with IPF should raise the 

possibility of an acute exacerbation. Rarely, patients with IPF may present with an 

acute exacerbation as an initial manifestation. Acute exacerbations during the 

disease course may lead in severe worsening of lung function and increased 

mortality (6) . 

 

Figure 1: Radiological and histological patterns of usual interstitial pneumonia (UIP). (A) 
Coronal reconstruction of high-resolution CT of the chest, showing the basal predominance 
of subpleural honeycombing. (B) High-resolution chest CT axial image taken at the level of 
the lower lobes showing multilayered subpleural honeycombing. (C) Histological pattern of 

A B 

C D 
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usual interstitial pneumonia at low power (magnification Χ100). (D) A fibroblast focus is 
shown at the interface between fibrotic and less-involved lung tissue at higher power 
(magnification Χ400) (1). 
 

It is suggested that patients with known or suspected IPF should be referred to a 

centre with expertise so as to provide them the appropriate, and without delay, 

diagnosis and management, including initiation of disease-modifying therapy, 

monitoring, side-effect control, and non-pharmacological support (Fig. 2). In addition 

to IPF focused management, comorbidities usually associated with IPF might be 

present, including emphysema, pulmonary hypertension, gastro-oesophageal reflux 

disease, and obstructive sleep apnoea (1).  

 

 
Figure 2: A step-by-step approach to the comprehensive management of patients with 
idiopathic pulmonary fibrosis (IPF) (1). 
 

Despite recent advances in understanding the pathogenic mechanisms and the 

disease progression, there are still limited therapeutic options. Randomised 

controlled trials identified that various agents (eg, prednisolone and azathioprine, 
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acetylcysteine) were ineffective or harmful (7). The completion of three successful 

randomized controlled trials identified the first effective disease-modifying 

therapies, resulting in the licensing of two antifibrotic drugs, pirfenidone and 

nintedanib in Europe, USA and Japan (8) (9, 10) (11), although lung transplantation 

should be still considered as the most effective therapy.  Nintedanib is a tyrosine 

kinase inhibitor that suppresses multiple signalling receptors implicated in fibrosis 

pathogenesis, including fibroblast growth factor receptor, platelet-derived growth 

factor receptor, and vascular endothelial growth factor receptor (12). Pirfenidone is 

an orally administered pyridine with combined anti-inflammatory, antioxidant, and 

antifibrotic actions, although the precise mechanism of action is unknown. 

Regulation of TGF β in vitro, and inhibition of fibroblast and collagen synthesis has 

been shown in animal models of lung fibrosis (11, 13) .  

The course of the disease is described as progressive and irreversible lung fibrosis 

with worsening of dyspnea and deterioration of pulmonary function tests, mostly 

leading to respiratory failure and long term oxygen therapy, limitation of daily 

physical activity and low quality of life (14). During the course of the disease there 

are often acute exacerbations that may be triggered by a clinical event (e.g.infection) 

but they are frequently idiopathic.	Each year, approximately 10 to 20% of patients 

with IPF have an acute exacerbation, characterized by worsened hypoxemic 

respiratory failure and bilateral ground-glass opacities on HRCT imaging. Most 

patients with an acute exacerbation die from acute respiratory failure (2). Finally the 

high degree of morbidity of these patients is linked not only with pulmonary fibrosis 

but also with comorbidities. Patients with IPF are also	at increased risk for venous 

thromboembolism, lung cancer, and pulmonary hypertension. The poor prognosis of 

IPF patients usually used to be compared with that of malignancies, as it had been 

shown a median survival following diagnosis ranging from 3 to 5 years. However, 

after the introduction of the two antifibrotic drugs representing the first potentially 

disease modifying agents, and the higher suspicion of the respiratory physicians as 

well as the primary care physicians resulting in earlier diagnosis, the prognosis of 

these patients is considered noticeably better (15) (4) (11). 
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1.2 Pathogenesis of Pulmonary Fibrosis 

 

The diagnosis of IPF is mostly based on clinical and radiographic criteria and the 

distinction between IPF and the other fibrotic lung diseases is mainly driven by the 

characteristic of the unknown cause and origin of the pathogenetic pathways of this 

disease. It is proposed that, as a complex disease with no Mendelian patterns of 

inheritance, results from a combination of environmental, lifestyle and ageing-

related factors in the background of a genetic predisposed individual (16) (Fig. 3). 

 

 
Figure 3: Conceptual model of idiopathic pulmonary fibrosis across an individual’s life course 
(1). 
 

Fibrosis is described as tissue scar formation due to multiple micro-injuries to 

alveolar epithelium, leading to aberrant repair process, myofibroblast accumulation 

and extracellular matrix  (ECM) deposition that cause remodeling of lung interstitium 

(1) (17). Shortened telomeres, oxidative injury, proteostatic dysregulation and 

mitochondrial dysfunction lead to a senescent phenotype of alveolar epithelial cells, 

deregulated epithelial-fibroblast communication and interaction, finally resulting in 

the secretion of profibrotic mediators. Which factors or mechanisms trigger the 

disease and which of them contribute to disease progression remains not well 
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established yet.  The last decade it was proven that immunosuppressive therapy was 

harmful for IPF patients so the role of inflammation was diminished and the concept 

of a profibrotic environment in IPF lung was established (7). 

 

1.2.1 Genetic Susceptibility 

Interestingly, increasing evidence suggest that genetic susceptibility plays an 

important role in the development of lung fibrosis. In the family members of some 

patients, primary relatives also have IPF. At least 30% of patients who have sporadic 

or familial pulmonary fibrosis indeed have genetic predisposing factors that are 

known to increase the risk of pulmonary fibrosis (3). Family history of more than one 

case of IPF in the previous one or two generations and in biological siblings is an 

independent risk factor for this disease. 

Telomeres are nucleotide repeats at the ends of chromosomes that provide 

chromosomal stability and shorten progressively during replication. Upon telomeres 

achieving a critical length, however, the cell undergoes cell cycle arrest – 

senescence- and apoptosis. Mutations in telomerase reverse transcriptase (TERT),   

telomerase RNA component (TERC), polyadenylate-specific ribonuclease (PARN),and 

the regulator of telomere elongation helicase 1 (RTEL1) genes involved in the 

maintenance of telomere length, are associated with an increased risk of IPF and 

have been identified in familial cases of interstitial pneumonia (18-20). Moreover, 

there have been found  mutations in other genes involved in telomere maintenance 

in familial IPF cases that are associated with telomere capping such as the shelterin 

gene TINF2 (21) and Dyskerin Dyskeratosis Congenita 1 (DKC1) (22),. In parallel, a 

study of familial or sporadic early Idiopathic Interstitial Pneumonia (IIP) cases (before 

50 years old) with no telomerase gene mutations, that systematically focused on the 

genes encoding for the surfactant proteins A2, B and C (SFTPA2, SFTPB, SFTPC), and 

their transporter, the ATP-binding cassette family A member 3 (ABCA3) revealed the 

importance for surfactant genetic testing in the diagnosis of IIP in children and adults 

(23).  

Genome-wide association studies have identified common genetic variants, which 

account for about a third of the risk of disease development. Although these studies 

do not indicate a direct causal link, the potential importance of alterations in host 
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defence (MUC5B, ATP11A, TOLLIP), telomere maintenance (TERT, TERC, OBFC1), and 

epithelial barrier function (DSP encoding desmoplakin and, DPP9 encoding the serine 

protease, dipeptidyl peptidase 9) was detected (24-26). A single-nucleotide 

polymorphism (rs35705950) in the promoter region of MUC5B is claimed to increase 

the risk of IPF development (27, 28). MUC5B codes for mucin 5B, a glycoprotein 

required for airway mucous production and innate immune responses (29). The 

rs35705950 minor allele leads to overexpression of mucin 5B in small-airway 

epithelial cells, a usual finding in IPF patients (regardless of the MUC5B genotype) 

but also present in 9% of the general population (30). Although the mechanism 

linking mucin 5B overexpression and IPF risk remains unknown, some researchers 

have hypothesized that reduced mucociliary clearance may lead to alterations in the 

lung microbiome and aberrant innate immune responses that enhance PF (31, 32). 

Additionally, the finding that the risk of IPF is increased by genetic variation in 

TOLLIP, a gene encoding a protein in the toll-like receptor pathway that negatively 

regulates the TLR pathway inhibiting responses to microbes (25), imply a complex 

association between disease progression and host defense pathways. 

Intriguingly, it has been detected that IPF patients having single nucleotide 

polymorphisms (SNPs) in TOLLIP and MUC5B genes demonstrated differences in the 

survival. It was proposed that patients with the MUC5B gain-of-function variant 

might have a higher rate of survival than those without this variant (33). Moreover, 

the TT alleles of the rs3750920 polymorphism of TOLLIP, which correspond to 

approximately 25% of the IPF patients, were associated with increased survival (34). 

Monocytes from individuals with the minor TT alleles have previously been shown to 

express higher levels of the TOLLIP mRNA than those with the CC alleles (35) which 

may suggest that these individuals have a more tight regulation of the TLR2/4 

signaling. Finally, acute exacerbations (AE) in IPF have been linked to TERT and MUC1 

gene polymorphisms which appear to be risk factors for AE-IPF among 

polymorphisms in various genes associated with IPF pathogenesis (36).  

 

1.2.2 Nongenetic risk factors 

A number of nongenetic risk factors for IPF development have been identified, too. 

Older age (more than 60 years old), male sex, and history of cigarette smoking, are 
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considered risk factors for IPF (37). Various exposures have been associated with the 

development of IPF, but the most important environmental risk factor is smoking 

(38). Ever having smoked cigarettes remains an important risk factor for the 

development of sporadic IPF even many years after smoking cessation.  

Observational data have implicated gastroesophageal reflux (39), obstructive sleep 

apnea (40), and several environmental and occupational exposures like air pollution 

(41), herpesvirus infection (42), metal and wood dusts, stone and silica (43) in IPF 

progression. Obviously, those multiple intrinsic and extrinsic risk factors only 

increase an individual’s probability of developing IPF, so there are individuals who 

may have more than one risk factor but never develop the disease (44). 

 

1.2.3 Aberrant repair process 

IPF pathogenesis is attributed to an accelerated apoptosis of Type-II pneumocytes 

coupled to an aberrant wound healing process, involving defective re-epithelization, 

abnormal fibroblast/myofibroblast apoptosis and excessive accumulation of 

extracellular matrix components (17). One suggested approach to describe IPF 

pathogenesis is to consider it as a three-stage process: predisposition, activation, 

and progression (Fig. 4) (44). With this approach, genetic and nongenetic risk factors, 

as described above, are implicated in the pathogenesis and development of IPF 

(predisposition stage). Thus, during the next stage, meaning the activation phase, 

multiple, repetitive environmental exposures in a genetically predisposed individual 

lead to pathological alterations to the alveolar epithelial cells. Type II alveolar 

epithelial cells (AECIIs) are thought to play a crucial role in IPF pathogenesis through 

their dysfunction and senescent phenotype. Following alveolar epithelium injury 

there is increased activity and proliferation of AECIIs so as to repair the damage since 

they are supposed to regulate homeostasis after injury. In IPF, apart from shortening 

of telomeres (45), other epithelial alterations including the accumulation of 

dysfunctional mitochondria, endoplasmic reticulum stress, and activation of the 

unfolded protein response (46) (47) lead to apoptosis or abnormal responses of 

AECIIs. Apoptotic or dysmorphic AECIIs have been identified in IPF tissue with the 

fibrotic foci mainly located adjacent to hyperplastic or apoptotic AECIIs(48).  

Additionally, alveolar type II cells are thought to act as stem cells in adult lungs, and 
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can form so-called alveolar organoids in vitro (49). Alveolar type II cells isolated from 

lung tissue of IPF patients were shown to have impaired ability to form organoids, 

which suggests that alveolar stem-cell failure contributes to IPF pathogenesis (50) in 

accordance with the findings of another study depicted impaired renewal capacity of 

AECIIs from IPF tissue(51)  .  

 

 
Figure 4: Three-stage description of the pathogenesis of idiopathic pulmonary fibrosis (44) . 

 

The abnormal epithelium secretes numerous mediators that might lead to 

mesenchymal-cell activation and lung remodeling. Epithelial cells release cytokines, 

such as IL-33, which can enhance the development of profibrotic Th2 responses. Th2 

cells release IL-4 and IL-13, which promote the development of a profibrotic 

macrophage subpopulation that secretes TGFβ1 among other mediators (52).  There 

is a complex communication among epithelial cells, fibroblasts and immune cells, 

such as macrophages or lymphocytes, although the exact roles of immune cells in IPF 

remain unclear (52). Numerous candidate mediators in this crosstalk including 

transforming growth factor (TGF) β, its activating integrin αvβ6, platelet-derived 
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growth factor β, and Wnts (53) may drive the recruitment of myofibroblasts in the 

progression stage. On the other hand, dysfunctional epithelium might reduce the 

expression of some other mediators, such as prostaglandin E2, that under normal 

circumstances suppress mesenchymal cell expansion (54). Thus, lung remodelling in 

IPF arises from alterations in epithelial-cell growth and repair, and epithelial–

mesenchymal crosstalk (44).  

Deregulation of the repair process due to epithelial alterations leads to aberrant 

wound healing, differentiation of fibroblasts to myofibroblasts and excess 

accumulation of extracellular matrix (ECM) components, resulting in progressive lung 

remodeling and fibrosis (55). Fibrocytes from the bone marrow and resident 

fibroblasts proliferate and differentiate into myofibroblasts, which release ECM 

components. It is also suggested that fibroblasts and myofibroblasts may be derived 

from epithelial cells undergoing epithelial to mesenchymal transition (EMT) (17, 56) 

or even from endothelial cells or lung interstitium pericytes (57) (1) .  

So, in the progression phase, the normal alveolar structure of the lung is lost and 

replaced by remodeled fibrotic tissue characterised by bronchiolised cystic airspaces, 

which might include continuous proliferation of bronchiolar epithelium to 

honeycomb cysts. Noticeably, during this phase, the pathological matrix might 

contribute to remodeling via mechanisms independent of epithelial-cell dysfunction, 

such as increased stiffness and stretch-induced activation of TGFβ by the remodeled 

lung (58).  Remodeling of lung tissue in patients with IPF alters expression of multiple 

matrix molecules, and thus, these changes in ECM composition alter cell behavior 

and create a positive feedback loop between fibroblasts and aberrant ECM further 

promoting fibrosis through constant activation of profibrotic-signaling pathways in 

the mesenchymal cells (59). These IPF fibroblasts, which are potentially metabolically 

aberrant, can acquire destructive properties, such as the ability to invade matrix, 

which could contribute to chronic remodeling (60) (44).  
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Figure 5: Pathobiologic features of idiopathic pulmonary fibrosis (2). 
(A) A conceptual model of the pathobiology of IPF. Potential therapeutic interventions are 
shown in green. (B,C) Histologic features of usual interstitial pneumonia are shown in Panels 
B and C at low magnification and high magnification, respectively (hematoxylin and eosin). 
Fibroblastic foci (asterisk) are typically a prominent (but nonspecific) feature.  
 

Overall, alveolar epithelial lung cells are shown to be the pathologically abnormal 

cells in IPF lungs, and fibrosis to be the consequence of epithelial-cell dysfunction, 

epithelial to mesenchymal transition, high levels of transforming growth factor β 
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(TGFβ1), fibrocyte recruitment, and involvement of immune cells along with increase 

in cytokines production (61). It is now clear that both immune and stromal 

mechanisms contribute to fibrosis progression. The alterations of each cellular 

population of lung environment in IPF as well as potent therapeutic options are 

shown in Fig. 5.   

 

1.2.4 Aging and IPF 

IPF is currently considered as a disease of premature aging. IPF is unusual in 

individuals younger than 50 years, but prevalence nearly doubles with every decade 

of life thereafter. There is accumulating data on how the biology of aging may 

influence the susceptibility to lung fibrosis in the elderly. Some of the known 

“hallmarks of aging”, including telomere attrition, genomic instability, epigenetic 

alterations, stem cell exhaustion, cellular senescence, defective autophagy and 

mitochondrial dysfunction are linked to IPF pathogenesis   (55, 56, 62, 63).  

Genetic mutations related to telomerase are one of the common genetic defects 

found in patients with familial IPF (18). Epigenetic alterations, including changes in 

DNA methylation patterns, posttranslational histone modifications, and non-coding 

RNAs, have been proposed to play critical roles in the biology of aging and in 

pathogenesis of IPF. Downregulation of microRNAs is found IPF patients(64) . Aging 

can also modify the expression of sirtuins (SIRTs), a family of deacetylases, that 

target both histone and non-histone proteins. The level of SIRT1 decreases with 

aging, accompanied by reduced mitochondrial biogenesis, which is a common finding 

in a number of aging-related diseases. In a model of bleomycin-induced lung injury, 

upregulation of SIRT1 attenuated fibroblast activation and development of fibrosis 

(65). Regarding cell senescence, alveolar epithelial cells and fibroblasts have been 

shown to have a senescent phenotype in IPF, contributing to the progression of lung 

fibrosis. Established senescent markers such as p21, p16 and senescence-associated 

β-galactosidase activity (SA-β-gal) are increased in both fibroblasts and epithelial 

cells in human IPF lung tissue as compared with controls (66). 

It is proposed that changes related with aging, such as oxidative stress, 

mitochondrial dysfunction, modifications of ECM among others, may be responsible 

for the fibrotic phenotype (67, 68). Extensive oxidative damage has been linked with 
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premature aging and development of age-related diseases (69, 70). During aging, 

proteins and cellular debris are ineffectively cleared and accumulate in the cell. 

Accelerated accumulation of damage under conditions of environmental and genetic 

stress has been associated with short lifespan and incidence of age-related 

phenotypes. Mitochondrial turnover is dependent on autophagy, which declines 

with age, due to insufficient formation of autophagosomes or to deficient 

elimination after fusion with lysosomes (69, 71). Such a defect in cellular 

housekeeping mechanisms leads to senescence or apoptosis.  

The autophagy-lysosomal system and the ubiquitin-proteosomal system are the two 

major proteolytic systems, both of which decline with aging, leading to increased 

accumulation of misfolded proteins, increased endoplasmic reticulum (ER) stress, 

and defective autophagy. Decrease in autophagic activity is seen in both aging and in 

IPF lung.  Altered mitochondrial homeostasis defined as reduced mitochondrial 

biogenesis, increased reactive oxygen species (ROS) production, increased 

mitochondrial DNA damage, and defective autophagy of mitochondria (mitophagy) 

are also found in healthy aging and in IPF lung  (72) (73) (74) (75). These last two 

factors, mitochondrial function and autophagy pathway in association with 

pulmonary fibrosis development, are going to be further analysed in this manuscript.  

 

1.3 Mitochondria 

 

Mitochondria are essential dynamic organelles that exist in almost all eukaryotic 

cells, participating in several vital cellular functions such as bioenergetics, 

metabolism, programmed cell death and modulation of innate immune responses 

(76). They are double membrane-bound organelles commonly between 0.75 and 

3μm in diameters and they can be viewed by using an electron microscope. Their 

main role is that of energy control and is achieved through oxidative respiratory 

phosphorylation (OXPHOS). The main physiological function of the lung is to optimize 

alveolar gas exchange and match ventilation with blood flow in the circulation; this 

requires the contraction and relaxation of airway muscle cells. Hence, lung 

mitochondria play a central role in the provision of energy for this function. The 

higher the mitochondrial volume density of the cell, the greater is its capacity for 
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respiration and its reliance on oxygen. However, apart from energy metabolism, 

intracellular mitochondrial signaling functions are indispensable for cell protection 

and disease prevention (77).  

Mitochondria drive ATP production through OXPHOS and they represent the major 

generator of reactive oxygen species (ROS). Five mitochondrial protein complexes 

(complex I, II, III, IV, and V) play a key role in oxidative phosphorylation to create 

ATP.  Reactive oxygen species (ROS) and reactive nitrogen species (RNS) such as O2
- 

and H2O2 can be released as byproducts by the mitochondrial electron-transport 

chain (mETC), where continuous electron leakage to O2 occurs during aerobic 

respiration (78). Mitochondria are both generators and targets of oxygen/ nitrogen 

reactive species (79). ROS/RNS formation is part of normal cellular physiology 

however abnormal ROS/RNS production and accumulation result in oxidative stress, 

which is linked to mitochondrial dysfunction. Mitochondrial proteins themselves are 

primarily subjected to oxidative stress, whereas mitochondrial proteome imbalance 

causes further exacerbation of oxidative stress. Oxidative modifications cause 

reversible or irreversible damage to proteins. Reversible modifications occur in the 

sulfur-containing amino acids, cysteine and methionine. Mitochondria have a limited 

ability to repair some of the oxidized proteins using the antioxidant systems 

(thioredoxin/ thioredoxin reductase, glutaredoxin/ glutathione/ glutathione 

reductase and methionine sulfoxide reductase) (78). Oxidatively damaged proteins 

may lose their proper tertiary structure and potentially form toxic aggregates within 

the organelle, leading to mitochondrial dysfunction.  

Cellular function and survival depends on the efficient clearance of the dysfunctional 

mitochondria, which can trigger cell death pathways (Fig. 6) (80). Thus, the constant 

turnover and replacement of mitochondria is of great necessity, and the balance 

between mitochondrial biogenesis and degradation is critical for the elimination of 

oxidative damage and for the cellular homeostasis(81). Mitochondrial biogenesis is 

under the control of major regulators PPARγ coactivator-1a (PGC-1a)   and PGC-1β, 

which are nutritional sensors that induce expression of nuclear respirations factors 1 

and 2 (NRF). NRFs upregulate expression of the cellular mechanisms necessary for 

mitochondrial biogenesis (82). Akt3 represents a key factor required for 

mitochondrial biogenesis, maybe through the regulation of the subcellular 



26 
 

distribution of PGC-1a, and it has been proposed that Akt3 might inhibit autophagy 

in endothelial cells (83). 

 

 
Figure 6: Defective mitochondrial quality control machinery leads to cell damage (80). 

 

Mitochondrial homeostasis is essential for cellular health, thus it is tightly regulated 

by biogenesis and degradation/recycling (84). PTEN-induced kinase 1 (PINK1) and E3 

ubiquitin ligase (Parkin - encoded by PARK2 gene) represent key effector proteins of 

mitophagy, a selective form of macroautophagy, participating in the clearance of 

oxidized and damaged mitochondria (79). Additionally, mitochondrial remodeling 

through fission, fusion or mitophagy is important for mitochondrial homoeostasis 

(85). Mitochondria dynamically undergo a fission-fusion cycle with their morphology 

to vary accordingly. Mitofusin 1 and 2 (Mfn-1,-2), and Optic atrophy 1 (Opa1) seem 

to be major regulators of mitochondrial fusion, whereas the dynamin related protein 

1(Drp1) and Mitochondrial Fission protein 1 (Fis1) play an important role in fission. 

Maintenance of the balance between fission and fusion is important for 

mitochondrial function (79).  

Alterations in mitochondrial complex function can drive a vicious cycle in which an 

increase of oxidative stress and decreased ATP synthesis can occur (86). Excessive or 

sustained mitochondrial stress can lead to disrupted mitochondrial membrane 

potential (ΔΨm), increased ROS production, and mitochondrial permeability 

transition pore formation. These detrimental changes in mitochondrial health 
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eventually result in the uncoupling of the mitochondria, swelling of the matrix, 

mitochondrial rupturing, and cell death (87). 

In the last decade, it has become evident that cellular metabolism is intertwined 

with immune responses while, mitochondria activity largely shapes immune cell 

functions (88). Mitochondrial function declines with age, resulting in morphological 

alterations, loss of cristae, reduced mitochondria respiratory chain (MRC) function 

and increased ROS production which is associated with mitochondrial DNA damage, 

fueling a vicious cycle of mitochondria impairment (75).  

Importantly, there are data showing that lung accumulates unrepaired mtDNA 

damage with aging and disease. Mitochondrial damage and abundance of 

mitochondrial damage-associated molecular patterns (DAMPs), such as 

mitochondrial DNA (mtDNA), has been linked to multiple innate signaling cascades 

and may contribute to increased inflammatory responses (89) (90).  Analysis of free 

circulating mtDNA showed increased concentrations in BAL and plasma of IPF 

patients (91). Additionally, plasma mtDNA levels were associated with disease 

progression and survival (92) . 

  

1.4 Autophagy and mitophagy 

 

Autophagy is a membrane-dependent mechanism for the turnover of subcellular 

components and represents a major cellular homeostatic mechanism. It serves as a 

source of metabolic fuel, it removes dysfunctional mitochondria or aggregated 

proteins, and determinates cell fate (93). During starvation, autophagy prolongs cell 

survival by recycling metabolic precursors from intracellular macromolecules (94). In 

addition to its basic role in the turnover of proteins and organelles, autophagy has 

multiple physiological and pathophysiological functions, including roles in cell 

differentiation and immune response (95). Autophagy has been proposed to be 

widely implicated in human health and disease, playing crucial role in cancer, 

metabolic, neurodegenerative, cardiovascular diseases, as well as pulmonary 

disorders (Fig. 7) (24-26).  
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Figure 7: Autophagy in human health and disease (94). Autophagy influences a number of 
processes that have various effects on disease progression. Processes that inhibit disease 
progression are shown in blue, while those that promote disease progression are shown in 
red. In many diseases, autophagy plays a common role that involves clearance of 
dysfunctional mitochondria and protein aggregates.  
 

There are several types of autophagy based on the selective component that is going 

to be degraded; macroautophagy, mitophagy, microautophagy (direct endocytosis of 

cytosolic material by lysosomes), aggrephagy (degradation of polyubiquitinated 

protein aggregates or aggresomes), xenophagy (digestion of pathogens), chaperone-

mediated autophagy (molecular chaperones facilitate the transfer of proteins to the 

lysosomes), lipophagy (autophagy regulates lipid metabolism) (78, 96). 

Macroautophagy is the best studied mechanism and is often referred to as simply 

autophagy. It is characterized by the sequestration of cytoplasmic components in 

double-membrane vesicles, referred to as autophagic vacuoles or autophagosomes. 
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Autophagosomes ultimately fuse with lysosomes, generating single membrane 

autophagosomes and degrading their components via enzymatic digestion (96).  

The macroautophagic pathway proceeds through several phases of membrane 

restructuring and translocation events (Fig. 8) (94). An initiation phase involves the 

activation and assembly of signaling components that trigger the process in response 

to environmental cues. In the nucleation phase, there is the formation of a pre-

autophagosomal structure from subcellular membranes, and further evolves into an 

isolation membrane, named phagophore. During vesicle elongation, the isolation 

membrane expands to surround and engulf a cytosolic material targeted for 

degradation to form complete autophagic vacuoles or autophagosomes with a 

double-membraned structure. After autophagosome maturation and cargo 

sequestration, ultimately comes the fusion of autophagosomes with lysosomes 

(formation of autolysosomes). In this final stage, autophagosomal contents are 

degraded by lysosomal degradative enzymes (e.g., cathepsins and other acid 

hydrolases) and the contents of the autolysosome are released for metabolic 

recycling (94). 

 

 
Figure 8: The stages of the autophagic process (94). 

 

The autophagic pathway is a specific process responding to input from 

environmental cues. It represents a tightly regulated mechanism by several 

macromolecular signaling complexes (Fig. 9) (94, 97). A number of autophagy-related 

genes (Atgs) have been identified from studies of lower organisms and homologs of 

many of these Atgs have been also identified in mammals. Atg gene products 

interact with cellular signaling pathways in a complex regulatory network that 
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governs the autophagic program. The major negative regulator of autophagy is the 

mammalian target of rapamycin (mTOR). During nutrient-rich conditions (insulin and 

other growth factor signaling) class I phosphatidylinositol-3-kinase (PI3K)–AKT 

activates mTOR. The mTOR protein resides in a multiprotein complex, mTOR 

complex 1 (mTORC1), which represents the target of cascades responsive to nutrient 

availability, and regulates the mTOR substrate complex, consisting of the mammalian 

uncoordinated-51–like protein kinase 1 (ULK1), ATG13, ATG101, and FIP200. ULK1 

kinase (Atg1 in yeast) is a major regulator of the initiation of starvation-induced 

autophagy. This interaction between mTORC1 and ULK1 suppresses ULK1 activity, 

blocking the activation of autophagy. On the contrary, through the mTOR pathway, 

starvation or stimulation with the antibiotic rapamycin acts as a potent inducer of 

autophagy by inhibiting mTOR serine/threonine kinase activity resulting in global 

dephosphorylation and activation of ULK1 kinase activity. AMP-activated protein 

kinase (AMPK), which is regulated by AMP levels, negatively regulates mTOR and 

directly phosphorylates ULK1, thereby acting as a positive regulator of autophagy in 

response to energy depletion (94). 

The nucleation step of autophagosome formation requires an additional regulatory 

complex involving a class III PI3K complex (PIK3C3, or VPS34), in association with 

p150, Atg14L, and the Bcl-2-interacting protein Beclin 1 (Atg6 in yeast). The 

activation of ULK1 leads to the recruitment of the class III PI3K complex to 

autophagosomes. AKT negatively regulates autophagy by phosphorylating Beclin 1 

(96). The next step, autophagosomal elongation, requires two ubiquitin-like 

conjugation systems. In the first system, the ubiquitin-like protein ATG12 is 

conjugated to ATG5 by ATG7 and ATG10 enzymes. The resulting ATG5–ATG12 forms 

a complex with ATG16L1, which participates in the elongation phase. These factors 

dissociate from the autophagosome during maturation. The second conjugation 

system requires the ubiquitin-like protein microtubule–associated protein 1 light 

chain 3 (LC3, ATG8). LC3 is modified with the cellular lipid phosphatidylethanolamine 

(PE). The precursor form of LC3 is cleaved by the protease ATG4B to generate the 

LC3-I form, with an exposed lipid conjugation site at the C-terminal glycine residue. 

Conjugation of PE with LC3-I occurs from the sequential action of ATG7 and ATG3 

enzymes. In mammals, the conversion of LC3-I (free form) to LC3-II (PE-conjugated 
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form) is a key regulatory step in autophagosome formation. The cytosolic 

redistribution of LC3-II, as evidenced by a shift in  the  staining  pattern  of  LC3  from 

 

 
Figure 9: The regulation of the autophagic pathway (94).  

 

diffuse to punctate staining, is a crucial indicator of autophagosome formation. The 

recruitment of LC3-II to the autophagosome is mediated by the ATG5-ATG12-ATG16L 

complex, which also facilitates LC3 conjugation. As a final step, when the 

autophagosome fuses with the lysosome, LC3 becomes delipidated at the membrane 

surface by ATG4B or is degraded within the autolysosome by proteolytic activity. 

Lastly, very important role play specific adaptor molecules, including p62, that have 

been shown to bind to proteins or organelles promoting their selective degradation. 

The adaptor molecules are not required for autophagosomal formation, but 

represent specific substrates and recognition molecules for autophagy (94-96). 
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Mitophagy is an individual form of autophagy and is defined as the selective 

digestion of mitochondria (85). Mitophagy is the major mechanism for the removal 

of the dysfunctional mitochondria featuring its important role in cellular homeostasis 

(79, 80). The impact of mitophagy is especially relevant to degenerative diseases in 

which the occurrence of oxidative stress and the dysfunction in autophagy and 

mitophagy is well documented (80, 98-100). Autophagy plays an important role in 

sensing oxidative stress and removing oxidatively damaged proteins and organelles, 

as well as the cellular machineries responsible for excessive ROS/RNS production. 

The crosstalk between autophagy, redox signaling and mitochondrial dysfunction is 

not well defined yet (78, 101). The accumulation of toxic proteins and the decrease 

in mitochondrial function may lead to further oxidative stress when the autophagic 

process is disrupted. Deregulated redox signaling or mitochondrial dysfunction can 

also influence autophagic activities (102).  

 

 
Figure 10: PINK1-parkin pathway upon mitochondrial damage (98).  
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Mitophagy is controlled either under mechanisms of general macroautophagy or 

selectively through specific mitophagy genes. The selectivity of mitophagy is 

regulated by a variety of proteins, including PINK1 [PTEN (phosphatase and tensin 

homologue deleted on chromosome 10)-induced kinase 1], Parkin (cytosolic E3 

ubiquitin ligase) and BNIP3 (Bcl-2/adenovirus E18 19-kDa-interacting protein), as 

well as the processes of mitochondrial fission and fusion (103). It is proposed that 

PINK1 functions as a mitochondrial stress sensor via its import and degradation, 

which is dependent on the mitochondrial membrane potential. In healthy 

mitochondria, PINK1 is imported into mitochondria and rapidly undergoes 

degradation at the inner mitochondrial membrane. However, in response to 

mitochondrial damage and mitochondrial membrane depolarization, PINK1 becomes 

stabilized on the outer mitochondrial membrane and induces Parkin translocation to 

mitochondria. Following recruitment, Parkin ubiquitylates several outer 

mitochondrial membrane proteins, such as voltage-dependent anion channel 

proteins (VDAC) resulting in the recruitment of the autophagy receptor p62 and 

finally the degradation by the autophagic machinery  (Fig. 10)  (98).  

 

1.5 Implications of Autophagy and Mitophagy in IPF 

                          

There is evidence implying that autophagy and dysfunction of mitochondria may be 

involved in the pathogenesis of pulmonary diseases, including IPF (104). Oxidative 

stress, endoplasmic reticulum stress, hypoxia, TGFβ, aging are not only factors 

implicated in the pathogenesis of IPF, but they are also associated with autophagy 

(105).  TGFβ suppresses autophagic flux and many autophagy genes were found to 

be regulated by TGFβ (106). A study by Patel and colleagues examined markers of 

autophagic activity (LC3 and p62) in human IPF lungs and the number of 

autophagosomes, and it was detected that autophagy is not induced in human IPF 

lungs. The suggested mechanism is the TGFβ1 induced activation of PI3K and mTOR, 

which inhibits autophagy (107).  However, it is more likely that autophagy 

deregulation in IPF should be considered as cell specific.  Data have shown that along 

with age-related deficiency in adaptive responses to stress, the increased resistance 

to apoptosis of IPF fibroblasts mediated by mTOR activity, enhances the vulnerability 
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to lung fibrosis. Aging decreases autophagy through activation of mTORC1 in lung 

fibroblasts and the activation of this pathway also contributes to the resistance to 

cell death in IPF lung fibroblasts. (108). Additional data showed high mTOR activity 

and low LC3-II levels in fibroblastic foci of patients with IPF (109) , while further 

evidence also confirmed decrease in autophagy markers, LC3B and FoxO3A, in IPF 

fibroblasts leading to resistance to type I collagen matrix-induced cell death (110). 

Interestingly, a previous study proposed that insufficient autophagy in fibroblasts 

may induce their differentiation to myofibroblasts, whereas in alveolar epithelial 

cells in IPF lungs insufficient autophagy may lead to epithelial cell senescence (111). 

Overactivation of mTOR and autophagy dysfunction has been found in AECIIs, 

contributing to the development of pulmonary fibrosis (112), while Bueno et al 

recently proposed that initially there may be an induction of the autophagy process 

in alveolar epithelial cells in IPF, but finally the autophagy flux is impaired. They also 

detected a decreased expression of the major regulatory molecule of mitophagy, 

PINK1, in AECs from IPF patients, but interestingly there was no difference in 

fibroblasts (113). 

 

Regarding mitochondria and mitophagy, dysfunction of mitochondria has been 

already proposed in lung diseases. Recent studies showed altered mitochondrial 

structure (elongation) and function in alveolar epithelial cells (114), and in primary 

bronchial epithelial cells (115) upon cigarette smoke exposure (CSE). In contrast, 

Hara et al demonstrated mitochondrial fragmentation in primary human bronchial 

epithelial cells treated with cigarette smoke extract for 48 hours (116). Increased 

mitochondrial fragmentation and greater mitochondrial fission in airway smooth 

muscle cells isolated from patients with clinically diagnosed moderate asthma 

relative to cells from non-asthmatic and nonsmoker patients after CSE has been also 

reported (117).  It has been suggested that while mitochondria initially adapt to 

cigarette smoke and oxidative stress by altering their structure, this may be not 

beneficial in the long term due to decrease in mitophagy (114). Recently, Ahmad et 

al proposed smoke-induced cellular senescence due to impaired mitophagy (118). In 

alveolar macrophages of COPD patients defective autophagy and blockage of 

clearance of damaged and dysfunctional mitochondria has been shown (119), while 
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more recently, defective bacterial phagocytosis in monocyte-derived macrophages 

of COPD patients was associated with dysfunctional mitochondria and ROS 

generation (120).  

Accumulation of damaged mitochondria is associated with IPF and the aging lung 

(121-123).  Previous studies indicated the importance of mitochondria in IPF. It has 

been shown that LYCAT (lysocardiolipin acyltransferase, a cardiolipin-remodeling 

enzyme) expression is significantly altered in peripheral blood mononuclear cells and 

lung tissues from patients with IPF. LYCAT expression in peripheral blood 

mononuclear cells directly and significantly correlated with pulmonary function 

outcomes and overall survival. Using animal models of IPF, they showed that LYCAT 

overexpression reduced several indices of lung fibrosis; conversely, down-regulation 

of LYCAT expression enhanced fibrogenesis. It was suggested that this LYCAT- 

mediated lung protection may involve suppression of mitochondrial ROS generation 

and apoptosis of alveolar epithelial cells (124).  

Furthermore, it has been claimed that reduction in PINK1 expression leads to 

mitochondrial damage and enhances lung fibrosis (113). PINK1 deficiency related 

with aging may lead to defective mitophagy in alveolar epithelial cells and fibrosis in 

the aging lung. Bueno et al., in a series of in vitro studies and examinations of lung 

biopsies, demonstrated that PINK1 expression is reduced in type II alveolar epithelial 

cells in IPF lung biopsies and in aging mice (113). PINK1 deletions in mice lead to 

defective mitophagy and accumulation of dysmorphic and dysfunctional 

mitochondria in alveolar epithelial cells, thus contributing to increased epithelial cell 

senescence and fibrosis in the aging lung (113). PINK1 was also found downregulated 

in alveolar macrophages from IPF patients in a BALF study (125). A recent study by 

Patel et al indicated damaged mitochondria with aging, including oxidative stress 

and mitochondrial dysfunction, support the approach that IPF is a disease of 

premature aging (53). Mitochondrial turnover is largely dependent on autophagy, 

which also declines with age and in a recent study Sosulski et al showed that TGFβ1 

may be involved in the downregulation of the autophagy and mitophagy processes 

in aging murine lungs and biopsies from IPF patients, and that TGF-β treatment of 

lung fibroblasts lowers PINK1 and increases ROS levels (106).  
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Conversely, PINK1 upregulation in mice contributes to elimination of fibrosis 

probably through an epithelial cytoprotective effect based on the improvement of 

mitochondrial function (126).   

Concerning another key mitophagy molecule, parkin, it was found that PARK2 

knockdown induces mitochondrial damage, increases mtROS production and 

promotes lung fibrosis through enhancement of apoptotic resistant phenotype of 

fibroblasts and myofibroblast differentiation (127). MtROS is linked to mtDNA 

damage and evidence from a recent study in IPF showed a higher mutation rate in 

mitochondrial tRNA, probably affecting intra-mitochondrial translation (128).   

 
Moreover, nintedanib and pirfenidone currently approved treatments for the 

management of IPF appear to enhance autophagy and mitochondrial homeostasis, 

respectively. Although the mechanism of mitochondria targeting by pirfenidone is 

currently unclear, it has been demonstrated that the protective effect of pirfenidone 

on rat renal fibrosis models is associated with protection of mitochondria from 

membrane potential decline, restoration of mitochondria biogenesis and function, 

leading to decreased ROS production and reduction of renal cell apoptosis (129). 

Pirfenidone has been shown to induce autophagy and mitophagy in lung fibroblasts 

via enhanced PARK2 expression, which may, in part, contribute to its beneficial 

effects (130). Nintedanib on the other hand appears to enhance Beclin-1 dependent 

autophagy in IPF fibroblasts (131). 

Importantly, activation of autophagy with metformin, a widely used antidiabetic 

medication and AMPK activator, is capable of accelerating the resolution of lung 

fibrosis in mice, in part by promoting collagen turnover (132). These studies indicate 

that age-associated decline in autophagy may be a therapeutic target to maintain 

proteostasis in the aging lung (73). Metformin was also found to ameliorate lung 

fibrosis in mice through beneficial effects on mitochondria, highlighting the 

pathogenetic role of mitochondria in pulmonary fibrosis (133). 
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1.6 Lung Macrophages 

Macrophages are innate immune cells present in most tissues. Lung macrophages 

are a fluctuating and diverse population with a central role in inflammation, host 

defense, and tissue homeostasis (134). It is well documented that macrophages 

within the lung orchestrate the downstream progression and maintenance of fibrosis 

(135, 136). They participate into all stages of the fibrotic process, since they serve as 

key regulators of fibroblast recruitment, proliferation, and activation. Certain 

macrophage populations facilitate the resolution and/or reversal of fibrosis and 

other clearly promote tissue fibrogenesis (137, 138).  The cytokines expressed in lung 

microenvironment, the signaling pathways activated, and several transcription 

factors induce the macrophage activation phenotypes, until recently described as 

M1 (classical activation, proinflammatory phenotype) and M2 (alternative activation, 

anti-inflammatory/profibrotic) (139, 140), although it is rather considered that these 

two phenotypes represent two ends of a spectrum of macrophage activation status 

(141). 

Pulmonary macrophage populations divide into alveolar macrophages (AMs), 

strategically positioned in the airways, and interstitial macrophages (IMs), located 

within the lung parenchymal tissue. A growing body of evidence supports a role for 

both AMs and IMs in the pathogenesis of pulmonary fibrosis. Alveolar macrophages 

also differ from the pulmonary interstitial macrophages in origin and lifespan. AMs 

colonize the lung within the first few days of life and display remarkable self-renewal 

properties. Indeed, instead of being replenished from circulating monocytes, as the 

prevailing dogma held, the predominant mechanism for macrophage renewal under 

homeostatic conditions is by expansion in situ (136). Interestingly, using flow 

cytometry analysis of murine and human lungs, it was depicted that monocyte-

derived AMs (Mo-AMs), rather than tissue resident AMs, were necessary for 

mediating bleomycin-induced lung fibrosis (142). Very recently, a study used single-

cell RNA sequencing (scRNA-seq) to provide a detailed map of cell populations and 

associated gene expression in normal and IPF lungs (143). The authors claimed the 

presence of three discrete macrophage subsets although further studies should be 
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performed to confirm and analyze the proposed tissue-resident macrophage 

proliferation in IPF lungs (143).   

A substantial expansion of macrophages in distal lung tissue is observed in IPF and a 

profibrotic macrophage population that appears in the lung during the development 

of fibrosis is currently under investigation (142, 144).  ROS production is required for 

the alternative activation of macrophages and can be attenuated by ROS inhibitors 

including N-acetyl-cysteine (145). Interestingly, generation of mtROS from alveolar 

macrophages has been causatively related to the development of asbestos-induced 

pulmonary fibrosis (146).  Concerning IPF pathogenesis, the role of AMs has been 

described not only by the generation of ROS, but also by the production of TGFβ 

(147, 148).  It has been shown that the depletion of macrophages in the lung results 

in a reduction in lung collagen deposition, with a corresponding attenuation in BAL 

inflammation, in TGFβ1 transgenic mouse model (149, 150). Moreover, Nie and 

colleagues recently showed that AKT2 enhances pulmonary fibrosis in animal models 

by modulating macrophage activation (151) .  

Additional evidence supports a crucial role of macrophages in IPF development. 

Fibroblast activation in pulmonary fibrosis can be enhanced by the expression and 

release of S100A4 by macrophages (152). Matrix metalloproteinase 28 (MMP 28) 

showed to promote the profibrotic phenotype of lung macrophages resulting in 

enhancement of fibrosis (153). Furthermore, there is evidence that shows a potent 

role of macrophages in epithelial to mesenchymal transition of A549 epithelial cell 

line (154). Thus, the crosstalk between macrophages, fibroblasts and epithelial cells 

is important for the pathogenetic mechanisms in the lung environment.  

Highlighting the role of immune cells, a recent study examined the susceptibility of 

older patients to bacterial lung infections and evaluated new therapeutic approaches 

to modulate innate immunity. The authors claimed that pirfenidone-treated aged 

macrophages improved mitochondrial function and decreased cellular oxidative 

stress (155). The other antifibrotic drug, Nintedanib, was also recently found to have 

anti-inflammatory effects on human macrophages mainly by inhibiting the 

macrophage colony-stimulating factor 1 (CSF1) in vitro (156) . Moreover, another 
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novel therapeutic option, the purified serum amyloid P, also known as pentraxin 2, is 

an inhibitor of monocyte differentiation into proinflammatory macrophages and 

profibrotic fibrocytes. Interestingly, plasma pentraxin 2 concentrations are reduced 

in IPF patients, also correlated with disease severity (134). Thus, the recombinant 

human pentraxin 2 protein, has been found effective in IPF patients recently after 

the published results of a placebo-controlled phase 2 trial (157). These data shed 

light on the important role of immune cells in disease pathogenesis and provide new 

therapeutic pathways. 

1.7 Aim of the study 

Although the current hypothesis on IPF pathogenesis emphasizes the role of alveolar 

epithelial cells, recent studies re-establish the significant role of immune cells in IPF 

(134, 150). Macrophages represent the major cell component of the alveolar space 

and since they are included in the immune cellular population of the lung, they are 

key cells for the removal of pathogens and debris. Increased evidence as previously 

described has emphasized the role of AMs in IPF development (136, 142, 158).  

Mitochondrial dysfunction seems to be associated with the induction of fibrosis (72, 

91, 113, 122, 159) and recent evidence suggests that defective autophagy of 

mitochondria, mitophagy, is related with aging, smoking and hypoxia (73, 114-116, 

160). Regarding the autophagy and mitophagy process in macrophages in fibrosis 

little is known. A study by Drakopanagiotakis and colleagues identified that alveolar 

macrophages of patients with IPF have a decreased apoptotic rate, which may 

enhance the progression of IPF (161). Recently, Larson-Casey and colleagues 

proposed a role of alveolar macrophages in pulmonary fibrosis pathogenesis through 

the elevated levels of p- Akt1 and the increased production of TGFβ1, and they also 

confirmed the apoptotic resistant phenotype of AMs (147). The authors claimed that 

increased autophagy and mitophagy in AMs was contributing to the apoptotic 

resistant phenotype of the cells. The authors mostly used animal models, while a 

small number of patients’ samples was used (147).  

Mitochondria homeostasis remains relatively uncharacterized in AMs from IPF 

patients. In this study we focused on IPF patients’ AMs isolated from BAL in IPF 
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patients. Bronchoalveolar lavage is a mildly invasive method, which allows the 

recovery of soluble and cellular components lining the alveolar epithelium. Alveolar 

macrophages constitute more than 70% of the cellular component in IPF which 

makes BALF ideal for their study. In order to characterize mitochondria state we 

evaluated mitochondrial ROS levels, mitochondrial morphology, and autophagy 

levels in AMs and we further examined possible implications with disease severity 

parameters.  
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2. MATERIALS AND METHODS 

 

2.1 Human Subjects 

 

Seventy one (71) patients were prospectively enrolled in the Department of Thoracic 

Medicine, University Hospital of Heraklion, Crete, Greece from 2014 to 2018. Fifty 

two (52) patients with IPF and nineteen (19) healthy controls underwent 

bronchoscopy and Bronchoalveolar Lavage Fluid (BAL) was obtained. 

IPF group: The diagnosis of IPF was based on ATS/ERS criteria or on multidisciplinary 

discussion (3, 162). Bronchoscopy was performed in treatment naive IPF patients as 

a part of the diagnostic approach.  

All patients were evaluated within one month from bronchoscopy, with complete 

pulmonary function tests (PFTs). Lung volumes (forced expiratory volume in one 

second – FEV1, forced vital capacity – FVC), using the helium-dilution technique and 

diffusion capacity (DLco, corrected for haemoglobin) using the single breath 

technique. The computerized system (Jaeger 2.12; MasterLab, Würzburg, Germany) 

was used and predicted values were obtained from the standardized lung function 

testing of the European Coal and Steel Community, Luxembourg (1993).  

Control group: Control subjects were patients undergoing bronchoscopy for the 

investigation of haemoptysis and BAL sampling was performed at least six weeks 

following hospitalization. No signs of infection, ILD abnormalities or putative 

malignant lesions in the CT scans were observed. Furthermore, during bronchoscopy, 

no malignant lesions in the airways were observed, or abnormal mucus secretion 

was noted. BAL cellularity and differential BAL cell count were within the normal 

range. Additionally, BAL samples testing positive for bacteria growth were 

excluded.Since controls were healthy subjects no PFTs were performed. 

Patients were classified as non-smokers, current smokers or former smokers 

(defined as having smoked a minimum of one cigarette a day for a minimum of 1 

year, stopping at least 6 months before presentation). 

Demographic data, pulmonary function tests, and BAL differential cell count are 

summarised in Table 1. 
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Table 1. Clinicopathological characteristics of all subjects included in the study. Values are 
expressed as median with range. 

 

2.2 BAL cell isolation and determination of cellular composition  

 

Bronchoalveolar Lavage (BAL) was obtained as previously reported (163). In brief, 

BAL was obtained from all patients at room temperature. A flexible bronchoscope 

was wedged into a sub-segmental bronchus of a predetermined region of interest 

Characteristics Normal IPF 

Number 19 52 

Gender (Male/Female) 10/9 39/13 

Packyears 30(0-100) 26(0-150) 

Non smokers 1 18 

Former smokers 3 27 

Current smokers 15 7 

Age (years) 62(40-74) 74(56-84) 

Macrophages 91(74-99) 87.25(49-97) 

Lymphocytes 5(0.5-25) 5.37(0.25-45) 

Neutrophils 1(0-8.8) 4.75(0.25-45) 

Eosinophils 0(0-1.25) 1(0-7) 

FVC  85±20 

FEV1  93±18 

FEV1/FVC  85.5±5.8 

TLC  76±14 

DLco  57±19.5 

Kco  87±20 
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based on radiographical findings. A BAL technique was performed by instilling a total 

of 180 ml of normal saline in 60-mL aliquots, each retrieved by low suction. 

The BAL samples were subsequently kept on ice and were processed within 2 hours 

of collection. Samples were filtered through sterile 70nm cell strainers (BD) and 

centrifuged at 1500rpm for 5 minutes at 4οC. Cell pellets were washed and re-

suspended with cold PBS. Total cell count and cell viability were subsequently 

assessed using Trypan blue (ICN). Differential cell population count was analysed 

following May-Grunewald-Giemsa staining as previously described (164). 

 

2.3 BAL cell isolation and AM culture 

 

In order to study alveolar macrophages, by immune fluorescence or western blot, we 

enriched their population by pre-culture on glass slides or plastic dishes respectively, 

followed by washing of non-adherent cells such as lymphocytes, eosinophils and 

neutrophils, minor components of the BAL cell population. The remaining attached 

cell population comprises of macrophages and monocytes from the alveolar space. 

0.5 millionfreshly isolated BAL cells were cultured in 24 well plates in DMEM 

(Biosera) growth media supplemented with 2% FCS (Biosera) and penicillin-

streptomycin in a humidified incubator at 37oC containing 5% CO2 for 1hr, with 

subsequent washes to remove non-adherent cells, allowing enrichment for Alveolar 

macrophages/monocytes.  

 

2.4 BAL cell surface marker expression analysis 

 

0.5 million freshly isolated BAL cells were resuspended in PBS, 2% FCS and 2mM 

EDTA buffer and labelled with pan-leucocyte marker CD45-FITC (#IQP-124F, 

IQProducts), macrophage/DC marker CD11c-PE-Cy5 (#301610, Biolegend), or CD45-

FITC, monocyte marker CD14-PE-Cy5 (#A07765, IOTest, Beckman Coulter). CD163-

PE-Cy7 (#333614, Biolegend) and appropriate Isotype controls. Data were acquired 

with Beckman Coulter flow cytometer and analyzed with FlowJo 8.7 (Treestar, 

Ashland, OR). 
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2.5 Mitochondrial ROS measurement 

 

Mitochondrial ROS was measured by MitoSOXTMRed (Invitrogen) staining. 

MitoSOXTMred is targeted to mitochondria in live cells and is readily oxidized by 

superoxide reactive oxygen species.  Initially, the staining of oxidized mitochondria 

with MitoSOX following treatment with hydrogen peroxide (H2O2) was assessed. 

A549 cells, a non-small cell lung cancer (NSCLC)-derived human alveolar epithelial 

cell line, were treated with 1000μM H2O2 and the characteristic staining for the 

mitochondrial network in the cytoplasm was observed which was further enhanced 

upon H202 treatment and mitochondria oxidation (11a). Secondly, flow cytometry 

analysis of MitoSOX staining was tested on of THP1 human monocytes. THP1 cells 

showed a strong fluorescent MitoSOXsignal (Fig.11b) which was greatly enhanced 

following 1000μM H2O2 treatment. Necrotic and apoptotic cells were expected to 

contain oxidized mitochondria and since H2O2 treatment is known to induce 

apoptosis, thus Propidium Iodide (PI) staining was analysed in parallel which allowed 

for the exclusion of the MitoSOX positive necrotic/apoptotic population from the 

analysis of the alive MitoSOX positive cells (Fig.11b). A high proportion of MitoSOX 

positive cells upon H2O2 treatment was present despite the exclusion of the PI 

positive cell population (Fig.11b) and the same PI positive population exclusion 

strategy was used subsequently in human BAL cells. 

0.5 million freshly isolated BAL cells were cells were resuspended in RPMI-1640 

supplemented with 2% FCS were stained with MitoSOX Red at a final concentration 

of 5 μM and CD45-FITC for 10 minutes at 37oC. For FL-2, MitoSOX staining 

quantification, alveolar macrophages populations were selected according to high 

side scatter SSChigh and CD45+ (Fig.11c and d). Propidium Iodide (PI) was added to 

cells not previously stained with MitoSOX at a final concentration of 1ng/ml, for 5 

minutes immediately before flow cytometry analysis, for the detection of 

necrotic/apoptotic cells. A CD45-FITC stained control for each patient sample served 

as the unstained control sample for subsequent quantifications. PI staining allowed 

the exclusion of apoptotic/necrotic cells. Despite the PI exclusion gating strategy, a 

small percentage of Propidium Iodide (PI) positive cells was still among the MitoSOX 
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positive analysed population and it was subtracted from the MitoSOX positive cell 

percentage during quantifications.  

The percentage of MitoSOX positive cells was determined by the percent of cells 

showing FL-2 fluorescence higher than the unstained control, followed by 

subtraction of the FL-2 PI positive percentage of cells. Relative mean fluorescence 

intensity (MFI) was calculated by normalizing the MFI of the FL-2 channel/MitoSOX 

positive cells by the MFI of the FL-2 channel of the unstained cells since patient 

samples displayed wide ranges of autofluorescence. Data were acquired with 

Beckman Coulter flow cytometer and analyzed with FlowJo 8.7 (Treestar, Ashland, 

OR). 

 
 

 

A 

B 
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Figure 11. A: A549 cells treated with 1000μM H2O2 were stained with 5μm MitoSOXTMred 
and examined using confocal microscopy. The characteristic mitochondrial network/web 
staining in the cytoplasm was observed, was significantly enhanced upon H202 treatment. B: 
PMA treated THP1 cells were stained with 5μm MitoSOXTMred or Propidium Iodide and 
analysed by flow cytometry. The non-treated PI negative cell population stained positive 
with MitoSOX while treatment with 1000μM H2O2  resulted in stronger MitoSOX staining 
(pale pink histograms). Following H2O2  treatment the PI positive population showed the 
highest MitoSOX staining (dark red histogram). C: Representative example of BAL sample 
stained with CD45-FITC/CD11c-PC5 or CD45-FITC/CD14-PC. The CD45+FShighSShigh population 
in panel (i) comprises of CD11c positive cells (panel ii) and a lower percentage of CD14 
positive cells (iii). The CD45+FShighSShigh population of alveolar macrophages/monocyte 
derived phagocytes, was used for MitoSOXTMred analyses.  D: Representative examples of 
control and IPF BAL MitoSOX analyses. 
 

 

2.6 RNA extraction and mRNA expression 

 

1-1.5 million cells were centrifuged and cell pellets were homogenised in 

TriReagentTM(MBL) for total RNA, followed by storage at -80οC.  Total RNA extraction 

and cDNA synthesis were performed as previously described (164). Probe and primer 

sequences are summarized in Table 2. GAPDH levels were used as endogenous 

control for the normalization of mRNA expression levels in BAL samples. Gene 
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expression analysis was performed following incorporation of relative expression 

values in average (duplicates) normalized by GAPDH. Relative expression values for 

the patient cohort were calculated by 2-ΔΔCt method, where ΔΔCt =(sample Ct GOI-

sample Ct GAPDH)-(Calibrator Ct GOI- Calibrator Ct GAPDH), GOI= gene of interest, 

calibrator= mean of all Cts. 

 

2.7 mtDNA/ gDNA ratio determination 

 

Total DNA isolation from 104-105 BAL cells was performed using NucleoSpin Tissue 

(Macherey-Nagel) according to the manufacturers protocol. To quantify the 

mtDNA/gDNA ratio, qPCR was used to quantify the mitochondria DNA encoded 

genes ND1 and ND5 and the haemoglobin B1 gene. Primer sequences are included in 

Table2. Relative amounts of mitochondria DNA to HGB1 genomic sequence was 

calculated according to 2-ΔΔCt method, where ΔΔCt =(sample Ct GOI-sample Ct 

HGB1)-(Calibrator Ct GOI- Calibrator Ct HGB1), GOI= gene of interest ie ND1 or ND5, 

calibrator= mean of all Cts.  

 

2.8 Western blot analysis 

 

1-1.5 million cells were centrifuged and cell pellets were homogenised in RIPA buffer 

(Invitrogen) containing protease and phosphatase inhibitors, Pierce), followed by 

storage at -80οC.  40-60 μg Total protein lysates of BAL samples were separated in 

12% SDS-PAGE, transferred to 0.45nm nitrocellulose membrane (Biorad), followed 

by detection of PINK1[anti-PINK1, mouse monoclonal antibody, (Novus Biologicals)], 

TOMM20 [anti-TOMM20, rabbit polyclonal (Abnova)], p62 [anti-p62 mouse 

monoclonal antibody (MBL)], LC3 [anti-LC3 mouse monoclonal antibody (Abgent)] 

and b-actin [anti-b-actin mouse monoclonal antibody (Sigma)]. Appropriate anti-

mouse HRP conjugated secondary antibody (Chemicon) was used and 

immunodetection was performed with enhanced chemiluminescence reagent 

LuminataTM (Millipore). Bands were visualised with the ChemiDocXRS+ system 

(Biorad) and densitometry analyses were performed using Image Lab TM software 

(Biorad). 
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2.9 Immunofluorescence 

 

Permeabilisation buffer (0.5%FBS, 0.2%Triton in TBS) was added for 10 minutes 

followed by blocking buffer (0.5%FBS, 0.1%Triton, 2mg/ml BSA in TBS) for 10 

minutes at room temperature. Primary antibody incubations were carried out for 60 

minutes at room temperature followed by washing with TBS. Secondary antibody 

incubations were performed for 30 minutes followed by washing with TBS. ToPro or 

DAPI  was added for nuclear staining. Finally, TrueBlack (Biotium) was added for 30 

seconds so as to eliminate autofluorescence signal due to intracellular lipofuscin 

granules. Images were taken by Leica confocal microscope. Mean intensity of protein 

levels/cell was performed with ImageJ v2.0.0-rc-69/1.52i. Colocalization of 

mitochondria with autophagosomes or lysosomes was analysed by coloc2 plugin of 

Image J software. 

 

2.10 Lysosome inhibition for autophagy and mitophagy flux measurements 

 

BAL cells were plated on glass slides or plastic dishes for 1hr as described above. 

Following removal of non-adherent cells, AMs were treated with 0.1mM 

chloroquine, for 30 minutes and fixed with 4% formaldehyde for 20 minutes 

followed by washing with PBS for immunofluorescence analysis or lysed in RIPA 

buffer for western blot analyses. 

 

2.11 Statistical analysis 

 

Data were analyzed using Prism 5 (Graph Pad) software and comparisons were made 

by t test, Mann-Whitney test, or chi-square test, as appropriate. Spearman’s 

correlation coefficient (r) analysis measured the association between two variables. 

A p value less than 0.05 was considered statistically significant (*p<0.05, **p<0.01, 

***p<0.001). 
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Table 2. The sequences of primers used for qPCR.  

Genename Primersequences 

PINK1 F:ggagtatggagcagtcacttacag 

 R:ggcagcacatcagggtagtc 

PARK2 F:cacctacccagtgaccatga 

 R:cgacctccactgggaaac 

NRF1 F: ccatctggtggcctgaag 

 R: gtagtgcctgggtccatga 

p62 F:agctgccttgtacccacatc 

 R:cagagaagcccatggacag 

BECLIN 1 F:tcaccatccaggaactcaca 

 R:tggctcctctcctgagttagtc 

HGB1 F: gcttctgacacaactgtgttcactagc 

 R: caccaacttcatccacgttcacc 

GAPDH F:agccacatcgctcagacac 

 R:gcccaatacgaccaaatcc 

Mitochondria encoded genes   

- For MT-DNA quantification  

MT-ND1 (MRC complex I) F: aacctctccacccttatcacaa 

 R: tcatattatggccaagggtca 

MT-ND5 F: tcttctcaccctaacaggtcaac 

 R: agggtggggttattttcgtt 

- For mt-mRNA quantification  

12s rRNA/MT-RNR1 F: tagaggagcctgttctgtaatcgat 

 R: cgacccttaagtttcataagggcta 

MT-ND1(MRC complex I) F: ccacctctagcctagccgttta 

 R: gggtcatgatggcaggagtaat 

MT-ATP6 (MRC complex V) F: tagccatacacaacactaaaggacga 

 R: gggcatttttaatcttagagcgaaa 

 

PINK1 PTEN-induced kinase 1, PARK2 parkin E3 ubiquitin ligase , NRF1 nuclear respiratory 

factor 1, p62 selective autophagy receptorp62/sequestosome1 SQSTM1, BECN1Beclin-

1coiled-coil myosin-like BCL2-interacting protein, HGB1 haemoglobin 1 gene, GAPDH 
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glyceraldehyde-3-phosphate dehydrogenase ,MT mitochondrial, rRNA ribosomal RNA, MT-

ND1 mitochondrial encoded NADH dehydrogenase 1, MT-ND5 mitochondrial encoded NADH 

dehydrogenase 5, MT-ATP6 ATP synthase 6, MRC mitochondria respiratory chain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



52 
 

3. RESULTS 

 

3.1 PINK1 and PARK2 expression is reduced in IPF BAL cells. 

 

The downregulation of both PINK1 and PARK2, two key molecules in mitochondrial 

homeostasis has been reported in IPF (113, 127). Analysis of total PINK1protein 

levels in whole BAL cells showed a significant decrease of PINK1 in IPF (Fig.12a and 

b). Fluorescence intensity quantification of immune-stained BAL AM cultures also 

showed lower levels of PINK1 in IPF (Fig.12c-e). Consistently with protein levels, 

PINK1 mRNA in total BAL cell lysates were significantly lower in IPF (Fig.12f). 

Additionally, PARK2 mRNA was also significantly lower in IPF (Fig.12g) and positively 

correlated with PINK1 mRNA levels (p<0.001, r=0.5).  
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Figure 12: PINK1 expression is reduced in IPF AMs. 
(a) Representative Western blot and (b) protein levels of PINK1 relative to actin in total BAL 
cell lysates from IPF and control subjects (patients’ characteristics Table 3). (c) Immune 
staining of PINK1 in alveolar macrophages/monocytes and PINK1 mean fluorescence/cellper 
patient (d) and group (e).  (f) PINK1 and (g) Parkin relative mRNA expression in BALF cells 
from IPF and control subjects normalized to GAPDH (patients’ characteristics Table 4). (Data 
represented as median with interquartile range, *p<0.05, **p<0.01, Mann-Whitney test.) 
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3.2 Increased levels of mtROS in IPF alveolar macrophages. 

 

The levels of mtROS were measured in fresh, BAL AMs (CD45+FShighSShighcells) by flow 

cytometry using MitoSOXTMred superoxide indicator (Fig.13a). The CD45+FShighSShigh 

population consisted of CD11c+ and/or CD14+ macrophages as determined in parallel 

(Fig.14a). An increase in mtROS levels was demonstrated in IPF AMs, as shown by 

higher mean fluorescence intensity (MFI) (Fig.13b) and percentage of positive cells 

(Fig.13c). In parallel, analysis of cell viability, using propidium iodide (PI) staining 

(Fig.13d), revealed no difference between IPF and control groups, suggesting that 

the elevated mtROS in IPF were not due to an increase of apoptotic/necrotic cells. 

Importantly, mtROS at the time of diagnosis showed a mild correlation with 

Composite Physiologic Index (CPI) (p=0.04, spearman r=0.33) (Fig.13e), lower 

diffusion capacity for carbon monoxide (DLco%) (p=0.03, spearman r=-0.35) (Fig.13f) 

and total lung capacity (TLC%) (p=0.03, spearman r=-0.35) (Fig.13g) .Furthermore, 

the levels of mtROS significantly correlated with patients’ age (r= 0.37, p=0.01) 

(Fig.13h) and not smoking habits. 

 
3.3 CD163 expression is upregulated IPF AMs. 

MtROS is required for alternative activation of macrophages. We therefore 

examined the surface expression of scavenger receptor CD163, a frequently used 

marker of alternatively activated macrophages (165) by flow cytometry in the 

CD45+FShighSShighCD11c+AM population of the BAL cells. CD163 expression was 

significantly higher in IPF relative to controls (Fig. 14a and b). However, no 

correlation between CD163 and the levels of mtROS in the IPF cohort (r mtROS-

MFI=-0.11, r mtROS-%=-0.27,  pNS) was observed. TGFb mRNA expression was not 

higher in IPF BAL cells (Fig. 14c), in contrast to Collagen1a levels (Fig.14d) as 

previously described (164).  
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Figure 13: mtROS increases in IPF AMs. 
(a) Representative histograms of freshly isolated BALF cells from normal and IPF subjects 
labelled with CD45-FITC and either MitoSOX Red or Propidium Iodide were analysed by flow 
cytometry. Alveolar macrophages/monocytes were selected and percentage of MitoSOX 
positive cells and mean fluorescence intensities (red outlined histograms) were analysed 
relative to CD45-FITC labelled populations (grey histograms). (b and c) Median and 
interquartile range of mean fluorescence intensities (MFI) and percentages of MitoSOX RED 
positive macrophages from Control and IPF patients (patients’ characteristics Table 5). (d) 
Median and interquartile range of percentages of Propidium Iodide positive macrophages of 
matched IPF and normal samples. (e-h) Correlations of mean fluorescence intensities (MFI) 
of MitoSOX RED positive macrophages from IPF patients with CPI, DLco%, TLC% and age. 
(Data represented as median with interquartile range *p<0.05, ***=p<0.001, Mann-Whitney 
test, r= Spearman’s correlation coefficient). 
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Figure 14: CD163 expression is upregulated IPF AMs. 

 (a) Representative examples of (i) control, and (ii) IPF BAL samples stained with 
CD45/CD11c/CD163. CD163 levels were measured in the CD45+FShighSShighCD11c. (b) 
Percentages of CD163+CD11+ cells in BAL samples from controls and IPF (patients 
characteristics Table 6). (c) TGF and (d) Collagen1a1 relative mRNA expression in BALF cells 
from IPF and control subjects normalized to GAPDH (patients characteristics Table 4). (Data 
represented as median with interquartile range ***=p<0.001, Mann-Whitney test). 
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3.4 Mitochondria encoded OXPHOS related gene expression is lower in IPF BAL 

cells. 

Persistently elevated levels of mtROS observed during ageing and chronic lung 

diseases such as IPF may drive mitochondria damage and impair their function. Since 

alternatively activated macrophages rely on OXPHOS for ATP production, we 

analyzed the transcription of mt-encoded gene members of OXPHOS in particular. 

Transcription of MRC complex I and V members, NADH dehydrogenase subunit 1 

(ND1) and ATP synthase 6 (ATP6) respectively, was significantly lower in IPF BAL cells 

(Fig. 15a and b). Furthermore, the mt-encoded 12s ribosomal RNA required for the 

intra-mitochondrial translation was also significantly decreased in IPF (Fig. 15c). 

Additionally, the expression of nuclear respiratory factor 1(NRF1), that activates the 

expression of mitochondrial transcription factor A (TFAM) and in turn mt-OXPHOS 

gene expression, was also significantly lower in IPF BAL cells (Fig. 15d). Importantly, 

the levels of mtROS were associated with a reduction of MRC transcription of both 

complex I (ND1 r=-0.37, p= 0.03) and complex V (ATP6 r=-0.4, p=0.01).  

 

3.5 Accumulation of dysmorphic mitochondria in IPF AMs. 

Mitochondria morphology in IPF AMs was evaluated using transmission electron 

microscopy (TEM). Ultrastructural qualitative analysis revealed that mitochondria in 

IPF were dysmorphic and contained disorganized cristae (Fig. 16a). Quantitative 

morphometry in a subset of samples showed a significant increase in the frequency 

of swollen mitochondria with higher median diameter size ascompared to controls 

(Fig. 16b and c). In parallel, in IPF, mitochondria were shorteras shown by their 

significantly decreased length (Fig. 16d and e). 
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Figure 15: Mitochondria encoded OXPHOS expression is lower in IPF BAL cells. 

(a) mt-ND1 (b) mt-ATP6, (c) 12srRNA and (d) NRF1 relative mRNA expression in BALF cells 
from IPF and control subjects normalized to GAPDH (patients’ characteristics Table 5). (Data 
represented as median with interquartile range, *p<0.05, **p<0.01, Mann-Whitney test.) 
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Figure 16: Dysmorphic mitochondria in IPF AMs 
(a) Representative TEM images (i: control, ii/iii/iv: IPF) of alveolar macrophages showing 
swollen and dysmorphic mitochondria in IPF patients (*) as well as vesicle associated 
mitochondria (➤) Scale bars=1μm. Frequency and medians of mitochondria diameters (b-c) 
and mitochondria length (d-e) in control (n=2) and IPF (n=3) macrophages. 
 

 

3.6 Mitochondria mass was not altered in IPF AMs. 

Previous studies suggested that mitochondria mass increases in IPF lungs (92, 113). 

We therefore determined the levels of mtDNA and mitochondria protein marker, 

Translocase Of Outer Mitochondrial Membrane20 (TOMM20). The mitochondria 

encoded genes, ND1 and ND5, relative to the hemoglobin 1 (HGB1) genomic locus 

were analyzed by qPCR in whole BAL cell lysates. No differences between controls 

and IPF patients (Fig.17a and b), or mtDNA correlation with mtROS were observed. 

Additionally, TOMM20 levels, measured either by western blot in whole BAL cell 

lysates or immune fluorescence in AMs, were similar between the two groups 

(Fig.17c-g).  
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Figure 17: Mitochondria mass measurements. 
Mitochondrial DNA content assessed by mtDNA/gDNA ratio measuring both ND1 (A) and 
ND5(B) relative to HGB1 in BAL cells. No statistical difference between control (n=10) and IPF 
(n=18). Representative western blot (C) and densitometry analysis (D) of mitochondria 
protein TOMM20 showing no statistical difference between control (n=5) and IPF (n=11). 
TOMM20 mean fluorescence intensity/cell measured from images acquired by confocal 
microscopy, per patient (E) and group (F). Non significant differences are highlighted by 
doted lines, all other comparisons showed statistically significant differences according to 
Kruskal Wallis test with Dunn’s test for multiple comparisons. (G) Representative image of 
TOMM20 staining of alveolar macrophages from IPF patient (p1). With the exception of (E) 
all for all other comparisons Mann-Whitney test was used, data are represented as median 
with interquartile ranges. 
 

 

3.7 LC3B II and autophagy levels in IPF alveolar macrophages. 

In view of the accumulation of oxidized and dysmorphic mitochondria in AMs we 

subsequently examined commonly used markers of autophagy and mitophagy. 

Initially, we assessed endogenous basal expression of autophagy markers; 

microtubule-associated protein light chain 3B (LC3B), forms I and II, and the selective 

autophagy receptorp62/sequestosome1 (SQSTM1) protein in BAL cells. Western Blot 

analysis from IPF and control groups showed no significant differences in the 

cytosolic form of LC3B (LC3B I), the lipidated form present mostly on 

autophagosomes (LC3B II), the LC3B II/I ratio or the p62 protein (1Fig. 8a-e and Fig. 
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19a-b). mRNA levels of p62 and Beclin 1 were also measured and no significant 

differences were ob1served (Fig.19c-d).  

Autophagy flux was measured following treatment with chloroquine, a lysosomal 

acidification inhibitor that enables the estimation of the turnover of proteins 

participating in the degradation of autophagy cargo. Similarly to the basal levels, we 

did not observe significant differences in the accumulation of autophagy markers 

LC3B II and p62 in IPF relative to controls (Fig. 18f-h). LC3B levels were also analysed 

in AM cultures, following chloroquine treatment. In agreement with the western blot 

analysis, in addition to LC3B I, LC3B II puncta were readily observed in control and 

IPF AMs, in untreated and following chloroquine treatment (Fig. 19e). 
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Figure 18: Autophagy markers in IPF AMs. 
Protein levels of LC3B I (a), LC3B II (b) LC3BII/I (c), p62 (d) relative to actin in total BAL cell 
lysates from IPF and control subjects. (e) Corresponding Western blot. Protein levels of p62 
(f) and LC3B II (g) in BAL cells treated with Chloroquine (CQ) for 1 hour relative to untreated 
(NT) from IPF and control. (h) Representative Western Blots of control and IPF samples. For 
all comparisons Mann-Whitney test was used, data are represented as median with 
interquartile ranges. 
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Figure 19: Autophagy markers similar between IPF and controls.  

A, B : (i) LC3b I, (ii)II and (iii) LC3bII/I densitometry analyses from western blots performed on 
2 independent IPF/control cohorts, C and D : relative mRNA expression of p62 and Beclin1. 
E. Representative images of LC3b immunostained alveolar macrophages from IPF and 
control samples treated with CQ or left untreated. All graphs represent median and 
interquartile ranges, no significant differences observed according to Mann-Whitney test. 

 

3.8 LC3B/PINK1 dependent mitophagy levels were similar in IPF and controls. 

 

As an indication of mitophagy induction and mitochondria degradation rate,PINK1 

and TOMM20turnover was measured following lysosome inhibition. PINK1 levels did 

not show any increase following chloroquine treatment (Fig.20a and c) while 

TOMM20 accumulation varied among IPF patients and overall increased significantly 

(Fig.20b and c). In AMs significant variation in TOMM20 accumulation following 
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lysosome inhibition was observed while, overall no significant increase was observed 

among the two groups (Fig. 20 d-e). 

Additionally, the colocalization of TOMM20 with LC3B II puncta in AMs, by 

immunofluorescence and confocal microscopy was analyzed, as a more direct 

assessment of mitophagy. TOMM20 and LC3B II colocalization was not more 

prominent in IPF than controls following chloroquine treatment. This was confirmed 

by the lack of significant differences in the colocalization coefficients’ analysis that 

included Pearson coefficient of colocalization, Costes’s threshold corrected Pearson 

coefficient of colocalization and M1 and M2 Menders colocalization values (Fig. 20f). 
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Figure 20: LC3B/PINK1 dependent mitophagy levels in IPF AMs. 
Protein levels of PINK1 (a) and TOMM20 (b) in BAL cells treated with Chloroquine (CQ) for 1 
hour relative to untreated (NT) from IPF and control. (c) Representative Western Blots of 
control and IPF samples. (d) and (e) TOMM20 mean fluorescence intensity/cell measured 
from images acquired by confocal microscopy, per patient and group respectively. (f) 
TOMM20-LC3B IIPearson coefficient of colocalization, Costes’s threshold corrected Pearson 
coefficient of colocalization and M1 and M2 Menders colocalization values comparisons of 
IPF and control groups following CQ treatment. For all comparisons Mann-Whitney test was 
used except for colocalizations where t-test was used. Data are represented as median with 
interquartile ranges. See supplementary methods for Western blot and immune 
fluorescence analyses. 
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Table 3. Clinicopathological characteristics of the subjects included in Fig.12b. Values are 

expressed as means±SD or medians with range. 

 

Characteristics Normal IPF 

Number 9 17 

Gender (Male/Female) 8/1 13/4 

Packyears 45.25(35.9) 30.71(22) 

Non smokers 0 4 

Former smokers 2 9 

Current smokers 7 4 

Age (years) 62.2±7.4 69.4±7 

 Macrophages 88.3±7 87.2±5.2 

Lymphocytes 7.8±8 5.2±2.3 

Neutrophils 3.1±3.7 5.6±4.6 

Eosinophils 0.6±0.8 2.2±2.2 

FVC  84.2±16.4 

FEV1  90.1±13.8 

FEV1/FVC  85.3±5.7 

TLC  78.4±13 

DLco  58.7±13.3 

Kco  91.3±21.1 



70 
 

Table 4. Clinicopathological characteristics of the subjects included in Fig.12 f and g, and Fig 

14 a-d. Values are expressed as means±SD or medians with range. 

 

 

Characteristics Normal IPF 

Number 14 42 

Gender (Male/Female) 7/7 30/12 

Packyears 40(2-100) 18.5(0-90) 

Non smokers 0 17 

Former smokers 3 20 

Current smokers 11 5 

Age (years) 61.6±7.4 73.1±6.8 

 Macrophages 90.7±3.9 81.2±12.2 

Lymphocytes 6.1±2.7 9.4±10.9 

Neutrophils 2.5±2.7 7.7±8.5 

Eosinophils 0.4±0.5 1.6±1.7 

FVC  85.7±21.2 

FEV1  93.6±18.9 

FEV1/FVC  85.9±5.9 

TLC  76.4±13.8 

DLco  57.8±18.4 

Kco  88.7±18.9 
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Table 5.Clinicopathological characteristics of the subjects included in Fig. 13 b-d and Fig.15. 

Values are expressed as means±SD or medians with range. 

 

Characteristics Normal IPF 

Number 15 43 

Gender (Male/Female) 9/6 32/11 

Packyears 40(15-100) 27(0-150) 

Non smokers 1 14 

Former smokers 2 26 

Current smokers 12 3 

Age (years) 61.7±7.7 73.2±7.1 

 Macrophages 90.7±6.4 81.9±12.2 

Lymphocytes 7.4±6.2 9.3±10.8 

Neutrophils 1.25±1.2 7.1±8.5 

Eosinophils 0.4±0.5 1.3±1.6 

FVC  84.9±21.8 

FEV1  92.6±19.4 

FEV1/FVC  85.4±5.6 

TLC  74.1±13.6 

DLco  55.7±17.7 

Kco  86.9±19.1 
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Table 6. Clinicopathological characteristics of the subjects included in Fig.14b. Values are 
expressed as means±SD or medians with range. 

 

 

Characteristics Normal IPF 

Number 9 24 

Gender (Male/Female) 4/5 19/5 

Packyears 40(10-100) 27(0-150) 

Non smokers 0 7 

Former smokers 1 16 

Current smokers 8 1 

Age (years) 63.3±6 72.7±7.9 

 Macrophages 91.6±3.7 81.6±11.5 

Lymphocytes 6.3±3.7 7.4±8 

Neutrophils 1.6±1.3 9±10.1 

Eosinophils 0.4±0.5 1.6±2 

FVC  80.1±15.8 

FEV1  89±14.7 

FEV1/FVC  86.2±5.4 

TLC  72.2±13.1 

DLco  52.8±19.7 

Kco  86.3±22.6 
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4. DISCUSSION 

 

Impaired mitochondria homeostasis and function are established hallmarks of aging 

and contribute to cell senescence, chronic inflammation and age-dependent decline 

in stem cell activity (166) while age associated changes have been linked to IPF 

pathogenesis (72, 167). Until recently, the mitochondria status in IPF AMs remained 

relatively uncharacterized, and the one study by Larson-Casey and colleagues 

proposed an apoptotic resistant phenotype as well as increased levels of autophagy 

and mitophagy in AMs although the authors mostly used animal models, while very 

few patients’ samples were evaluated (147).  Further studies are required to 

elucidate the phenotypic and functional characteristics of the AM population. 

 In this study, we used BAL, a tool for both clinical and research purposes (3, 168), 

and a rich source of AMs. We showed that mitochondria in AMs from IPF patients 

have prominent morphological defects and impaired transcription. We observed a 

significant reduction of mitochondria homeostasis regulators PINK1, PARK2and 

NRF1. Additionally, a significant increase in mtROS was associated with reduced 

expression of mitochondria-encoded OXPHOS genes. 

PINK1 plays a significant role in mitochondria homeostasis via mitophagy dependent 

and independent pathways (169). A decrease in PINK1 levels in type II AECs from IPF 

patients, IPF lung tissue, aging mice and mice challenged with bleomycin has been 

associated with the development of fibrosis (106, 113, 123, 126, 170). PINK1-

knockout results in increased mtROS production, mitochondria fragmentation/fission 

and activation of autophagy, prompting the clearance of oxidized mitochondria (123, 

171). We demonstrated a significant decrease in PINK1 levels, coupled to lower 

PARK2 transcription, in IPF AMs. Consistently, with decreased PINK1 and increased 

mtROS, morphological characteristics of mitochondria, including prominent 

association with vesicular structures, swollen, irregular shapes, shorter length, and 

disorganized cristae, suggestive of mitochondrial fission were also observed.  

The accumulation of oxidized mitochondria could be attributed to a dysregulation of 

mitochondria quality control mechanism that includes clearance of damaged 

mitochondria mainly via mitophagy (159). Autophagosome formation and LC3B 
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activation were previously shown reduced in IPF lungs and following TGF-β 

treatment (107), while fibroblast foci show elevated activation of mTOR, suggesting 

a downregulation of autophagy (112). However, a survival mechanism of pro-fibrotic 

AMs via increased LC3B-dependent mitophagy of PINK1 associated mitochondria has 

been previously demonstrated (147). In our study, the endogenous levels of LC3B II 

were quite prominent in several samples suggesting the presence of the lipid-

associated form of LC3B in AMs from both controls and IPF. We did not observe 

increased levels of LC3B II in IPF as previously shown (147), while autophagy flux was 

similar in the two groups. Furthermore, we assessed mitophagy levels by the degree 

of colocalization of LC3B puncta with mitochondrial protein TOMM20 and no 

significant differences were observed. Interestingly, we observed a significant 

increase in lysosomal degradation of TOMM20 in IPF cells. Conceivably, the 

increased levels of mitochondria degradation could be attributed to increased 

phagocytosis of cell free mitochondria accumulated in BAL (92). Alternatively, our 

results may reflect an imbalance in mitochondria biogenesis and degradation, since a 

recent study has shown that the biogenesis of mitochondria is also defective in IPF 

(126). Additionally, other mitochondria clearance mechanisms have been described 

such as mitochondria derived vesicles and spheroids that drive mitochondria 

lysosomal degradation independent of the classic autophagy pathway and may play 

a role in IPF (172). 

Furthermore, mtROS was significantly increased and associated with increased age 

and diminished lung function in IPF, suggesting a correlation with disease severity. 

Persistently increased mtROS, has been associated with mitochondria damage that 

could blunt macrophage activation and function. Indeed, increased basal levels of 

mtROS in Chronic Obstructive Pulmonary Disease (COPD) resulted in lower acute 

mtROS production upon bacterial infection leading to reduced apoptosis and 

bactericidal activity of AMs (173). Notably, the persistently increased mtROS in IPF 

AMs described in this study may explain previous observations showing that innate 

immune responses such as NLRP3 inflammasome activation and antiviral gene 

expression are altered in the BAL cells of IPF patients (174, 175).  

Immune cell functions including macrophage plasticity are largely shaped by 

mitochondria activity and cellular metabolism (88, 176). Activation of Toll-like 
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receptors, such as TLR4, leads to a switch from OXPHOS to glycolysis in immune cells, 

similar to that occurring in tumors (177) whereas macrophages activated with IL-4 

commit to OXPHOS and fatty acid oxidation (FAO) showing minimal metabolic 

adaptation when compared to homeostasis (176). Two populations of AMs exist in 

the injured lung, resident AMs, and recruited AMs that originate from circulating 

monocytes. Recruited AMs produce inflammatory cytokines in association with 

increased glycolytic and arginine metabolism whereas resident AMs proliferate 

locally and are characterized by increased tricarboxylic acid cycle and amino acid 

metabolism (178). Pro-fibrotic mouse AMs showed an increase in glycolysis and 

glycolytic enzyme transcription, but no dependence on FAO or OXPHOS (179). 

Importantly, reversal of macrophage phenotype by 2-deoxy-D-glucose, an inhibitor 

of glycolysis was shown to reduce fibrosis in the same study (179). To date, there are 

no reports of macrophage metabolic profiles from IPF patients. Interestingly, 

expression of MRC I and V mt-encoded OXPHOS genes was significantly reduced in 

IPF BAL cells. In addition, the NRF1 transcription factor that regulates mt-respiratory 

gene expression and mitochondria biogenesis (180) was significantly downregulated 

in IPF. Intriguingly, loss of PINK1 also results in decreased MRC complex 1 activity 

independently of mitophagy (181). Therefore, our results may suggest a decrease in 

mitochondria respiratory activity in IPF alveolar macrophages.                             

According to the previous paradigm of macrophage categorization into 

classical/proinflammatory, alternative/resolving and pro-repair/fibrotic population, 

alternatively activated macrophages were suggested to predominate in IPF as 

indicated by the increased surface expression of mannose receptor CD206 (182). In 

our study the levels of CD45+CD11c+CD163+ alternatively activated alveolar 

macrophages were significantly higher in IPF BAL. Recent studies propose that a 

diverse population of macrophages exists in IPF lungs with both pro-inflammatory 

and pro-fibrotic gene expression (142, 144, 183, 184).                                            

Interestingly, nintedanib and pirfenidone currently approved antifibrotic treatments 

appear to enhance autophagy, mitochondrial homeostasis and modulate 

macrophages (155, 156) . A novel therapeutic option, the purified serum amyloid P, 

also known as pentraxin 2, is an inhibitor of monocyte differentiation into 

proinflammatory macrophages and profibrotic fibrocytes (134) and the recombinant 



76 
 

human pentraxin 2 protein has been recently found effective in IPF patients (157). All 

these data highlight the role of macrophages identifying them as potential 

therapeutic targets. 

Conclusively, in this study we report that AMs in IPF accumulate oxidized and 

dysmorphic mitochondria, which correlated with clinical variables of the disease. 

Impaired mitochondria activity may provide a better understanding of AMs 

activation in IPF. Importantly, targeted antioxidant therapies may need re-evaluation 

in IPF with respect to macrophage functions.  
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