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“We live on an island surrounded by a sea of ignorance.  
As our island of knowledge grows, so does the shore of our ignorance” 

 
- John Archibald Wheeler 
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Περίληψη 

 

Το σύνδρομο αναπνευστικής δυσχέρειας (ARDS) ως αποτέλεσμα μηχανικού αερισμού, 

πνευμονικής λοίμωξης, εισρόφησης ή προωρότητας, αποτελεί την συχνότερη αιτία 

νοσηρότητας και θνητότητας στις μονάδες εντατικής θεραπείας ενηλίκων, παίδων και 

νεογνών. Αντίστοιχα, η πνευμονική υπέρταση πρωτοπαθής ή δευτεροπαθής σε 

προϋπάρχουσα διαταραχή, προκαλεί εξίσου σοβαρή νοσηρότητα, υποξαιμία, αναπνευστική 

και καρδιακή ανεπάρκεια. Καθώς οι μοριακοί και κυτταρικοί μηχανισμοί της βλάβης του 

πνεύμονα και της δημιουργίας πνευμονικής υπερτάσεως δεν είναι επαρκώς 

χαρακτηρισμένοι, η σε βάθος κατανόηση τους είναι απαραίτητη για το σχεδιασμό 

θεραπευτικών προσεγγίσεων. Η ενεργοποίηση της φυσικής ανοσίας και στις δύο 

καταστάσεις συγκαταλέγεται ανάμεσα στους πιθανούς παθογενετικούς μηχανισμούς. 

Με την χρήση μοντέλων μυών γενετικά τροποποιημένων σε γονίδια-κλειδιά για την 

φλεγμονή και την αγγειακή λειτουργία (Akt2 kinase deficient, lung specific inducible heme 

oxygenase HO-1 transgenic), στην παρούσα μελέτη διερευνούμε την φύση της 

φλεγμονώδους ανοσοαπάντησης και του φαινότυπου ενεργοποίησης των κυψελιδικών 

μακροφάγων που αναπτύσσεται πρώιμα σε ζωικά πρότυπα οξείας βλάβης πνεύμονα και 

πνευμονικής υπέρτασης και επιδιώκουμε να διασαφηνίσουμε τον πιθανά αιτιολογικό τους 

ρόλο στην ανάπτυξή τους. 

 

Για να διασαφηνίσουμε τον ρόλο της φυσικής ανοσίας και της ενεργοποίησης των 

μακροφάγων στην οξεία βλάβη πνεύμονα, προκαλέσαμε άσηπτη πνευμονική βλάβη κυρίως 

με εισρόφηση υδροχλωρικού οξέους σε ποντικούς φυσικού τύπου (WT) και σε Akt2-/- 

ποντικούς. H οξεία βλάβη πνεύμονα σε ποντικούς φυσικού τύπου οδήγησε σε μειωμένη 

πνευμονική ενδοτικότητα, εξοίδηση πρωτείνης και έκκριση κυτταροκινών στο 

βρογχοκυψελιδικό υγρό. Τα κυψελιδικά μακροφάγα απέκτησαν κλασσικό φαινότυπο 

ενεργοποίησης (M1). Η οξεία βλάβη πνεύμονα από υδροχλωρικό οξύ ήταν λιγότερο σοβαρή 

στα Akt2-/- ποντίκια συγκριτικά με τα WT ποντίκια. Τα κυψελιδικά μακροφάγα των Akt2-/- 

ποντικών ενέδειξαν εναλλακτικό φαινότυπο ενεργοποίησης (M2). Παρόλο όμως που η 

παρουσία M2 μακροφάγων σχετίστηκε με προστασία από την άσηπτη βλάβη πνεύμονα, 

οδήγησε σε αυξημένο μικροβιακό φορτίο στα Akt2-/- ποντίκια που μολύνθηκαν με 

ενδοτραχεική έγχυση Pseudomonas aeruginosa συγκριτικά με τα WT ποντίκια. 

Για να κατανοήσουμε την Μ1 ενεργοποίηση των μακροφάγων, μελετήσαμε το 

σηματοδοτικό μονοπάτι του υποδοχέα TLR στα μακροφάγα. Βρήκαμε ότι τα mRNA επίπεδα 

των σηματοδοτικών πρωτεινών TRAF6, IRF5 και STAT1 αυξήθηκαν στα κυψελιδικά 

μακροφάγα WT ποντικών μετά απο έκθεση σε υδροχλωρικό οξύ. Αντίθετα, τα Akt2-/- 

μακροφάγα είχαν χαμηλότερα επίπεδα TRAF6, IRF5, STAT1 και IRAK1 σε σύγκριση με τα 
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μακροφάγα φυσικού τύπου. Τα επίπεδα mRNAs των IRAK1, TRAF6, STAT1 και IRF5 είναι 

γνωστό ότι ρυθμίζονται από το αντι-φλεγμονώδες miRNA miR-146a. 

Πράγματι, το μικρο-RNA miR-146a, αυξήθηκε στην όψιμη φάση της πνευμονικής βλάβης 

στα ποντίκια φυσικού τύπου ενώ η επαγωγή του στα Akt2-/- ποντίκια παρατηρήθηκε 

νωρίτερα, στην οξεία φάση. Μάλιστα, η υπερέκφραση του miR-146a στα μακροφάγα 

φυσικού τύπου κατέστειλε την επαγωγή της επαγώμενης συνθάσης του νιτρικού οξειδίου 

(iNOS) από τον LPS και οδήγησε σε Μ2 ενεργοποίηση των μακροφάγων. Η καταστολή του 

miR-146a στα Akt2-/- μακροφάγα αποκατέστησε την έκφραση της iNOS. Επιπλέον, η 

χορήγηση εξωγενούς miR-146a ή η σίγαση του γονιδίου Akt2 σε ποντίκια φυσικού τύπου 

που είχαν εκτεθεί σε υδροχλωρικό οξύ οδήγησε σε καταστολή της iNOS στα κυψελιδικά 

μακροφάγα.  

Συμπεραίνοντας, η καταστολή του Akt2 και η επαγωγή του miR-146a προάγει την 

εναλλακτική ενεργοποίηση των μακροφάγων και προστατεύει από την οξεία πνευμονική 

βλάβη. Τροποποίηση του φαινότυπου των κυψελιδικών μακροφάγων μέσω των Akt2 και 

miR- 146a θα μπορούσε να εφαρμοστεί θεραπευτικά σε περιπτώσεις  μη – λοιμώδους 

ARDS. Όμως, μια τέτοια θεραπεία δεν θα ήταν ωφέλιμη σε περιπτωσεις λοιμώδους ARDS 

καθώς επηρεάζει την μικροβιοκτόνο δράση των μακροφάγων. 

 

Η πνευμονική αρτηριακή υπέρταση είναι μια σπάνια νόσος που χαρακτηρίζεται από 

αγγειοσυστολή και πάχυνση του αγγειακού τοιχώματος με τελικό αποτέλεσμα υπερτροφία 

και ανεπάρκεια της δεξιάς κοιλίας. Παρά την σημαντική πρόοδο σε αυτό το ερευνητικό 

πεδίο, οι μηχανισμοί που οδηγούν στην ανάπτυξη της νόσου παραμένουν ασαφείς.  Η 

φλεγμονή του πνευμονικού παρεγχύματος όλο και περισσότερο και εμπλέκεται στην 

ανάπτυξη πνευμονικής υπερτάσεως.  

Η ιστική υποξία, ένα ευρέως γνωστό ερέθισμα που προκαλεί πνευμονική υπέρταση, 

προάγει μια φλεγμονώδη ανοσοαπάντηση στον πνεύμονα  που προηγείται χρονικά της 

ανάπτυξης της υπερτάσεως. Η ιστοειδική, στους πνεύμονες, συστασιακή έκφραση της 

οξυγενάσης της αίμης (heme oxygenase-1, HO-1) μπορεί να καταστείλει τόσο την 

φλεγμονώδη απάντηση αλλά και μετέπειτα ανάπτυξη της νόσου. Στην παρούσα μελέτη, 

χρησιμοποιήσαμε ένα διαγονιδιακό μοντέλο ποντικού που υπερεκφράζει HO-1 στα 

επιθηλιακά κύτταρα του πνεύμονα υπό τον έλεγχο της δοξυκυκλίνης με επαγόμενο τρόπο 

(tetΟΝ σύστημα). Ελέγχοντας έτσι την δράση της ΗΟ-1 και κατ’ επέκταση της πνευμονικής 

φλεγμονής, στόχος μας ήταν να διασαφηνίσουμε την φύση της φλεγμονώδους 

ανοσοαπάντησης στην υποξία και τον ρόλο της στην ανάπτυξη της πνευμονικής υπέρτασης. 

Η έκθεση των ποντικών στην υποξία σύντομα οδήγησε στην συγκέντρωση 

μονοκυττάρων/μακροφάγων και στην παραγωγή κυτοκινών/ κυτταροκινών στο 

βρογχοκυψελιδικό έκπλυμα. Η υπερέκφραση της ΗΟ-1 κατέστειλε αυτην την φλεγμονώδη 

απάντηση. Τα κυψελιδικά μακροφάγα των υποξικών ποντικών εκδήλωσαν in vivo 
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φαινότυπο ενεργοποίησης τυπικό της εναλλακτικής οδού, με έκφραση των δεικτών Fizz1, 

Ym1 και arginase-1 ενώ απέτυχαν να εκφράσουν δείκτες κλασσικής ενεργοποίησης όπως 

την επαγόμενη συνθάση του νιτρικού οξειδίου (iNOS), παράγοντα νέκρωσης των όγκων 

(TNF-a) και ιντερλευκίνη-12 (IL-12p40).  

Για να επισημάνουμε το ρόλο της παραπάνω φλεγμονώδους απάντησης στην 

παθογένεση της νόσου, διακόψαμε την συνεχή χορήγηση δοξυκυκλίνης στα ζώα ώστε να 

επανέλθουν τα επίπεδα της ΗΟ στα φυσιολογικά. Η βραχεία – για 2 ημέρες – χορήγηση 

δοξυκυκλίνης (και επομένως βραχεία επαγωγή της ΗΟ-1) καθυστέρησε αλλά δεν κατέστελε 

την μέγιστη αύξηση των μονοκυττάρων/μακροφάγων και την ενεργοποίηση της 

εναλλακτικής  οδού, 7 ημέρες μετά τα οποία επακολούθησε πνευμονική υπέρταση. Όμως, 

παρατεταμένη χορήγηση – για 7 ημέρες - δοξυκυκλίνης (και επομένως συνεχή επαγωγή της 

ΗΟ-1) κατέστη επαρκής να αναστείλει τόσο την συγκέντρωση μονοκυττάρων/μακροφάγων 

και την εναλλακτική ενεργοποίηση των μακρόφάγων, να προκαλέσει υπερέκκριση IL-10 από 

τα μακροφάγα και να αναχαιτήσει την μετέπειτα εμφάνιση πνευμονικής υπέρτασης. 

Επιπλέον, το υπερκείμενο από τα υποξικά M2 μακροφάγα προήγαγε τον πολλαπλασιασμό 

και των λείων μυικών κυττάρων της πνευμονικής αρτηρίας ενώ η θεραπεία με μονοξείδιο 

του άνθρακα, κύριο ενζυματικό προϊόν της HO-1, κατέστειλε αυτό το φαινόμενο. Η 

πνευμονική διήθηση μακροφάγων και η εναλλακτική ενεργοποίησή τους στην υποξία είναι 

κρίσιμο φαινόμενο για την μετέπειτα ανάπτυξη πνευμονικής υπέρτασης. Η οξυγενάση της 

αίμης δρα προστατευτικά εν μέρει μέσω της τροποποίησης του φαινοτύπου ενεργοποίησης 

των μακροφάγων. 

 Τα ευρήματα της παρούσας μελέτης δύναται να βοηθήσουν στον σχεδιασμό 

στοχευμένων θεραπειών που πιθανά να βελτιώσουν την πρόγνωση που παραμένει πενιχρή. 
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Abstract 

 

The acute respiratory distress syndrome (ARDS), due to mechanical ventilation, lung 

infection, aspiration, sepsis or prematurity, is the major cause of morbidity and mortality in 

Intensive Care Units of adults, children and neonates. Pulmonary hypertension, primary or 

secondary to existing condition, promotes similarly severe morbidity that may also lead to 

respiratory and cardiac failure. Limited therapies are effective nowadays in the management 

of both conditions. Since the molecular and cellular mechanisms of acute lung injury (the 

pathologic picture of ARDS) and pulmonary hypertension have not been clearly elucidated, 

their understanding is crucial to develop targeted and effective therapies. Lung inflammation 

and specifically innate immunity and macrophage accumulation appears to be a common 

denominator that contributes to pathology in both diseases. 

By utilizing wild-type (WT) mice and mice genetically modified in key – genes for 

inflammation and vascular function (Akt2 knock-out, lung specific inducible HO-1 

transgenic), in the current study we investigate the nature of inflammatory response and the 

phenotype of macrophage activation in animal models of acute lung injury and pulmonary 

hypertension and we aim to elucidate its potential causative role in the pathogenesis of 

disease.  

To investigate the role of macrophage activation in aseptic lung injury and identify 

molecular mediators with therapeutic potential, lung injury was induced in WT and Akt2-/- 

mice by hydrochloric acid aspiration. Acid-induced lung injury in WT mice was characterized 

by decreased lung compliance and increased protein and cytokine concentration in 

bronchoalveolar lavage fluid. Alveolar macrophages acquired a classical activation (M1) 

phenotype. Acid-induced lung injury was less severe in Akt2-/- mice compared with WT 

mice. Alveolar macrophages from acid-injured Akt2-/- mice demonstrated the alternative 

activation phenotype (M2). Although M2 polarization suppressed aseptic lung injury, it 

resulted in increased lung bacterial load when Akt2-/- mice were infected with Pseudomonas 

aeruginosa.  

To understand macrophage activation in our model and the role of Akt2, we studied the 

TLR pathway. We found that mRNA levels of TRAF6, IRF5, STAT1 but not IRAK1 were 

increased in alveolar macrophages in WT mice exposed to acid. On the other hand, 

macrophages from Akt2-/- mice exposed to acid had lower levels of TRAF6, IRF5, STAT1 and 

IRAK1 compared to WT mice. Τhe mRNA levels of IRAK1, TRAF6, STAT1 and IRF5 are known 

to be targeted by the anti-inflammatory microRNA miR-146a.  

Indeed, miR-146a was found to be induced during the late phase of lung injury in WT 

mice, whereas it was increased early in Akt2-/- mice. MiR-146a overexpression in WT 

macrophages suppressed LPS induced inducible NO synthase (iNOS) and promoted M2 

polarization, whereas miR-146a inhibition in Akt2-/- macrophages restored iNOS expression. 
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Furthermore, miR-146a delivery or Akt2 silencing in WT mice exposed to acid resulted in 

suppression of iNOS in alveolar macrophages. In conclusion, Akt2 suppression and miR-146a 

induction promote the M2 macrophage phenotype, resulting in amelioration of acid-induced 

lung injury. In vivo modulation of macrophage phenotype through Akt2 or miR-146a could 

provide a potential therapeutic approach for aseptic ARDS; however, it may be deleterious in 

septic ARDS because of impaired bacterial clearance. 

 

Pulmonary hypertension is a rare disease that is characterized by vasoconstriction, 

thickening and remodeling of vascular wall and finally leads to right heart hypertrophy and 

failure. Despite the significant progress in the field the molecular mechanisms that lead to 

disease remain unclear. Lung inflammation has been found to precede the development of 

hypoxia induced pulmonary hypertension (HPH); however, its role in the pathogenesis of 

HPH is poorly understood. We sought to characterize the hypoxic inflammatory response 

and to elucidate its role in the development of HPH. We also aimed to investigate the 

mechanisms by which heme oxygenase-1 (HO-1), an anti-inflammatory enzyme, is protective 

in HPH.  

We generated bitransgenic mice that overexpress human heme oxygenase-1 under 

doxycycline control in an inducible, lung-specific manner. Hypoxic exposure of mice in the 

absence of doxycycline resulted in early transient accumulation of monocytes/macrophages 

in the bronchoalveolar lavage. Alveolar macrophages acquired an alternatively activated 

phenotype (M2) in response to hypoxia, characterized by the expression of found in 

inflammatory zone-1 (Fizz1), arginase-1, and chitinase-3-like-3 (CHI3L3 or Ym1). A brief 2-day 

pulse of doxycycline (and therefore transient HO-1 induction) delayed, but did not prevent, 

the peak of hypoxic inflammation, and could not protect against HPH. In contrast, a 7-day 

doxycycline treatment sustained high heme oxygenase-1 levels during the entire period of 

hypoxic inflammation, inhibited macrophage accumulation and activation, induced 

macrophage interleukin-10 expression and prevented the development of HPH. 

Supernatants from hypoxic M2 macrophages promoted the proliferation of pulmonary 

artery smooth muscle cells, whereas treatment with carbon monoxide, a heme oxygenase-1 

enzymatic product, abrogated this effect. Early recruitment and alternative activation of 

macrophages in hypoxic lungs are critical for the later development of HPH. Heme 

oxygenase-1 may confer protection from HPH by effectively modifying the macrophage 

activation state in hypoxia.  

The findings of the current study can potentially lead to the development of targeted 

therapies that may improve prognosis and morbidity that remain too dismal. 
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Normal Lung Structure and Physiology 

 

Structural Elements of the Lung 

 

In air-breathing animals, the respiratory system is the vital system of the body that carries 

out a critical function, the exchange of gases, oxygen and carbon dioxide, between inspired 

air and blood. In order to perform this vital function the lungs have a large surface area 

where the internal environment is exposed to external air.  

The respiratory system can be subdivided in an upper and a lower respiratory tract, the 

first being considered the conductive part, while the latter can be referred to as the 

respiratory part where the actual gas exchange takes place (1-5). The lung airways arise from 

the trachea and the main bronchi and they systematically branch over an average of 23 

generations of dichotomous branching to progressively to smaller airways, the bronchioles 

(1). Further branching of bronchioles leads to the terminal bronchioles, which are less than 2 

cm in diameter. The part of the lung parenchyma that is distal to terminal bronchioles is 

composed by respiratory bronchioles and alveoli and forms a terminal respiratory unit, the 

site where oxygen diffuses from inspired air to the blood, and through the same way, the 

metabolic byproducts,  carbon dioxide (CO2) and CO, pass for elimination in the exhaled air 

(Figure 1) (1, 3-5). The adult lung contains anatomic channels that permit ventilation distal to 

an area of obstruction (Figure 2); the inter-alveolar pores of Kohn and the bronchoalveolar 

Lambert’s channels (2). Next to the branching airways the pulmonary and bronchial arteries 

offer a double arterial supply that leads to the capillary endothelium in the terminal 

respiratory units (1). Lymphatic vessels clear the parenchyma from extra fluid.  

A thin basement membrane with or without surrounding interstitial tissue separates the 

endothelial cells from the alveolar lining epithelial cells (Figure 2) (1, 4). At the thick parts of 

the air-blood barrier where epithelial and endothelial basement membranes are separated, 

there are elastic fibers and bundles of collagen as well as interstitial cells, mainly fibroblasts 

eosinophils and rarely lymphocytes and monocytes (1, 3, 4). The connective tissue fibrils 

(collagen, elastin) around the alveolar walls and the peribronchiolar space form a three-

dimensional basket-like structure that allows the lung to expand in all directions without 

developing excessive tissue recoil (6).  

Looking at the tissue organization of the lung, the airways and the blood vessels extend 

all the way out to the gas-exchange region, but they show different properties and different 

structural components in conducting as compared with respiratory structures  (Figure 3) (3). 

The principal cell types of the lung include epithelial cells of the airway, bronchi, and alveoli; 

bronchiolar Clara cells, mucus-producing goblet cells, interstitial cells of the airway and 

fibroblasts, endothelial cells of the pulmonary vasculature; smooth muscle cells of 

pulmonary vasculature; and alveolar macrophages. 
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The alveolar epithelium consists of two types of cells, the flattened type I pneumocytes 

that cover the 95% of the alveolar surface and offer mainly mechanical support and the 

cuboeidal  rounded type II pneumocytes the main source of pulmonary surfactant (4, 5, 7). 

Type II pneumocytes retain proliferation capacity and together with Clara cells in the 

bronchioles are important in the regeneration of alveolar epithelium after type I cell injury 

(Figure 3) (4, 5, 7). Alveolar macrophages are the scavenger cells loosely attached to the 

epithelial cells or lie free in the alveolar space where they travel around the alveolar wall 

phagocytosing foreign particles and bacteria (Figure 3). Smooth muscle cells form circular 

bands around the airway epithelium and respiratory bronchioles (Figure 1) (3, 6). 

 

 

 

 

 

Figure 2. Detailed anatomy of the alveolar spaces and the respiratory membrane. Structural 
components of an alveolus such as type I and type II alveolar cells and the relationship between 
capillaries and sac like alveoli and are depicted. In the left, closer view of the air-blood barrier that  
consists of an alveolar type I cell, a capillary endothelial cell, and their fused basement 
membranes. Source: Mercher AL. Junqueira’s Basic Histology. Text and Atlas. 12th Edition. 
Copyright: the McGraw-Hill companies. 

 

 

Figure 1. Terminal bronchioles, respiratory 
bronchioles, and alveoli. Terminal 
bronchioles branch into respiratory 
bronchioles, which then branch further into 
alveolar ducts and individual alveoli. The 
figure shows the branching relationship, as 
well as the pulmonary blood vessels that 
travel with the bronchioles and the dense 
layer of branching capillaries that surrounds 
each alveolus for gas exchange between 
blood and air. Source: Mercher AL. 
Junqueira’s Basic Histology. Text and Atlas. 
12th Edition. Copyright: the McGraw-Hill 
companies 
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Physical properties of the Lung 

 

Physiology of respiration and alveolar ventilation 

 

The flow of air in the lungs is a complex procedure. The respiration center is located in 

medulla oblongata and is controlled by the peripheral and central chemoreceptors for pH 

and pO2. The respiratory center stimulates the neurons that are located in the anterior horns 

of spinal cord (A3-A5) via the phrenic nerve and regulates the functions of the respiratory 

muscles (1, 4). During inspiration, the respiratory center signals the contraction of 

diaphragm and inspiratory intercostal muscles that lead to increase in lung volume and 

consequent fall in transthoracic pressure. The contraction of respiratory muscle produces 

pressure (Pmuscle) that drives the flow of air in the lungs. The flow of air ceases when there is 

no pressure difference among alveolar spaces and atmospheric air (1, 4).  

  

Alveolar ventilation is defined as  

                                                        VA = f x (VT −VD) 

 VT is tidal volume, VD is dead space volume, and f is the respiratory frequency  

 

Figure 3. Airway wall structure at the three principal levels. The epithelial layer gradually becomes 
reduced from pseudostratified to cuboidal and then to squamous. The smooth muscle layer 
disappears in the alveoli. The fibrous layer contains cartilage only in bronchi and gradually becomes 
thinner as the alveolus is approached. Source: Weibel ER: The Pathway for Oxygen. Cambridge: 
Harvard University Press, 1984. 
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The partial pressure of oxygen in the alveolus (PAO2) is determined by the classic alveolar 

gas equation:  

                                   PAO2 =FiO2 x (Patm -PH2O) -PaCO2/RQ  

 

The latter equation yields a PAO2 of 100 to 120 mm Hg in room air at sea level. The 

difference between the partial pressure of oxygen in the alveolus (PAO2) and that in the 

pulmonary capillary (PaO2), approximately 10 mm Hg under normal conditions, is caused by 

the diffusion barrier of alveolar–capillary membrane and the overall ventilation–perfusion 

(V/Q) ratio of the lung (2, 3).  While the former is easily overcome by increasing inspired 

oxygen concentration and rarely is a cause for clinically significant hypoxemia, the same 

cannot be said for the latter (2).  The principal etiology for clinically significant hypoxemia is 

pulmonary pathology associated with decreased lung volumes, reduced lung compliance, 

and an increased proportion of low V/Q compartments of the lung (2, 3).  

Alterations in VT and/or f, which are the components of minute alveolar ventilation (VE), 

will result in changes in PaCO2 (hypocapnia, hypercapnia). 

 

Lung volumes and capacities 

 

Volumes and capacities of the lungs are affected by several factors, specifically muscle 

strength, the static–elastic characteristics of the chest wall and lungs, and patient age. They 

are estimated based on the traditional spirometric technique (2). Understanding of static 

lung volumes is critical to evaluating and subsequently treating patients with respiratory 

disease. 

Tidal volume is defined as the amount of gas moved during normal breathing, and 

residual volume is defined as the amount of gas that remains in the lung after a maximal 

expiration (2, 5). Total lung capacity is defined as the volume of gas in the lungs after a 

maximal inspiration (5). Functional residual capacity (FRC) is the volume or air that remains 

in the lung at the end of a tidal breath. This gas serves as a reservoir of oxygen during 

expiration. Functional residual capacity is determined by the static balance between the 

outward recoil of the chest wall and the inward recoil of the lung (2, 5). 

 

Elastance and Compliance 

 

Respiratory system as a whole consists of the lung and the thoracic wall, two structures 

that have the ability to expand and they are connected to each other via the pleura (5). The 

lung is an elastic structure and tends to passively recoil and return in their previous volume 

after inspiration (2). However, the presence of the chest wall, which, in contrast to the lung, 

pulls outward at low volumes and inward at high volumes, retards this tendency (2, 3). 
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If we consider the lung and the chest wall to operate in series, the elastic recoil pressure 

of the total respiratory system (Prs) can be calculated as the sum of the pressures exerted by 

the elastic recoil of the lung (transpulmonary pressure) and the elastic recoil of the chest 

wall (2, 3). Since the elastic recoil of the lung is determined (under static conditions of zero 

airflow) as the difference between alveolar pressure (Palv) and pleural pressure (Ppl) (Pa –

Ppl) and the elastic recoil of the chest wall is determined (while the respiratory muscles are 

completely at rest) as the difference between pleural pressure and the pressure at the 

external surface of the chest (Pbs, atmospheric pressure) (Ppl – Pbs), the elastic recoil of the 

entire respiratory system can be expressed as the sum of the two:  

      

                                    Prs = (Pa − Ppl) + (Ppl − Pbs) = Pa − Pbs 

 

The change in transpulmonary pressure required to cause a given change in the volume of 

air in the lungs is a measure of the distensibility, or compliance, of the lungs (2). Pulmonary 

compliance is calculated as shown: 

 

                                                    C(L/cmH2O)  = ΔV /ΔP                 

C = lung compliance,        ΔP = transpulmonary pressure,    ΔV = change in lung volume 

 

Lung elasticity, conversely, is the resistance to lung expansion (elastance) that describes 

the stiffness or the tendency to resist to distortion and to return to the original configuration 

when the distorting force is removed (3, 6). Elastance is calculated as follows: 

 

                                         Ε (cmH2O/L) = ΔP/ΔV and ΔP = ΔV.E  or Ε = 1/C 

 

Lung compliance is not a constant value but it is dependent to lung volume. As lung 

volume increases, the elastic elements approach their limits of distensibility, and a given 

change in transpulmonary pressure produces smaller and smaller increases in lung volume 

(4, 5, 8). Thus, the compliance of the lung is least at high lung volumes and greatest as the 

residual volume is approached. 

In practice, pulmonary compliance is determined by the slopes of a curve relating the 

changes in transpulmonary pressures to the changes in lung volume in the course of an 

expiration after a maximal inspiration, the pressure - volume curve of the respiratory system 

(Figure 4) (8). The pressure-volume characteristics of the lung are nonlinear but sigmoidal 

with upward concavity at low inflation pressure and downward concavity at higher inflation 

pressure (Figure 4) (8).  

  The acquisition of pressure volume culve requires static conditions and the 

measurement of transthoracic wall pressure (Palv-Pbs) in different lung volumes. Factors 



PhD Thesis                                                                                                                                  Eleni Vergadi 

 

34 

 

affecting compliance are sex and age of the patient, posture, consolidation, atelectasis, lung 

edema, fibrosis (2). 

 

 
 

Figure 4. The normal pressure-volume curve (P-V curve). The P-V curve of the respiratory system is 
the sum of the pressures generated by the chest wall (PW) and lungs (PL) (dotted lines). Functional 
residual capacity (FRC) occurs where the sum of the 2 pressures are equal and opposite. %VC: 
percent of vital capacity. Adapted from Agostoni E, Hyatt RE. Static behavior of the respiratory 
system. In: Geiger SR Handbook of physiology, 2nd edition. 
 
 
Alveolar Surface Tension 
 

Surface tension is the force that acts across the surface of a liquid, as the attractive forces 

between liquid molecules are stronger than the forces between liquid and gas molecules (2). 

The interior surfaces of the alveoli are lined by a thin liquid layer of osmotic fluid. The 

surface tension at the air-liquid interface of the alveoli, in addition to the elastic properties 

of the parenchyma, contributes importantly to the elastic recoil of the lungs and acts to 

decrease lung compliance (2).  

By considering the alveolus to be a sphere, we can apply Laplace’s law. Laplace’s law 

states that the pressure inside a spherical structure—e.g., the alveolus—is directly 

proportional to the tension in the wall and inversely proportional to the radius of curvature: 

 

                                                           Alveolar pressure = 4T /r 
                                                     T = tension (dyn/cm) r = radius 
 

When the water comes in contact with air, among the water molecules more tension is 

produced. This results in decrease of water surface and a tendency to collapse the alveolar 

surface and to expel the air from the alveoli (2). The surface tension of each alveolus is 

inversely related to the radius of the alveoli. That’s why the neonatal alveoli have higher 

surface tension that the adults lungs and are prone to collapse (2). The surface tension 



PhD Thesis                                                                                                                                  Eleni Vergadi 

 

35 

 

remains constant as lung volume changes, and the recoil pressure of small airspaces exceeds 

that of larger ones. As a result, small alveoli tend to empty into larger ones (Figure 5).  

To minimize this phenomenon, type II pneumocytes produce surfactant, a mixture of 

phospholipids proteins and anions that reduce the surface tension of the alveolar fluid (2, 4, 

5). The presence of surfactant in the lungs is crucial for the avoidance of this phenomenon 

since it can reduce surface tension of the alveolar fluid at 5-30dynes/cm. Without the 

presence of surfactant, the alveolar fluid has a tension of 72dynes/cm that leads to alveolar 

collapse (4, 5).  

 

 

Figure 5. The effects of surfactant in maintaining alveolar stability. Model of the distal lung in which 
individual alveoli are controlled by Laplace’s law. A. Surfactant lowers the tension (T) of the alveolar 
walls at low lung volumes. Consequently, the transpulmonary pressure (P) of large and small 
communicating airspaces is the same. r1 < r2, T1 < T2, P1← P2. B . Without surfactant, the surface 
tension remains constant as lung volume changes, and the recoil pressure of small airspaces exceeds 
that of larger ones. As a result, small alveoli tend to empty into larger ones. r1 < r2, T1 = T2, P1 > P2. 
Adapted from Fishman, et al. Fishman's pulmonary diseases and disorders. 2008. 
 

 
Airway Resistance  
 

In order for air to move in and out of the lungs, gas must flow from an area of higher 

pressure to one of lower pressure. According to Ohm’s law, the pressure gradient that faces 

a substance (gas or liquid) is equal to the product of the flow rate times the resistance to 

flow (pressure gradient [P] = flow rate [V] x resistance [R]) (2). Lung Resistance is the ability 

of the lung airways to resist to the movement of air along its airway tree due to friction 

power. The movement of air can be expressed by flow of air (V’, L/sec) and is driven by the 

pressure gradient among alveolar space and atmosphere. The pressure gradient is necessary 

to overcome the airway resistance (4, 5).  

 

                                          R = ΔP/V’ και ΔP = R . V’ 

Resistance to air flow is related to the length of the airway and inversely related to the 4th 

power of the radius of the airway according to Poiseuille’s law (4, 5). 

                                                                 R = μL8/πr4 
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A large fraction of the resistance to airflow is in the upper respiratory tract, including the 

nose, mouth, pharynx, larynx, and trachea. Most of the remainder of airway resistance is in 

medium-sized lobar, segmental, and subsegmental bronchi up to about the seventh 

generation of airways (3). The small peripheral airways, particularly those less than 2 mm in 

diameter, constitute only about 10 to 20 percent of the total airway resistance (3). 

 The pressure surrounding intrathoracic airways approximates pleural pressure. As the 

lung volume increases, the elastic recoil forces of the lung increase; the traction applied to 

the walls of the intrathoracic airways also increases, widening the airways and decreasing 

their resistance to airflow. Conversely, at low lung volumes, the transmural airway pressure 

is lower and airway resistance increases (3). 

 

Pulmonary circulation 

 

Anatomically, the pulmonary blood vessels can be divided into two groups; vessels lying 

in the loose connective tissue and “alveolar” blood vessels within the alveolar walls (2). The 

latter are subject to whatever forces operate at the alveolar level (2). Depending on the 

gravity, pulmonary blood flow is different in the upper areas of the lung compared to the 

lower lung zones, and the radius of these arteries may differ in different lung zones. 

Following the initial fall after birth, pulmonary arterial pressures remain fairly constant in 

the disease-free state throughout life, with systolic, diastolic, and mean pressures of 25, 8, 

and 15 mm Hg, respectively (2, 4, 5). Pulmonary venous pressure is routinely just higher 

than the left atrial pressure, near 5 mm Hg. The wall of the vessels of the pulmonary 

circulation is approximately five times thinner and larger in diameter than the systemic 

circulation. The smooth-muscle fibers encircle the vessel lumen; they can modify the vessel’s 

diameter and can thus regulate blood flow (2). The arterioles that have a diameter of 100 

μm contribute significant to arterial resistance since they contain a single muscle layer in 

their medial wall (2, 4, 5). The arterial bed continues out to the precapillaries, which consist 

of vessels 20 to 40 μm in diameter that are enwrapped by an incomplete smooth muscle 

sheath and to capillaries are lined by continuous large, flat cells endothelial cells (3). 

The pressure of pulmonary arteries is affected by factors such as the volume of air or fluid 

in the alveoli, the lung volumes, the recruitment of capillaries with low or no blood flow, 

increases in pulmonary venous pressure and hypoxic stimuli (that causes local 

vasoconstriction) (2). Also, neurogenic stimuli, vasoactive compounds, and chemical 

mediators have been demonstrated to alter pulmonary vascular resistance (2). Vascular 

endothelial cells are capable of producing a variety of vasoactive substances that participate 

in the regulation of normal vascular tone (9). These substances, such as NO, endothelin-1, 

Fizz1, and prostacyclin are capable of producing vascular relaxation and/or constriction 

inducing and/or inhibiting smooth muscle cell migration and replication (10).  
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The immune system of the Lung 
 

Together with oxygen, antigenic material present in atmospheric air, containing 

microorganisms, dust and other particles, also enters the lungs in inspiration. These 

incoming antigens make contact with the respiratory epithelium from the nasal cavity to the 

most distal part, the alveolus. Considering the large surface area and the volume of air 

inspired on a daily base, the low prevalence of inflammation under normal conditions is 

remarkable (2, 11, 12). Thus, to maintain normal lung function, the respiratory system is 

equipped with an efficient immune system. This system comprises immunocompetent cells 

of innate and adaptive immunity in the respiratory epithelium and alveolar space. 

Innate immunity is an evolutionarily ancient and universal system that is directed by cells 

with capacity to recognize pathogen patterns and eliminate infection, thus provides the first 

line of host defense (13). Such cells are macrophages, neutrophils, eosinophils, basophils and 

NK cells, or non – professionally immune cells such as epithelial cells. The innate immunity 

has no memory compared to adaptive or acquired immunity which is characterized by 

antigenic specificity, diversity, memory, and self/non-self recognition and is mediated mainly 

via B and T lymphocytes (13).  

The pulmonary host defenses start in the level of conducting airways and consist 

primarily  by anatomic barriers (such as larynx, mucosal layer, cilia, cough reflex) and 

physiologic barriers such chemical mediators (i.e. lysozyme), local immunoglobulin 

production and iron-containing proteins (transferrin, lactoferrin) (13). The lung epithelium 

contributes to host defense in a number of ways, including ciliary beat activity and mucus 

production, but also production of chemokines, cytokines, antimicrobial peptides, 

proteinase inhibitors and surfactant proteins (11). The cells of the immune system that 

reside in the airways are mainly B plasma cells located in the seromucous glands of bronchi 

where they produce antibodies into the mucous blanket. Also, antigen presenting dendritic 

cells (DCs) are located in the bronchi and upon activation they migrate to lymph nodes to 

further activate antigen-specific T cells; thus, providing a link between innate and adaptive 

immunity (14, 15). DCs are most numerous in large airway epithelium and decrease in 

quantity as the airways become smaller (3). Also, localized subepithelial collection of 

lymphocytes forming the Bronchus Associated Lymphoid Tissue (BALT) form a secondary 

lymphoid tissue analogous to other types of mucosa-associated lymphoid tissue (15). This 

structure is uncommon or absent in adult humans; are only transiently expressed during 

childhood in humans and may appear and proliferate in response to infection or chronic 

inflammation. BALT is also present in normal rodent airway (3). 

The above defenses in the airways eliminate the majority of inhaled particles and 

microbes into the lungs and thus alveoli are usually sterile in normal subjects (3). However, 

some small-size particles and some pathogenic microorganisms can reach the air-exchange 
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surface of the alveoli. When this occurs another set of host defense mechanisms in the 

alveolar level must take over. The first defense line resides at the alveolar space and consists 

mostly of alveolar macrophages (90% of cells retrieved by bronchoalveolar lavage studies), 

lymphocytes (7-10%), mainly T cells and to a lesser extent B cells (IgG- and IgA-secreting) as 

well as lung dendritic cells (3, 14). Also, humoral factors such as the lipoproteins, 

antimicrobial peptides (e.g., lysozyme, lactoferrin, defensins), opsonins, immunoglobulins, 

surfactant proteins and complement factors are secreted in the alveolar space. Granulocytes 

(neutrophils, eosinophils, and basophils) are present in the human lung, but they are also 

very rare (3). 

Just beneath the alveolar epithelium, the second defense line, in the interstitial space is 

represented by the interstitial macrophages. These macrophages are in close proximity with 

lung lymphatic system and they are constantly being replenished by blood monocytes 

migrating into the interstitial space (3, 15, 16). In this second defense levels, other cells than 

interstitial macrophages play a role in lung defense such as interstitial lymphocytes mostly T 

cells and to a less extend B cells and NK cells. Most if not all NK activity in the lung has been 

localized to the interstitial compartment. Memory T cells can also found here.  

The third defense line is constituted by the lymph nodes that protects the blood and 

hence the entire organism from dissemination of indigestible foreign matter and also, in 

most instances, of infective agents (3). Moreover, activation of adaptive immunity by 

migrating macrophages DCs takes place in the lymph nodes. Depending on the type and 

dose of antigen, the DC subset, and the regional cytokine microenvironment, different 

effector T cells can be generated; T helper 1 (Th1), Th2 or Th17 responses or regulatory T 

cells (Treg) responses that prevent inflammation (15).  

 

Lung innate immunity 

 

As mentioned above, the normal lung contains multiple populations of innate immune 

cells with the great majority of them to be macrophages and dendritic cells while mast cells, 

basophils, neutrophils and monocytes are also present but their numbers are relatively low 

(15). Lung macrophages consist of two distinct populations, alveolar macrophages that 

represent long lived tissue-resident macrophages, and short-lived monocyte derived 

interstitial macrophages (15). Alveolar macrophages play an important role in maintaining 

lung homeostasis by removing pathogens and noxious particles. The role of alveolar 

macrophage in lung normal state and in disease is discussed in detail in the following 

section. 

Dendritic cells (DCs) are leukocytes specialized in the uptake, processing, and 

presentation of antigen in cells of adaptive immunity and thus are fundamental in regulating 

both innate and adaptive immune functions. They are mainly localized at the interface 
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between body surfaces and the environment. In the absence of inflammation, lung 

conventional DCs (cDCs) can be subdivided into three distinct subsets based on the 

expression of a combination of specific cell surface markers and on their distinct ontogeny: 

the myeloid DC (mDC) or monocyte-derived CD11b+ DCs, plasmacytoid DCs, and CD103+ DCs, 

which originate from distinct precursors and play a crucial role in the induction and 

suppression of innate immune responses (15-17). The CD103+ DCs form a highly developed 

network in the epithelial layer of the conducting airways and this particular subset of DCs 

displays long cellular protrusions in between the basolateral space made up by basal 

epithelial cells (18, 19). Monocyte-derived DCs (moDCs) and plasmacytoid dendritic cells 

(pDCs) have been described to populate the lungs upon inflammation (18, 19). The different 

subsets of dendritic cells in the lung are illustrated in Figure 6.  

    Mast cells reside in human airways and they also play an important role in the lung in both 

health and disease (20). Their primary role is to initiate inflammation and repair in response 

to tissue damage initiated by a variety of diverse stimuli (20). 

Neutrophils are short-lived cells (average life span is about 24 to 48 hours) equipped with 

numerous antimicrobial effector mechanisms. Unlike resident macrophages, mast cells and 

dendritic cells, neutrophils do not reside in the lungs prior to infection but they are recruited 

from the circulation upon inflammation (21). Recruited neutrophils accumulate at the site of 

infection and phagocytose and kill pathogens using several microbicidal mechanisms (21). 

They also produce reactive oxygen and nitrogen intermediates and they release a number of 

antimicrobial proteins and peptides that are stored in neutrophil granules (21).  

Antibody-based recognition of cell-surface markers has been widely used for the 

identification of myeloid immune cells in the lung (22). In figures 6 and 7 the types of 

myeloid cells in mouse lung and their main expression markers are depicted (22). Alveolar 

 
 
 
 
Figure 6. Lung dendritic cell and 
macrophage phenotype. cDC, 
conventional dendritic cell; DC, 
dendritic cell; MF, macrophage; 
moDC, monocyte-derived DC; 
pDC, plasmacytoid DC. Adapted 
from Guilliam et al, Mucos 
Immunol, 2013. 
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macrophages differ from other macrophages since they do not express CD11b, a classic 

macrophage marker, and they express high levels of CD11c, a dendritic cell marker and 

Siglec F, which is typically considered an eosinophil marker (18, 22). 

 

 

 
 

 

 
 

 
 

Mouse models are widely used for lung immune system studies however, we must have 

in mind that there are significant differences between mice and humans in immune system 

development, activation, and response to challenge, in both the innate and adaptive arm. 

One difference worth noting is that whereas mice have significant bronchus associated 

lymphoid tissue, this is largely absent in healthy humans, possibly reflecting a higher 

breathable antigen load for animals living so much closer to the ground (23). Also, several 

antimicrobial peptides such as defensins are not produced in mice (23). Furthermore, there 

are significant differences between human and murine lung dendritic cells and macrophages 

in their function, expression markers and secreted factors (24). The main differences 

between human and murine alveolar macrophages are analyzed in the following sections. 

 

 

Molecular control of innate immunity 

 

The network of cells discussed above, especially dendritic cells (DCs) and macrophages, 

are well equipped with various pathogen-associated molecular pattern recognition receptors 

(PRRs) or damage associated molecular pattern receptors to recognize these wide variety of 

microbes, dusts, and pollutants. PRRs recognize relatively invariant highly conserved 

molecular patterns expressed by microorganisms, the pathogen-associated molecular 

patterns (PAMPs) and endogenous danger signals, damage-associated molecular patterns 

(DAMPs) (25). The best-known examples of PAMPs include lipopolysaccharide (LPS) of gram-

negative bacteria; lipoteichoic acids of gram-positive bacteria; peptidoglycan; 

lipoarabinomannan of mycobacteria; double-stranded RNA, which is produced by most 

viruses during the infection cycle; and ß-glucans and mannans found in fungal cell walls (21). 

Figure 7. Myeloid cell subsets in murine lungs. AM, alveolar macrophages; IM, interstitial 
macrophages; mDC, myeloid dendritic cells; Mon,monocytes; PMNs, polymorphonuclear cells. 
Adapted from Zaynagerdinovet al, Cell Mol Biol, 2013 
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 Several families of PRRs have been characterized so far, including Toll-like receptors, RIG-

I-like receptors, NOD-like receptors, and C-type lectin receptors (26). These PRRs are 

expressed not only in macrophages and DCs but also in various nonprofessional immune 

cells such as epithelial cells (16, 26). 

The mammalian Toll-like receptors (TLRs) are important signaling receptors in innate host 

defense (21). There are at least twelve TLRs in mammalian species that differ from one 

another in their expression pattern, their ligand specificities, the signaling pathways they 

utilize, and the cellular responses they induce. Some of the TLRs can recognize more than 

one ligand, and again, these ligands can be structurally unrelated to each other (21). 

Available evidence suggests that TLRs respond also to endogenous molecules, most of which 

are released from dead cells (DAMPs), suggesting that TLRs can survey danger signals and 

are associated with sterile inflammation and have important roles in the pathogenesis of 

inflammatory diseases (16, 21, 26). 

Engagement of TLRs activates multiple signaling cascades leading to the induction of 

genes involved in innate immune responses. Binding of ligands followed by dimerization of 

TLRs recruits adapter proteins such as myeloid differentiation factor 88 (MyD88), TIR-

domain-containing adaptor protein-inducing IFN-β (TRIF), TIR-associated protein (TIRAP), 

and TRIF-related adaptor molecule (TRAM). MyD88 associates with IL-1R-associated kinases 

(IRAKs), TNFR-associated factor 6 (TRAF6), while TRIF activates interferon related factors 

(IRFs). Both pathways result in activation of nuclear factor NF-kB (27). 

 

Inhibition of inflammatory response 

 

The innate immune response is activated rapidly (within hours) compared with adaptive 

immunity. Activation of the innate immune system, however, can be a double-edged sword 

for the host. Pro-inflammatory cytokines mediate a positive feedback loop on the innate 

immune system, and overproduction of cytokines, if unchecked, is hazardous to the host and 

may cause severe outcomes. If inflammation is not resolved promptly, it progresses into a 

chronic state in which the persistence of immune cells infiltrating the tissue is associated 

with its destruction and fibrotic alteration. Also, overproduction of cytokines by immune 

cells to overwhelm pathogens can lead to sepsis and can be fatal (28).  

To avoid harmful and inappropriate inflammatory responses, the initial inflammatory 

response is followed by a stage of resolution where the same cells that participated in the 

initiation of inflammation have to be inactivated and the process of healing and debris 

scavenging has to be initiated (28). This mechanism is there to prevent excessive innate 

immune activation and negatively regulate the initial triggering signals. Inhibition of Toll-like 

receptor signaling is a major mechanism in suppression of immune response. Mediators that 

negatively regulate TLR signaling are interleukin-1 receptor-associated kinase- M (IRAK-M), 
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mitogen and stress activated protein kinase (MSK) 1 and 2, TGF-β-activated kinase 1 (TAK1), 

A20 and the Src homology 2 domain-containing protein tyrosine phosphatase-1 and -2 (SHP-

1, -2) (25, 28). 

MicroRNAs (miRNAs), newly discovered oligonucleotides important to gene regulation 

which bind to the 3’ untranslated region of target mRNA and direct their post-transcriptional 

repression, have been shown to directly target components of the TLR signaling system. 

Among them miR-155, miR-21, miR-146a and let-7 appear to have a central role (Figure 8) 

(28-30). MiR-155 positively regulates TLR signaling by suppressing Tab2, the activator of 

TAK1, an inhibitor of NF-kB. MiR-146a blocks TLR signaling by targeting IRAK1 and TRAF6, 

proteins that are important components of the myeloid differentiation primary-response 

protein 88 (MyD88)-dependent pathway for NF-κB activation downstream of TLR2, TLR4, 

TLR5, TLR7–TLR8 and TLR9. In mouse peritoneal macrophages, the induction of let-7e 

expression decreases cell surface expression of TLR4, the mRNA of which contains a let-7 

target site (31). Finally, transfection of cells with a miR-21 precursor blocked NF-kB activity 

and promoted IL-10 production in response to LPS via targeting PDC4, a proinflammatory 

protein that promotes activation of the transcription factor NF-kB and suppresses interleukin 

10 (IL-10) (32). 

 

Figure 8. Regulation of TLR signaling by microRNAs. Adapted from Quinn et al, Int Immunol, 2011  
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The Alveolar Macrophages 

Macrophages are cells of innate immunity that are widely distributed throughout the 

body, within and outside lympho-hemopoietic organs. They are derived from mononuclear 

leukocytes (monocytes) that reside in bone marrow or circulate in the blood (21, 33). 

Resident macrophages are conditioned by the requirements of the tissue during both 

normal and pathological processes. In normal conditions, they have a scavenger and 

housekeeping role by recognizing and engulfing dead, senescent or abnormal cells or cell 

debris (21). Unlike other myeloid granulocytic phagocytes, macrophages can be long-lived 

and retain the ability to synthesize RNA and protein to a marked extent, at least for several 

months even after phagocytosis has occurred. They are also capable of handling repeated 

bacterial and other microbial challenges (reusable phagocytes) (3). 

In pathological conditions, macrophages sense the endogenous danger signals that are 

present in the debris of necrotic cells through Toll-like receptors (TLRs), intracellular pattern 

recognition receptors and the interleukin-1 receptor (IL-1R),(34). This function makes 

macrophages one of the primary sensors of danger in the host. Élie Metchnikoff, who won 

the Nobel Prize in Physiology or Medicine in 1908 for his description of phagocytosis, 

suggested that the key to immunity was to “stimulate the phagocytes”(35). Since his 

discovery, immunologists have been occupied with the concept of macrophages as immune 

effector cells and with understanding how these cells participate in host defense. 

Lung macrophages can be differentiated into several populations in the lung according to 

the compartment they are found in intravascular, interstitial, airway, and alveolar 

macrophages. Of these, the alveolar macrophages, the cell population of the surface lining 

layer, are of particular importance.  

The alveolar macrophages are freely moved cells, which are transiently attached to the 

surface of the alveolar epithelium by pseudopodia and can crawl over this surface by 

amoeboid movement (Figure 9) (21). They can also move from alveoli to alveoli via passage 

through a pore of Kohn. They populate the lung tissue during early embryogenesis and 

remain viable for prolonged periods (17). They derive from monocytes but in the alveoli they 

constitute a partly self-reproducing cell population (17, 36). It is estimated that macrophages 

make up 90 percent of cells found in the alveolar spaces (3). 

 

 

Figure 9. Alveolar macrophage (MA) seen sitting on 

epithelial surface of human lung. Note cytoplasmic 

lamella (arrows) which represents the advancing edge 

of the cell. Adapted from Fishman and Elias. Fishman’s 

pulmonary diseases and disorders, 2008. 
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Alveolar macrophages are the most abundant antigen-presenting cells in lung tissue and 

they play a major role in lung immunity and homeostasis. The unique tissue location and 

function of alveolar macrophages distinguish them from other macrophage populations 

since the majority of them are in close contact with the respiratory epithelium (37). In steady 

state conditions, alveolar macrophage is tightly controlled through several cell–cell and 

soluble mediator interactions; and receives anti-inflammatory signals from 

microenvironment such as IL-10 and TGF-β (Figure 10) resulting in poor ability to present 

antigen to T cells, decreased phagocytic activity and reduced respiratory burst (37). This 

creates a regulatory environment with inhibitory signals that is highly controlled in order to 

limit unwanted inflammatory responses (37, 38). 

 

 

 

  However, alveolar macrophages have contradictory functions. They are essential for 

steady-state clearance of daily cellular debris but are also ideally placed to initiate a strong 

inflammatory response to pathogenic invading material. The interaction with airway 

epithelium and whether the cells that are cleared by alveolar macrophages are apoptotic or 

necrotic determine whether alveolar macrophages will respond in an anti-inflammatory or in 

a pro-inflammatory manner (37). Therefore, the initiation of inflammation requires a 

combination of events that override the inhibitory mechanisms that regulate alveolar 

macrophages. Once initiated, the outcome of their activation is determined by pathogen-

specific properties and by the host immune response to them (37). 

Activation of macrophages is a key event in the inflammatory cascade in the lung and 

defines a functional state characterized by extrusion of pseudopodia and an increase in cell 

size and membrane ruffling. The smaller the macrophage may represent younger, recently 

emigrated phagocytes and the larger may represent previously activated cells (2). Upon 

activation, lung macrophages release a variety of cytokines (MCP-1, MIP-2, IL-8, TNF-α, IL-6, 

Figure 10. Leukocyte interactions in 
the healthy lungs. Alveolar 
macrophages reside in the airspaces 
attached to type I or type II alveolar 
epithelial cells. Alveolar macrophages 
are regulated by the airway 
epithelium through their interactions 
with CD200, which is expressed by 
type II alveolar cells, with 
transforming growth factor-β (TGFβ), 
which is tethered to the epithelial cell 
surface by αvβ6 integrin, and with 
secreted interleukin-10 (IL-10). 
Adapted from Hussel et al, Nat Rev 
Immunol, 2014. 
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INF-γ), arachidonate metabolites, leukotrienes, reactive oxygen metabolites (nitric oxide, 

superoxide anion) and constitutive enzymes such as metalloproteases and elastase (3). 

These mediators impact extracellular matrix, fibrin deposition as well as the function of 

nearby cells, including T cells, B cells, endothelial cells, and fibroblasts (7). By the secretion 

of pro-inflammatory chemotactic factors, alveolar macrophages then also recruit neutrophils 

and lymphocytes, monocytes, eosinophils, dendritic cells and other cells into the alveoli to 

promote acute lung inflammation (7).  

A wide array of receptors is expressed by alveolar macrophages, of which most mediate 

activation, migration, or phagocytosis. Most important are the toll-like receptors. Other 

receptors expressed by alveolar macrophages include chemokine receptors, cytokine 

receptors, Fc receptors that recognize opsonizing antibodies IgG (Fcγ), receptors for IgA, 

receptors for phagocytosis, lectin receptors, bacterial endotoxin (CD14) receptors, insulin 

receptors, receptors for Class II MHC (HLA-DR, DP, DQ), mannose receptors and scavenger 

receptors (such as MARCO, Dectin -1) (3). Also in macrophage surface, several proteins and 

glycoproteins are expressed such as β2 Integrins (CD18; CD11α, b, c), cell surface proteins 

that are essential for antigen presentation and lymphocyte activation, including MHC, cell-

cell adhesion molecules (e.g., ICAM/CD54, LFA 3/CD58), CD4 and the CD28 (3).  

 

Macrophage activation phenotypes 

  

However, alveolar macrophage activation is not simple phenomenon. Macrophages have 

remarkable plasticity that allows them to efficiently respond to environmental signals and 

change their phenotype respectively. These changes can give rise to different populations of 

cells with distinct functions. It has been recognized that these changes can be roughly 

categorized in classical activation (M1) and alternative macrophage activation (M2) (39). 

 In general, classically activated macrophages are “effector” macrophages, activated 

through Toll-like receptors, interferon-γ (INF-γ), LPS and tumor necrosis factor (TNF-α) (39). 

These cytokines prime the cells towards high production of iNOS and reactive oxygen species 

(ROS), IL-12β secretion and high capacity to present antigen, leading to a type I response 

(39). These cells exhibit enhanced microbicidal or tumoricidal capacity, increased secretion 

of cytokines and mediators, and higher expression of co-stimulatory molecules (40, 41). 

Thus, M1 macrophages contribute to the development of inflammation and tissue injury. 

On the other hand, alternatively activated macrophages are activated mostly by 

interleukin-4 (IL-4) or IL-13 although various M2 like subtypes have been described (40, 41). 

PAMPs that are expressed by helminthes and parasites as well as metabolic pathways of 

obesity and insulin resistance may also drive the alternative activation of macrophages (42-

44). M2 is characterized by high levels of arginase-1 (Arg-1), found-in-inflammatory-zone-1 
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(Fizz1), chitinase-3-like-3 (Ym1), and macrophage galactose C-type lectin 1 and 2 (MGL1, 2) 

expression (7, 45, 46). M2 macrophages participate in the resolution of inflammation, and 

are known to be beneficial in the outcome of several inflammatory diseases (39, 47-49). In 

M2 macrophages, arginase-1 antagonizes iNOS for the same substrate, L-arginine, but 

produces urea instead of nitric oxide, compromising by this way the generation oxidative 

stress (Figure 11) (39, 48). 

However, since their initial description, the functional and phenotypical characteristics of 

macrophages within the M1 phenotype have remained mostly unaltered, but the M2 

macrophage category has been expanded to accommodate a broad range of macrophage 

functions. The study of macrophage activation in different models, disease states and 

activating agents revealed that different versions of M2 macrophages with distinct spectrum 

of markers and function may exist depending on the environmental conditions. As a result, 

widespread use of many definitions 

of macrophage activation has been 

noted. The most common 

definition that was emerged was 

the “M2-like macrophages” that 

share many markers with M2 

macrophages but they produce 

high levels of IL-10 (50). M2 like 

macrophages were also considered 

to be all the M2 macrophages that 

were produced in an Th2 

independent way such as the 

tumor-associated macrophages 

(TAM) that were noted in hypoxic 

sites of tumors (50).  

The M2 nomenclature became 

also more confusing by the fact 

that the term “M2 macrophages” has also been applied in a loose way to macrophages 

exposed to immune complexes (Ic), IL-10, glucocorticoids (GC) with transforming growth 

factor β (TGF-β) or glucocorticoids alone (40, 50-52). For these reason several groups have 

proposed that M2 designation should expand into three different subtypes of macrophages 

M2a, induced by IL-4 or IL-13; M2b induced by exposure to immune complexes (IC) and 

agonists of Toll-like receptors (TLRs) or IL-1R; and M2c (immunosuppressive or deactivated), 

induced by IL-10 and glucocorticoid hormones (51, 53-55). The term ‘‘regulatory’’ 

macrophages has been also emerge to describe macrophages that mainly secrete IL-10 and 

TGF-β (52, 56). Also, confusion was emerged with the types of activation caused by GM-CSF-

Figure 11. Differential utilization of L-arginine by 

activated macrophages. Adapted from Gordon et al.  

Nat Rev Immunol, 2003. 
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1 as M1 and macrophages grown in CSF-1 as M2 since significant differences have been 

documented in the transcriptomes of macrophage populations primarily generated with the 

use of CSF-1 or GM-CSF (52).  

Another population of macrophages is the ‘tolerant macrophages”. Tolerance is defined 

as the reduced capacity of a cell to respond to a stimulus after an initial exposure to this 

stimulus ensuring that cells will not over-react to sustained TLR stimuli (57). Endotoxin 

tolerance is characterized by a decreased production of cytokines in response to the pro-

inflammatory stimulus of LPS. These cells combine potent phagocytic activity with impaired 

capability for Ag presentation (58). Recent findings have shown that tolerant macrophages 

share many similar characteristics with M2 macrophages and represent a distinct state of 

M2 polarization (58, 59).  

In the literature, M2 designation persists despite a growing body of evidence indicating 

that the macrophages called after M2 encompass cells with dramatic differences in their 

biochemistry and physiology (51-55). To avoid complexity, it was recently proposed that in 

each experimental  setting,  activation methods, i.e. IL-4, Ig, IL-10, GC, IFN-γ, LPS, should be 

clearly stated and where ambiguity exists— for example, in a macrophage population 

isolated from an in vivo system—researchers should emphasize the marker combinations 

used and state the closest relative(s) along the spectrum of macrophage activation shown in 

Figure 12 (52). 

Although murine M1 and M2 polarized macrophage subsets are relatively easy to 

distinguish based on combinatorial gene expression profiles, the identification of equivalent 

subsets in humans has been more challenging. There are scarce data for definition and 

categorization of human activated macrophages. It should be noted that classical M2 

macrophage markers in mice (such as resistin-like-α, chitinase 3-like 3 and arginase 1) are 

not induced in human macrophages even in the presence of IL-4, so direct comparisons with 

mouse studies are difficult (52). Studies in human involve mainly blood monocyte-derived 

macrophages and not tissue resident macrophages as in animal models (52). For example, 

interferon regulatory factor 5 (IRF5) seems to be crucial for human M1 macrophage gene 

expression. However, neither Arg1 nor iNOS is expressed by in vitro polarized human 

macrophages stimulated with IL-4 or IFN-γ, respectively (60).  

Human “alternatively activated” macrophages that were polarized using IL-4 and IL-13 

included those encoding the mannose receptor (also known as CD206), matrix 

metalloproteinase 2 (MMP2), MMP7, MMP9, the tyrosine protein kinase MER, growth 

arrest-specific protein 7 (GAS7), CD163, stabilin 1 (STAB1) and the adenosine A3 receptor 

(37, 61). Some of the markers that characterize human macrophage activation are noted 

with asterisk in Figure 12 and in comparison with murine M2 macrophages in Figure 13.  
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Figure 12. Framework for Describing Activated Macrophages. Marker systems for activated 
macrophages. Shown are functional subdivisions according to stimulation of CSF-1 macrophages with  
the existing M1-M2 spectrum concept. Stimulation conditions are IL-4, immune complexes (Ic), IL-10, 
glucocorticoids (GC) with transforming growth factor β (TGF-β), glucocorticoids alone, LPS, LPS and 
IFN-g, and IFN-g alone. Marker data were drawn from a wide range of published and unpublished 
data from the authors’ laboratories and represent a starting consensus. An asterisk indicates 
corroboration of human IL-4 genes by deep sequencing. Adapted from Murray et al, Immunity, 2014. 
 
 

 

Figure 13. Human and murine macrophage alternative activation markers. There are differences 
between human (a) and murine (b) alternative activation markers. IL-4 and IL-13 induce genes 
conserved in both species such as MHC class II (MHCII) and MRC1, as well as divergent ones such as 
ARG1, YM1 in mouse, and GPR105 in humans. Adapted from Martinez et al, Ann Rev Immunol, 2009. 
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Regulation of macrophage activation 
 

Apart from the signaling cascades elicited by receptor stimulation, there is a group of 

regulatory genes and pathways which partially or totally tune the polarization program (63). 

Several signaling pathways such as NFkB p65 subunit, STAT-1 phosphorylation and IRF-5 

upregulation as well as suppression of suppressor of cytokine signaling SOCS1 have been 

shown to promote M1 activation (7, 48, 64-68). For example, forced expression of IRF5 in 

M2 macrophages drove M1-specific cytokines, chemokines, and costimulatory molecules 

and led to a potent Th1 response whereas induction of M1-markers was impaired in irf5−/− 

macrophages (65). 

Several other genes have been found to specifically alter the ability of macrophages to 

undergo alternative activation. The elements identified so far belong to the same families 

that control classical activation, such as the NF-kB member p50, the IRF family member IRF4 

controlled by Jmjd3, the C/EBP family member C/EBP - β controlled by Creb, the STAT 

member STAT6 and NF-kB competitor PPAR- γ (69-72). In figure 14 the major transcription 

factor pathways that control M1 and M2 activation are depicted. 

 

 

Figure 14. Signal pathways of macrophage polarization. The figure illustrates several mechanisms 
underlying macrophage polarization and shows the feedback regulation between M1 and M2 signal 
pathways.  The feedback regulation between M1 and M2 are implemented by STAT1-STAT6, IRF5-
IRF4, NF-κB-PPARγ, AP1-CREB, and AP1-PPARγ, and they play essential roles in the initiation, 
development, and cessation of inflammatory diseases. Adapted from Liu et al, Int J Biol Sci, 2014. 

 
 
Evidence shows that not only pathway-specific transcription factors and receptors, but 

also cytosolic enzymes, and functionally distant genes can be regulators and contribute to 

tuning and determining the macrophage activation profile. For example, galectin-3 a 

carbohydrate-binding lectin present on macrophages is required for alternative activation 
(74). IKK-β inhibits the M1 macrophage phenotype during infection through negative 
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crosstalk with the Stat1 pathway (75). SHIP-deficiency and SOCS3 suppression have been 

also shown to regulate M2 activation (48, 64, 66, 67, 76, 77).  

Within the different signaling complexes, the PI3K pathway and its downstream 

mediators are emerging as central for the elicitation and control of M1 and M2 

macrophages. The PI3K/Akt pathway do regulate macrophage activation pathways by 

regulating cytokine and TLR4 receptor signaling (78) and by modulation of IKK 

phosphorylation and NF-kB suppression (13). However, the potential district function Akt 

isoforms in macrophage differentiation remains elusive. Recently, our work has shown that 

Akt1 and Akt2 kinase isoforms have a major role in macrophage polarization.  
 

The role of Akt Kinases in macrophage activation 

 

Akt, also known as protein kinase B (PKB), is a family of three serine/threonine protein 

kinases, Akt1, Akt2 and Akt3, important to control cell survival, proliferation and 

differentiation (79, 80). The first two are being expressed in most tissues including myeloid 

cells while the third is expressed primarily in neuronal tissues. Akt isoforms perform similar 

as well as unique functions within cells as were revealed by knock-out mouse models. Knock 

out mice of Akt-1 exhibit global growth defects (growth retardation) and reduced life 

duration, knockout of Akt-2 results to insulin resistance and development of diabetes and 

Akt-3 knock out seems to be implicated in the development of brain and neuronal survival 
(81-83).  

Despite their high homology, Akt isoforms regulate distinct physiological functions via 

mechanisms including distinct tissue distribution of the Akt isoforms, differential activation 

of the Akt isoforms by different PI3K kinases, and isoform specific subcellular 

compartmentalization (84).  In the present study we focus on the role of Akt2 in macrophage 

activation. 

The Akt2 gene (Akt2) was first isolated in 1987 from non-viral sequences of the acute 

transforming retrovirus AKT8 genome (v-akt, viral proto-oncogene) (85). The protein Akt-2, 

also known as Protein kinase B β was later found to belong to AGC (cAMP-dependent, 

cGMP-dependent and protein kinase C) serine/threonine protein kinase family, containing 

SH2-like (Src homology 2-like) domains (86). Akt2 is a 56-kDa cytosolic protein, with three 

conserved domains among all the isoforms: an N-terminal pleckstrin homology (PH) domain, 

a central catalytic kinase domain and an AGC-kinase C-terminal domain (figure 15) (86, 87). 

The PH domain of just over 100 amino acids forms a small pocket that binds 

phosphatidylinositol 3, 4, 5-trisphosphate (PIP3) with high affinity. The kinase domain of 

approximately 250 amino acids in length is very similar to cAMP dependent kinases (PKA), 

protein kinase G (AGC kinases), serum and glucocorticoid-regulated protein kinases (SGK) 
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PKC and aPKC (87, 88).  The C-terminal domain, approximately 40 amino acids in length, 

contains a phosphorylation site into a hydrophobic pocket with a characteristic motif of AGC 

kinases (F-X-X-F/Y-S/T-Y/F where X is any amino acid) (87, 88). 
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PI3 kinase is the major upstream regulator and activator of Akt2 (Figure 15) (89).  PI3K 

catalyzes the formation of a lipid second messenger, PIP3 from PIP2. Then proteins that 

contain PH domains such as Akt kinases can bind to PIP3 and can be activated. Activation of 

Akt is a complex process that can be divided in three steps. First, Akt must translocate to the 

cell membrane through the interaction of its PH domain with PIP3 (90). Binding to PIP3 

induces a conformational change in Akt (unfolding) which facilitates its further activation 

through two additional independent phosphorylation events, in two specific sites (Thr309 

and Ser474) by upstream serine/threonine kinases, the PDK-1 and mammalian target of 

rapamycin (mTOR) complex 2 (mTORC2/Rictor) (90). Both phosphorylation events are 

essential for the full activation of Akt (86, 87). 

Once upon activation, Akt dissociates from the plasma membrane and phosphorylates 

many substrates in the cytoplasm and the nucleus. Most of the substrates contain conserved 

AKT phosphorylation sites (RXRXXS/T) (87).  

There are also several proteins that are direct or indirect inhibitors of Akt. Protein 

phosphatase-2A (PP2A) and the PHLPP-1 (PH-domain Leucine-rich repeat protein 

phosphatase-1) directly dephosphorylate the hydrophobic motif phosphorylated serine and 

Drosophila Tribbles) and especially TRB3 binds to unphosphorylated Akt and inhibit its 

phosphorylation and activation in vivo (91). Apart from the above there are also several 

inhibitors of the upstream molecules that indirectly inhibit the activation of Akt and the 

insulin signaling in general. SHIP2 (SH2-containing inositol polyphosphate 5-phosphatase-2) 

is a PIP3 phosphatase that inhibits phosphorylation and subcellular redistribution of Akt2 
(92). Additionally, the levels of cellular PIP3 are regulated primarily by a phosphatase called 

PTEN that mainly act in the inhibition of phosphorylation of Thr309 of Akt2 (93).  Moreover, 

several natural and synthetic inhibitors of PI3K, wortmannin and LY294002 respectively, 

reduce the level of PIP3 and prevent the phosphorylation and activation of Akt (94). 

Figure 15.  
Schematic presentation of 
human Akt2 structure and 
activation sites. The district 
domains of the protein and 
the phosphorylation sites are 
illustrated. Designed by the 
author 
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Figure 16. Schematic presentation of a 
potential mechanism of Akt1 and Akt2 
regulation of macrophage differentiation 
via miRNAs.  

Akt kinases play central roles in innate immunity as they are activated by TLRs and 

cytokine receptors and contribute to the inflammatory response. Akt1 and Akt2 kinases 

were recently found that hold a key role in the regulation of macrophage activation 

phenotype (68, 95, 96). Deletion of Akt1 results in M1 polarization and reduced arginase-1 

activity and expression. Surprisingly, Akt2 deficiency had the opposite effect from Akt1-/- 

macrophages, rendering them hypo-responsive to LPS and M2 –prone (49, 68). Another 

study reported that Akt1 inhibition resulted in enhanced clearance and reduced intracellular 

growth of Salmonella typhimurium and Mycobacterium tuberculosis (97). Furthermore it 

was found that, SHIP1 repression, by miR-155, increases AKT1 signaling and by this way 

promoted alternative macrophage activation (98).  

The precise mechanism by which Akt isoforms 

regulate macrophage activation is not known; work 

from our group has shown that Akt1 mediates LPS-

driven negative regulatory signals by promoting 

the expression of miRNAs, including miR-155, miR-

125b and let-7e (68). MiR-155 controls the 

expression of SOCS1 (68), SHIP1 (99) and of the 

transcription factor C/EBPβ (100). SOCS1 

suppresses IFN-γ signaling (101), thus blocking M1 

polarization, SHIP1 deficiency leads to M2 

polarization (102) while C/EBPβ regulates Arg1 

expression (103) and M2 differentiation (Figure 

16). Depletion of Akt2 isoform in peritoneal 

macrophages triggered with LPS abrogates M1 

activation and promotes M2 phenotype by 

inducing C/EBPβ (49, 68), a transcriptional 

regulator of Arg-1 expression (104)  via 

suppression of the LPS- mediated miR-155 

induction (Figure 16).  

 

MiRNA regulation of macrophage activation 

 

Several recent studies implicate microRNAs in the regulation of innate immune responses 

and macrophage activation. MicroRNAs (miRNAs) are small non-coding RNA molecules that 

bind to the 3’ untranslated region (3’-UTR) of a specific complementary mRNA sequence, 

resulting in cleavage, translational repression and gene silencing (105). MicroRNAs are 

transcribed by RNA polymerase II as part of capped and polyadenylated primary transcripts 

that are then cleaved by the Drosha ribonuclease III enzyme to produce an approximately 
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70-nt stem-loop precursor microRNA, which is further cleaved by the cytoplasmic Dicer 

ribonuclease to generate the mature microRNA and antisense microRNA products (105). The 

mature microRNA is incorporated into a RNA-induced silencing complex, which recognizes 

target mRNAs through base pairing with the microRNA and most commonly results in 

translational inhibition or destabilization of the target mRNA (105). The miRNAs that are 

consistently found to be expressed in macrophages are depicted in Table 1.  

 

 

Table 1. Macrophages microRNAs consistently detected using two microarray techniques. 
Adapted from Luers et al, Cell Immunol, 2010.  

 
 
Several of the above miRNAs have been recently associated with macrophage activation 

phenotypes.  Among them miR-155, miR-146a, miR125b appear to exert the most important 

role.  

MiR-155, rapidly upregulated by NF-kB, is best characterized as a pro-inflammatory 

miRNA because it enhances the production of inflammatory cytokines in macrophages and 

other immune cell types. MiR-155 has been reported to increase TNF-α production by 

stabilizing the TNF-α transcript thus promoting M1 response and to targets the IL-13 

receptor and CEBPβ transcription factor which promotes alternative macrophage activation 

(107, 108). Interestingly, a recent study has shown that miR-155 delivery in alternatively 

activated macrophages is sufficient to reprogram these cells toward a more pro-

inflammatory  M1 phenotype (109). MiR-155 has been also shown to target key molecules 

involved in TLR signal transduction TGF-beta-activated kinase 1 (TAK1)-binding protein 

(TAB)2 and SHIP1 (110). SHIP1 negatively regulates the PI3K/AKT1 pathway, therefore, SHIP1 

repression by miR-155 may increase AKT1 signaling and promote alternative macrophage 

activation (98, 111). Also, Akt2 promotes M2 macrophages via inhibition of miR-155 (49). 

The aforementioned data suggest that miR-155 induction by inflammatory signaling sustains 

or even amplifies classical pro-inflammatory macrophage activation (98, 112, 113).  

MiR-125b expression is upregulated in macrophages in response to pro-inflammatory 

stimuli and finely tunes TNF-α production, NF-kB activation, and IFN-γ signaling in 
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macrophages (98, 114). Enforced expression of miR-125b drives macrophages to M1 

activation, whereas anti–miR-125b treatment decreases CD80 surface expression (115). MiR-

125b can also sustain pro-inflammatory cell activation by targeting the transcription factor 

IFN regulatory factor (IRF)4 (116), which promotes alternative macrophage activation.  

MiR-146a is another miRNA that in contrast to miR-155 and miR125b can function as a 

potent inhibitor of inflammation. Mice with a targeted deletion of the miR-146a locus were 

found to be hypersensitive to bacterial challenge to produce excessive amounts of pro-

inflammatory cytokines in response to endotoxin and succumb to septic shock faster than 

the wild type littermates (117). MiR-146 deficient mice also display severe tissue 

inflammation increased basal cytokine production, as well as elevated titers of 

autoantibodies, all classical signs of autoimmunity. Furthermore, aged knockout mice 

develop tumors in their secondary lymphoid organs and undergo myeloproliferation, 

suggesting that miR-146a regulates proliferation in immune cells (117, 118). Furthermore, 

miR-146a is necessary for the in vivo suppressor function of Tregs (119). 

MiR-146, also activated by NF-kB, has been identified as a major negative regulation of 

TLR signaling and classical NF-kB activation by  targeting IL1R-associated kinase (IRAK1) and 

TNF receptor-associated factor (TRAF)6, two key adaptor molecules in the TLR/NF-kB 

pathway (98). MiR-146a has been found elevated in tolerant “M2-like” macrophages (120). 

MiR-146a has target sites in additional, though less well-validated targets, which include 

IRAK2, STAT1, IRF5, SMAD4 and CXCR4 (119). 

 

 

 

Other miRNAs that are important in controlling innate immune responses and 

macrophage activation include let-7e, miR-223, miR-9, miR-21, miR-187 and miR-147 (98, 

114, 121, 122). They can be induced by several TLR agonists in a MyD88 and NF-kB-

dependent manner and, like miR-146, are thought to inhibit pro-inflammatory responses in 

monocytes/macrophages by suppressing NF-kB activation through a negative feedback loop 

Figure 17. Regulation of classical and alternative 
macrophage activation by microRNAs. Several 
miRNAs are induced upon either type of 
macrophage activation. These include miRNAs that 
primarily sustain classical activation (pink-shaded) 
either by enhancing pro-inflammatory signaling 
(e.g., miR-155 and miR-125b) or by attenuating 
alternative activation (e.g., miR-511-3p, miR-378, 
and miR-155). Other miRNAs conversely attenuate 
classical activation (blue-shaded) by repressing 
several positive regulators of proinflammatory 
signaling (e.g., miR-146a and Let-7e). Adapted from 
Squadrito et al, Trends Immunol, 2013.  
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mechanism (98, 114). MiR-378-3p and miR-511-3p expression is upregulated in 

macrophages by alternative activation (98, 114).  In figure 17 a schematic diagram of miRNA 

implicated in macrophage activation is depicted.  

 

The role of activated macrophages in the pathogenesis of lung diseases 

 

Activated macrophages are prominent in many lung diseases but it is unclear whether 

macrophage activation is a cause or result of lung disease, it is probably both. In certain 

noninfectious lung diseases there is similarity of inflammatory responses to those in 

response to infections in which the consequences are deleterious rather than beneficial (3). 

Thus, understanding ways to control lung innate and acquired immune responses will be 

essential in developing appropriate therapies for inflammatory lung diseases.  

There is conflicting evidence about the beneficial or harmful role of alternatively 

activated macrophages in the course of lung disease. There are many reports that point out 

the pathogenic, harmful role of M2 in and airway and inflammatory diseases (54, 123). M2 

are typically but not exclusively associated with Th2 responses where they are thought to 

increase fibrosis by expressing profibrotic factors such as fibronectin, matrix 

metalloproteinases and IL-1β (53). The presence of M2 has been associated with the 

pathogenesis of several inflammatory diseases such as of parasitic diseases, atherosclerosis, 

asthma, allergic disease, obesity and insulin resistance, cancer and sepsis (73, 124). M2s are 

also actually more susceptible to some infections like in tuberculosis as they do not have the 

microbicidal properties of M1s (40). In case of tumor associated macrophages (TAMs), they 

are considered to be harmful as they promote tumor growth via their angiogenic and 

mitogenic properties and their inability to destroy tumor cells (125, 126).  

However, M2 macrophages that have an M2-like phenotype have been shown to play a 

significant role in the resolution of aseptic inflammatory conditions such in models of DSS 

induced colitis (127, 128). In Th1 mediated autoimmune responses switch to Th2 is 

considered beneficial. Similarly, in M1 mediated diseases, switch to M2 is considered “less 

harmful” and beneficial or anti-inflammatory (53, 129). However, the timing of M1 to M2 

switch in vivo is of great importance.  

The role of M2 macrophages in lung inflammatory disease such as acute lung injury and 

pulmonary hypertension have not been investigated yet. 
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Acute Lung Injury 

 

Acute lung injury (ALI) is a general term that describes the pathogenetic changes in the 

lung triggered by any injurious event affecting directly or indirectly the lung tissue and is 

arbitrarily used to describe the pathologic presentation of a clinical syndrome, ARDS. It was 

previously used by the American-European 

Consensus Conference in 1994 as a term 

that described a less severe form of ARDS. 

ALI as a “clinical term” was recently 

abandoned in the 2012 Berlin classification 

and it was replaced by the term “mild 

ARDS” (130). 

However ALI is still currently used in 

experimental setting; the Official Workshop 

of American Thoracic Society Task force has 

determined specific criteria for the 

definition of experimental ALI (Table 2). The 

main features of experimental ALI are rapid 

onset (within 24hours) and histological 

evidence of tissue injury, alteration of the 

alveolar capillary barrier, presence of an 

inflammatory response, and evidence of 

physiological dysfunction (Table 2). They 

recommended that, to determine if ALI has 

occurred, at least three of these four main 

features of ALI should be present (131). 

Specifically, the presence of the main 

features of experimental lung injury can be 

established with the measurements listed in 

table 2.  

The clinical picture of ALI, Acute 

Respiratory Distress Syndrome (ARDS) is a 

severe, life-threatening medical condition 

characterized by widespread inflammation 

and injury in the lungs that result in 

pulmonary edema, hypoxemia and finally 

Table 2. Experimental ALI.   
Features and measurements 
 
Histological Evidence of Tissue Injury 
-  Accumulation of neutrophils in the 

alveolar or the interstitial space 
- Formation of hyaline membranes 
- Presence of proteinaceous debris in 

the alveolar space (such as fibrin 
strands) 

- Thickening of the alveolar wall 
- Enhanced injury as measured by a 

standardized histology score 
Alteration of the Alveolar Capillary 
Barrier 
- An increase in extravascular lung 

water content 
- Accumulation of an exogenous 

protein or tracer in the airspaces or 
the extra vascular compartment 

- Increase in total bronchoalveolar 
(BAL) protein concentration 

-  Increase in concentration of high 
molecular weight proteins in BAL 
fluid (e.g., albumin, IgM) 

- Increase in the microvascular 
filtration coefficient 

Inflammatory Response 
- Increase in the absolute number of 

neutrophils in BAL fluid 
- Increase in lung myeloperoxidase 

(MPO) activity or protein 
concentration 

-  Increase in the concentrations of 
proinflammatory cytokines in lung 
tissue or BAL fluid 

Physiological Dysfunction 
- Hypoxemia 
- Increased  alveolar–arterial oxygen 

difference 
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respiratory failure. The incidence of ARDS is estimated 15 to 30 cases per 100,000 

population per year (2, 132) and is a frequent cause of morbidity and mortality in critically ill 

patients (133, 134). There is no effective treatment reported so far for ARDS. 

ARDS is characterized by the following criteria: 1, lung injury of acute onset, within one 

week of an apparent clinical insult and with progression of respiratory symptoms, 2, bilateral 

opacities on chest imaging not explained by other pulmonary pathology (e.g. pleural 

effusion, pneumothorax or nodules), 3, respiratory failure not explained by heart failure or 

volume overload and 4, decreased arterial 

PaO2/FiO2 ratio (130). Specifically, in mild ARDS, 

ratio is 201 - 300 mmHg (≤ 39.9 kPa), moderate 

ARDS, 101 - 200 mmHg (≤ 26.6 kPa) and severe 

ARDS ≤ 100 mmHg (≤ 13.3 kPa) (a minimum PEEP 

of 5cmH2O is required; it may be delivered 

noninvasively with CPAP to diagnose mild ARDS). 

The above characteristics are the "Berlin criteria" 

of 2012 by the European Society of Intensive 

Care Medicine, endorsed by the American 

Thoracic Society and the Society of Critical Care 

Medicine (130).  

The clinical syndrome of ARDS may be 

triggered from either a direct insult to the lungs 

as in pneumonia or aspiration (pulmonary ARDS) 

or it may be the end result of remote or systemic 

injuries such as sepsis or trauma (extrapulmonary) (2). The common causes are listed in 

table 3.  

 

Clinical Course and Histopathology  

 

ARDS is the clinical presentation of the pathological changes in the lung upon injurious 

stimuli that can be divided in two phases. The acute, or exudative, phase is manifested by 

disruption of the capillary-endothelial interface that involves damage to both the alveolar 

epithelium and pulmonary vascular endothelium (Figure 18) (133). Cell injury and alveolar 

barrier disruption leads to endothelial permeability and thus results in exudation of protein 

rich fluid in the alveolar space (135). This exudate may form sheets lining alveoli hyaline 

membrane (Figure 18). There is also impaired surfactant production due to either alveolar 

epithelial injury or secondarily from the effects of therapy (5, 133). Moreover, neutrophils 

and macrophages are attracted in the lung by chemokines (Figure 18) (2, 3). Vascular 

endothelial injury is a key feature of acute lung injury, as well as intravascular thrombosis 

Table 3. Common causes of ARDS 

Pulmonary (direct causes) 
- Pneumonia 
- Aspiration 
- Mechanical ventilation 

- Near drowning 

- Inhalation injury 

- Pulmonary contusion 

Extrapulmonary (indirect causes) 

- Sepsis 

- Pancreatitis 

- Trauma 

- Transfusion RELATED 

- DIC 

 



PhD Thesis                                                                                                                                  Eleni Vergadi 

 

58 

 

and capillary permeability that increases alveolar fluid (2, 3). In fact, pulmonary vascular 

injury, in the setting of acute lung injury, can lead to pulmonary arterial hypertension, 

resulting in increased intrapulmonary shunting, hypoxia, right ventricular dysfunction and 

worse outcome (2).  

Fluid filled airspaces, loss of surfactant, microvascular thrombosis and disorganized repair 

reduces resting lung volumes (decreased compliance), increasing ventilation-perfusion 

mismatch, right to left intrapulmonary shunting and the work of breathing (2, 5, 6). Arterial 

hypoxemia that is refractory to treatment with supplemental oxygen is characteristic of 

acute phase. Radiographically, the findings are bilateral infiltrates, patchy or asymmetric, 

due to interstitial and alveolar edema (2).  

 

  

 

Some patients rapidly recover from acute ARDS. However, prolonged inflammation and 

destruction of pneumocytes leads to fibroblastic proliferation and lung fibrosis (2). This 

fibrosing alveolitis may become apparent 3 to 7 days after initial onset of ARDS with 

persistent hypoxemia, and a further decrease in pulmonary compliance (3, 136). As a result, 

there is thickening of the endothelium, epithelium and interstitial space, there is less edema, 

Figure 18. Injured Alveolus in the 
Acute Phase of ARDS 
There is injury of both the bronchial 
and alveolar epithelial cells, with the 
formation of protein-rich hyaline 
membranes. Neutrophils are shown 
adhering to the injured capillary 
endothelium and marginating through 
the interstitium into the air space, 
which is filled with protein-rich edema 
fluid. In the air space, an alveolar 
macrophage is secreting cytokines, 
interleukin-1, 6, 8, and 10, (IL-1, 6, 8, 
and 10) and tumor necrosis factor a 
(TNF-a), which act locally to stimulate 
chemotaxis and activate neutrophils. 
Neutrophils can release oxidants, 
proteases, leukotrienes, and other 
proinflammatory molecules.  The influx 
of protein rich edema fluid into the 
alveolus has led to the inactivation of 
surfactant. Adapted from Ware et al, N 
Eng J Med, 2000. 
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but the spaces are still filled with inflammatory cells, to a lesser extent compared to the 

acute phase (2, 6). 

Subsequent recovery phase is characterized by the gradual resolution of hypoxemia and 

improved lung compliance (136). In this phase granulocyte and monocyte recruitment from 

the circulation ceases, phagocytosis of apoptotic neutrophils or parenchymal cells and debris 

by macrophages is taking place (136). The clearance of alveolar edema fluid is taken over by 

active sodium transport via apical membrane epithelial Na+ channels (ENaC) is pumped into 

the lung interstitium by basolaterally located Na/K-ATPase, thus creating a local osmotic 

gradient to reabsorb the water fraction of the edema fluid from the airspaces of the lungs 

via aquaporins (137). Also, there is differentiation of type II cells to type I (7).  

Typically, the radiographic abnormalities resolve completely and in many patients 

pulmonary function returns to normal. If the underlying disease or injurious factor is not 

removed, the quantity of inflammatory mediators released by the lungs in ARDS may result 

in a systemic inflammatory response syndrome and multiple organ failure (136). 
 

 

To summarize the pathophysiology of acute respiratory distress syndrome is divided into 

eight categories: innate immunity, alveolar fluid transport, surfactant, apoptosis, coagulation 

and direct alveolar epithelial injury (138). Although the triggering mechanisms are not 

completely understood, recent research has examined the role of inflammation in ALI and is 

reviewed in detail in the following pages.  

 

Current Management of ARDS – The clinical paradox of Mechanical Ventilation 

 

Figure 19. Resolution of ARDS. The 
alveolar epithelium is being 
repopulated by the proliferation and 
differentiation of alveolar type II cells. 
Resorption of alveolar edema fluid is 
shown at the base of the alveolus. 
Sodium is taken up by the epithelial 
sodium channel (ENaC) and through 
the basolateral membrane of type II 
cells by the sodium pump (Na+/K+–
ATPase). Water is moving through 
aquaporins. Macrophages remove 
insoluble protein and apoptotic 
neutrophils by phagocytosis. The 
gradual remodeling and resolution of 
intraalveolar and interstitial 
granulation tissue and fibrosis are 
shown. Adapted from Ware et al. N 
Eng J Med. 2000 
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Maintaining adequate tissue oxygenation (PaO2>60 mmHg) and gas exchange without 

increasing excessively inspired oxygen concentration is an important therapeutic goal in the 

management of ARDS. For the patient with ARDS, this goal is achieved with respiratory 

support, most typically in the form of mechanical ventilation. Surfactant-replacement 

therapy is also of outmost importance in infants with the neonatal respiratory distress 

syndrome followed by mechanical ventilation, either invasive or non-invasive. The usual 

strategies of fluid management, achievement of adequate hematocrit and the use of 

appropriate inotropes and vasopressors to maintain adequate cardiac output are adjunct 

therapies in critically ill patients with ARDS (2, 136).  

Mechanical ventilation works by increasing mean alveolar pressure (mPalv) and 

augmenting by this way the pressure that comes from respiratory muscles.  Increased mPalv 

allows for recruitment of partially flooded or atelectatic alveoli, thereby restoring normal 

V/Q matching and decreasing intrapulmonary shunt. The restoration of lung volumes 

frequently is followed by a reduction in the inspired oxygen concentration as well as 

improvement of respiratory mechanics and work of breathing. These improvements may 

allow for the partial or complete restoration of spontaneous ventilation (2, 136).  

However, during the 1980s and 1990s, several studies showed that mechanical 

ventilation can produce lung inflammation and injury in animals, termed ventilator-induced 

lung injury (VILI) (133). These studies provided the basis for a large multicenter study 

comparing different ventilator strategies in patients with ALI/ARDS, which changed the 

clinical management of patients in intensive care units (133, 139, 140). It is necessary herein 

to distinguish between ventilator- induced lung injury, in which mechanical ventilation is the 

sole method used to generate injury, and ventilator-associated lung injury, in which 

mechanical ventilation modifies lung injury due to a clinically relevant cause, such as 

pneumonia, acid aspiration or sepsis (133). 

It has soon recognized that high peak inspiratory pressure was fatally injurious. Alveolar 

epithelial cells and vascular endothelial cells undergo stretching during high pressure 

mechanical ventilation and excessive alveolar distension produces rupture at the junction of 

the alveolar wall and vascular sheath, allowing air to track along the bronchovascular sheath 

into the mediastinum and subcutaneous tissues or to rupture into the pleural spaces (air 

leak syndromes) (2, 133). Given that the development of air leaks appeared to be related to 

the use of high airway pressures, the term “barotrauma” was applied (2, 141). 

Elevated tidal volume, as opposed to airway pressure per se, was also paramount in 

inducing ventilator-associated lung injury, thus establishing the concept of volutrauma. 

Overstretching of alveolar walls results in endothelial and epithelial breaks and interstitial 

edema that can cause failure of the alveolar epithelial–endothelial barrier or the plasma 

membrane and alterations in cytoskeletal structure (142, 143). But, the concept “the lower 

the tidal volume, the better the outcome” that was emerged is also a complex issue since 
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atelectasis may develop through the use of low tidal volume ventilation and cause 

atelectotrauma, and is attributed to the repeated collapse and re-expansion of alveoli. The 

latter can be overcome by the application of PEEP (2, 133). 

Next, several studies showed that physical forces can change gene expression patterns in 

the lung, leading to increased inflammatory mediator release and alterations of ion 

channels; described as biotrauma and mechanotransduction (Figure 20) (2, 142). Mechanical 

cell deformation can be converted to biochemical changes, including production of 

proinflammatory cytokines and changes in lipid trafficking (142). Cyclic stretch stimulates 

alveolar epithelial cells through mechanosensitive membrane-associated proteins and 

stretch-activated ion channels but also through recruitment of additional phospholipids in 

the plasma membrane (144). Hyperinflation and deformation per se can trigger activation of 

monocytes, alveolar epithelial type II cells and endothelial cells and promote chemokine and 

cytokine release in the lung (143, 145-148). The clinical relevance of biotrauma is not only 

that it can aggravate ongoing lung injury but also that it may have important systemic 

consequences via spillover of lung inflammatory mediators into the systemic circulation 

leading to multiple organ failure (143, 149, 150). 

 

 

Figure 20. Time line illustrating a the major basic science observations that have influenced our 
understanding of ventilator-induced lung injury.  Adapted from Tremblay et al, Int Care Med, 2006. 

 

As a result of the recognition of the influence of VILI on the course of ARDS, physicians 

have mandated the clinical use of lung protective strategies that attempt to use minimal 

forces (whether pressure or volume triggered) in a manner that limits  VILI (2). Current 

ventilation strategies involve using “gentle lung treatment approach” in the conventional 

tidal volume control ventilator; tidal volumes 4-6ml/kg in adults and children and 3-5ml/kg 

in neonates are considered a safe normal physiological range (141, 152). PEEP is also equally 

important to VT since in the presence of atelectasis, even a normal physiologic VT will result 

in overexpansion of the aerated alveoli that are more compliant to expansion based on 

Laplace law. Typically, PEEP levels are increased incrementally until the FiO2 can be reduced 

below toxic levels (<0.6 in adults <0.40 in neonates) while maintaining a systemic oxygen 

saturation above 90% (2, 141, 152). The mode of ventilation is also important. Assisted 

synchronized mechanical ventilation whenever feasible is a more favorable alternative since 

it is associated with reduced incidence of ventilator-associated lung injury (VALI) (153). 

Other strategies that are usually utilized to avoid lung injury are prone positioning, 

recruitment maneuvers and reduction in respiratory rate (154). Permissive hypercapnia and 



PhD Thesis                                                                                                                                  Eleni Vergadi 

 

62 

 

mild hypoxemia (SO2 as low as 88%) and respiratory acidosis are considered tolerable (2, 

152, 155-157) but their benefit is controversial (155, 158, 159). Adjunctive treatments such 

as nitric oxide and extracorporeal membrane oxygenation in neonates and steroids and β2-

agonists in adults may be also used (152, 160). B2 agonists and high frequency oscillatory 

ventilation (HFOV) have been found to increase epithelial ion channels and aquaporin but 

their benefit in ARDS has not been proven (161). Also, a number of clinical trials and animal 

studies have addressed the use of glucocorticoids in early and late phase ARDS with 

contradictory results (162-164). Steroids in some studies did increase the number of 

ventilator-free days during the first 28 days, accompanied by improved compliance and 

oxygenation, however given the failure of multicenter, randomized, controlled trials to 

demonstrate a benefit of high-dose corticosteroids in patients with ARDS, the administration 

of corticosteroids cannot be recommended (163, 165, 166). 

However, even after the application of protective lung ventilation strategies and the 

improvement in survival in patients with ARDS that was noticed, it was recognized that the 

proportion of patients receiving protective ventilation remains modest (167). In many 

patients, the severity of lung disease renders inevitable the use of high concentrations of 

oxygen and high tidal volume to achieve adequate gas exchange. However, even ventilation 

with low tidal volume can harm the lungs since, although ventilation with 5–7 ml/kg is 

considered to be in “physiological” range, there is also diversity in breathing patterns from 

patient to patient and breath to breath fluctuation of the same patient. This breathing 

pattern in ARDS may be further influenced by the metabolic demand, dead space and the 

acid–base status or each patient (2, 138). Furthermore, it was been found that protective 

mechanical ventilation in preterm lambs exposed to acute chorioamnionitis does not reduce 

ventilation-induced lung or brain injury (168). Other complications of mechanical ventilation 

irrespectively of strategy used involve upper airway trauma, subglottic edema/stenosis, 

alveolar overdistention, reduced cardiac output secondary to increased intrathoracic 

pressure and impaired venous return and preload. Thus, the use of mechanical ventilation 

presents a clinical paradox. On the one hand, it provides life-sustaining support to allow 

sufficient time for recovery. On the other hand, it can be directly injurious to the lung. 

To conclude, mechanical ventilation, the currently indicated life-saving intervention in 

patients with ALI, may further provoke and/or exacerbate lung injury (133). Also, the use of 

pharmacologic agents such as b2 agonists or corticosteroids are controversial and proven 

not efficacious in ARDS. In order to minimize the iatrogenic consequences of mechanical 

ventilation and to improve survival in ARDS, there must be a greater understanding of the 

signal transduction mechanisms that lead to ARDS.  

To this direction, the molecular biology has expanded to the field of critical care. Basic 

research in ARDS has improved our understanding of biologic responses and has promising 

results on potential novel therapeutic applications; biological treatments. In the following 
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section we describe the basic scientific evidence reported for ARDS in animal models so far. 

Based on these facts we made the hypothesis of this study aiming to expand the existing 

knowledge in field of acute lung injury and to identify novel therapeutic targets. 

  

Experimental Acute Lung Injury: animal models 

 

In order to study ARDS in animals, several animal models have been described that are 

based on clinical disorders that are associated with ARDS in humans (table 4) (133). The term 

“Acute lung injury” (ALI) describes the pathologic presentation of ARDS and the specific 

features and measurements that define ALI in animals were recently determined and 

discussed above (131). 

In this study we focused on three models of 

acute lung injury; hydrochloric acid induced ALI 

(169), high tidal volume induced ALI (VILI) (133), 

and a septic pneumonia- associated lung injury 

(170). All of them recapitulate the main 

characteristics of human ALI, which are lung 

inflammation and high permeability pulmonary 

oedema. 

In acid aspiration induced lung injury, 

investigators have used hydrochloric acid (HCl) to simulate lung injury due to gastric acid 

aspiration in humans caused mainly by altered level of consciousness (133, 171). Critically ill 

patients have an increased risk of aspiration due to gastroparesis, high gastric residual 

volume, nasogastric intubation and gastroesophageal reflux. But apart from the aspiration 

pneumonitis, acid induced ALI is a model that targets primary the alveolar epithelium and 

endothelium and recapitulates the pathology of human ARDS (133). Exposure of lung 

epithelial cells to HCl resulted in neutrophilic inflammation in the lung, alveolar hemorrhage, 

intra-alveolar and interstitial edema and impairment in the alveolar fluid clearance (133, 

172).  

The ventilation induced lung injury model (VILI) is the only model of lung injury that has 

affected clinical practice and improved survival in humans. Injurious ventilation per se, 

without preceding lung injury, can initiate cytokine-mediated pulmonary inflammation and is 

used to elucidate the mechanism of ARDS as well as potential treatments (133). The 

mechanisms of VILI (volutrauma, biotrauma) were described above in the consequences of 

mechanical ventilation. High tidal volume is usually applied that results in alveolar 

hemorrhage, hyaline membrane formation, neutrophilic infiltration, decreased compliance 

and gas-exchange abnormalities (133, 173). 

Table 4. Animal models of ALI 
 
- Mechanical ventilation 
- LPS 
- Live bacteria 
- Acid aspiration 
- Hyperoxia 
- Bleomycin 
- Oleic acid 
- Cecal ligation and puncture 
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While the above two methods study the aseptic acute lung injury, the administration of 

live bacteria in the lungs is a widely used method to study septic lung injury. Pulmonary 

infections are the main risk factor of ARDS. In animals, local administration of bacteria into 

the lungs can be achieved by using an intra-tracheal catheter, by transtracheal instillation or 

by aerosolization. Depending on the size of the bacterial inoculum, systemic manifestations 

of sepsis may be also evident. Bacteria that have been mostly used for this purpose are 

Pseudomonas aeruginosa, E. coli and S. aureus. Intra-tracheal injection of P.aeruginosa leads 

to lung inflammation, alveolar epithelial barrier leakiness and alveolar cell death (174). The 

injury was resolved 7 days from the initiation of P. aeruginosa injection (170). 

 

Pathogenesis of experimental Acute lung injury 

 

The majority of studies in animal models of ALI have focused on two mechanisms that 

contribute to pathology: the inflammatory response and the removal of pulmonary edema 

fluid from the alveolar space. In the present study we will focus on the inflammatory 

response that takes place in ALI, and specifically in the role of innate immune response and 

alveolar macrophages.  

 

The role of inflammation in the development of Acute Lung Injury 

 

Lately, in an increasing number of human and animal studies, it is becoming apparent that 

lung inflammation, either septic or aseptic, plays a central role in the promotion of ALI (175-

181). One of the pathologic hallmarks observed in lungs from patients succumbing to ARDS 

is pronounced neutrophil and monocyte infiltration (182). Once in the interstitial and/or 

alveolar space, leukocytes release a series of oxygen- and nitrogen-based radical species, 

proteases, and arachidonic acid metabolites all of which can contribute to impaired 

endothelial barrier function and high permeability pulmonary edema that results in 

respiratory failure (2, 183). 

Also pro-inflammatory mediators such as TNF-α, IL-1β, IL-6, IL-8 and chemokines such as 

macrophage inflammatory protein (MIP)-1,  monocyte chemoattractant protein (MCP)-1 and 

CXCL-1, released by inflamed epithelial cells or activated innate immune cells, have been 

detected in the lungs of mouse and rat models of ALI (184-187). This inflammatory response 

is not limited to the lung but it has been shown to lead to a systemic inflammatory response 

that promotes distal organ injury and multi-systemic organ failure (188). 

Thus innate immunity plays a major role in the pathogenesis of ALI. In agreement with the 

above, many studies have shown that anti-inflammatory treatment with exogenous IL-10, 

TNF-α neutralizing antibodies or IL-1ra can ameliorate ALI in animal models (2, 189-191). 
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Also, regulatory T cell expansion or recruitment in lung may facilitate recovery from ALI (111, 

192-195). Administration of Keratinocyte growth factor-2 (KGF-2), a potent epithelial cell 

mitogen that also down-regulates pro-inflammatory responses (reducing IL-1β and TNF-α) 

and up-regulate anti-inflammatory responses (increasing cytokine IL-10 and IL-1Ra) has been 

found to be protective in many models of ALI (191, 196-198). 

However, the timing of anti-inflammatory treatment in the course of ALI is crucial since 

for example an increased T-regulatory cell ratio in BAL in the very early phase of ARDS in 

humans was found to be an important risk factor for increased mortality (199). 

 

The role of alveolar macrophages in ALI 

 

Among the inflammatory cells implicated in ALI, alveolar macrophages appear to exert 

the most important role (169, 178, 179, 200, 201). Studies support the importance of 

macrophages to initiate and maintain the inflammatory response, as well as a determinant 

of resolution of lung inflammation and repair (202). 

Alveolar macrophages, the primary sensors of injurious insult in the lung, accumulate 

upon stimuli in the acute phase of ALI, sense the endogenous danger signals that are 

present in the debris of necrotic cells and can initiate the lung inflammatory response and 

promote neutrophilic infiltration, tissue damage and oxidative stress (7, 45, 46, 169, 178, 

179, 182, 200, 203). The importance of alveolar macrophage in the pathogenesis of lung 

inflammation and injury is demonstrated in macrophage depletion experiments. It has been 

showed that macrophage depletion by aerosolized clondronate resulted in decreased 

inflammation, diminished neutrophil recruitment in the lung and less severe lung injury in 

three animal models of ALI; hydrochloric acid aspiration, ventilation-induced ALI and ALI 

due to gram negative bacterial endotoxin (178, 179, 182, 201). Also LPS activated 

macrophages were found to decrease ENaC expression and activity and interfere with fluid 

removal of the alveoli (7). 

In the resolving phase of ALI, alveolar macrophages also play a major role. Macrophages 

can actively terminate and resolve neutrophilic influx and induce neutrophil apoptosis (7).  

They are also capable of producing growth factors such as vascular endothelial growth factor 

(VEGF) (204), platelet derived growth factor A and B (PDGF-A and B), insulin-like growth 

factor-1 and tumor growth factor (TGF)-β, being crucial for tissue repair after injury, 

regulation of scaring resolution and matrix degradation (7).  

According to the above, obviously, the macrophages of the acute phase and the 

macrophages of the resolving phase have a different function. It is well established in the 

literature that alveolar macrophages acquire classical M1 activation state in models of acute 

lung injury in rats and mice; they overexpress iNOS and pro-inflammatory cytokines, 

contributing by this way to inflammation and to the severe outcome of the disease (169, 
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178, 179, 200, 201). iNOS knock-out mice or rats treated with a specific iNOS inhibitor 

developed ameliorated ALI upon high tidal volume or acid-aspiration (205-207). In another 

study, induction of iNOS in alveolar macrophages exacerbated the outcome of ALI (31). 

Furthermore, in a septic model of ALI, alveolar macrophage depletion in iNOS-/- mice and 

subsequent reconstitution with WT macrophages resulted in significant sepsis-induced 

pulmonary protein leak and injury (208). Thus, M1 macrophages seem to represent a 

common denominator that contributes to pathology in ALI.  

Though, the molecular mechanisms that regulate macrophage phenotype in ALI have not 

been fully described yet. It has been found that the activation of TLR4 signaling in alveolar 

macrophages and specifically the TLR4-TRIF-TRAF6-NF-kB signaling is important in acid-

aspiration induced ALI, as TLR4-/-, TRIF-/- or TRAF6-/- mice are incapable to develop ALI 

(200, 209). TLR4 signaling plays also a critical role in other models of ALI (210). 

Apart from M1 macrophages, the presence of M2 alveolar macrophages has been also 

noticed in the resolving phases in several models of ALI (7, 45). They appear after the acute 

phase and play a central role in tissue healing and recovery (7, 45, 46). In fact, both 

populations of M1 and M2 alveolar macrophages exist in the same time in the lung and their 

equilibrium will determine the type or response. But also M1 macrophages upon the proper 

environment can be transformed to M2 (7). In contrast to alveolar macrophages that can 

have either M1 or M2 phenotype, interstitial macrophages are considered to have an M2 

phenotype (45, 46).  The role of M2 macrophages has been studied, among others, in lung 

fibrosis and asthma, but the role of M2 macrophages in the outcome of ALI has not been 

clarified yet.  

 

Biological treatments targeting inflammation in ALI 

 

Up to now, many experimental treatments have been shown to alleviate inflammatory 

response in ALI. The great majority of studies have been focused in two fields of research; 

miRNAs and stem cells and their products (211). Accumulating evidence suggested that 

targeting disease-associated miRNAs might be a potential therapeutic strategy for 

inflammatory diseases (212, 213). MicroRNAs expression is affected in ARDS in humans and 

in animal models (214-217). Recently, miR-155, a distinct miRNA molecule, important in 

inflammatory and immune response, was found upregulated in lung tissue in an ALI animal 

model (7, 33). Targeting miR-155 in ALI could ameliorate from the disease via regulation of 

macrophage and Treg activation (111). Similarly, recent research work reported that 

silencing of miR-21 using antagonist of miR-21 could reduce the BAL protein level and affect 

the development of VILI in mice (215). Also, miR-146a upregulation in LPS induced lung 

injury resulted in suppression of lung inflammatory response (217). These studies could 
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highlight an important fact that miRNAs including miR-155 might be potential targets for the 

development of novel therapeutic strategy for ALI.  

A number of cell types, particularly mesenchymal stem/stromal cells (MSCs), bone 

marrow-derived mononuclear cells, endothelial progenitor cells, and embryonic stem cells 

have been demonstrated to reduce mortality and modulate the inflammatory and 

remodeling processes in relevant preclinical ARDS models (218). Mesenchymal stem cells 

appear closest to clinical translation, given the evidence that they may favorably modulate 

the immune response to reduce lung injury, while maintaining host immune-competence 

and also facilitating lung regeneration and repair (193, 219, 220). The MSCs may exert their 

effect via diverse paracrine mechanisms, including the release of cytokines and growth 

factors and/or by transfer of cellular contents such as peptides, nucleic acids, and 

mitochondria via either microvesicular or direct cell-cell contact-mediated transfer (218). 
MSC secretome and, specifically, MSC-derived microvesicles have emerged as potential key 

mediators of therapeutic action that can be the focus of future therapies (221, 222).  

Other experimental treatments that have been effectively used are inhibition of NF-kB 

signaling (223), promotion of autophagy in alveolar macrophages (224, 225), blocking 

oxidative stress via HO-1 upregulation, anti-inflammatory treatment with IL-10 (189, 190), 

antibody neutralization (e.g., anti-TNF-antibody) or receptor blockade (e.g., IL-1Ra) (2, 191), 

and inhibition of leucocytes infiltration by adhesion molecule blocking (182). Despite these 

encouraging results, to date no human trials have been successful. None of the studies 

reported so far have investigated the role of the alternatively activated macrophage in the 

development of ALI. 

Despite considerable basic science and clinical research, therapeutic options for 

established ALI are limited. The cellular and molecular mechanisms that lead to ALI remain 

incomplete. It is necessary to further understand ALI pathology and identify novel 

treatments targeting the pathways that may prevent or ameliorate lung injury. 
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Pulmonary Arterial Hypertension 

 

Pulmonary hypertension is defined as a 

mean pulmonary arterial pressure (mPAP) ≥25 

mmHg at rest as assessed by right heart 

catheterization (226). In fact, pulmonary 

hypertension is a hemodynamic and 

pathophysiological state and not a disease per 

se (227). It can be found in multiple clinical 

conditions that usually but not always share 

similar histological and pathophysiological 

abnormalities (Table 5) (227). 

Since the first international conference by 

the World Health Organization (WHO) in 

Geneva in 1973, the classification of clinical 

conditions that lead to pulmonary 

hypertension was subjected to many changes. 

The current classification is based on the WHO 

Conference in Nice (2013) and separates the 

term pulmonary arterial hypertension (PAH) 

(group 1) from pulmonary hypertension (PH) 

due to left heart disease (group 2), pulmonary 

disease (group 3), chronic thromboembolic 

pulmonary hypertension (CTEPH) (group 4) 

and PH of miscellaneous etiologies (group 5) 

(Table 5) (228, 229). 

In the present thesis we will mainly focus in 

the subgroup of pulmonary hypertension 

known as pulmonary arterial hypertension 

(PAH). PAH is further defined by a mean 

pulmonary arterial pressure (mPAP) ≥25 

mmHg and the addition of the criterion that 

the pulmonary capillary wedge pressure must 

be normal, less than 15 mm Hg and elevated 

pulmonary vascular resistance (PVR >3 WU) 

(226, 230). PAH is characterized by increased 

Table 5. Updated clinical classification of 
pulmonary hypertension (Nice, 2013) 
1. Pulmonary arterial hypertension (PAH) 
1.1. Idiopathic PAH 
1.2. Heritable PAH 
1.2.1. BMPR2 
1.2.2.ALK1,ENG,SMAD9,CAV1, KCNK3 
1.2.3. Unknown 
1.3. Drug- and toxin-induced 
1.4. Associated with 
1.4.1. Connective tissue diseases 
1.4.2. HIV infection 
1.4.3. Portal hypertension 
1.4.4. Congenital heart diseases 
1.4.5. Schistosomiasis 
1’ Pulmonary veno-occlusive disease and / or 
pulmonary capillary hemangiomatosis 
1” Persistent pulmonary hypertension of the 
newborn (PPHN) 
2. Pulmonary hypertension due to left heart 
disease 
2.1. Left ventricular systolic dysfunction 
2.2. Left ventricular diastolic dysfunction 
2.3. Valvular disease 
2.4 Congenital/acquired left heart 
inflow/outflow tract obstruction and 
congenital cardiomyopathies 
3. Pulmonary hypertension owing to lung 
diseases and/ or hypoxia 
3.1. Chronic obstructive pulmonary disease 
3.2. Interstitial lung disease 
3.3. Other pulmonary diseases with mixed 
restrictive and obstructive pattern 
3.4. Sleep-disordered breathing 
3.6. Chronic exposure to high altitude 
3.7. Developmental abnormalities 
4. Chronic thromboembolic pulmonary 
hypertension (CTEPH) 
5. Pulmonary hypertension with unclear 
multifactorial mechanisms 
5.1. Hematologic disorders: chronic 
hemolytic anemia, myeloproliferative 
disorders, splenectomy 
5.2. Systemic disorders: sarcoidosis, 
pulmonary histiocytosis, 
lymphangioleiomyomatosis 
5.3. Metabolic disorders: glycogen storage 
disease, Gaucher disease, thyroid disorders 
5.4. Others: tumoral obstruction, fibrosing 
mediastinitis, chronic renal failure, segmental 
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PVR leading to right ventricular overload, hypertrophy, and eventually to right ventricular 

failure and death (231). This progressive and sometimes fatal disease occurs as an idiopathic 

disease, familial/hereditary or as a component of other disease states (232) such as 

connective tissue disease, congenital heart disease, portal hypertension and human 

immunodeficiency virus (HIV) infection. Persistent pulmonary hypertension of the newborns 

and some other conditions and environmental factors, such as drugs, viruses, or toxins are 

also included in PAH definition (233).  

PAH has an estimated incidence of 2 cases per million individuals per year and a 

prevalence of approximately 10 to 15 cases per million individuals (227, 231). International 

registries show that approximately 57% of adult and children with PAH had idiopathic PAH 

(IPAH) or familial PAH. PAH associated with congenital heart disease (CHD) is relatively more 

frequent in children (36%) than adults (10–11%), while PAH associated with connective 

tissue disease and other associated forms are very rare in children compared with the adult 

population (9, 226, 234, 235).  

Persistent Pulmonary Hypertension of the Newborn (PPHN) results from the failure of 

relaxation of the pulmonary vasculature at birth, leading to shunting of non-oxygenated 

blood from the pulmonary to the systemic circulation via open ductus arteriosus and/or 

foramen ovale (236). PPHN has an incidence of 2 per 1,000 live births (141, 229). The most 

common etiology results from a failure to undergo the normal fall in pulmonary vascular 

resistance due to various conditions of perinatal stress such as hemorrhage, aspiration, 

hypoxia, hypoglycemia, polycythemia, acidosis and hypothermia or drug use during 

pregnancy (such as serotonic uptake inhibitors) (141, 236). 

Prior to the advent of modern therapies, life expectancy for adults with idiopathic 

pulmonary arterial hypertension was less than 3 years from diagnosis; for children, it was 

less than  10 months and for newborns less than 5 days (237). Untreated patients with PAH 

have a 1-, 3-, and 5-year survival rate of 68%, 48%, and 34%, respectively(232). Treated, the 

survival rates improve to 91% to 97% after 1 year and 84% to 91% after 2 years (232). 

 

Clinical Course and Histopathology 

 

The clinical presentation of PH is non-specific; it begins with shortness of breath and 

chest pain with exercise and progress to dyspnea with normal activities and, finally, dyspnea 

at rest (238). Given this lack of specificity of PAH symptoms, the mean delay before 

diagnostic characterization is 2.8 years, during which time PAH worsens and the majority of 

cases have moderate to severe PAH at time of diagnosis (238). By then, patients have severe 

pulmonary vascular remodeling and RV dysfunction (238). 
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Pathologic findings show intimal 

hyperplasia and fibrosis, medial 

hypertrophy, and in situ thrombi of the 

small pulmonary arteries and arterioles. 

Peripheral arteries are muscularized 

while medial hypertrophy and 

neointima formation is noticed in 

proximal arteries with formation of  

plexiform lesions (figure 21) (232). 

 

Current Management of PAH 

 

In the past 20 years, there have been 

progress in terms of PAH treatment and 

three classes of pulmonary vasodilators 

(defined as PAH-targeted therapy) have 

been approved for treatment of PAH in 

adults and children that target the 

prostacyclin pathway, the endothelin 

pathway or the nitric oxide pathway.  

Currently, there are 12 FDA-approved 

drugs for PAH available in the United 

States, each one targeting 1 of these 3 

pathways. These include intravenous or 

subcutaneous prostanoids 

(epoprostenol or treprostinil), 

endothelin receptor antagonists 

(bosentan and ambrisentan) and 

phosphodiesterase type 5 inhibitors 

(PDE-5, Sildenafil and Tadalafil). PDE-5 

inhibitors exert their pharmacological 

effect by increasing the intracellular 

concentration of cGMP.  The soluble 

guanylate cyclase (sGC) stimulator, acting on NO pathway as PDE-5 inhibitors, riociguat was 

recently added (9, 239). Treatment with a single agent is usually started and in non-

responders with severe disease combined therapy is recommended (240, 241). 

General measurements for the management of PH also include exercise limitations, 

avoidance of physical activity after meals or in extreme temperatures, psychological 

Figure 21. Vascular abnormalities associated 
with PAH. This schema depicts the abnormalities 
throughout the pulmonary circulation: abnormal 
muscularization of distal and medial precapillary 
arteries, loss of precapillary arteries, thickening 
of large PAs, and neointimal formation that is 
particularly occlusive in vessels less than 500–100 
uM and in plexiform lesions therein. Adapted 
from Rabinovitch et all. J Clin Invest, 2013 
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assistance and use non-specific pharmacological treatment with oral anticoagulant 

treatment, diuretics, digitalis and calcium-channel blockers as needed and only in 

“vasoreactive“ patients that have a positive response to acute vasoreactivity testing (10-15% 

of IPAH)  (231). 

In case of PPHN, the current mainstay of therapy is first the treatment of the underlying 

condition along with several promising therapeutic modalities such as oxygen 

supplementation, mechanical ventilation, nitric oxide inhalation, phosphodiesterase 

inhibitors (pde-5; sildenafil, pde-3; milrinone), prostaglandins analogs, endothelin receptor 

antagonists and finally extracorporeal membrane oxygenation (141, 236, 242, 243). 

The introduction of targeted PAH therapy have increased therapeutic options and 

potentially reduced morbidity and mortality; yet, none of the current therapies have been 

curative (244). Intravenous vasodilators dilate both the systemic and pulmonary vasculature 

and cause significant problems, including systemic hypotension, increased intrapulmonary 

shunting (i.e., increased V/Q mismatch), and increased hypoxemia (244). Consequently, 

selective pulmonary vasodilation with inhaled NO has only transient effects (244). Despite 

treatment advancements, there was no improvement in mortality, which still remains high.  

 

Experimental Pulmonary Hypertension: animal models 

 

Numerous animal models of PAH are currently available but the most commonly used 

(“classic” models) for the study of PAH are rodents exposed to either hypoxia or 

monocrotaline (245-247). These animal models have been extensively used and have 

undoubtedly contributed to a better understanding of the pulmonary hypertensive process.  

The monocrotaline and hypoxic models resemble the basic features of human PAH but 

they do not recapitulate the pathologic picture of neointimal and plexogenic arteriopathy in 

patients with PAH (248). PH development in mice is of necessity faster and weaker 

compared to human disease. Despite the disadvantages, transgenic mouse models are a 

perfect tool for studying the processes involved in pulmonary vascular function and disease 

as it can effectively be used to test interventions designed against particular molecular 

pathways and processes (249).  

In the monocrotaline model of PAH, the toxic pyrrolizidine alkaloid monocrotaline is 

injected in animals and is metabolized by hepatic oxidases to monocrotaline pyrrole and this 

active compound causes vascular injury through endothelial damage and adventitial 

inflammation, particularly macrophage accumulation, resulting in pulmonary hypertension 

and subsequent right heart failure (249, 250). 

In the hypoxic model, chronic hypoxic exposure is utilized to induce PH reproducibly in a 

wide variety of animal species, but most frequently in mice and rats. Hypoxia induces 

changes in lung vasculature that most closely recapitulates human disease in comparison 
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with the monocrotaline model. The main advantage to hypoxia is its simplicity and reliability. 

This is probably why it is by far the most common model of PH found in the literature (249). 

In the current study we utilized the hypoxic model of pulmonary hypertension.  

Upon exposure to low oxygen concentration (8% or 10%), vasoconstriction rapidly occurs 

and it is responsible for the rapid elevation of pulmonary arterial pressure (245, 247). Apart 

from acute vasoconstriction, oxygen deprivation results in dysfunction of oxidative 

phosphorylation/mitochondrial respiration and reduction in ATP production  (251). Cells 

then rely on specific transcription factors; hypoxia inducible factors 1 and 2 (HIFs) for 

survival and adaptation to hypoxia. HIFs induce a transcriptional program of genes that 

regulate glucose and energy metabolism, cell survival and apoptosis, erythropoiesis, vascular 

tone and angiogenesis (252, 253). 

Long term, chronic exposure of mice in hypoxia, via HIF or HIF cross talk with other 

transcription factors (such as NF-kB), induces smooth muscle cell proliferation and vessel 

wall remodelling in the vasculature by transcriptional activation of genes encoding vascular 

smooth muscle cell (VSMC) mitogens and inflammatory mediators such as vasoconstrictors 

(PDGF-B, VEGF, FGF, endothelin), growth factors, adhesion molecules (P selectin, ICAM, 

VCAM), cytokines and matrix proteins (fibronectin, laminin, proteoglycans) (247, 252, 254, 

255). Sustained hypoxia leads also to the development of a complex, pro-inflammatory 

microenvironment, capable of promoting recruitment, retention and differentiation of 

circulating monocytic cell populations that contribute to vascular remodeling (256).  

After 2 weeks of hypoxic exposure, muscularization and remodeling of small pulmonary 

arteries takes place as well as thickening and fibrosis and peripheral extension of smooth 

muscle in the media of small non- muscular arteries and arterioles. These pathogenetic 

changes recapitulate the elevation of right ventricular systolic pressure and right ventricular 

hypertrophy of human disease (247, 250, 257). In contrast with human disease, hypoxic 

animal models can be partially reversible upon return to normoxia. Thus, the chronic hypoxic 

models of PH in rodents could be regarded as models for less severe PH (247). 

 

Pathogenesis of experimental PAH 

Pulmonary arterial hypertension (PAH) is a devastating disease without effective 

treatment. Despite decades of research and development of novel treatments, PAH remains 

a fatal disease. The pathophysiological mechanisms of pulmonary hypertension are not fully 

understood, suggesting an urgent need for better understanding of the pathogenesis of PAH.  

Despite the clinical heterogeneity of the entities listed in ‘Updated clinical classification of 

pulmonary hypertension (Nice, 2013) a common pathway resulting from a combination of 

genetic susceptibility and environmental factors seems to play a pivotal role in the 
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pathogenesis of pulmonary hypertension. This pathway is characterized by vasoconstriction 

due to constrictive agents, an imbalance of vasodilators as well as vascular remodeling.  

Pulmonary vascular tone is regulated through a balance of vasoconstrictive and 

vasodilatory stimuli. The imbalance of vasoconstrictors and vasodilators leads to endothelial 

dysfunction early in the course of disease (258-260). Numerous vasoactive substances such 

as endothelin, carbon dioxide, thromboxanes, angiotensin II, platelet-derived growth factor-

B (PDGF-B) and vascular endothelial growth factor (VEGF) and the recently recognized Fizz1 

or HIMF are released from endothelial, smooth muscle cells and inflammatory cells in 

response to hypoxia or other stimuli and regulate vascular tone (2, 257, 261-263). When 

growth factors and mitogens bind to their receptors, various signaling pathways are 

activated which increase cytosolic calcium levels and activate the MAPK signaling pathway–

stimulating transcription factors (c-fos, c-jun, c-myc, and so on) and increase cell 

proliferation (257). Prostacyclin’s antagonistic effects act by increasing cAMP concentration, 

which simultaneously inhibits MAPK signaling. Also nitric oxide diffuses into the cell and 

stimulates cGMP production via guanylyl cyclase that results in relaxation of the SMC, 

leading to vasodilation (257). An increase in vasoconstricting factors such as angiotensin-II, 

endothelin-1 (ET-I), thromboxane A2 (TXA2), serotonin, Fizz1 and decrease in vasodilating 

factors such as nitric oxide (NO), prostacyclin, apelin, adrenomedulin, vasoactive intestinal 

peptide and atrial natriuretic peptide lead to endothelial dysfunction.  

Following an initial endothelial injury, smooth muscle proliferation and progressive 

structural remodeling occurs characterized by a proliferative and anti-apoptotic state of cells 

within the vascular wall (smooth-muscle cells, fibroblasts, and endothelial cells) (235, 264). 

Clones of endothelial cells proliferate and give rise to plexiform lesions, the pathologic 

hallmark of this condition, while smooth-muscle cells and myofibroblasts proliferate and 

lead to medial hypertrophy and adventitial hyperplasia (235, 264, 265). Disruption of the 

extracellular matrix, infiltration of inflammatory cells, and thrombosis in situ combine to 

reduce the cross-sectional area of the small pulmonary arteries and stiffen the large 

pulmonary arteries, increasing the right ventricular afterload and leading to right heart 

failure (235, 264, 266). 

All vessels layers, intima, media and adventitia are involved in the remodeling process. 

The thickening of the medial wall of previously muscularized pre-capillary pulmonary 

arteries is usually due to proliferation of local smooth muscle cells. Muscularization of non-

muscular pulmonary arteries has also been noted in hypoxic animal models (267, 268). The 

appearance of SM-like cells (as defined by the expression of a-SM-actin) so called “distal 

extension of smooth muscle,” has been noted in these vessels (267). Differentiation of 

pericytes, recruitment and differentiation of local fibroblasts to myofibroblasts and 

transdifferentiation of endothelial cells and recruited leukocytes into mesenchymal-like cells 

where it ultimately adapt a SMC-like phenotype have been proposed as the cause of 
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muscularization of previous non-muscular arterioles (267-270). In addition, there is medial 

and adventitial thickening of the muscular and elastic vessels. The medial thickening is 

believed to be attributable to hypertrophy and increased accumulation of smooth muscle 

cells as well as increased deposition of extracellular matrix proteins, predominantly collagen 

and elastin (267). The adventitial thickening is assumed to be caused by accumulation of 

fibroblasts and myofibroblasts and an often marked increase in extracellular matrix 

accumulation (collagens, elastin, fibronectin, tenascin) (267). 

In the past few years our knowledge regarding the molecular mechanisms responsible for 

the pathobiology of PAH was remarkably increased. Key components has been revealed like 

as the Rho GTPases: Rac1 and RhoA (271), Wnt signaling (272), nitric oxide and prostacyclin 

(PGI2), serotonin (5-HT), serotonin transporter and receptors (273) angiopoietin (274, 275), 

Kv channels (233, 276, 277) and dysregulation of the insulin signaling machinery (e.g., 

decreased peroxisome proliferation activating receptor gamma signaling, increased 

insulin‑like growth factor signaling) (249, 278, 279). 

Epigenetic mechanisms such as methylation of CpG islands, modification of histone 

proteins, and microRNAs have been also implicated in PAH pathogenesis (280). Over the past 

few years, an exponential increase in the number of publications on the role of miRNAs in 

PAH pathogenesis has emerged. Indeed, many features of PAH, such as inflammation and 

hypoxia, are known to modulate miRNA expression and could explain miRNA deregulation in 

PAH  (238). MicroRNAs (miRNAs) are dysregulated in patients with PAH and in experimental 

pulmonary hypertension (281). Furthermore, normalization of a few miRNAs is reported to 

inhibit experimental pulmonary hypertension (282). MicroRNA-21, miR-124, miR-138, miR-

424, miR-503, miR-204 and miR-206 play a significant role in regulating in pulmonary artery 

smooth muscle cell (PASMC) proliferation (278, 280, 283-287).  MicroRNA-190 regulates 

hypoxic pulmonary vasoconstriction by targeting a voltage-gated K⁺ channel in arterial 

smooth muscle cells (288). MiR-199a2 expression can ameliorate PH by reduction of ET-1 

levels (289). Other microRNAs, such as miR-145, miR-21 and the miR17/92 cluster, have 

been associated with the disrupted BMPR2 pathway (283). 

Furthermore, a genetic disposition appears to be important in some subtypes of 

pulmonary vascular disease (familiar PAH). In 2000, bone morphogenetic protein receptor 

type 2 (BMPR2) mutations was identified by linkage analysis as a genetic cause of PAH (290-

292).  In up to 70% of familial PAH and in up to 30% of idiopathic PAH patients are carriers of 

BMPR2 mutations (228, 290, 293-296). Since the landmark discovery that bone 

morphogenetic protein receptor type II (BMPR2) mutations cause the majority of cases of 

familial PAH, investigators have discovered mutations in genes that cause PAH in families 

without BMPR2 mutations, including the activin–like kinase type 1 (ALK1) and the endoglin 

(ENG) (both associated with hereditary hemorrhagic telangiectasia), caveolin-1 (CAV1), and a 

gene (KCNK3) encoding a two-pore potassium channel. Also endothelin receptor 
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polymorphism, nitric oxide synthase 3 polymorphisms,  genetic variations in the Kv1.5 

channel gene (KCNA5), potassium channel KCNK3, TGF-β, SMAD-9, Notch mutations 

mutations in eukaryotic initiation factor 2 alpha kinase 4 (EIF2AK4), carbamyl-phosphate 

synthetase gene and other genes have been associated with hereditary PAH (297-303). 

In figure 22, a schematic diagram that summarizes the major components of PAH 

pathogenesis is illustrated. 

 

 
 

 

The role of inflammation in the pathogenesis of PAH 

 

Inflammation has been recently demonstrated to play a significant role in various types of 

pulmonary hypertension in human and animal studies. An increasing number of studies 

support the idea of inflammation-mediated remodeling as a potential cause for the 

development of pulmonary hypertension (Figure 23). The development of hypoxia-induced 

pulmonary hypertension has been also recently associated with an inflammatory response in 

the lung (304). 

Within a few years, upregulation of inflammatory markers has been extensively 

correlated with PAH. Fractalkine (CX3CL1), a chemokine that facilitates leukocyte 

recruitment, has been found upregulated in the T lymphocytes of PAH patients (305). The 

chemoattractant Regulated upon Activation, Normal T cell Expressed and Secreted (RANTES 

or CCL5) has been also reported to play a role in PAH via the induction of the vasoconstrictor 

endothelin-1 (306). Mediators of the lipoxygenase pathway were found to be highly 

expressed in animal models of PAH (307, 308). Other growth factors have been involved in 

Figure 22. Pulmonary 
arterial hypertension:  
potential mechanisms.  
BMPR-2: bone 
morphogenetic 
receptor protein 2 
gene; ALK 1: activin-
receptor-like kinase 1 
gene; 5-HTT: serotonin 
transporter gene; ec-
NOS: nitric oxide 
synthase gene; CPS: 
carbamyl-phosphate 
synthetase gene. 
Adapted from Galie et 
al, Eur Heart J, 2004. 
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Figure 23. Mechanisms of Inflammation-Mediated Remodeling. Schematic diagram of inflammatory 
mediators, cells, and mechanisms involved in pulmonary vascular remodeling. Release of cytokines and 
chemokines in remodelled vessels (e.g., plexiform lesions) or in the circulation, from activated 
endothelial cells (ECs) and smooth muscle cells (SMCs), mediate the influx of inflammatory cells (e.g., 
monocytes, T and B lymphocytes). Cellular dysfunction (particularly involving EC and SMC) contributes 
to release of vasomotor and growth mediators, activation of transcriptional factors (e.g., nuclear factor 
of activated T lymphocytes [NFAT]), influx of calcium, and mitochondrial dysfunction. The net effect is a 
shift of balance in favour of cell proliferation and decreased apoptosis, leading to remodeling and 
narrowing of the pulmonary vascular lumen. Potential therapeutic target sites include inhibition with 
tyrosine kinase inhibitors, calcineurin with cyclosporine, and prevention of NFAT activation with VIVIT 
polypeptide. bcl2 = B-cell lymphoma 2; CCL2= chemokine (C-C motif) ligand 2; CCL5= chemokine (C-C 
motif) ligand 5 or RANTES (Regulated upon Activation, Normal T cell expressed and secreted); CX3CL1 _ 
chemokine (C-X3-C motif) ligand 1 (fractalkine); CX3CR1 = chemokine (C-X3-C motif) receptor 1; DC 
=dendritic cells; ET1= endothelin 1; FB = fibroblasts; FGF= fibroblast growth factor; 5-HT = serotonin; 
HIV-1 = human immunodeficiency virus 1; IgG = immunoglobulin G; MO = monocyte; NO = nitric oxide; 
PAH = pulmonary arterial hypertension; PDGF= platelet-derived growth factor; PGI2 = prostacyclin; ROK 
= Rho kinase; VEGF = vascular endothelial growth factor. Adapted from Hassoun et al, Eur Resp J, 2009.  

vascular remodeling in animals such as VEGF, platelet derived Growth Factor (PDGF),  

epithelial Growth Factor (EGF), and Fibroblast Growth Factor (FGF-2) (228, 308). 
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The association between inflammation and vascular remodeling was further strengthened 

by the observation of elevated cytokine levels, such as IL-1b and IL-6, IL-8, TNF-α, IL-18, 

MCP-1, MIP-1α and adiponectin were found  in the serum of patients with severe idiopathic 

PAH, in connect tissue disease associated PAH and in animal models of PAH (309-314). These 

cytokines are known to have pro-angiogenic and anti-apoptotic activities and acts as a 

growth factor for endothelial cells. Cytokines have been also demonstrated to promote 

proliferation and migration of VSMC in vitro (228, 315). Studies utilizing  transgenic mice 

overexpressing IL-6 or IL-6 knock out mice showed a correlation between IL‑6 expression 

and the development of vasculopathy, reproducing conditions characteristic of severe PH in 

humans (249). Importantly, levels of certain cytokines, such as IL1β , IL-6, and tumor necrosis 

factor α, are predictive of outcome in patients with PAH (228). 

 Furthermore, upregulation of anti-inflammatory IL-10 have been found in patients with 

PAH, which could serve as counter-regulating mechanisms against the inflammation in lung 

tissue. Treatment with IL-10 in experimental PAH resulted in reduced mean pulmonary 

arterial pressure and significant improvement in survival from disease (228, 316). 

Apart from the chemokine/cytokines involved in PAH, cellular immunity has been found 

to be of crucial importance. Increased infiltration of macrophages, dendritic cells, mast cells, 

T lymphocytes and to a lesser extent B cells have been found in the walls of pulmonary 

arteries and perivascular areas of the plexiform lesions from patients with PAH (317-320) 

and the degree of perivascular inflammation correlates with both vascular wall thickness as 

well as mPAP (308).  

Adaptive immunity is active in patients with PAH. T cells are abundant in pulmonary 

vasculature in lungs from PAH patients. Cytotoxic CD8+ T cells even constitute the major part 

of the inflammatory component in plexiform vascular lesions. But T cells mostly adapt Th17 

polarization implicating autoimmune inflammatory responses in PAH patients (321, 322). 

Also of regulatory T cells have been found in the lesions of PAH and their presence has been 

correlated with ameliorated disease (322, 323). B cells are also present in PAH lesions, and 

upon stimulation they produce autoantibodies which may explain the increased levels of 

antinuclear antibodies generally found in PAH patients (322). 

 

The role of macrophages in PAH 

 

Among the inflammatory cells implicated in PAH, cells of the monocyte/macrophage 

lineage appear to exert the most important role. Bone marrow-derived cells of the 

monocyte/macrophage lineage have been reported to mobilize to the hypertensive 

pulmonary arteries and contribute to the pulmonary vascular remodeling in rat, calf and 

mice models of hypoxia-induced pulmonary hypertension and in human idiopathic PAH (228, 

324, 325). Accumulation of mesenchymal stem cell precursors of a monocyte/macrophage 
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lineage and upregulation of various inflammatory mediators in the pulmonary artery 

adventitia of neonatal rat and calf models of disease have been recently reported to play a 

critical role in hypoxic vascular remodeling (325-327). 

Macrophages accumulate in large numbers in such hypoxic/ischemic tissues and respond 

to hypoxia by upregulating a number of transcription factors such as hypoxia-inducible 

factors (HIFs) 1 and 2 and NF-κB (328, 329) leading to activation of the pro-inflammatory 

cytokines IL-1β, MIP-2 and MCP-1 (330, 331). Activation of macrophages induces the release 

of IL-1β, IL-6, tumor necrosis factor-α, and IL-10, which all play an important role in the 

pathogenesis of PAH (figure 24) (228). Furthermore activated macrophages may present 

antigens to T cells resulting in T-cell activation and T-cell derived cytokine production, which 

further facilitates the inflammatory process associated with PAH (228). Also the 

macrophages that are recruited in the vessel wall, together with fibrocytes can be 

differentiated into mesenchymal cells/myofibroblasts and contribute to muscularization of 

arteries (figure 24) (267, 332). The contribution of circulating mononuclear cells in vascular 

remodeling process was confirmed by depletion studies in hypoxic animal models of PAH. A 

striking reduction in adventitial thickening as well as a near complete inhibition of the 

accumulation of collagen, fibronectin, and tenascin-C were documented in which the 

number of these cells was reduced in the circulation of hypoxic rats (256, 267). Macrophage 

elimination results in attenuated inflammatory response in the lung and systemic 

inflammation (333, 334). 

 
 

 
 

Figure 24 . Schematic representation of the potential roles of resident and circulating monocytes and 
fibrocytes in the hypoxia-induced structural vascular remodeling process. (1) Hypoxia activates 
resident endothelial cells, adventitial fibroblasts or medial SMCs to secrete chemokines/cytokines 
that (2) induce recruitment of circulating monocytes/ fibrocytes to the pulmonary perivascular space, 
where (3) these recruited cells promote differentiation into mesenchymal cells/myofibroblasts, 
production of collagens, and stimulation of resident vessel wall cell contraction and proliferation.  
Adapted from Stenmark et al, Circ Res, 2006. 
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The Heme Oxygenase in PAH 
 

Heme Oxygenase -1 (HO-1), also known as heat shock protein 32, is a 32-kDa protein 

induced by heat, heme, hypoxia, hyperoxia, oxidative stress, acidosis, shear stress, stretch 

and several cytokines  (335). Under normal physiological conditions, HO-1 is expressed at 

low levels in vascular smooth muscle cells (VSMCs) and cardiomyocytes (335, 336). However, 

under pathophysiological conditions, only HO-1 is induced in the heart and blood vessels 

(335, 336).  

HO-1 is a major antioxidant and cytoprotective enzyme that catalyses the rate-

determining step in the breakdown of heme to three enzymatic end-products: CO, free Fe2+ 

and biliverdin which is reduced subsequently to bilirubin (337, 338). The role of HO-1 is vital 

in the cells since its activity helps the cells to cope with the problem of free heme 

accumulation, a potential pro-oxidant molecule when accumulated in high levels. By 

degradation of the pro-oxidant heme and generation of the anti-oxidant bilirubin, HO 

protects cells against oxidative injury (339, 340). These three metabolites of heme by HO 

reactions have also additional important functions and are involved in various critical cellular 

events (338).  

HO-1 has been reported by our group and others to be induced by hypoxia and to be 

protective in hypoxia-induced pulmonary hypertension (246, 304, 341-343). This protection, 

up to now, has been mainly attributed to the relaxation of vascular tone and inhibition of 

VSMC proliferation by CO (342, 344). However, studies have shown that HO-1 has anti-

inflammatory properties (345-350). These findings were supported by the fact that HO-1-

deficient mice develop a chronic inflammatory state that progresses with age (341, 351). 

Moreover, the only human reported to lack HO-1 died of a chronic systematic inflammatory 

syndrome and inability to handle oxidative stress (348). Mice deficient in HO-1 have a 

maladaptive response to hypoxia and develop right ventricular dilation with fibrosis, 

formation of thrombus and inflammation (341).  

Although the anti-inflammatory mechanisms of HO-1 are largely unknown, HO-1 and its 

enzymatic products, carbon monoxide and bilirubin, downregulate the inflammatory 

response by either attenuating the expression of adhesion molecules in endothelial cells and 

thus inhibiting leukocyte recruitment, by repressing the induction of cytokines and 

chemokines, and by suppressing excessive macrophage and antigen presenting cell 

activation while enhancing anti-inflammatory effects like upregulating IL-10 cytokine in 

macrophages and inducing regulatory T cells (352-358). 

Among the end products of HO-1, CO has been demonstrated to be critical for the anti-

inflammatory properties of HO-1 in models of acute lung injury, endotoxin, shock, and from 

our studies in pulmonary hypertension (345-350). Like nitric oxide, CO is a gas that freely 

diffuses in the adjacent cells and can reach its target molecules independently of receptors 
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and transporters (245). It can stimulate soluble guanylyl cyclase and thus increases 

intracellular levels of cGMP, an important regulator of vascular tone and smooth muscle 

growth (342, 344).  

The transient effects of hypoxia are mediated by the smooth muscle cells via the 

increased expression of HO-1 resulting in increased CO production. Increased CO levels 

inhibit smooth muscle cell growth in an autocrine manner and inhibit the endothelial 

expression of ET-1 and PDGF-B, thereby inhibiting smooth muscle cell contractility and 

proliferation in a paracrine manner (245). Exogenous CO administration is protective in PAH 

and can reverse the disease in animal models of PAH (359). However, under prolonged 

periods of hypoxia, HO-1 and CO production is not sustained and thus the endothelial cell 

pathway predominates, leading to active and sustained vasoconstriction with structural 

remodeling of the pulmonary vasculature (245). Based on this model, a sustained expression 

of HO-1 leading to increased CO levels could prevent or reduce the development of hypoxic 

pulmonary hypertension in vivo (245). 

Physiological roles for CO, both exogenously applied or hypoxia induced CO, involve 

modulation of cGMP levels, vasodilation, the inhibition of platelet aggregation, and anti-

proliferative effects on smooth muscle (343, 360). There is growing interest in the role of CO 

in the anti-inflammatory and cytoprotective function of HO-1, but the pathways involved in 

the anti-inflammatory effect of CO are poorly understood. CO application has been found 

protective in several models of acute lung injury caused by LPS, hyperoxia, acid aspiration of 

ischemia/reperfusion (361-365). CO can modulate mitogen-activated protein kinase and 

guanylate cyclase/guanylate cyclic monophosphate (cGMP) pathway to inhibit secretion of 

pro-inflammatory cytokines (361-365). CO also modulates several transcription factors, 

including NF-kB and activating protein-1 (AP-1), which are involved in inflammation (361-

365). Both in vivo and in vitro, carbon monoxide at low concentrations differentially and 

selectively inhibited the expression inhibited Toll-like receptor (TLR) 2, 4, 5, and 9 signaling in 

macrophages and the lipopolysaccharide-induced pro-inflammatory cytokines tumor 

necrosis factor-a, interleukin-1b, and macrophage inflammatory protein-1 and increased the 

lipopolysaccharide-induced expression of the anti-inflammatory cytokine interleukin-10 

(343, 363, 364, 366). 

Apart from CO, biliverdin and bilirubin also protect from vascular remodelling in chronic 

hypoxia (367). Bilirubin, in low concentrations, is a scavenger of ROS in vitro, reduces 

oxidant-induced cellular injury and attenuates oxidant stress in vivo (340). Biliverdin exert 

their protective effects largely though its anti-oxidant properties (339, 368). Similar to CO, 

biliverdin administration has been found to protect against  LPS induced acute lung injury in 

rats, via reduction of serum levels of the LPS-induced proinflammatory cytokine IL-6 and 

augmented expression of the anti-inflammatory cytokine IL-10 (369). 
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Biological treatments targeting inflammation in PAH 

The aforementioned inflammatory pathways involved in PAH may serve as novel 

potential specific therapeutic targets. Although current PAH treatments possess 

immunomodulatory properties there is no approved therapeutic specifically targeting the 

inflammatory processes. Up to now many experimental treatments specifically targeting 

inflammation are of interest and appear to work in experimental PH.  

A great majority of studies have been focused in the immunomodulatory effect of stem 

cells and their products (370). There is a wide range of cell types that could be used to repair 

and regenerate the lung microvasculature in PAH via modulation of inflammatory response 

and are currently tested in clinical trials. Although autologous adult stem and progenitor 

cells present the least risk, they likely offer the least potential for direct tissue repair and 

regeneration. In contrast, pluripotent stem cells have the greatest capacity for 

transdifferentiation and regeneration. Mesenchymal stem cells (MSCs), endothelial 

progenitor cells and adipose-derived stem cells (ADSCs) have been found to colonize the 

pulmonary arteries, attenuate pulmonary arterial hypertension and ameliorate pulmonary 

arterial remodeling (371-374). MSCs, whose mechanism of action is predominantly 

paracrine, are being widely tested for the treatment of a variety of human diseases. No one 

factor has been proven sufficient to mediate the therapeutic effects of MSCs. However, 

exosomes-membrane vesicles secreted by MSCs, can transport and deliver a large variety of 

proteins, lipids, and nucleic acids and can modify cell and organ function are also are 

appealing candidates as vectors of their efficacy (221, 375, 376). Because of the efficacy of 

cell-based gene transfer with non-regenerative “carrier” cells, the genetic enhancement of 

these cells could result in synergistic benefits from the reparative cell activity and the 

therapeutic transgene. And lately a number of different therapeutic transgenes have been 

assessed in combination with MSCs (377). 

Figure 25. Role of HO-1/CO in inflammation. HO-
1/CO can downregulate inflammation by several 
mechanisms. CO inhibits LPS-inducible 
proinflammatory cytokine production in 
macrophages by modulation of p38 MAPK, and 
through inhibition of ERK1/2 and JNK-dependent 
pathways. CO can downregulate ROS production, 
Toll-like–receptor trafficking and inhibit nuclear 
transcription factor activities during inflammatory 
signaling such as NF-kB or EGR-1. Upregulation of 
the heat-shock protein-70 (hsp70) through heat-
shock factor-1 (HSF-1) has also been implicated in 
CO-mediated anti-inflammatory tissue protection. 
Adapted from Ryter et al, Antiox Redox Signal, 
2007. 
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Glucocorticoids have been shown to prevent experimentally‑induced PH when used early 

in the course of disease via anti-inflammatory mechanisms and been shown efficacy in 

several case series in PAH associated with SLE or with mixed connective tissue disease (378). 

But in the latter case, there was a dramatic clinical deterioration of PAH symptoms after 

completion of GC treatment (378). 

Inflammatory processes appear to play an important role in the vascular remodeling 

characteristic of PAH and might be important targets for PAH therapy. Deciphering their 

exact mechanisms of action in the process of pulmonary vascular remodeling will provide a 

wide spectrum of potentially novel targets that are desired considering the currently limited 

array of modern PAH therapies. 
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Biological significance-Objectives 

 

Aim of this study is to examine the role of innate immunity and specifically macrophages 

in the pathogenesis of two models of acute and chronic lung disease; in acute lung injury and 

pulmonary arterial hypertension. In this study we will characterize the temporal pattern of 

innate immune response and macrophage activation phenotype during the course of the 

above lung diseases and we will investigate the role of this response in the outcome of the 

disease. We will also utilize methods to modify the inflammatory response and the 

macrophage activation state in vivo in an effort to prevent disease development.  

 

Part 1: Acute lung injury 

 

 In the first part of this study on acute lung injury, we will use three mouse models of ALI, 

two aseptic; acid aspiration-induced ALI and ventilation –induced lung injury and one septic; 

P. aeruginosa associated lung injury. Our first goal is to determine the nature of macrophage 

activation among different types of experimental acute lung injury and inflammation and to 

determine whether an M1 to M2 response takes place in the course of disease. Since M1 

activation is known in ALI, we aim to define the critical time window in which M1 

macrophages are the predominant population in ALI and whether this response if followed 

by M2 activation. 

Subsequently, to evaluate the contribution of macrophage polarization in the 

development of ALI we aim to enhance M2 macrophage activation, using Akt2 knock-out 

mice. We have previously shown that macrophage polarization is controlled by the Akt 

kinases; deletion of Akt2 renders macrophages M2–prone (49). By inducing in Akt2-deficient 

mice, we will investigate the role of alternative macrophage polarization in the development 

of ALI.  

Since the signaling pathways that lead to M2 have not been characterized yet we aim to 

shed light on the role of macrophage polarization towards the alternative pathway and 

improve our understanding of the function of these cells, focusing on the role of Akt kinases 

and their downstream signaling molecules. Finally, to expand this result to a potential 

therapeutic application and to facilitate M1 to M2 switch in vivo during the course of ALI, we 

will test the effectiveness of targeting critical molecules of M2 polarization such as Akt2 and 

downstream targets of Akt2 kinases, aiming at modulating the course of disease. 

 

Part 2: Pulmonary hypertension 

 

In the second part of the study, the primary goal is to delineate the nature of the 

inflammatory response that leads potentially, in a causative way, to pulmonary vascular 
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remodeling and hypertension. We will use the hypoxic model of pulmonary hypertension, 

aiming to highlight the specific components of inflammatory response caused by hypoxia 

and to pose a putative link between hypoxia-induced lung inflammation and pulmonary 

hypertension.  

It has been previously reported by our laboratory that constitutive overexpression of 

heme oxygenease-1 can block both hypoxic inflammatory response and pulmonary 

hypertension in mice (304).  Therefore, in order to shed light on the role of inflammation in 

the development of pulmonary hypertension we generated a bitransgenic mouse model 

with dox - inducible, lung-specific expression of HO-1. This model allow us to turn on and off 

HO-1 expression, by this way, turn off and on the inflammatory response in the lung 

respectively, and investigate its role in the development of pulmonary hypertension. By the 

use of a bitransgenic mouse model with inducible HO-1 overexpression we will be also able 

to assess the anti-inflammatory properties of HO-1 in this context and elucidate the critic al 

temporal therapeutic “window” that is adequate for HO-1 to exert its protective effects. 

Recognition of inflammatory cells and mediators as major players in the smooth muscle 

cell hyperplasia and growth may introduce new therapeutic options for the treatment of 

pulmonary hypertension.  

 

Summary – Significance of the study 

 

ARDS and pulmonary hypertension are devastating disorders characterized with high 

morbidity and mortality.  Still the present pharmacological interventions for ARDS and PH 

are primarily supportive in nature. Despite the growing evidence in the field, the cellular and 

molecular mechanisms that lead to the development of ARDS and PH remain incomplete. 

Their understanding is the basis to tailor targeted therapies and reduce mortality. 

In summary this study will provide information on inflammatory response and 

macrophage polarization during the course of experimental ALI and PH. Additionally it will 

investigate molecular mechanisms that regulate lung inflammatory response and 

macrophage phenotype switch, and examine methods to promote macrophage switch in 

vivo as a therapeutic strategy in these diseases. 

 

 

 

 

 



PhD Thesis                                                                                                                                  Eleni Vergadi 

 

87 

 

 

 

 

 

 

 

 

 

METHODS AND MATERIALS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhD Thesis                                                                                                                                  Eleni Vergadi 

 

88 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



PhD Thesis                                                                                                                                  Eleni Vergadi 

 

89 

 

Materials and Methods 
 

Acute lung injury 

 

- Aseptic Acute Lung Injury:  Hydrochloric Acid - induced Acute Lung Injury in mice 

 

To induce acute lung injury with hydrochloric acid (HCL), 8-10 weeks old C57BL/6 mice, 

either WT mice or mice lacking the Akt2 gene, were anesthetized with intraperitoneal (i.p) 

injection of a mixture of ketamine (100mg/kg) and xylazine (6mg/kg). Then, mice were 

endotracheally intubated, external trans-illumination of the 

neck was used to facilitate visualization of the trachea 

through the oropharynx and various concentrations of HCL, 

0.01N, 0.025N, 0.05N, and 0.1N diluted in normal saline 

(0.9% NaCl) that correspond to gradually reduced solution 

pH (Table 6), were instilled in the trachea (Figure 26). 

Among the above HCL concentrations, 0.05N was chosen 

as optimal as it could provoke reproducibly significant lung 

injury of moderate severity with relatively mild neutrophilic 

response compared to 0.1N concentration. It is more clinically relevant since it correlates 

with gastric acid pH.  

Mice were endotracheally intubated and 0.05N HCL solution 

(pH≈1.5) in a volume of 2ml/kg diluted in normal saline (0.9% NaCl) 

was instilled in the trachea; while age and gender matched mice 

received 2ml/kg of normal saline and served as controls. A bolus of 

0.5ml of air was given to ensure that HCL solution reaches the distal 

lung. Mice were then extubated and left to recover from 

anesthesia. Administration of 100% O2 for 5-10 minutes allowed 

restoration of a normal breathing pattern after HCL 

administration.  

Then, at specific time points following HCL administration, mice were sacrificed and 

pressure-volume curve of the respiratory system was measured, bronchoalveolar lavage 

(BAL) and blood serum was collected and lung tissue was harvested for RNA analysis and 

histology.  

In total, 486 mice (WT; n=278, Akt2-/-; n= 208) for acid-induced lung injury were used. 

Due to sample insufficiency, not all mice were used for all assays. The specific number of 

samples used is mentioned in the figure legends. A large number of animals were used as 

alveolar macrophage donors for ex vivo experiments. 

HCL 

concentration 

Solution 

pH 

0.01N 1.8 

0.025N 1.5 

0.05N 1.25 

0.1N 1.1 

Table 6: Approximate pH 

values of HCL solutions 

diluted in Normal Saline. 

Figure 26: Expression of 

glottis for intratracheally 

intubation in mice  
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The indices of lung injury examined were lung 

compliance, obtained from the pressure volume curve of 

the respiratory system, protein concentration, 

inflammatory cells, cytokines in bronchoalveolar lavage 

(BAL) and lung histology (Table 7).  

All mice were kept in the pathogen free environment 

of the animal house of Institute of Molecular Biology and 

Biotechnology in Heraklion, Crete. All procedures described above were approved by the 

Veterinary Department of the Heraklion Prefecture (Heraklion, Crete, Greece). 

 

- Aseptic Acute Lung Injury:  Ventilation Induced acute lung injury (VILI) in mice 

 

To induce ventilator-induced lung injury (VILI), we used an established model of VILI in 

our lab as previously described (154, 183), in which C57BL/6 mice are ventilated with high 

tidal volume for 3.5 hours. Specifically, 8-10 weeks old C57BL/6 mice, mice, either WT mice 

or mice lacking the Akt2 gene, were anesthetized, with intraperitoneal (i.p.) injection of 

ketamine 100 mcg/g and fentanyl 0.12 mcg/g [33], subjected to tracheostomy and 

connected to a rodent ventilator (SAR-830, IITC Life Science, Woodland Hills, CA, USA)  

(Figure 27).  

Initially mice were ventilated with normal rate and 

volume (VT 10 ml/kg resulting in peak inspiratory 

pressure (PIP) = 9 ± 0.5 cmH2O, PEEP 1.5cmH2O, FiO2 

30%, f 135bpmin, with recruitment manoeuvres 

performed every 30 min.), while receiving intravascular 

volume resuscitation to prevent hypotension. Fluids and 

anaesthetics (fentanyl, ketamine) were continuously 

infused from a catheter placed in the carotid artery. 

Subsequently, after 30 min of haemodynamic 

stabilization, ventilator settings were changed to high tidal volume (approximately 45 ml/kg, 

targeted to a PIP = 35 ± 0.5 cmH2O, FiO2 30%, f 60 breaths/min, PEEP = 1.5 cmH2O, without 

recruitment maneuvers) and mice were ventilated for another four hours to induce VILI, 

while another group of mice were left in low volume ventilation and served as controls. 

Inhaled carbon dioxide (CO2) was added in high VT groups to prevent hypocapnia.  Arterial 

blood pressure, PIP, PEEP, and VT were monitored throughout the study. Airway pressure, 

flow and volume were measured using a pneumotachograph (8431B Hans Rudolf Inc, USA) 

and a transducer (Micro-Switch 140PC, Honeywell, Ontario, Canada). All signals will be 

sampled at 150 Hz using Windaq software (Windaq Instruments Inc, OH, USA). Throughout 

Figure 27 
 Mouse ventilator SRA -830 

Table 7. Indices of Acute 
Lung Injury 
 
-Lung Compliance 
-Protein extravasation  
-Cellular and humoral lung 
inflammatory response 
-Histological injury 
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the experiment, rectal temperature will be monitored and maintained within the normal 

range using a heating lamp. 

 At the end of the experiment, blood was collected from the arterial line for blood gas 

analysis, followed by inspiratory pressure volume curve and bronchoalveolar lavage fluid 

(BALF) and tissue collection.  

 

Septic Acute Lung Injury: Pseudomonas aeruginosa lung infection  

 

To induce a septic model of lung injury (pneumonia), a clinical strain of Pseudomonas 

aeruginosa (kindly provided by Dr E. Skoulika, Department of Microbiology, Medical School, 

University of Crete) was maintained frozen in glycerol stocks. One day before lung infection, 

bacteria were thawed, inoculated into Luria-Bertani (LB) broth and incubated overnight at 

37°C. From this culture, an aliquot was taken to start a fresh culture that lasted 6-7 hours. 

Bacterial concentrations were estimated from a standard curve based on optical density 

(OD600). P. aeruginosa was then harvested by centrifugation (3,500rpm 10min), followed by 

washes and an appropriate final dilution with sterile NS. The inoculum number was 

retrospectively confirmed through plating of serial dilutions and counting of colony forming 

units (CFU) on LB plates. 

C57BL/6 WT and Akt2-/- mice were anaesthetized as described above and a volume of 40 

μL of bacterial solution (2×107 bacteria approximately) or the corresponding vehicle solution 

(NS) was applied intratracheally. Animals were sacrificed 12 hours after inoculation, and 

pressure volume curve of the respiratory system, bronchoalveolar lavage and lung tissue for 

histology was obtained. Protein levels, cytokine concentration and WBCs numbers were 

determined in BALF. To determine bacterial load (colony forming units, CFUs), serial 10-fold 

dilutions of the BAL fluid were plated on agar plates. The results are expressed as mean CFU 

per mL of BAL fluid. 

In total, 28 mice (WT; n=14, Akt2-/-; n= 14) were used. The specific number of samples 

used is mentioned in the figure legends. All mice were kept in the pathogen free 

environment of the animal house of Institute of Molecular Biology and Biotechnology in 

Heraklion, Crete. All procedures described above were approved by the Veterinary 

Department of the Heraklion Prefecture (Heraklion, Crete, Greece). 

 

Vascular Lung injury 

 

Hypoxia – induced lung inflammation and pulmonary hypertension 

 

Hypoxic exposure is well known to promote the development of lung oxidative stress 

and pulmonary hypertension. To induce chronic lung inflammation and pulmonary 
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hypertension, animals were introduced to normobaric hypoxia (8.5% O2) for at least 2-3 

weeks inside a chamber where oxygen was tightly regulated by an Oxycycler controller 

(Biospherix, Ltd., Lacona, NY). Nitrogen was automatically introduced as required to 

maintain the proper FiO2 and ventilation was adjusted to keep CO2 levels less than 8,000 

ppm (0.8%). Ammonia was removed by charcoal filtration using an electric air purifier. Age 

and sex-matched littermates were exposed to identical conditions in normoxia and served as 

controls.  

From each animal, hemodynamic measurements took place prior to sacrifice, followed by 

bronchoalveolar lavage, harvesting of heart and inflation of lungs for histology. One lobe was 

sutured prior to inflation, frozen in liquid nitrogen and stored at -80°C for mRNA and protein 

analysis.  

In total, 1832 mice (WT FVBs; n=160, CC77; n=1580, CCTA; n=135) for hypoxia induced 

PAH were used. Due to sample insufficiency, not all mice were used for all assays. The 

specific number of samples used is mentioned in the figure legends. A large number of 

animals were used as alveolar macrophage donors for ex vivo experiments. 

Animals were maintained in a pathogen-free environment in the Children’s Hospital 

Animal Care facility and all animal experiments were approved by the Children’s Hospital 

Boston Animal Care and Use Committee. 

 

Use of HO-1 bitransgenic mice to study hypoxia induced lung injury 

 

To evaluate the role of macrophages in hypoxic induced lung injury, we utilized a 

bitransgenic mouse line (CC77 is our working designation) that overexpresses human HO -1 

in an inducible lung-specific way. HO-1 overexpression was chosen since the HO-1 is well 

recognized anti-inflammatory enzyme known to protect from hypoxia induced PAH. In order 

to regulate HO-1 expression and thus inflammatory response, bitransgenic mice have been 

generated in our lab by crossing of Balb/c transgenic mice that harbor the reverse 

tetracycline transcriptional activator (rtTA, tetON system) under the control of the Clara Cell 

secreted protein (CCSP) promoter (CCTA line: a kind gift from Dr. J.A Whitsett) (379) with 

FVB transgenic mice that carry the human HO-1 transgene under the control of the 

tetracycline response element (TH77 line: CCSP-rTTA x TRE-hHO1xSV40 polyA). The latter 

was generated by microinjection of a (TetO)7-CMV-human HO-1 transgene that consists of 

seven copies of the tet operator linked to a minimal CMV promoter, the human HO-1 cDNA, 

and SV40 polyadenylation signals (figure 28).  
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Figure 28. Inducible HO-1 expression by a bitransgenic mouse line A, The tetON System for inducible 
tissue specific expression of the gene of interest. Only upon the presence of dox, the tetracycline 
transactivator initiates transcription. B. Outline of the constructs designed. Bitransgenic mice (CC77) 
were produced by crossing of mice bearing the reverse tetracycline transactivator (rtTA) under the 
control of the 2.3-kb rat CCSP (Clara cells secreted protein) promoter (CC10) (CCTA mouse line) with 
transgenic mouse line (TH77) generated by microinjection of a (TetO)7-cmv-hHO-1-polyA transgene. 
 

Expression of human HO-1 in the lung was achieved by the addition of 1 mg/ml 

doxycycline (dox) (Sigma-Aldrich, Inc., St. Louis, MO) in the drinking water. The CCTA (CCTA 

is our working designation) mouse line that lacks the human HO-1 transgene, treated with 

dox, served as control to eliminate any potential effects imparted by dox itself, independent 

of human HO-1 expression. 

After two days pretreatment with dox, animals were introduced to normobaric hypoxia 

(8.5% O2). Dox administration was either continued for the entire duration of the hypoxic 

exposure or terminated at two days or after seven days of hypoxia (overview of 

experimental design is illustrated in figure 29. Age and sex-matched littermates were 

exposed to identical conditions in hypoxia or normoxia and served as controls.  

 
Figure 29. Overview of the duration of hypoxic exposure, dox administration and withdrawal in 

different animal groups. Arrows indicate time points were animals were sacrificed, BAL was 

collected, lungs and hearts were harvested.  
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In vivo treatments 

 

Depletion of alveolar macrophages with liposomal clodronate and macrophage 

reconstitution 

 

Suspensions of multilamellar liposomes encapsulating clodronate were prepared 

according to Van Rooijen method (380). Clodronate and lyophilized liposomal preparations 

were obtained from Sigma (St. Louis, MO). Specifically, the liposomes were resuspended 

with 1ml clodronate and mixed thoroughly. Liposomes were maintained in suspension for 2h 

at room temperature (for liposome swelling). Empty liposomes were made by the addition 

of sterile PBS alone. This solution was ultra-centrifuged at 10,000g for 30min at 4C. The 

liposomal pellets were then removed and resuspended in PBS, followed by ultra-

centrifugation at 10,000g for 30min at 4C. Subsequently, liposomes were resuspended in 1 

ml of sterile PBS, stored at 4C, and used within 48 h. The final concentration of the liposomal 

clodronate suspension was approximately 20 mg/ml and was diluted 1: 3 prior to 

intratracheal administration (6,5mg/ml).  

Based on preliminary experiments and on published observations (208, 381), maximum 

macrophage depletion is achieved 1 day after i.t clodronate administration and may last for 

up to 3days. Fifty microliters of the diluted liposomal suspension were intratracheally 

instillated in a single dose 3days before the induction of ALI in WT and Akt2-/- mice. 

Subsequently, approximately 250.000 naïve alveolar macrophages harvested from BALF 

from WT and Akt2-/- mice were transferred to WT and Akt2-/- mice 1hour prior to HCL 

administration. Macrophages collected from different mice of the same genotype were 

pooled together prior to transfer, washed twice with PBS, and filter via a cell strainer to 

eliminate transfer or epithelial cell debris.  The groups of mice and the treatment they 

received are depicted in table 8. Mice were sacrificed 12hour after HCL intratracheal 

instillation.  

 

Table 8. Macrophage adoptive transfer- experimental groups. 

 Mouse genotype Mφ 

transferred 

Lung Injury 

Control Group  WT WT Mφ w/o 

Group 1 WT WT Mφ 12h HCL 

Group 2 WT Akt2-/- Mφ 12h HCL 

Group 3 Akt2-/- WT Mφ 12h HCL 

Group 4 Akt2-/- Akt2-/- Mφ 12h HCL 
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Application of siRNA and miRNAs in vivo 

 

Before the application of the siRNA targeting Akt2, several experiments utilizing siRNA 

targeting GAPDH took place in order find out the optimal effective dose needed. SiRNA 

targeting GAPDH or siRNA targeting Luciferase was initially instilled intratracheally in the 

lung in three different concentrations (0.5nmoles, 2.5nmoles or 5nmoles per mouse) and 

5nmoles per mouse was chosen as the minimal concentration that promoted reproducibly 

significant GAPDH mRNA and protein suppression, 48h and 72h post administration 

respectively, with minimal lung toxicity. Toxicity was assessed by the grade of neutrophilic 

infiltration in the lung, the amount of protein extravasation and the induction of TNF-α and 

IL-6 in BALF caused by the siRNA itself, in mice subjected to siRNA instillation compared to 

normal saline. 

The percentage of alveolar macrophages that received the siRNA was assessed by flow 

cytometry analysis (described below) 12h, 48h and 72hours after administration of Cy3 

labeled siRNA targeting Luciferase. The effectiveness of GAPDH mRNA suppression in 

alveolar macrophages was also assessed by mRNA analysis via qPCR, 12h and 48h after 

siGADPH administration. 

To evaluate distribution of siRNA in the lung, Cy3 conjugated siRNA targeting Luciferase 

was used. 5nmoles per mouse were intra-tracheally administrated and lungs were harvested 

24 hours later. Lungs were inflated in 4% PFA, fast frozen, then immersed in 20% sucrose 

and prepared for microtome sections. DAPI staining (Thermo Fisher Scientific, Inc., Waltham, 

MA) was carried out and tissues were observed under fluorescent microscopy. Lungs from 

mice that received normal saline exhibited mild fluorescence signal attributed to high 

autofluorescence of lung tissue. 

 The sequence of siRNA targeting Akt2 is depicted in table 9. However, the siRNA used in 

vivo targeting Akt2 contain 2’-O-Methyl modifications increasing their in vivo stability and 

reducing immune response activation (382, 383). Its effectiveness in suppressing Akt2 was 

verified in vitro before in vivo application. Based on the aforementioned dose response 

experiments and on previously reports that applied naked siRNA and miRNA in the lung 

(215, 384-386); 5nmoles of siRNA targeting Akt2, 1nmole of miR-146a mimic or 0,6nmoles of 

miR-146a inhibitor (Anti-miR-146a) (Life technologies Corp, Carlsbad, CA) were instilled 

intra-tracheally in each mouse in volume of 50μl normal saline prepared from nuclease free 

water. In case of siRNA experiments, two doses of siRNA were administered, the first 

48hours before the instillation of HCL acid and the second, one hour after acid-aspiration. 

MiR-146a mimic and inhibitor were instilled one hour after the instillation of HCl acid. In 

both cases, mice were sacrificed 24 hours post acid-aspiration. SiRNA targeting Luciferase 

and non-targeting miRNA control (scramble) were used as experimental controls 

respectively.  
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Table 9. SiRNA targeting Akt2 

Sense siRNA sequence ACC/OmeU/UAUGUUGGACAAA/OmeG/A/OmeU/OmeU/ 

Antisense siRNA sequence /5Phos/UCUUUGUCCAACA/OmeU/AAG/OmeG/Utt 

 

Administration of HO-1 products, CO and biliverdin  

 

To find out which of the H0-1 products is responsible for HO-1 effect and to recapitulate 

HO-1 response in WT mice without genetic intervention, HO-1 products CO and biliverdin 

were administrated in WT mice exposed to hypoxia. 

Specifically, CO treated mice inhaled CO gas intermittently: 250 ppm for 1 hour prior to 

hypoxic exposure and then received 250 ppm for 1 hour twice daily, inside the hypoxic 

chamber for a total of 48 hours. A group of mice underwent i.p injections of 50 μmol/kg 

biliverdin IX hydrochloride (Frontier Scientific, Inc., Logan, UT) as previously reported (387), 

prior to the onset of hypoxia and twice daily thereafter. Finally, a third group received both 

CO and biliverdin as above. Control mice were injected i.p with the same volume of PBS and 

inhaled room air or hypoxic air (8.5% O2) without CO. 

 

Assessment of Lung Injury 

 

Pressure volume curve of the respiratory system 

 

A pressure-volume curve of the respiratory system was obtained by slow lung inflation to 

peak airway pressure of 25cmH2O, as previously described (supersyringe method) (183, 

388). Briefly, myochalasis was induced by i.p injection of pancuronium (4mg/kg) and mice 

were mechanically ventilated for 5 minutes (tidal volume 8 ml/kg, respiratory rate 125 

breaths/min, PEEP 1cm H2O, and FiO2 0.5). Once myochalasis was achieved, the mice were 

disconnected from mechanical ventilator and were left to exhale. Then the lungs were 

gradually inflated via the tracheal tube from FRC (Pressure 0cmH20) with a steady flow of air 

of 100ml/sec, from a syringe in which the flow was mechanically controlled, until the peak 

inspiratory pressure reached 25cmH20.From the correlation of volume and the pressure 

measure in that volume in the specific time point the P=V curve is developed. 

The pressure volume curve is reported here using the percentage of predicted TLC (total 

lung capacity) on the vertical axis rather than using the actual lung volume in liters. This 

procedure helps to normalize for differences in body size and sex among mice. As an 

indicator of lung compliance we used the inspiratory capacity (IC), defined as the volume 

inflated at airway pressure of 25 cmH2O, normalized to body weight, and expressed as % of 

control.  
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Hemodynamic and ventricular weight measurements 

 

After hypoxic exposure for the indicated time periods, mice were anesthetized and 

hemodynamic and ventricular weight measurements were performed. Right ventricular 

systolic pressure (RVSP) was measured trough a trans-thoracic route: a pressure transducer 

(ADI Instruments, Inc., Colorado Springs, CO) attached to a 23g needle was used and data 

were collected and analyzed using the PowerLab hardware and software (ADI Instruments, 

Inc., Colorado Springs, CO). Right ventricular hypertrophy was assessed by harvesting hearts, 

removing atria, dissecting the RV and deriving  Fulton’s Index, i.e. the weight ratio of (Right 

ventricle)/ (left ventricle and septum) [(RV)/(LV+S)]. 

 

Morphometric analysis 

 

Alveolar/distal pulmonary arterioles of 50-100 μm in diameter, not associated with 

bronchi, from lung sections immunostained with α-SMA (as described above), were captured 

with light microscopy. At least 10 representative pulmonary arterioles were chosen from 

three different sections from each animal. Morphometric analysis of medial vessel wall 

thickness was performed using the software package Metamorph v.6.2r (Universal Imaging, 

Downingtown, PA). The entire vessel area including the lumen was identified as “Total Area” 

and the area of brown-color (α- SMA stained) that represents the medial smooth muscular 

layer was labeled “Threshold Area”. Medial Wall Thickness Index was determined by using 

the quotient of Threshold Area x 100 over Total Area [(%Threshold Area x 100)/ total Area]. 

 

Lung Histology and Immunohistochemistry 

 

For histology purposes, lungs were first perfused with PBS through the right ventricle. The 

perfusion flow was kept at approximately 1ml/min by the use of a peristaltic pump with 

Platinum L/S Masterflex silicone tubing. An incision at the left atrium allowed the outflow of 

the blood. Lungs were then intra-tracheally inflated with 10% formalin at 25 cmH2O 

pressure, fixed overnight at 4°C, then stored in 70% ethanol before embedding in paraffin. 

Lung tissue sections of 5μM were prepared and further deparaffinized and rehydrated. 

Sections were stained with hematoxylin and eosin (H&E) and evaluated by a pathologist 

blinded to the interventions.  

To determine lung injury score, in acid induced lung injury model, due to the patchy 

nature of the lesions random High power fields (400x) were scored. The selection was 

effectuated by successive haphazard displacements, each of which was at least one High 

power field in length. To perform the histological assessment of lung injury, five 
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independent variables were evaluated:  A. Neutrophils in alveolar spaces, B. Neutrophils in 

the interstitial spaces, C. Hyaline membranes, D. Proteinaceous debris filling the airspaces, E. 

Alveolar septal thickening, and weighted according to the relevance ascribed to by the 

Official American Thoracic Society Workshop Report on Features and Measurements of  

Experimental Acute Lung Injury in Animals (131). The resulting injury score is a continuous 

value between 0 and 1. 

Immunohistochemical assessment of vascular remodeling was performed by staining for 

alpha-smooth muscle actin (anti-α-SMA antibody, Sigma-Aldrich, Inc., St. Louis, MO), a 

marker of smooth muscle cells (389). Endogenous peroxidase activity was inhibited with 3% 

H2O2 (Sigma- Aldrich, Inc., St. Louis, MO) in methanol. Next, the sections were incubated 

with a biotinylated horse antimouse IgG (Vector Laboratories, Inc., Burlingame, CA), treated 

with the avidin–biotin complex (Vectastain Elite ABC kit, Vector Laboratories, Inc., 

Burlingame, CA), and stained with 3,3’-diaminobenzidine substrate (KPL, Inc., Gaithersburg, 

MD). Slides were counterstained with 1% Methyl Green (Sigma-Aldrich, Inc., St. Louis, MO). 

 

Bronchoalveolar Lavage – Inflammatory Cell Counts 

 

Bronchoalveolar lavage fluid (BALF) was obtained through intratracheal instillation of ice-

cold PBS (Ca2+ and Mg2+ free, supplemented with 0.1mM EDTA) and filtered via a 35μm cell 

strainer to exclude contamination from epithelial cells that mostly appeared in clusters. First, 

0.3ml/kg PBS was instilled, and the supernatant was used to evaluate cytokine 

concentrations in the BALF. Then, to collect alveolar macrophages, BAL was further applied 

for 5 times with 1ml PBS.  

Total white blood cell (WBC) counts of BAL isolated cells were estimated by 

hemocytometer counting using Kimura stain,(390) while differential counts were 

determined by flow cytometry (see below). For cytospin preparations, the cell suspension 

was cytocentrifuged at 300g for 5 min using the Shandon Cytospin 4 (Thermo Scientific, 

Rockford, IL). Slides were air-dried overnight, stained with May-Grünwald Giemsa (Merck, 

Frankfurt, Germany) and evaluated under light microscope.  

 

BAL fluid protein and cytokine profile 

 

Protein Concentration of the BALF was assessed by the BCA method (BCA Protein Assay, 

Thermo Scientific, Rockford, IL).  IL-6, TNF-α, CXCL-1 and ΙL-1β protein levels in the lavage 

fluid were determined using a commercially available sandwich enzyme linked 

immunosorbent assay kit (Quantikine, R&D Systems, Abingdon, UK) according to the 

manufacturer’s instructions. 
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The BALF supernatant was analyzed using a multiplex mouse cytokine kit (FGFβ, MIP-1α, 

IL-1β, IL-17, IL-2, IL-13, IL-4, TNF-α, IL-12, INF-γ) (Invitrogen Corporation, Carlsbad, CA) in the 

Luminex 200™ System (Luminex Corporation, Austin, TX). BALF supernatant samples from 

animals treated with either dox or regular water in normoxia versus two and four days in 

hypoxia were analyzed in duplicate. Standard Luminex protocol was followed as suggested 

by the manufacturer. 

 

Assessment of alveolar macrophage phenotype 

 

Alveolar Macrophage isolation 

 

BAL was collected at the indicated time periods after acid administration, pseudomonas 

infection or hypoxic exposure as described above. The red blood cells were removed from 

the cell suspension using ammonium chloride lysis buffer (Sigma-Aldrich, Inc., St. Louis, MO). 

To discriminate alveolar macrophages, cells were stained with FITC-anti mouse CD45 

antibody (BD Biosciences, Franklin Lakes, NJ), APC– anti-mouse CD11c (BD Biosciences, 

Franklin Lakes, NJ) , PE-anti-mouse Ly-6G (BioLegent, San Diego,CA), antibodies specific for 

WBCs, alveolar macrophages and neutrophils, respectively. Cells were evaluated in a MoFlo 

Cell Sorter (Beckman-Coulter) and macrophage and neutrophil percentage were analyzed 

with Summit Software (Summit Software, Inc., Fort Wayne, IN). The CD45+CD11c+Ly-6G- cells 

(alveolar macrophages) were further sorted and isolated with purity >90%. 

In the hypoxic models of PAH, more than ninety percent of the cells isolated this way 

appeared to be of the monocyte/macrophage lineage and this was confirmed by cell-specific 

markers in flow cytometry (below). Isolated cells were used for RNA extraction, flow 

cytometry, or immunocytochemistry. 

 

Cytospin preparation and Immunocytochemistry 

 

BAL isolated cells were cytocentrifuged as mentioned above and placed on microscope 

slides. Immunocytochemistry for Fizz1, galectin -3, iNOS, Arg-1 and IRF5 was performed by 

immersion of the slides in 2% paraformaldehyde, incubation with blocking serum, followed 

by incubation at 4°C overnight with rabbit polyclonal anti-mouse-Fizz1 antibody (Abcam, 

Cambridge, MA), rabbit polyclonal anti mouse galectin-3 (Abcam, Cambridge, MA), rabbit 

polyclonal anti-mouse iNOS antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), rabbit 

polyclonal anti-mouse IRF5 antibody (Cell Signaling Technology, Inc., Beverly, MA) or mouse 

monoclonal anti-mouse Arg-1 (BD Biosciences, Franklin Lakes, NJ). Goat biotinylated anti-

rabbit IgG or horse biotinylated anti-mouse IgG (both from Cell Signaling Technology, Inc., 

Beverly, MA) were used as secondary antibodies. FITC- avidin or Texas Red- Avidin conjugate 
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(Vector Laboratories, Inc., Burlingame, CA) were further used. Nuclei were counterstained 

with DAPI (Thermo Fisher Scientific, Inc., Waltham, MA). 

 

RNA isolation and quantitative PCR 

 

RNA from alveolar or thioglycolate-elicited peritoneal macrophages or total lung was 

isolated using Trizol reagent (Life technologies Corporation, Carlsbad, CA). In the case of in 

vivo isolated and sorted alveolar macrophages, RNA precipitation was facilitated with 

addition of 250 μg/μl RNAase free glycogen (Fermentas Gmbh, St.Leon-Rot, Germany). One 

μg of total DNA digested RNA was used for cDNA synthesis (Thermoscript RT, Invitrogen 

Corporation, Carlsbad, CA). The SYBR Green method was followed in the PCR reaction. 

Primer sequences are shown in Table 10. Ribosomal Protein S9 (RPS9) served as 

housekeeping gene. Annealing was carried out at 60˚C for 30 sec, extension at 72˚C for 30 

sec, and denaturation at 95˚C for 15 sec for 40 cycles. 

To isolate micro-RNAs from alveolar macrophages, total RNA was isolated as above. For 

cDNA synthesis and qPCR of specific miRNAs, TaqMan MicroRNA Assays (Life technologies 

Corp, Carlsbad, CA) were used. The miRNA sequence is described in the table 10. 

SnoRNA135 served as housekeeping miRNA. Annealing and extension was carried out at 

60˚C for 30 sec and denaturation at 95˚C for 15 sec for 40 cycles in a 7500 Fast Real-Time 

PCR System (Life technologies Corp, Carlsbad, CA). Analysis of the fold change was 

performed based on the Pfaffl method (391).  

 

Table 10. Primer Sequence 

Ym1 Fwd : 5’-GCAGAAGCTCTCCAGAAGCAATCCTG-3’ 

Rev 5’-ATTGGCCTGTCCTTAGCCCAACTG-3’ 

Fizz1 Fwd 5’-GCTGATGGTCCCAGTGAATAC-3’ 

Rev 5’-CCAGTAGCAGTCATCCCAGC-3’ 

Arginase-1 Fwd 5’-CAGAAGAATGGAAGAGTCAG-3’ 

Rev 5’- CAGATATGCAGGGAGTCACC-3’ 

iNOS Fwd 5’-TCCTGGAGGAAGTGGGCCGAAG-3’ 

Rev 5’ -CCTCCACGGGCCCGGTACTC-3’ 

IL-12β Fwd 5’- GGAGGGGTGTAACCAGAAAGGTGC-3’ 

Rev : 5’-CCTGCAGGGAACACATGCCCAC-3’ 

C/EBPβ Fwd 5’- GGGGTTGTTGATGTTTTTGGTT-3’ 

Rev : 5’- TCACTTTAATGCTCGAAACGGA-3’ 

IRF5 Fwd 5’- ACATGCCACCTCAGCCGTACAAG-3’ 

Rev 5’- CCCTACAGGTGGCTGGAGAGCAG-3’ 
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IRF4 Fwd 5’- CAGGTGACTCTGTGCTTTGGTGAGG-3’ 

Rev 5- CGGAGGGAGCGGTGGTAATCTGG-3’ 

TRAF6 Fwd 5’- GGTGTAAGGCCTAGCAGCAGAT-3’ 

Rev 5’- AAATAGCCCATGGAAGCACAGT-3’ 

IRAK1 Fwd 5’- GTGCCGCTTCTACAAAGTGATG-3’ 

Rev 5’- GTGAGGATGTGAACGAGGTCAG-3’ 

Akt2 Fwd 5’- GCCTGAGGTGCTAGAGGACAAT-3’ 

Rev 5’- GAAGCCGATCTCCTCCATAAGA-3’ 

RPS9 

 

Fwd 5’-GCTAGACGAGAAGGATCCCC-3’ 

Rev 5’-. CAGGCCCAGCTTAAAGACCT -3’ 

Human HO-1 Fwd 5’- GCAGTCAGGCAGAGGGTGATA-3’ 

Rev 5’-AGCCTGGGAGCGGGTGTTGAG-3’ 

Arginase-2 Fwd 5’-CACGGGCAAATTCCTTGCGTCC-3’, 

Rev 5’-GGTTGGCAAGGCCCACTGAACG-3’ 

Mannose 
Receptor, C 
type 1 (MR) 

Fwd 5’-TTTCCATCGAGACTGCTGC-3’ 

Rev 5’-ACCAAAGCCACTTCCCTTC-3’ 

TNFa Fwd 5’-GCCCACGTCGTAGCAAACCACC-3’ 

Rev 5’-CGGGGCAGCCTTGTCCCTTG-3’ 

CCL2(MCP-1) Fwd 5’-GGCTGGAGCATCCACGTGTTGG-3’ 

Rev 5’-TTGGGGTCAGCACAGACCTCTCTC-3’ 

IL-6   Fwd 5’-CAAAGCCAGAGTCCTTCAGAG-3’ 

Rev 5’-CACTCCTTCTGTGACTCCAGC-3’ 

IL-10 Fwd 5’- GCGCTGTCATCGATTTCTCCCCTG-3’ 

Rev 5’-GGCCTTGTAGACACCTTGGTCTTGG-3’ 

PDGF-BB Fwd 5’-GGGAGCAGCGAGCCAAGACG-3’ 

Rev 5’-TGCCCACACTCTTGCCGACG-3’ 

GADPH Fwd 5’-CGTCCCGTAGACAAAATGGT-3’ 

 Rev 5’- GAATTTGCCGTGAGGGAGT-3’ 

MicroRNA Sequence 

mmu-miR-155 UUAAUGCUAAUUGUGAUAGGGGU 

hsa-miR-146a UGAGAACUGAAUUCCAUGGGUU 

hsa-miR-125b UCCCUGAGACCCUAACUUGUGA 

SnoRNA135 CUAAAAUAGCUGGAAUUACCGGCAGAUUGGUAGUGGUGAGCCUAUG

GUUUUCUGAAG 
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Flow cytometry  

 

Total white blood cell (WBC) counts of BAL isolated cells (see above) were accessed by 

hemocytometer counting using Kimura stain (392), and reconfirmed by flow cytometry 

analysis by the use of FITC-anti mouse CD45 antibody (BD Biosciences, Franklin Lakes, NJ) 

and flow cytometry absolute count standard beads (Bangs Laboratories, Fishers, IN). 

Differential WBC analysis was performed using APC–anti-mouse F4/80 (eBioscience, Inc., San 

Diego, CA), PE-anti-mouse Ly-6G/L (BD Biosciences, Franklin Lakes, NJ), and Pacific Blue-anti-

mouse CD3 (eBioscience, Inc., San Diego, CA) antibodies specific for macrophages, 

neutrophils and T cells, respectively. Expression profile of BAL isolated alveolar macrophages 

was assessed by APC-anti mouse F4/80 (eBioscience, Inc., San Diego, CA),(393) FITC-anti-

mouse CD11c, and PE-anti-mouse CD45 (BD Biosciences, Franklin Lakes, NJ) in separate 

analysis.  

Expression of protein levels of iNOS, IL-12β, Arg-1, Fizz1, MGL-1/2 and IL-10 were 

determined by flow cytometry cell surface and intracellular staining, as previously described 

(394, 395) Fizz1, iNOS, Arg-1, expression was assessed by performing fixation with 

paraformaldehyde, intracellular permeabilization and staining with primary rabbit anti-

mouse- Fizz1 antibody (Abcam, Cambridge, MA) followed by secondary rabbit FITC-

conjugated anti-rabbit antibody (BD Biosciences, Franklin Lakes, NJ). In order to evaluate the 

IL-12b and IL-10- expressing alveolar macrophages, BALF-isolated cells were incubated with 

Golgi inhibitor (monensin, BD Biosciences, Franklin Lakes, NJ) fixed and permeabilized, and 

stained with APC-conjugated monoclonal antibody against murine IL-10 (BD Biosciences, 

Franklin Lakes, NJ) 

Cell surface staining was carried out by incubation with PerCP-Cy5.5 anti-mouse CD11c 

(Biolegent, San Diego, CA), then fixed and permeabilized (BD Fixation and Permeabilization 

Solution Kit, BD Biosciences, Franklin Lakes, NJ) and stained with APC-conjugated 

monoclonal antibody against murine IL-10 (BD Biosciences, Franklin Lakes, NJ), FITC 

conjugated monoclonal antibody against murine iNOS (BD Biosciences, Franklin Lakes, NJ) 

and PE conjugated monoclonal antibody against murine IL-12β (BD Biosciences, Franklin 

Lakes, NJ). Mouse monoclonal anti-mouse Arginase-1 (BD Biosciences, Franklin Lakes, NJ) 

and rabbit polyclonal anti-mouse Fizz1 (Abcam, Cambridge, UK) were used in separate 

analyses. FITC Goat Anti-Rabbit IgG (BD Biosciences, Franklin Lakes, NJ) and APC Rat anti 

mouse IgG1 (Biolegent, San Diego, CA) were used as secondary antibodies for Fizz1 and 

Arginase-1 staining respectively. PE anti-mouse MGL1/2 (RnD systems, Minneapolis, MN), 

FITC anti mouse CD80 and/or PE anti mouse CD86 and anti-mouse STAT1 were used for cell 
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surface staining in a separate analyses. The proper isotype controls were used in each case. 

The flow cytometry events were acquired in a MoFlo Legacy Cell Sorter (Beckman Coulter, 

Inc., Brea, CA) and analyzed with the use of Summit Software (Summit Software, Inc., Fort 

Wayne, IN). Flow cytometry events were first gated based on forward and side scatter and 

then the CD11c positive cells (alveolar macrophages) were further selected in order to 

evaluate the expression of activation markers. 

Last, the evaluation of siRNA uptake from alveolar macrophages took place by staining of 

alveolar macrophages with CD11c-PECy3 (eBioscience, Inc., San Diego, CA) and identification 

of siRNA – positive macrophages by detection of the emission of Cy3 labeled Luciferase. 

Although cyanine dye Cy3 does not give fluorescence intensity comparable to that of PE or 

APC and is most used in fluorescent microscopy, Cy3 is excited at 488 nm by an argon laser 

and can be used directly in flow cytometry (ref. Fluorochrome Conjugates For Flow 

Cytometry - Applications Guide- Caltag Technologies). 

 

Western blot analysis 

 

Protein concentration from macrophage lysates was determined by the BCA assay. 

Macrophage protein lysates were resuspended in SDS-containing loading dye. Twenty μg of 

protein was electrophoresed on 13.3% denaturing polyacrylamide gel prior to wet transfer 

to 0.45 μm PVDF membrane (Biorad, Hercules, CA). Briefly, after blocking with 5% skim milk 

in phosphate buffered saline (pH 7.4) containing 0.1% Tween 20 (PBST) for an hour at room 

temperature, the membranes were incubated with rabbit polyclonal anti-mouse IRF5 

antibody (Cell Signaling Tech, Beverly, MA), rabbit polyclonal anti-mouse IRF4 antibody (Cell 

Signaling Tech, Beverly, MA), mouse polyclonal anti-mouse TRAF6 antibody (Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA), rabbit polyclonal anti-mouse Fizz1 antibody (Abcam, 

Cambridge, MA), rabbit polyclonal anti-human and anti-mouse HO-1 antibody (Enzo Life 

Sciences International, Inc., Plymouth Meeting, PA), rabbit polyclonal anti-mouse polyclonal 

anti-mouse IgA Ab (Millipore, Billerica, MA), rat anti-mouse IL-10 antibody (Abcam, 

Cambridge, MA) or mouse monoclonal anti-mouse b actin (Cell Signaling Tech, Beverly, MA) 

at 4°C overnight.at 4°C overnight.  

 The membranes were then incubated with 40 ng/ml of peroxidase-conjugated anti-rabbit 

or anti-mouse secondary antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), 

respectively, for 30 min at room temperature followed by reaction with Lumi-Light ECL 

substrate (Thermo Fisher Scientific, Waltham, MA). Densitometric analysis was performed 

with the NIH ImageJ program.  

BALF samples were concentrated with 20% trichloroacetic acid (TCA, Sigma-Aldrich, Inc., 

St. Louis, MO) overnight, washed with ice-cold acetone and resuspended in SDS-containing 

loading dye. 
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Nitrite concentration and arginase activity assay 

 

Determination of nitric oxide metabolite, nitrite concentration in BALF (based on Griess 

reaction). BAL supernatants from control mice and mice with acid-induced lung injury for 

twelve hours were utilized. 50 μL sulfanilamide solution (1% w/v sulfanilamide, 5% w/v 

phosphoric acid) were added to equal volume of sample. Samples were incubated for 10 

minutes in the dark and 50μL of 0.1% w/v N-(naphthyl) ethyl-enediamidedihydrochloride 

was added, followed by a second incubation for 10 minutes at RT in the dark). Absorbance at 

550 nm was measured, and the amount of nitrite was determined using a NaNO2 standard 

curve. 

In the Griess reaction, nitrite and nitrate concentration in BALF supernatant were 

measured by the Total NO/Nitrite/Nitrate Assay (R&D Systems, Minneapolis, MN). Proteins 

were removed before analysis with ultrafiltration using 10,000 molecular weight (MW) cut-

off filters (Amicon Ultra; Millipore, Billerica, MA). Supernatants from RAW 264.7 

macrophages stimulated with 100 μg/ml LPS or 100 U/ml INF-γ for 48 hours served as 

positive controls. 

Arginase activity was assessed indirectly by measuring the concentration of urea 

generated by the arginase-dependent hydrolysis of L-arginine as previously described (396). 

Alveolar macrophages from animals with acid-induced lung injury (twelve-hour time point) 

and control mice were harvested, washed, and lysed with 10 mM Tris.HCl (pH 7.4) containing 

0.4% (w/v) Triton X-100 and protease inhibitor cocktail (Complete, Roche, Basel, 

Switzerland). After 30 min on a shaker, 100 μL of 25 mM Tris.HCl was added. Into 100 μL of 

this lysate, 10 μL of 10 mM MnCl2 was added, and the enzyme was activated by heating for 

10 min at 55 °C. Arginine hydrolysis was conducted by incubating the lysates with 100 μL of 

0.5ML-arginine (pH 9.7) at 37 °C for 60 min. The reaction was stopped with 800 μL of H2SO4 

(96%)/H3PO4 (85%)/H2O (1/3/7, v/v/v). The urea concentration was measured at 550 nm 

after addition of 40 μL of α-isonitrosopropiophenone (Sigma-Aldrich Corp, St. Louis, MI) 

(dissolved in 100% ethanol), followed by heating at 100°C for 30 min. One unit of enzyme 

activity is defined as the amount of enzyme that catalyzes the formation of 1 

μmol•urea/min. 
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In vitro cell treatments 

 

Cell Cultures-Cell transfections 

 

For cell transfection experiments, peritoneal or bronchoalveolar lavage from control 

animals was obtained through instillation of 5 x 1 ml Hank’s Balanced Salt Solution (without 

calcium and magnesium) supplemented with 10 mM EDTA and 1 mM HEPES and filtered 

twice via a 35 μm cell strainer to exclude contamination of epithelial cells. 1x105 

macrophages per well (4 wells per group) were seeded in 48-well tissue-culture plates in a 

volume of 0.2 ml macrophage complete medium (DMEM, GIBCO, Life technologies Corp, 

Carlsbad, CA) supplemented with 10% (v/v) FBS, 10 mM L-glutamine, 100 IU/ml penicillin 

and 100 μg/ml streptomycin. Cells were incubated at 37°C for 4 hours and then their 

medium was replaced with serum-free, antibiotic-free DMEM prior to transfection. 

Lipofectamine served as transfection reagent (RNAimax, Life technologies Corp, Carlsbad, 

CA) and cells were transfected with either  30nM  of siRNA (small interfering RNA) for Akt2 

(sense seq: ACC/OmeU/UAUGUUGGACAAA/OmeG/A/OmeU/OmeU/, antisense seq: 

5Phos/UCUUUGUCCAACA/OmeU/AAG/OmeG/Utt, designed at Cenix Bioscience, Dresden, 

Germany) or negative control dsRNA. For miR-146a experiment, transfection was carried out 

with 30nM miR-146a mimic, anti-miR-146a inhibitor and not-targeting controls (NTC) that 

were purchased from Ambion (Life technologies Corp, Carlsbad, CA). Transfection efficiency 

and biological effect was assessed 72 hours post transfection.   

To induce M1 phenotype in alveolar macrophages and to recapitulate the in vivo stimuli, 

BAL fluid (0,3ml/kg) samples from WT mice 6 hours after acid-aspiration were obtained. 

After 24 hour serum starvation, BAL fluid was applied in cultured WT and Akt2-/- BAL 

isolated alveolar macrophages in 1:1 dilution with fresh serum–free DMEM. Control cells 

received same ratio of normal saline. Cells were harvested 12 hours post stimulation. 

LPS stimulation in peritoneal macrophages, that were transfected with miR146a mimic, 

miR146a inhibitor or scramble miRNA (all from Life technologies Corporation, Carlsbad, CA), 

was carried out by introduction of a final concentration of 100ng/ml LPS E.coli in the cell 

medium. Stimulation was applied 4 hours or 24 hours prior to cell harvesting. 

Macrophages were cultured for 48 hours at 0.5-1% O2 (pO2 in the media was 14-18 torr) 

in a hypoxic work station (in Vivo2, Ruskinn Technology, Ltd., Bridgend, UK) and/or Billups 

chambers that were flushed with a mix of 0.5% O2 and 5% CO2 (N2 balance). Alternatively, 

macrophages were stimulated with 20 ng/ml murine recombinant interleukin-4 (IL-4) (R&D 

Systems, Minneapolis, MN) in order to be polarized towards M2. CO treatment was 
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performed in Billups chambers that were flushed with a mix of 0.5% O2, 5% CO2, 500 ppm CO 

(N2 balance). Cells were pretreated with CO for 1 hour in normoxia prior to hypoxic 

exposure. Cell viability was greater than 80% in all groups as assessed by trypan blue 

exclusion. 

Primary alveolar macrophages stimulated with 100 μg/ml LPS E.coli and 100 U/ml INF-γ 

for 48 hours served as positive controls. Nuclei were counterstained with DAPI (Thermo 

Fisher Scientific, Inc., Waltham, MA) and samples were observed with fluorescent 

microscopy. 

 

Primary alveolar macrophage culture 

 

For cell culture experiments, BALF was obtained through intratracheal instillation of 5 x 1 

ml Hank’s Balanced Salt Solution (without calcium and magnesium) supplemented with 10 

mM EDTA and 1 mM HEPES and filtered twice via a 35 μm cell strainer to exclude 

contamination of epithelial cells. 3.5x105 macrophages per well were seeded in 48-well 

tissue-culture plates in a volume of 0.25 ml macrophage complete medium (DMEM/10: 

Dulbecco’s Modified Eagle Medium) (GIBCO, Invitrogen Corporation, Carlsbad, CA) 

supplemented with 10% (v/v) FBS, 10 mM L-glutamine, 100 IU/ml penicillin and 100 ug/ml 

streptomycin). Cells were incubated at 37°C for 4 hours and then their medium was replaced 

with serum-free DMEM prior to hypoxic exposure or IL-4 stimulation. 

 

Macrophage activation and CO treatment 

 

Macrophages were cultured for 48 hours in a hypoxic work station (inVivo2, Ruskinn Inc.) 

and/or Billups chambers that were flushed with a mix of 0.5% oxygen and 5% CO2 (N2 

balance). Alternatively, macrophages were stimulated with 20 ng/ml murine recombinant 

interleukin -4 (IL-4) (R&Dsystems) in order to be polarized towards M2. CO treatment was 

performed in Billups chambers that were flushed with a mix of 0.5% oxygen, 5% CO2, 500 

ppm carbon monoxide (N2 balance). Cells were pretreated with CO for 1 hour in normoxia 

prior to hypoxic exposure. Cell viability was greater than 80% in all groups as assessed by 

trypan blue exclusion. 

 

PASMC proliferation assay 

 

Mouse primary pulmonary artery smooth muscle cells (PASMCs) were cultured (2x103 

cells per well) in a volume of 100 μl of DMEM (GIBCO, Invitrogen Corporation, Carlsbad, CA) 

supplemented with 10% FBS, 10 mM L-glutamine, 100 IU/ml penicillin and 100 μg/ml 

streptomycin, using 96-well tissue culture plates. Two days prior to proliferation assay, the 



PhD Thesis                                                                                                                                  Eleni Vergadi 

 

107 

 

medium was replaced with DMEM supplemented with 0.1% FBS, 10 mM L-glutamine, 

100IU/ml penicillin and 100 μg/ml streptomycin. Macrophage-conditioned media, diluted 

two-fold with fresh low-serum media, were then applied to PASMCs and the cultures were 

incubated for an additional three days. Cell proliferation was assessed by cell proliferation 

reagent WST-1 (Roche Diagnostics, Mannheim, Germany) by applying 10 μl of WST-1 reagent 

to each well and measuring OD440-OD690 after two hours of incubation at 370C. Treatment 

of PASMCs with 25ng/ml PDGF-BB served as a positive control. Fresh cell culture medium 

(DMEM) or medium equilibrated in 0.5% Oxygen for 48 hours were used as negative 

controls. Mouse recombinant IL-10 (R&D Systems, Minneapolis, MN) was used in the range 

of 1-100 ng/ml. 

 

Statistical analysis 

 

All data were evaluated for normality using Kolmogorov – Smirnov test (with Dallal – 

Wilkinson – Lilliefor P value). The data that passed the normality test were analyzed with 

one way analysis of variance with Bonferroni’s multiple comparison post test. Comparison of 

non-parametric results between different groups was performed by Mann Whitney U test or 

Kruskal-Wallis test with Dunn’s multiple comparison post test, using GraphPad InStat 

(GraphPad Software, San Diego, CA). P value <0.05 was considered significant. Results are 

expressed as mean ± SD or median (5-95 percentiles) as indicated and are representative of 

at least three independent.  
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PART ONE 

 

M2 MACROPHAGES PROTECT FROM THE DEVELOPMENT OF ACUTE LUNG INJURY 

 

Main Findings 

 

Upon HCL aspiration, WT mice developed impaired lung compliance, increased vascular 

permeability, and lung inflammatory response with prominent M1 activation characterized 

by induction of iNOS and IL-12β. Akt2-/- mice exhibited ameliorated ALI; improved 

compliance and reduced alveolar protein levels and lung inflammatory response. Upon high 

tidal volume ventilation also, Akt2-/- mice exhibited ameliorated ALI; improved lung 

compliance, reduced protein extravasation and improved alveolar-arterial O2 gradient. We 

utilized the acid-induced acute lung injury model in order to further study the inflammatory 

response and the role of macrophages in ALI and the mechanism by which Akt2-/- ablation 

confers protection. 

Alveolar macrophages of Akt2-/- mice with HCL induced ALI, not only had suppressed 

iNOS and IL-12β production, but were activated towards the alternative M2 pathway (Arg-1, 

Fizz1 and Ym1 up-regulation). To investigate the mechanism of protection in the absence of 

Akt2 in macrophages we investigated molecular pathways already known to affect 

macrophage activation; several miRNAs such as miR-155 and miR-125b, already known to 

promote M1 activation, via suppression of c/EBPβ and IRF4 transcription factors respectively 

and the TLR4 pathway.  

Although miR-155 levels were suppressed in alveolar macrophages of Akt2-/- mice 

resulting in enhanced c/EBPβ production, miR-155 levels were not up-regulated in WT 

macrophages upon acid administration thus miR155 did not play a significant role in the 

pathogenesis of acid induced ALI. In terms of miR-125b, there was a mild non-significant 

increase of miR125b in alveolar macrophage upon ALI and there was no change in miR-125b 

levels among WT and Akt2-/- macrophages.  

 Next, we investigated signaling molecules downstream the TLR4 signaling in alveolar 

macrophages that may be affected by Akt2 deficiency. We found that the mRNA and protein 

levels of downstream proteins such as TRAF6, STAT1 and IRF5 were elevated in WT 

macrophages upon HCL stimulation while Akt2-/- macrophages did not respond accordingly. 

Based on this finding we sought to investigate the role of miR-146a, a miRNA well known to 



PhD Thesis                                                                                                                                  Eleni Vergadi 

 

112 

 

mute TLR4 signaling via targeting or TRAF6, STAT1, IRF5 and IRAK1, in Akt2-/- mice. We 

found that miR-146a was significantly up-regulated in Akt2-/- macrophages compared to 

WT. Moreover, transfection of LPS-treated WT macrophages with a precursor of miR146a 

abrogated M1 activation. Application of an inhibitor of miR146a in Akt2-/- macrophages 

abolished iNOS suppression and the development of M2. 

To further clarify the importance of macrophage activation in the pathogenesis of ALI, we 

sought to deplete alveolar macrophages from WT mice in ALI and reconstitute them with 

Akt2-/- macrophages. WT mice that received Akt2-/- macrophages exhibited reduced iNOS 

expression and improved inspiratory capacity compared to WT mice that received WT cells.   

We then attempted to modulate WT alveolar macrophage phenotype in vivo without 

depleting host macrophages. MiRNA targeting miR-146a and siRNA targeting Akt2 was 

delivered endotracheally in WT animals exposed to acid. MiR-146 delivery or Akt2 silencing 

in WT mice exposed to acid resulted in suppression of iNOS in alveolar macrophages.  

To expand the role of alveolar macrophages in models of septic lung inflammation and 

lung injury, we utilized a model of Pseudomonas aeruginosa induced lung injury. Although 

M2 polarization was beneficial in aseptic lung injury, it resulted in increased lung bacterial 

load when Akt2-/- mice were infected with Pseudomonas aeruginosa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Development of acid induced lung injury in mice 
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To pursue our hypothesis, we opted for a mouse model of acute lung injury with 

reproducibility, moderate severity and minimal neutrophilic accumulation compared to 

macrophage infiltration that will allow us to study the macrophage response. Thus, ALI was 

first induced with various concentrations of hydrochloric acid, 0.01N, 0.025N, 0.05N and 

0.1N HCL diluted in normal saline (0.9% NaCl). The protein levels in BALF, the total number 

of WBCs in BALF and the relative expression of iNOS in alveolar macrophages were increased 

by the increasing concentration of HCL (Figure 30).  
 

  

 

 

   

However, 0.01N and 0.025N HCL concentrations could not promote a significant iNOS 

overexpression compared to control. Also, 0.1N administration promoted robust 

accumulation of neutrophils in the alveolar space (approximately 80-90% of the BAL cells) 

(Figure 31 and 32). Among the above HCL concentrations, 0.05N was chosen as optimal and 

capable to produce significant injury, M1 macrophage activation without excessive 

neutrophilic inflammation. 

 

Figure 30. Protein concentration in BALF in WT mice and (B) total WBCs in BALF at several 
concentrations of HCL solution 24h after HCL intratracheal administration. n = 4–5 mice/group.  
Box plots:  box shows 5–95 percentiles, horizontal line represents median, and whiskers represent 
minimum and maximum.  **p, 0.01, ***p, 0.001, acid treatment versus NS (control) treatment.  
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Figure 32. Representative cytospin images of cells isolated from BAL from WT mice exposed to 
0.01N, 0.05N and 0.1N of HCL solution respectively. Note the presence of numerous neutrophils in 
0.1N HCL concentration. Scale bar, 25 mm.  

Figure 31. Relative mRNA levels of 
iNOS in alveolar macrophages from 
WT mice exposed to various 
concentrations of HCL solution. n = 4 
mice/group.  
Graphs represent mean +/- SD.*p, 
0.05, ***p, 0.001, acid treatment 
versus NS treatment. 
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Akt2 deficiency protects from the development of acid-induced lung injury and ventilator 

induced lung injury 

 

 To describe the nature of inflammatory response in ALI and to determine the role of Akt2 

and M2 macrophages in aseptic lung injury we exposed Akt2-/- mice, which possess M2-type 

macrophages, and WT mice to acid-induced lung injury and to ventilator induced lung injury. 

These models induce tissue injury, either chemical or mechanical (volutrauma, barotrauma) 

which initiate an aseptic inflammatory cascade. The development of acute lung injury in our 

model was assessed at several time points following acid instillation or after 4hour of high 

tidal volume ventilation based on the measurement of the pressure volume curve of the 

respiratory system (PV curve), estimation of total lung capacity (lung compliance), 

measurement of protein levels in BALF (an indirect index of vascular permeability), 

assessment of arterial oxygenation as well as with lung histology (Figure 33).  

 

Akt2 deficiency in Hydrochloric acid induced ALI 

    

Within 12hours of acid-aspiration in WT mice, the pressure volume curve of the 

respiratory system and lung compliance (Figure 33A, B) were severely compromised. Also, 

protein concentration in BALF was significantly elevated compared to mice treated with 

normal saline (Figure 33C). The severity of lung injury peaked at 12 hours post acid-

aspiration and declined thereafter (Figure 33B, C). Lung compliance and protein 

concentration levels returned to baseline at 72 hours after acid-aspiration (Figures 33B, 33C, 

34A, 34B). Acid-induced lung injury was less severe in Akt2-/- mice compared to WT mice 

(Figure 33A-C) although still significantly compromised compared to mice in normal saline 

group. There was a decrease in lung compliance and an increase in BAL fluid protein 

concentration in acid-treated Akt2-/- mice compared to saline-treated mice, but less than in 

WT mice (Figure 33A-C). 

Histology on lung sections from WT mice 12 hours post acid-aspiration demonstrated 

destruction of normal tissue architecture characterized by thickening of the alveolar walls 

due to increased cellularity and edema (Figure 33D-b). Proteinaceous debris in the alveoli 

and extravasated red blood cells were also observed (Figure 33D-c). Lung sections from acid-

treated Akt2-/- mice 12 hours post injury demonstrated less severe lung injury compared to 

WT mice (Figure 33D-d). Only mild thickening of the alveolar walls with inconspicuous 

presence of inflammatory cells and focal congestion of capillaries, with mild red cell 

extravasation were observed in Akt2-/- mice (Figure 33D-e, f).  

Apart from the impaired lung compliance and the development of edema, accumulation 

of macrophages and neutrophils took place within 6 hours post HCL exposure (Figure 34A, 

B). Macrophage and neutrophil infiltration increased within 6 hours after acid-aspiration in 
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FIGURE 33. Acid aspiration–induced lung injury is reduced in Akt2-/- mice. (A) Pressure Volume 
Curve of the respiratory system, (B) Inspiratory Capacity (IC), and (C) protein concentration in 
bronchoalveolar lavage fluid (BALF) in WT and Akt2-/- mice at several time points after acid (HCL) 
aspiration compared to normal saline (NS) group. (D) Histological analysis of lung tissue of untreated 
control WT mice (D-a), WT (D-b,c) and Akt2-/- mice (D-e,f) twelve hours after HCL administration 
(H&E stain, magnification x400), as well as analysis of acute lung injury score (D-d). Black arrows in 
(D-b) demonstrate thickening of the alveolar walls due to increased cellularity. Red arrow in (D-c) 
indicates proteinaceous debris in the alveoli. Extravasated red blood cells are also depicted. Scale bar 
is representative of 25μm. N=5-8 mice per group. Line graphs represent median ±SD. Box Plot: box 
shows 5-95 percentiles, line at median and whiskers at min-max. *: acid- vs. NS-treated; *p<0.05, 
**p<0.01, ***p<0.001. #: Akt2-/- vs. WT; #p<0.05, ##p<0.01, ###p<0.001. 

 

WT mice and reached its highest level at 12 hours (Figure 34A-C). Furthermore, chemokines 

and cytokines such as TNF-α, IL-6, CXCL-1 and IL-1β also accumulated in BAL fluid and 

reached their highest level at 6 hours post acid-aspiration (Figure 34D). The severity of lung  
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Figure 34. Lung inflammation upon acid aspiration was reduced in Akt2-/- mice. (A) Macrophages 
and (B) neutrophils are accumulated in bronchoalveolar lavage (BAL) soon after acid instillation. (C) 
Representative cytospin images of BAL isolated cells from WT and Akt2-/- mice twelve hours after 
acid exposure. Scale bar is representative of 25μm. (D) Levels of TNF-α, IL-6, CXCL-1 and IL-1β in BAL 
fluid of WT and Akt2-/- mice six hours after acid-aspiration compared to normal saline (NS) aspiration 
group. N=5-8 mice per group. Line graphs represent median ±SD. Box Plot: box shows 5-95 
percentiles, line at median and whiskers at min-max. *: acid- vs. NS-treated; *p<0.05, **p<0.01, 
***p<0.001. #: Akt2-/- vs. WT; #p<0.05, ##p<0.01, ###p<0.001. 

 

inflammation peaked at 12 hours after acid-aspiration and declined thereafter; BAL cell 

counts and cytokines returned to baseline at 72 hours after acid-aspiration (Figure 34A, 

34B). The severity of inflammatory cell infiltration (Figure 34A-C) and the cytokine levels in 

the BAL fluid (Figure 34D) were lower in Akt2-/- compared to WT mice. 
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Akt2 deficiency in Ventilation induced ALI 

 

  To assess the inflammatory response in VILI and the role of Akt2 deficiency we utilized 

an established model of high tidal volume ventilation model in our lab (154, 183). After 

3.5hours of high VT ventilation, lung compliance decreased in WT mice to 65% of control, 

but not in Akt2−/−mice (83% of control; Figure 35). The development of lung injury was 

associated with impaired oxygenation (Figure 35). Akt2−/−mice subjected to high VT 

ventilation had higher PaO2 than WT mice (Figure 35). There were no differences in PaCO2, 

pH, and lactate between the two genotypes after high VT ventilation (data not shown).  

Mechanical ventilation with high VT induced an inflammatory response in the lungs of 

mice of both genotypes, characterized by neutrophilic infiltration that was less severe in 

Akt2-/- mice (Figure 36).  

 

 
 

 

 

 

 

These results suggested that ablation of Akt2 resulted in reduced lung inflammation and 

ameliorated acid – induced lung injury and ventilation induced lung injury compared to WT 

mice. 

 

 

Figure 35. Inspiratory capacity and 
arterial oxygenation in WT and Akt2-/- 
mice exposed to high tidal volume 
ventilation for 3,5 hours. Compared to 
NS. Box Plot: box shows 5-95 
percentiles, line at median and 
whiskers at min-max.  *: HVT - vs. NS-
treated; *p<0.05, **p<0.01, 
***p<0.001. #: Akt2-/- vs. WT; 
#p<0.05, ##p<0.01, ###p<0.001. 

 

Figure 36. Macrophage and 
neutrophil cell numbers in BAL from 
WT and Akt2-/- mice exposed to high 
tidal volume ventilation for 3,5 
hours. Box Plot: box shows 5-95 
percentiles, line at median and 
whiskers at min-max. *: HVT- vs. NS-
treated; *p<0.05, **p<0.01, 
***p<0.001. #: Akt2-/- vs. WT; 
#p<0.05, ##p<0.01, ###p<0.001. 
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Akt2 deficiency regulates alveolar macrophage phenotype 

 

Akt2 ablation suppresses M1 polarization and promotes M2 phenotype in Alveolar Μφ in 

acid-induced lung injury 

 

To determine the inflammatory phenotype of infiltrated macrophages in the model of 

acid-induced lung injury, we measured the concentration of inflammatory mediators in the 

BALF and the presence of M1 and M2-type of macrophages in the lungs of WT and Akt2-/- 

mice during the acute phase (12 hours following acid aspiration) and at the resolution stage 

(24 hours following acid aspiration). In the acute phase of injury, twelve hours after acid-

aspiration, M1 activation of macrophages was observed in WT mice; alveolar macrophages 

overexpressed iNOS (Figure 37A, C, D, F) and IL-12β (Figure 37B, E). The expression of M1 

markers returned to basal levels at 48 hours of injury (Figure 37A, B). However, antigen 

presentation was not induced by HCL-aspiration as was assessed by CD80 and CD86 protein 

expression (data not shown).The concentration of NO metabolite Nitrite in the BAL fluid was 

increased in WT mice 12 hours post-injury (Figure 37G). Expression of M1 markers and the 

levels of NO after acid aspiration-induced lung injury were lower in Akt2-/- mice compared 

to WT (Figure 37A-G).  

The expression of M2 activation markers, Arg-1, Fizz1 and Ym1, 12 hours post acid-

aspiration was evident in both WT and in Akt2-/- macrophages. The mRNA and protein  

levels of Arg-1, Fizz1 and Ym1, as well as arginase activity and MGL1 and MGL2 protein 

expression, were higher in Akt2-/- macrophages compare to WT ones (Figures 38A-G and 

391A). The above M2 markers were elevated in Akt2-/- macrophages compared to WT Mφ 

both at basal levels in normal saline treatment and upon 12 and 24 hours of acid-aspiration, 

however there were no significant difference between these groups at 48hours, were 

significant up-regulation of M2 response took place in WT macrophages as well (Figure 

38E,G,I). Arg1 mRNA was upregulated both in WT and Akt2-/- macrophages 12h  following 

acid aspiration however upregulation of its protein and its activity was not statistically 

significant at 12h in WT MΦ, but was further induced at later time points (24hours following 

HCL instillation - data not shown).   

MGL1 and 2 protein expression was also higher in Akt2-/- alveolar macrophages 

compared to macrophages from WT mice (Figure 39A), while IL-10 expression was not 

significantly different among the WT and Akt2-/- macrophages (Figure 39B). 

In vitro application of siRNA targeting Akt2 in isolated alveolar macrophages from WT 

mice, resulted in downregulation of Akt2 and concomitant up-regulation of C/EBPβ, an M2 

polarization-associated transcription factor (49), as well as Arg-1 and Fizz1 (Figure 38H, I), 

further supporting the impact of Akt2 suppression in promoting M2 polarization in alveolar 

macrophages. 
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Figure 37. Classical (M1) macrophage activation in acid-induced lung injury was reduced in Akt2-/-  
mice. iNOS and IL-12β, markers of M1 activation were evaluated in alveolar macrophages from WT 
and Akt2-/- mice at basal levels and upon acid aspiration. (A) iNOS and (B) IL-12β mRNA induction 
was assessed at different time points after acid aspiration compared to the normal saline (NS) 
aspiration group. iNOS protein levels in WT and Akt2-/- alveolar macrophages were assessed by (C) 
immunofluorescence and (D) fluorescence intensity (measured by flow cytometry,  MFI) twelve 
hours after acid exposure. Similarly IL-12β protein levels were evaluated by (E) fluorescence intensity 
(MFI) twelve hours after acid exposure and compared to mice receiving normal saline. (F) iNOS 
positive WT and Akt2-/- macrophages based on flow cytometry cell counts and (K) nitrite levels in 
BAL fluid from WT and Akt2-/- mice after acid exposure. Scale bar in (C) is representative of 25μm. 
MFI: mean fluorescence intensity of cells gated for CD11c. N=5-8 mice per group. Bar graphs 
represent mean ± SD.  Box Plot: box shows 5-95 percentiles, line at median and whiskers at min-max. 
*: acid- vs. NS-treated; *p<0.05, **p<0.01, ***p<0.001. #: Akt2-/- vs. WT; #p<0.05, ##p<0.01, 
###p<0.001. 
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Figure 38. Akt2-/-alveolar Mφ exhibit M2 phenotype following acid-induced ALI.  Arg1, Fizz1 and Ym1, 

markers of M2- macrophage activation were evaluated in WT and Akt2-/- mice at basal levels and upon acid 

aspiration .  Arg1 expression was assessed at (A) mRNA levels and (B) protein levels by flow cytometry (MFI) 

and (C) immunofluorescence, 12h after acid aspiration.  Similarly, Fizz1 (D) mRNA levels and (E) protein levels 

(MFI) were evaluated in the same conditions.F) Ym1 mRNA levels in WT and Akt2-/- Mf in acid treated mice 

compared to NS - treated mice (G) Urea production, an index of arginase activity, was evaluated in WT and 

Akt2-/- alveolar macrophages after acid exposure. mRNA levels of (H) Akt2 and (I) C/EBPβ, Arg1 and Fizz1 in 

isolated alveolar macrophages transfected with siRNA for Akt2 (siAkt2) or non-targeting siRNA (siNegC). Cells 

that received only transfection reagent (mock) or left without treatment (untransfected) were used as 

controls. Scale bar in (C) corresponds to 25μm. MFI: mean fluorescence intensity of cells gated for CD11c. N=5-

8 mice per group. Bar graphs represent mean ± SD.  Box Plot: box shows 5-95 percentiles, line at median and 

whiskers at min-max. *: acid- vs. NS-treated; *p<0.05, **p<0.01, ***p<0.001. #: Akt2-/- vs. WT; #p<0.05, 

##p<0.01, ###p<0.001 
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Figure 39. MGL-1,2 and IL-10 protein levels in alveolar macrophages. (A) MGL-1,2 and (B) IL-10 
protein levels in alveolar macrophages of WT and Akt2-/- mice exposed to acid-aspiration for twelve 
hours. NS: normal saline. MFI: mean fluorescence intensity. Box Plot: box shows 25-75 percentiles, 
line at median, and whiskers at 5-95 percentiles. N=5-8 per group. *: acid- vs. NS-treated; *p<0.05. 
#: Akt2-/- vs. WT; #p<0.05 
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Mechanisms of protection from ALI in Akt2 deficient mice 

 

Involvement of miR-155 and miR-125b in macrophage activation phenotype in acid-

induced lung injury and the role of Akt2  

 

Next, we sought to elucidate the mechanisms via which Akt2 deficiency regulates 

macrophage polarization and protects from acid-induced lung injury. Earlier studies from our 

group have shown that miR-155 plays a central role in promoting M1 activation in 

macrophages following LPS stimulation and is under the control of Akt kinases (49, 68). 

Furthermore, in the recent literature, miR155 and miR-125b have been found to promote 

M1 phenotype in macrophages via regulation of C/EBPb and IRF4 respectively (49, 116). 

Whether or not miR-155 and/or miR- 125b play a role in regulation of M1 macrophage 

activation in HCL lung injury remains elusive. 

To investigate the involvement of miR-155 in the regulation of M1 phenotype in our 

model of aseptic lung injury, we measured miR-155 levels in alveolar macrophages from WT 

and Akt2-/- mice exposed to acid. We found that the expression of miR-155 did not increase 

in WT alveolar macrophages at twelve hours after acid–aspiration, but was suppressed at 24 

hours post injury (Figure 40A). In order to exclude miR-155 involvement in M1 activation in 

our model, we stimulated alveolar macrophages in vitro with BAL fluid collected from WT 

mice, six hours after acid-aspiration. We found that exposure to BAL fluid did not cause an 

increase in miR-155 levels although it promoted iNOS expression (Figure 40C, D), suggesting 

that miR-155 does not contribute to M1 activation of macrophages in this model of aseptic 

lung injury.  

The development of M2 phenotype in WT alveolar macrophages 24 hours after acid-

aspiration was associated with a decrease in miR-155 expression (Figure 40A). The 

expression of miR-155 in Akt2-/- alveolar macrophages was lower compared to WT both at 

basal levels and 12 hours post acid-aspiration (Figure 540A), in agreement with their 

inherent M2 phenotype. C/EBPβ levels, a target of miR155, were inversely correlated with 

miR-155 levels (Figure 40B). C/EBPβ expression increased in WT macrophages at 12 hours 

after acid-aspiration, and it was higher in Akt2-/- macrophages compared to WT (Figure 

40B). These results suggest that even though miR-155 does not participate in the initial M1 

activation of alveolar macrophages in aseptic lung injury, its suppression coincides with the 

emergence of M2 status.  

  MiR-125 is a miRNA recently reported by other groups to play major role in M1 

macrophage activation, mainly via the suppression of IRF4 (116). To investigate the 

involvement of miR-125b in the regulation of M1 phenotype in our model of aseptic lung 

injury, we measured miR-125b levels in alveolar macrophages from WT and Akt2-/- mice 

exposed to acid. We found that there was a mild non- significant increase in expression of 
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miR-125 in WT alveolar macrophages at twelve hours after acid–aspiration compared to 

control mice (Figure 41). Also, there was no difference in miR-125b levels in WT and Akt2-/- 

macrophages (Figure 41).  

We also examined the levels of IRF4 in alveolar macrophages from WT and Akt2-/- 

animals exposed to acid, since IRF4 is target of mir-125b and a positive regulator of M2 

activation (116). The expression of IRF4 in naïve Akt2-/- alveolar macrophages was higher 

compared to WT both at basal levels and 12 hours post acid-aspiration (Figure 41). However, 

we failed to detect IRF4 protein expression in alveolar macrophages.  

These results suggest that miR-125b does not participate in the initial M1 activation of 

alveolar macrophages in aseptic lung injury. Akt2-/- alveolar macrophages have higher levels 

of IRF4 mRNA but compared to WT but this upregulation was not correlated with miR-125b 

levels and was not confirmed in protein level.  

 

 

  

 

Figure 40. MiR-155 expression in 
acid-induced lung injury. Expression 
of (A) miR-155 and (B) its target 
mRNA C/EBPβ in WT and Akt2-/- 
alveolar macrophages from mice 
exposed to acid for 12 and 24 hours. 
(C) MiR-155 and (D) iNOS mRNA 
levels in WT and Akt2-/- alveolar 
macrophages treated in vitro with 
bronchoalveolar lavage (BAL) fluid 
from WT mice that received either 
normal saline (NS) or HCL for 6 hours 
in vivo. Mean ± SD is depicted of n=4-
8 mice or samples per group. *: acid- 
vs. NS-treated; *p<0.05, **p<0.01. #: 
Akt2-/- vs. WT; #p<0.05, ##p<0.01. 

 

Figure 41. Mir-125b and IRF4 
expression in acid induced lung 
injury. 
Expression of (A) miR-125b and (B) 
its target mRNA IRF4 in WT and 
Akt2-/- alveolar macrophages from 
mice exposed to acid for 12 and 24 
hours. Mean ± SD is depicted of n=4-
7 mice or samples per group. #: Akt2-
/- vs. WT; #p<0.05. 
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Akt2 deficient macrophages exhibit suppressed TLR4 signaling, via the upregulation of 

miR-146a 

 

Since macrophage activation and lung inflammation depend on TLR4 signals, we 

examined the impact of Akt2 ablation on TLR4 signaling components. We found that mRNA 

levels of TRAF6 and IRF5 but not of IRAK1, three downstream mediators of TLR4 signaling, 

were increased in WT alveolar macrophages 12 hours after acid-aspiration (Figure 42A, B). 

On the contrary, Akt2-/- macrophages expressed less TRAF6, IRF5 and IRAK1 compared to 

WT macrophages both at basal levels and 12 hours after acid-aspiration (Figure 42A, B). 

Furthermore, application of siRNA targeting Akt2 in isolated alveolar macrophages resulted 

in downregulation of TRAF6 and IRF5 compared to cells that received non-targeting siRNA 

(Figure 42C).  

STAT1 signaling activation is also crucial for M1 activation and it was recently found that 

apart from interferon receptors it can also be activated downstream TLR4 via interaction 

with TRAF6 (397, 398). STAT1 mean fluorescence intensity was upregulated in WT 

macrophages exposed to acid. STAT1 levels were significantly reduced at basal levels and 

after 12hours of exposure to hydrochloric acid in macrophages from Akt2-/- mice compared 

to WT ones (Figure 43). 

IRAK1, TRAF6, STAT1 and IRF5 mRNAs are regulated by the anti-inflammatory miRNA miR-

146a (399, 400). We, therefore, evaluated the expression of miR-146a in alveolar 

macrophages after acid-aspiration. MiR-146a expression did not change significantly at 12 

hours after acid-aspiration, but increased at 24 hours (Figure 42E). Interestingly, in Akt2-/- 

macrophages the expression of miR-146a was higher compared to WT prior to acid 

aspiration, as well as after 12 and 24 hours (Figure 42E). To further support that suppression 

of Akt2 results in miR-146a induction, we transfected macrophages with siRNA for Akt2 and 

found that miR-146a was upregulated (Figure 42D). Additionally, miR-146a expression was 

higher, while TRAF6 and IRF5 mRNA and protein expression were lower in Akt2-/- peritoneal 

macrophages compared to WT macrophages (Figure 42F, G). These findings suggested that 

miR-146a and its targets TRAF6 and IRF5 were affected by Akt2 deletion or suppression. 

To verify if the above mechanism is equivocal in macrophages, we assessed miR-146a, 

TRAF6 and IRF5 levels in peritoneal macrophages as well. MiR-146a levels were higher and 

TRAF6 and IRF5 mRNA levels were lower in Akt2-/- peritoneal macrophages compared to WT 

(Figure 42C). Moreover, protein levels of TRAF6 and IRF5 were also lower in Akt2-/- 

peritoneal macrophages compared to WT (Figure 42F,G). 
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Figure 42. TLR4 signaling and miR-146a expression in acid-induced lung injury. (A) mRNA levels of 
TRAF6, IRF5 and IRAK1 and (B) protein expression of IRF5 in WT and Akt2-/- alveolar macrophages 
from mice exposed to acid aspiration for 12hours. Scale bar corresponds to 25μm. (C) mRNA levels of 
TRAF6, IRF5 and IRAK1 and (D) miR-146a in alveolar macrophages treated with either siRNA for Akt2 
(siAkt2) or non-targeting siRNA (siNegC). Cells that received only transfection reagent (mock) or left 
without treatment (untransfected) were used as controls. (E) Levels of miR-146a in WT and Akt2-/- 
alveolar macrophages from mice that received acid for 12 or 24 hours. (F) Comparison of miR-146a, 
TRAF6 and IRF5 mRNA levels in unstimulated WT and Akt2-/- peritoneal macrophages. (G) Protein 
levels of IRF5 and TRAF6 in WT and Akt2-/- unstimulated peritoneal macrophages. B-actin was used  
as control. NS: normal saline. Mean ± SD is depicted of n=4-8 mice or wells per group. *: acid- vs. NS-
treated; *p<0.05, **p<0.01, ***p<0.001. #: Akt2-/- vs. WT; #p<0.05, ##p<0.01, ###p<0.001. 
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MiR-146a prevents M1 activation in vitro and is critical for the protection observed in the 

absence of Akt2 

 

To investigate whether miR-146a upregulation is essential for amelioration of the M1 

response in Akt2-/- mice, we isolated peritoneal macrophages from WT and Akt2-/- mice, 

induced M1 polarization by treating them with LPS, a stimulus that promotes macrophage 

activation and transfected them with either a miR-146a mimic or a miR-146a inhibitor. As 

controls, we used cells treated with negative control miRNA (scramble), cells treated solely 

with transfection reagent (mock) and cells that remained untreated (i.e. non transfected). 

Akt2-/- macrophages are hypo-responsive to LPS and maintain an M2 phenotype both in 

vitro and in vivo when mice were subjected to LPS-induced endotoxin shock (49). 

Transfection of WT macrophages with miR-146a resulted in suppression of TRAF6 and 

IRF5. The effect of miR-146a in suppressing TRAF6 and IRF5 in Akt2-/- macrophages was less 

prominent compared to WT (Figure 44A, B). Inhibition of miR-146a by a miR-146a inhibitor 

did not affect the expression of TRAF6 and IRF5 in WT macrophages but upregulated their 

expression in the absence of Akt2 (Figure 44A, B). 

Furthermore, miR-146a transfection inhibited LPS-induced iNOS expression in WT 

macrophages (Figure 46A) and led to up-regulation of C/EBPβ, Arg1 and Fizz1 in control and 

LPS treated WT macrophages (Figures 46B-D and 45). Moreover, IL-6 and TNFα expression 

was reduced in LPS stimulated WT macrophages transfected with miR-146a (Figure 46E, F). 

In contrast, transfection of miR-146a in Akt2-/- macrophages did not affect LPS-induced 

iNOS, IL-6 and TNFα, when compared to LPS treated Akt2-/- macrophages that received 

negative control miRNA (Figure 46A, E, F). However, inhibition of miR-146a in Akt2-/- 

macrophages increased LPS-induced iNOS, IL-6 and TNFα, but did not appear to cause 

reduction in C/EBPβ, Arg-1 and Fizz1 suggesting that these molecules are regulated by a 

different Akt2-dependent mechanism (Figure 46B-F).  

Figure 43. STAT1 Mean 
fluorescence intensity (MFI) levels 
in ΒAL alveolar macrophages from 
WT and Akt2-/- mice, 12h post HCL 
administration, n=8. *p<0.05,  
***p<0.001. 
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Figure 44. Modulation of miR-146a expression in WT and Akt2-/- macrophages in culture. 
mRNA levels of (A) TRAF6 and (B) IRF5 in WT and Akt2-/- peritoneal macrophages that were 
transfected with a miR-146a mimic, an inhibitor of miR-146 or a non-targeting control RNA 
(scramble). Untransfected cells as well as cells that received only transfection reagent (mock) 
were used as experimental controls. Mean ± SD is depicted of n=4-5 wells per group. In X- axis, 
miR-146a represents the miR-146a mimic while as-miR146a the miR146a inhibitor (antisense).  
*: LPS- vs. NS-treated; *p<0.05, **p<0.01, ***p<0.001. #: Akt2-/- vs. WT; #p<0.05, ##p<0.01, 
###p<0.001. 
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Figure 46. MiR-146a modulates macrophage activation in WT and Akt2-/- macrophages. mRNA 
levels of (A) iNOS, (B) C/EBPb, (C) Arg-1 and (D) Fizz1 in WT and Akt2-/- peritoneal macrophages that 
were treated with either a miR-146a mimic, an inhibitor of miR-146 or an non-targeting control RNA 
(scramble) are demonstrated. iNOS levels were assessed 4 hours post LPS stimulation, while C/EBPb, 
Arg-1 and Fizz1 24 hours post LPS. Protein levels of (E) IL-6 and (F) TNFα in supernatants of LPS-
stimulated WT and Akt2-/- macrophages that were transfected with either miR-146a mimic, an 
inhibitor of miR-146a or a non-targeting control RNA. Non-transfected cells as well as cells that 
received only transfection reagent (mock) were used as experimental controls. NS: normal saline. 
N=5-8 mice per group. Bar graphs represent mean ± SD. *: acid- vs. NS-treated; *p<0.05, **p<0.01, 
***p<0.001. #: Akt2-/- vs. WT; #p<0.05, ##p<0.01. 

The role of M2 macrophages in the pathogenesis of ALI  

Figure 45. MiR-146a upregulates C/EBPβ. 
C/EBPβ mRNA levels in unstimulated WT and 
Akt2-/- macrophages that were treated with 
either miR-146a mimic, miR-146a inhibitor of 
non-targeting control (scramble). Untransfected 
cells as well as cells that received only 
transfection reagent (mock) were used as 
experimental controls. Mean ± SD is depicted of 
n=4-6 wells per group. *: acid- vs. NS-treated; 
***p<0.001. #: Akt2-/- vs. WT; #p<0.05, 
###p<0.001. 
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Adoptive transfer of Akt2-/- macrophages partially protects WT mice from the 

development of ALI 

 

 With the results presented so far, we show that Akt2-/- mice exhibit M2 alveolar 

macrophage phenotype and are protected from the development of ALI. However, to 

understand the importance of M2 macrophages in our model we opted to deplete alveolar 

macrophages from WT mice and to transfer akt2-/- macrophages intratracheally prior to HCL 

administration. First, we utilized the liposomal – mediated macrophage “suicide” 

phenomenon described by van Rooijen, according to which, liposomal encapsulated - 

dichloromethylene bisphosphonate (clodronate) is phagocytosed by monocytes and 

macrophages and results in their selective apoptosis (380, 381). Minimal uptake is 

demonstrated in neutrophils and endothelial cells, but this does not result in apoptosis and 

liposomal clodronate does not accumulate in T lymphocytes or epithelial cells (381). 

First, various concentrations of clodronate were given either intratracheally or i.v and the 

extend of macrophage depletion as well as the neutrophilic infiltration in the lung were 

assessed 24h later. Based on the literature and on preliminary experiments, substantial 

depletion of alveolar macrophages occurs within 24h of intratracheal (IT) administration of 

liposomal clodronate and persists for at least 72h (381).   

The administration of liposomes containing PBS did not affect macrophage viability but it 

cause a minor neutrophilic response (approximately 5.000-10.000 cells /ml of BALF). The 

extend of macrophage depletion was directly dependent on the concentration of liposomal 

clodronate, but high concentrations of clodronate also caused a robust neutrophilic 

response, probably due to extensive macrophage apoptosis (Figure 47). The working 

concentration was chosen with the criterion of adequate macrophage depletion with the 

minimal neutrophilic response (Figure 47, 1:3 dilution).  Intravenous (IV) administration of 

clodronate failed to eliminate pulmonary macrophages (Figure 47), thus only i.t route was 

applied in the following experiments.  

Next, we measured the effect of macrophage depletion on lung inspiratory capacity 

(compliance) upon ALI. The animals that received liposomes filled with either PBS or 

clodronate exhibited reduced inspiratory capacity, 20% and 10% less respectively, compared 

to normal saline controls (Figure 48). 

The WT animals that received liposomal clodronate 24h before ALI had no difference with 

animals that received PBS liposomes (they showed a mild trend towards increased 

inspiratory capacity compared to WT animals that received PBS containing clodronate, but 

this effect did not reach statistical significance) (Figure 48). Similarly, there was no difference 

in the inspiratory capacity in Akt2-/- mice that received PBS or clodronate containing  
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liposomes and were exposed to HCL injury (Figure 48). Interestingly, we found no difference 

between WT and Akt2-/- animals with acid induced ALI that received PBS containing 

liposomes, and we hypothesized that WT and Akt2-/- mice may respond differently in this 

experimental setting.  

 

 

To elucidate whether or not M2 macrophages can confer protection from ALI, in mice 

where alveolar macrophages have been depleted, we transferred WT or Akt2-/- alveolar 

macrophages, 1hour prior to HCL administration. As depicted in figure 49, WT animals with 

ALI that received akt2-/- macrophages had less iNOS positive macrophages and improved 

inspiratory capacity (Figure 50), compared to WT animals that received WT macrophages. On 

the contrary, they had no difference in neutrophilic infiltration (figure 50).  Akt2-/- animals 

with ALI that received WT macrophages had more iNOS positive macrophages (although 

non-significantly) and reduced inspiratory capacity (Figure 50), compared to Akt2-/- animals 

that received Akt2-/- macrophages. Again, they had no difference in neutrophilic infiltration 

(Figure 50). Overall, Akt2-/- mice had a reduced neutrophilic response compared to WT mice 

mice regardless the macrophage population transferred (Figure 50), meaning that 

Figure 47. Effect of clodronate 
containing liposomes on lung 
inflammatory cell population.  
Macrophages and neutrophils 
accumulated in bronchoalveolar 
lavage (BAL) 24h after i.t 
administration and 48h after i.v 
administration of either PBS or 
clodronate containing liposomes. 
N=3-4 mice per group. *: 
Clodronate vs. PBS-; *p<0.05. #: 
Clodronate vs. PBS; #p<0.05, 
##p<0.01. 

Figure 48. Inspiratory Capacity in WT and Akt2-/- 

mice treated with PBS or clodronate containing 

liposomes, 12h after HCL administration compared 

to normal saline (NS) group. N=4-5 mice per group. 

Graphs represent mean ±SD. *: acid- vs. NS-treated; 

*p<0.05. 
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neutrophilic chemotaxis is inherently defective in Akt2-/- mice and it is not dependent on 

macrophage activation state at this setting. Also, there was no change in the inspiratory 

capacity in WT and Akt2-/- animals that received WT and Akt2-/- cells respectively (Figure 

50), as it has been shown among WT and Akt2-/- mice (Figure 48). This finding may indicate 

that the invasive nature of the experiment interferes with animals’ physiology and normal 

lung responses. 

 
Figure 49. iNOS expression in ALI after macrophage adoptive transfer. iNOS positive alveolar 
macrophages, based on flow cytometry cell counts on CD11c+ cells in BALF , from WT and Akt2-/- 
mice after acid exposure and in WT and Akt2-/- mice treated with liposomal clodronate and 
subsequently received either WT or Akt2-/- alveolar macrophages i.t 1h before HCl administration. 
N=4-5 mice per group. Box Plot: box shows 5-95 percentiles, line at median and whiskers at min-max. 
*: acid- vs. NS-treated; *p<0.05.. #: Akt2-/- vs. WT; #p<0.05. 

 

 
 
Figure 50. Effect of macrophage adoptive transfer in ALI.  (A) the numbers of neutrophils 
accumulated in bronchoalveolar lavage (BAL) and the (B) lung inspiratory capacity 12h after HCL in 
WT and Akt2-/- animals macrophage depleted and reconstituted  with WT or Akt2-/- alveolar 
macrophages. N=4-5 mice per group. Box Plot: box shows 5-95 percentiles, line at median and 
whiskers at min-max. *p<0.05.***p<0.001. #: NS : no-  significant. 
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Therapeutic inhibition of Akt2 or induction of miR-146a by in vivo administration of siAkt2 
or miR146a 

 

To further confirm that inhibition of Akt2 and induction of miR-146a inhibit M1 activation 

of alveolar macrophages in vivo, and to show that induction of M2 polarization in vivo can 

ameliorate ALI, we attempted to administrate to acid-treated WT mice intratracheally 

siAkt2, miR-146a mimic or miR-146a inhibitor to modulate Akt2 or miR-146a expression 

respectively. 

Before the application of the siRNA and miRNAs, several experiments utilizing siRNA 

targeting GAPDH took place in order find out the optimal effective dose needed. SiRNA 

targeting GAPDH was validated in vitro before in vivo application (data not shown). SiRNA 

targeting GAPDH or siRNA targeting Luciferase was initially instilled intratracheally in the 

lung in three different concentrations (0.5nmoles, 2.5nmoles or 5nmoles per mouse) and 

mRNA levels (Figure 51) and protein levels of GAPDH were assessed 48h and 72h later 

respectively (Figure 51). 5nmoles per mouse was chosen as the minimal concentration that 

promoted significant GAPDH mRNA suppression, with minimal lung toxicity (e.g. neutrophilic 

response). The application of modified siRNA targeting Luciferase in control animals without 

lung injury provoked a mild neutrophilic response, but there was no increase in numbers of 

macrophages (Figure 52), inflammatory mediators in the lung such as TNF-α (Figure 52) or 

protein concentration in BALF (Figure 52).  Distribution of siRNA into the lung parenchyma 

following its intratracheal administration was assessed by Cy3-conjugated control siRNA 

(Figure 53 and 54).   

 

 
Figure 51. Effect of target suppression after local delivery of siRNA targeting GAPDH. (A) mRNA  and 
(B) protein levels of GAPDH in total lung lysates from mice treated with 0.5, 2.5 or 5nmoles of siRNA 
targeting GAPDH i.t The mRNA levels were assessed 48h after siRNA administration while protein 
levels 72 hours later. B-actin was used as control. NS: normal saline. Mean ± SD is depicted of n=4-5 
mice or wells per group. #: siGAPDH- vs.siLuciferase; #p<0.05. 
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Figure 52. Effect of siRNA delivery in lung injury and inflammation. (A) Macrophages, (B) 
neutrophils, (C) protein concentration in BAL and (D) TNF-α levels in BALF in NS or HCL instilled WT 
mice treated or not with siRNA targeting Luciferase. Mean ± SD is depicted of n=4-5 mice or wells per 
group. #: siGAPDH- vs.siLuciferase; #p<0.05. 

 

 
Figure 53. Efficiency of intra-tracheal delivery of siRNA. Lung immunofluorescence in WT animals 
that received either normal saline or Cy3 conjugated siRNA targeting siLuciferase (control siRNA). 
SiRNA fluorescence intensity is depicted using green pseudocolor (magnification 200x). Scale bar is 
representative of 50μM.  
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The percentage of alveolar macrophages that received the siRNA was assessed by flow 

cytometry analysis 12h, 48h and 72hours after administration of Cy3 labeled siRNA targeting 

Luciferase (Figure 55). The effectiveness of GAPDH mRNA suppression in alveolar 

macrophages was also assessed by mRNA analysis via qPCR, 12h and 48h after siGADPH 

administration (Figure 56). 

 

 

 

Figure 55. The percentage of alveolar macrophages that received the Cy3 labeled siRNA targeting 
Luciferase, assessed by flow cytometry analysis 12h, 48h and 72hours after administration. 

 

 

 

 

Figure 54. Efficiency of intra-tracheal delivery of 
siRNA.  
Lung immunofluorescence in WT animals that 
received either normal saline or Cy3 conjugated 
siRNA targeting siLuciferase (control siRNA). 
SiRNA fluorescence intensity is depicted using 
green pseudocolor (magnification 400x).  

 

Figure 56. The effectiveness of 
GAPDH mRNA suppression in 
alveolar macrophages was also 
assessed by mRNA analysis via qPCR, 
12h and 48h after siGADPH 
administration. 
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In vivo administration of siAkt2 and miR146a 

 

To further confirm that inhibition of Akt2 and induction of miR-146a inhibit M1 activation 

of alveolar macrophages in vivo, acid-treated WT mice received intratracheally siAkt2, miR-

146a mimic or miR-146a inhibitor to modulate Akt2 or miR-146a expression respectively. 

Transfection efficiency was confirmed by assessing total lung mRNA levels of Akt2, TRAF6 

and IRAK1 (Figure 57) and miR-146a miRNA levels (Figure 57).  

 

 
Figure 57. Efficiency of intra-tracheal delivery of siAkt2 and miR-146a. mRNA levels of (A) Akt2 and 
(B) IRAK1 and TRAF6 (miR-146a targets) are depicted in total lung lysates from WT animals that were 
treated intra-tracheally with siAkt2 and miR-146a respectively. Mean ± SD is depicted of n=4-6 wells 
per group. NS: normal saline. #: Akt2-/- vs. WT; #p<0.05 
 

 

 

Since iNOS is the major marker of M1 activated macrophages, we evaluated the effect of 

siAkt2, miR-146a mimic or miR-146a inhibitor administration in iNOS expression. 

Accordingly, iNOS was significantly suppressed in alveolar macrophages of mice treated with 

siAkt2 or miR-146a compared to those treated with scrambled-RNA (Figure 59), suggesting 

that in vivo modulation of Akt2 or miR-146a could effectively suppress aseptic lung 

inflammation induced by acid aspiration. Moreover, administration of miR-146a inhibitor in 

Akt2-/- mice resulted in partial reversal of iNOS suppression in those mice (Figure 60) 

suggesting that miR-146a induction is, at least in part, responsible for the protected 

phenotype of Akt2-/- mice. Overall, these findings suggest that induction of M2 

macrophages either by inhibition of Akt2 or induction of miR-146a may be protective against 

aseptic lung injury.  

Figure 58. MiR146a relative 
expression in total lung lysates of WT 
and Akt2-/- animals treated with 
scramble RNA or miR146a inhibitor 
(anti-miR146a). N=6-8 animals per 
group or n=4-6 wells per group. *: 
acid- vs. NS-treated; *p<0.05. #: 
Akt2-/- vs. WT; #p<0.05, ##p<0.01. 
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Figure 59. MiR-146a modulates macrophage activation in WT and Akt2-/- macrophages. iNOS 
protein expression (MFI) and percentage of iNOS positive macrophages were measured in WT mice 
with acid-induced lung injury that were treated in vivo with (A), siRNA for Akt2 (B) or miR146a mimic. 
MFI: Mean fluorescence intensity of cells gated for CD11c. NS: normal saline. N=5-8 mice per group. 
Bar graphs represent mean ± SD. Box Plot: box shows 5-95 percentiles, line at median and whiskers 
at min-max. *: acid- vs. NS-treated; *p<0.05, **p<0.01, ***p<0.001. #: Akt2-/- vs. WT; #p<0.05, 
##p<0.01. 
 

 
Figure 60. MiR-146a inhibition partially reverses iNOS suppression in Akt2-/- mice. (A) iNOS protein 
expression (MFI) and percentage of iNOS + macrophages were measured in WT mice with acid-
induced lung injury that were treated in vivo with miR-146a inhibitor (Anti-miR146a). (B) 
Representative images of iNOS fluorescence intensity (measured by flow cytometry, MFI) after 
normal saline (NS) or acid exposure in alveolar macrophages (CD11+ cells) of WT and Akt2-/- animals 
treated with scramble RNA or miR146a inhibitor (anti-miR146a). MFI: of cells gated for CD11c. NS: 
normal saline. N=5-6 mice per group. Box Plot: box shows 5-95 percentiles, line at median and 
whiskers at min-max. *: acid- vs. NS-treated; *p<0.05, **p<0.01. #: Akt2-/- vs. WT; #p<0.05.  
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The effect of Akt2 depletion in a septic lung injury model 

 

Since aspiration-induced lung injury is frequently accompanied by presence of pathogens 

such as bacteria, we investigated whether Akt2 depletion, and therefore M2 macrophage 

polarization, affects the response to live bacteria. For this purpose we inoculated WT or 

Akt2-/- mice with Pseudomonas aeruginosa (2x107 bacteria per mouse).  Lung inspiratory 

capacity and protein concentration in BALF was similar between WT and Akt2-/- mice (Figure 

61), while bacterial load (CFUs/ml in BALF) was significantly higher in Akt2-/- mice compared 

to WT mice 12hours after inoculation (Figure 61). Infiltration of macrophages and 

neutrophils as well as iNOS expression was less profound in Akt2-/- mice compared to WT 

(Figure 63). Macrophages from Akt2-/- mice retained their M2 prone phenotype in septic ALI 

and expressing more Arg1 compared to WT (Figure 63). However, IL-6 and TNFα 

concentration in the BALF did not differ between Akt2-/- and WT mice (Figure 63), but IL-6 

and TNFα levels appeared significantly reduced in Akt2-/- mice compared to WT when 

normalized to P. aeruginosa CFUs (Figure 63), suggesting that the increase of these cytokines 

may be due to the increased bacterial load. Histological analysis of lung tissue upon P. 

aeruginosa infection revealed that both WT and Akt2-/- lung sections have severe distortion 

of normal lung architecture, due to presence of dense interstitial and alveolar inflammatory 

infiltrate composed mainly of neutrophils, macrophages and lymphocytes (Figure 62). 

However, the parenchymal damage was slightly less severe in Akt2-/- compared to WT mice, 

since they demonstrated less parenchymal consolidation and better preservation of alveoli 

probably due to diminished lung inflammation (Figure 62). Overall, these findings suggest 

that while ablation of Akt2 and M2 polarization of macrophages protects from aseptic lung 

injury it compromises the response of macrophages to live bacteria. 

 

 
Figure 61. P. aeruginosa induced lung injury and inflammation in Akt2-/- mice. IC (A), protein 
concentration (B), and bacterial load (CFU/ml) (C) in BALF from WT and Akt2-/- mice at 12 h after P. 
aeruginosa inoculation (Psa). n = 6 mice/ group. In box-and-whisker plots, box shows 5–95 
percentiles, horizontal line represents median, and whiskers represent minimum and maximum. *p , 
0.05, **p , 0.01, ***p , 0.001, acid treatment versus NS treatment. #p , 0.05, ### p , 0.001, Akt22/2 
versus WT. 
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Figure 62. P. aeruginosa induced lung injury in Akt2-/- mice. Histological analysis of lung tissue 
sections of WT and Akt2-/- mice after P. aeruginosa pneumonia (H&E stain) shows severe distortion 
of lung architecture in both sections as the result of the presence of dense interstitial and alveolar 
inflammatory infiltrates. Akt2-/- mice demonstrate slightly better preservation of alveoli and less 
parenchymal consolidation. Scale bars, 50 mm. n = 6 mice/ group.  

 

 
Figure 63. P. aeruginosa induced lung inflammation in Akt2-/- mice. Neutrophil and macrophage cell 
numbers in BALF from WT and Akt2-/- mice after P. aeruginosa infection (Psa). Protein levels of iNOS 
and Arg-1 in alveolar macrophages (CD11c+ cells) of WT and Akt2-/- mice with P. aeruginosa lung 
infection assessed by flow cytometry and expressed as mean fluorescence intensity (MFI). Levels of 
IL-6  and TNF-a in BALF of WT and Akt2-/- mice at 12 h after P. aeruginosa inoculation. IL-6 and TNF-a 
levels are also shown normalized to bacterial load in BALF. N = 6 mice/ group. In box-and-whisker 
plots, box shows 5–95 percentiles, horizontal line represents median, and whiskers represent 
minimum and maximum. *p , 0.05, **p , 0.01, ***p , 0.001, acid treatment versus NS treatment. #p , 
0.05, ### p , 0.001, Akt2-/- versus WT. 
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PART TWO 

 

M2 MACROPHAGE ACTIVATION DETERIORATES THE OUTCOME OF HYPOXIA INDUCED 

PULMONARY ARTERIAL HYPERTENSION 

 

Main Findings 

 

In order to characterize the inflammatory response and the macrophage activation 

phenotype in pulmonary arterial hypertension, as well as the mechanisms by which heme 

oxygenase-1, an anti-inflammatory enzyme, is protective in HPH, we generated bitransgenic 

mice that overexpress human heme oxygenase-1 under doxycycline control in an inducible, 

lung-specific manner and we applied hypoxia as a stimulus for PAH development.  

Hypoxic exposure of mice in the absence of doxycycline resulted in early transient 

accumulation of monocytes/macrophages in the bronchoalveolar lavage that was 

ameliorated in doxycycline treated mice. Alveolar macrophages acquired an alternatively 

activated phenotype (M2) as soon as 4 days in response to hypoxia, characterized by the 

expression of found in inflammatory zone-1, arginase-1, and chitinase-3-like-3. Mice exposed 

to hypoxia developed pulmonary hypertension after 3weeks of hypoxic exposure; they 

showed an elevated right ventricular systolic pressure, the Fulton Index and thickened 

medial wall thickness . 

A brief 2-day pulse of doxycycline delayed, but did not prevent, the peak of hypoxic 

inflammation and macrophage activation, and could not protect against HPH. In contrast, a 

7-day doxycycline treatment sustained high heme oxygenase-1 levels during the entire 

period of hypoxic inflammation, inhibited macrophage accumulation and activation, induced 

macrophage interleukin-10 expression, and prevented the development of HPH. 

Supernatants from hypoxic M2 macrophages promoted the proliferation of pulmonary 

artery smooth muscle cells in vitro, whereas treatment with carbon monoxide, a heme 

oxygenase-1 enzymatic product, abrogated this effect.  Early recruitment and alternative 

activation of macrophages in hypoxic lungs are critical for the later development of HPH. 

Heme oxygenase-1 may confer protection from HPH by effectively modifying the 

macrophage activation state in hypoxia. 

 

Lung-Specific, Inducible Expression of Human Heme Oxygenase-1 

 

Based on the design of the bitransgenic model (designated CC77; Figure 65), the hHO-1 

transgene is under the control of both doxycycline and the Clara cell secretory protein 

promoter and therefore is inducibly expressed in the lung epithelium (Figure 65). HO-1 

expression has been extensively assessed in the absence and presence of dox. HO-1 mRNA 
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was upregulated more than 20-fold upon 1mg/ml dox administration (Figure 65), and 

responded to dox treatment in a dose-dependent and time-dependent manner (Figure 65, 

66). Upon withdrawal of dox, human HO-1 mRNA expression progressively falls and is 

undetected by 5 days (Figure 65). Semiquantitative polymerase chain reaction analysis on 

total lung RNA with hHO1-specific primers indicates that hHO-1 levels were upregulated with 

doxycycline treatment in a dose-dependent manner while they remained undetectable in 

the absence of doxycycline, in comparison with positive control mice (SHO-1 line that 

constitutively express HO-1 in the lung) and negative control mice (FVB wild type) (Figure 

66). Also, after two days of dox administration, the inducible levels of hHO-1 transgene 

expression were comparable to those previously described in the SHO1 transgenic line that 

constitutively expresses hHO-1 in lung epithelial cells (Figure 66B). Protein levels of HO-1 

were also profoundly elevated in dox-treated CC77 mice but not in the CCTA mice (Figure 

66C)  Control experiments were performed by treating mice of the parent line (CCTA), that 

harbor the tetracycline transactivator but not the human HO-1 transgene (Figure 66B), with 

dox to eliminate any potential effect of dox itself, independently of HO-1. 

 

 

 
Figure 65. Lung-specific, dox-regulated expression of hHO-1. A, Bitransgenic mice were generated 
by crossing lines CCTA and TH77.  CCTA harbours the reverse tetracycline transactivator (rtTA) under 
the control of the 2.3kb rat CCSP (Clara Cells Secretory Protein) promoter. TH77 harbours a human 
HO-1 (hHO-1) transgene under the control of 7copies of the tet operator linked to a minimal CMV 
promoter. B, Bitransgenic mice (CC77) were treated with 0.2 mg/ml or 1 mg/ml dox in the drinking 
water for 2 to 12 days and semi-quantitative PCR analysis on total lung RNA for hHO1 and the 
housekeeping gene, GADPH is depicted. SHO1: transgenics constitutively expressing hHO-1 in lung 
epithelium, and FVB: wild-type, served as positive and negative controls, respectively. The primers do 
not amplify endogenous murine HO-1 transcripts. C, Western Blot analysis of both endogenous and 
human HO-1 in total lung extracts of CC77 and CCTA mice. HO-2 was used as an internal control. 
 

Figure 64. Characterization of the bitrangenic 
mouse line with inducible expression of HO-1. 
qPCR analysis of normoxic and hypoxic animals 
with or without dox. In dox treated mice, dox 
was removed the day 2 of hypoxia and HO-1 
levels returned to baseline 5 days thereafter.  

 



PhD Thesis                                                                                                                                  Eleni Vergadi 

 

142 

 

Sustained Induction of Heme Oxygenase-1 Prevents Hypoxia-Induced Pulmonary 
Hypertension 

 

The development of PAH in our model was assessed by the measurement of right 

ventricular systolic pressure, the Fulton Index, and the medial wall thickness index. The 

Fulton Index, the ratio of right ventricle weight to left ventricle plus septum weight, 

represents a hallmark of right ventricular hypertrophy resulting from increased right 

ventricle pressure afterload. The medial wall thickness index was estimated from the 

histological sections of pulmonary arterioles stained with a - smooth muscle actin. Right 

ventricular systolic pressure, the Fulton Index, and the medial wall thickness index were 

significantly elevated as early as 7 days of hypoxia in both bitransgenics (CC77) and controls 

(CCTA) (Figure 67A through 67C). Doxycycline administration for the entire course of hypoxia 

prevented the increase in right ventricular systolic pressure, the Fulton Index, and the 

medial wall thickness index in the bitransgenic mice but not in the controls (Figure 67). 

Immunostaining of pulmonary arterioles for a-smooth muscle actin revealed thickened and 

remodeled medial vascular walls in lung sections of hypoxic mice. This pathology was absent 

in hypoxic mice treated with doxycycline (Figure 67D). 

 

Figure 67. Sustained Expression of HO-1 Prevents HPH. [A] Right Ventricular Systolic Pressure (RVSP), 
[B] Fulton’s Index, and [C] Medial Wall Thickness Index were determined at the indicated times of 
hypoxic exposure, in the presence or absence of 1 mg/ml dox in the drinking water of CC77 and CCTA 
mice. [D] Representative images of vascular remodeling in lung sections of mice exposed to hypoxia 
for 21 days and stained for alpha-smooth muscle actin (α-SMA). CC77: bitransgenic mice (CCSP-rtTA x 
TH77).  CCTA: transgenic mice lacking HO-1 (CCSP-rtTA).  Numbers represent mean +/-SD, n≥6 per 
group. Scale bar is representative of 25 μm *: relative to normoxia; *p<0.05, **p<0.01, ***p<0.001. 
#: relative to hypoxia –dox; #p<0.05, ##p<0.01, ###p<0.001 
  



PhD Thesis                                                                                                                                  Eleni Vergadi 

 

143 

 

Hypoxia Induces Monocyte/Macrophage Infiltration and Lung Cytokine Production That Is 

Ameliorated by Heme Oxygenase-1 and its Enzymatic Product, Carbon Monoxide  

 

To track the inflammatory response at the initial stages of hypoxic exposure and before 

the development of hypertension, animals were exposed to hypoxia, and a temporal profile 

of the cell content in BALF was performed. More than 95% of the isolated BALF cells were 

CD45-positive leukocytes (Figure 68A). These cells expressing the macrophage-specific cell 

surface antigens F4/80 and CD11c remained the predominant population (>98%) regardless 

of hypoxic exposure or doxycycline treatment (Figure 68B, C). Under these conditions, only a 

subtle increase in BALF neutrophils and T lymphocytes was observed (Figure 69).  

 

 

 
Figure 69. Infiltration of Neutrophils and T cells in bronchoalveolar lavage of hypoxic mice. Effect of 
HO-1. Bitransgenic mice were exposed to hypoxia for the indicated time periods. A, Neutrophil 
numbers (Lyc/G-1+) in the BAL of normoxic (Nrx) and hypoxic mice in the absence (-) or presence (+) 
of 1 mg/ml dox B, T lymphocytes (CD3+) gradually accumulated in small numbers during the course 
of hypoxia in the untreated mice (Numbers represent mean +/-SD, n=5-6 animals per time point or 
treatment group) *relatively to nrx:*p<0.05,**p<0.01,***p<0.001. #relatively to hyp(-
dox):#p<0.05,##p<0.01,###p<0.001. 
 

Figure 68. Analysis of BAL 
cell content in hypoxic 
mice. [A] Flow cytometric 
analysis of CD45 (+) 
leukocytes isolated from 
BAL that demonstrate 
expression of CD11c and 
F4/80 macrophage 
markers (≈98%).  [B] More 
than 95% of the cells 
isolated (gated for Side 
and Forward Scatter) were 
CD45 (+), i.e. white blood 
cells. 
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Upon commencing the hypoxic exposure, the numbers of monocytes/macrophages were 

significantly increased in the BALF of control hypoxic mice, reaching a peak at 2 days of 

hypoxia and dropping significantly by 7 days but remaining slightly elevated compared with 

normoxic animals (Figure 70). Doxycycline administration had a suppressive effect on the 

accumulation of cells at all time intervals investigated (Figure 70). Doxycycline treatment of 

the control mice (CCTA) had no impact on monocyte/macrophage accumulation, establishing 

that inhibition of cell infiltrate is due specifically to HO-1 overexpression and is not an 

artifact of doxycycline treatment (Figure 70). 

To identify the specific enzymatic product of HO-1, CO, and/or biliverdin that is 

responsible for suppressing the peak of inflammation at 2 days of hypoxia, we exposed 

animals to intermittent inhalation of CO (250 ppm for 1 hour twice a day) and/or biliverdin 

injections (50 umol/kg IP twice a day). Intraperitoneal PBS injections served as control. 

Inhaled CO or CO plus biliverdin, but not biliverdin alone, was effective in inhibiting the 

inflammatory cell infiltrate in the BALF at levels comparable to doxycycline treatment (Figure 

70). Dox treatment in the control mice had no impact on monocyte/macrophage 

accumulation indicating that independently of dox, inhibition of cell infiltrate is due to HO-1 

overexpression (Figure 70). 

 

.  

Figure 70. Hypoxia induces early monocyte/macrophage infiltration in the lungs that is ameliorated 
by HO-1.  A peak of accumulation of monocytes/macrophages (CD11c+, F4/80+) is depicted over time 
in the BAL of hypoxic mice in the absence (-) or presence (+) of 1 mg/ml dox in the drinking water. [C] 
Dox treatment suppressed the hypoxia-induced macrophage accumulation in the BAL of CC77 mice 
but not in the CCTA controls. The effect of the different end products of HO-1 on macrophage 
accumulation, Biliverdin i.p (Bil), inhaled carbon monoxide (CO), and both Bil and CO is also shown*: 
relative to normoxia; *p<0.05, **p<0.01, ***p<0.001. #: relative to hypoxia –dox; #p<0.05, ##p<0.01, 
###p<0.001 

 

In addition to the accumulation of macrophages, several cytokines/chemokines were also 

upregulated in the BAL of hypoxic mice (Figure 71). In as early as two and four days of 

hypoxia, upregulation of fibroblast growth factor  (FGF)β, IL-1β, macrophage inflammatory  
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protein  (MIP)1α, IL-17 and IL-2 as well as of Th2-related cytokines, IL-13 and IL-4, was 

observed (Figure 71). The Th1-related cytokines, IL-12, TNF-α, and INF-γ, remained 

unaffected or were undetectable (Figure 71). Dox administration effectively suppressed 

FGFβ, IL-1β, MIP-1α and IL-2 at both, two days and four days of hypoxia, and suppressed 

IL-17, IL-13, and IL-4 only after four days of continuous administration (Figure 71). 

  

 

 
Figure 71. Chemokine and cytokine profile in the BAL fluid of hypoxic mice. Chemokine/cytokine 
profile in the BAL fluid of mice exposed in hypoxia for two and four days in the absence (-) or 
presence (+) of dox. Upregulation of FGFβ, IL-1β, MIP-1α, IL-13, IL-4, IL-17 and IL-2 in hypoxia and the 
suppressive effect of HO-1 expression (+dox).  Th1 related cytokines, TNF-α and IL-12, were not 
upregulated in hypoxia as compared to normoxic mice. (Numbers represent mean +/-SD, with a 
minimum of 6 animals per time point or treatment group).  *: relative to normoxia; *p<0.05, 
**p<0.01, ***p<0.001. #:relative to hypoxia –dox; #p<0.05, ##p<0.01, ###p<0.001 

 

Cytospin preparation of BAL isolated macrophages revealed a striking alteration of 

macrophage morphology in cytospin preparations of BAL isolated macrophages was 

observed at four days of hypoxia, characterized by cytoplasmic enlargement in a population 

of hypoxic cells. This phenotype is consistent with activation and it was not detected in any 

of the macrophages isolated from dox-treated mice (Figure 3D).  
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Figure 72.  Morphologic alteration of a population of BAL isolated macrophages is observed within 
four days of hypoxia in untreated mice, a phenotype absent in dox-treated mice. Numbers represent 
mean +/-SD, n≥6 mice per group. Scale bar is representative of 25um. 

 

 

Hypoxia Induces Alternative Activation of Macrophages: Suppressive Effect of Heme 

Oxygenase-1  

 

The observation that macrophage morphology was altered in response to hypoxia led us 

to further investigate the potential activation state of hypoxic macrophages. 

 Quantitative polymerase chain reaction analysis of BALF-isolated alveolar macrophages 

from CC77 bitransgenic mice revealed an induction of well-defined markers of M2 

macrophages in hypoxic mice, including Arg1, Fizz1, Ym1 (Figure 73), and mannose receptor, 

C type lectin-1 (data not shown). The peak expression occurred at 4 days of hypoxia and 

remained upregulated for at least 14 days. In addition, Fizz1 was secreted in the BALF of 

hypoxic mice (Figure 73). In contrast, there was no change in the mRNA levels of markers of 

M1 macrophage phenotype such as inducible nitric oxide synthase, TNF-a, and IL-12b (IL-

12p40) or the costimulatory molecules, CD80/86, essential in the process of antigen 

presentation (Figure 74). Urea production, indicative of arginase activity, was also 

upregulated in in vivo hypoxic alveolar macrophages (Figure 73); this increase in enzymatic 

activity was due to Arg1 because Arg1 mRNA levels were induced 9.1+/- 3.4-fold after 4 days 

of hypoxic exposure, whereas Arg2 mRNA levels were 0.6 +/-0.1 of their normoxic value at 

this time point. Inducible nitric oxide synthase activity, as assessed by nitrite and nitrate 

production in the BALF, remained unchanged (Figure 73). Doxycycline administration 

effectively suppressed all markers of alternative activation (Figure 73A through 73C), 

whereas these markers were not suppressed in the CCTA line treated with doxycycline 

(Figure 73B, C and Figure 75). 
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Figure 73. Hypoxia induces alternatively-activated macrophages: the suppressive effect of HO-1.  [A] 
qPCR analysis of hypoxic alveolar macrophage mRNA isolated from bitrangenic mice (CC77) revealed 
increased Fizz1, Arg1 and Ym1 levels that were suppressed with dox, but Arg2 remained unchanged. 
[B] Fizz1 immunoblot of BAL fluid from four days normoxic and hypoxic mice +/-dox. IgA served as 
internal control. CC77: bitransgenic mice (CCSP-rtTA x TH77).  CCTA: transgenic mice lacking HO-1 
(CCSP-rtTA).  [C] Arginase-1 activity (U/L) was assessed by urea formation in normoxic and hypoxic 
animals. [D] iNOS activity was estimated by the levels of nitrite and nitrate in the BAL fluid of hypoxic 
mice. Supernatants from RAW 264.7 macrophages stimulated with 100 μg/ml LPS E.coli and 100 
U/ml INF-γ for 48 hours served as positive controls. Mean ± SD is depicted of n≥6 mice per group *: 
relative to normoxia; *p<0.05, **p<0.01, ***p<0.001. #: relative to hypoxia –dox; #p<0.05, ##p<0.01, 
###p<0.001.   

 

Immunofluorescent staining confirmed the localization of Fizz1 and the absence of inducible 

nitric oxide synthase in the cytoplasm of hypoxic macrophages (Figure 5B and 5C). Flow 

cytometry analysis also revealed that 10.8 ± 2.7% (35.5±8.9x103, mean±SD) of the 

macrophages was Fizz1 positive, whereas in the presence of doxycycline, this number was 

reduced to 2.17 ± 0.6% (5.1±1.4x103, mean±SD; P<0.01; Figure 76).  Immunofluorescent 

staining of in vivo isolated macrophages indicated positive cytoplasmic staining of galectin-3 

(Figure  77), Fizz1 (Figure76) and Ym1 (Figure 77) after 4 days of hypoxia. Mice treated with 

dox had reduced staining per cell and reduced number of positive cells per field. The 

macrophages were negative for the marker of classical activation (M1), inducible nitric oxide 
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Figure 74. M1 markers expression levels in hypoxic alveolar macrophages. [A] The levels of M1 
markers such as iNOS, TNFa, IL-12, CD80 and CD86 were assessed in alveolar macrophages of mice 
exposed to hypoxia for four days with or without dox treatment.   
 

 

Figure 75. The anti-inflammatory effects of dox-treated mice are HO-1 dependent. The CCTA 
transgenic line that harbors the tetracycline transactivator but not the human HO-1 transgene was 
used to eliminate potential biologic effects of dox itself. Markers of alternative activation, Fizz1, Ym1, 
and MR, were not suppressed in the CCTA line treated with dox.  *: relative to normoxia; *p<0.05. 
 

 

synthase (iNOS) (Figure 76). Only primary macrophages stimulated in vitro for 48 hours with 

INF-γ and LPS in order to prime them towards a M1 phenotype, were profoundly positive for 

iNOS (Figure 76).   

Apart from the slight elevation of the Th2 cytokines IL-13 and IL-4 in the BALF of hypoxic 

mice, we investigated the potential presence of other noncanonical inducers of M2 

polarization. Thus, we assessed the mRNA levels of CCL2 and IL-6 in total lung extracts by 

quantitative polymerase chain reaction. CCL2 and IL-6 mRNA was robustly upregulated soon 

after hypoxic exposure but was significantly suppressed in the presence of doxycycline 

(Figure 78). In the CCTA control line lacking the HO-1 transgene, doxycycline treatment did 

not suppress CCL2 and IL-6 levels (Figure 78) in the under hypoxic conditions (0.5% O2) also 
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manifested the M2 phenotype with increased levels online-only Data Supplement). 

Interestingly, primary alveolar macrophages cultured in vitro of Ym1, but not IL-12 and TNF-a 

(Figure 79), suggesting that M2 polarization induced by hypoxia is a cell autonomous 

phenomenon. 

 

 

 

Figure 76.  M2 and M1 expression profile of hypoxic alveolar macrophages. Representative images of 
Fizz1 expression in alveolar macrophages from normoxic mice or mice exposed to hypoxia in the 
absence or presence of dox were assessed by [A] Flow cytometry and [B] Immunofluorescence (FITC).  
[C] iNOS (FITC) staining in alveolar macrophages. Primary alveolar macrophages stimulated with 100 
μg/ml LPS E.coli and 100 U/ml INF-γ for 48 hours served as positive controls. Nuclei were 
counterstained with DAPI. Scale bar is representative of 25 µm. 
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Figure 77. In vivo M2 and M1 expression profile of hypoxic alveolar macrophages. Representative 
immunofluorescent images of in vivo isolated alveolar macrophages from mice exposed to hypoxia in 
the absence or presence (+dox) of dox in the drinking water. Cytoplasmic localization of galectin-3 
(FITC) and Ym1 (FITC) is depicted. Nuclei were counterstained with DAPI. 

 
 

 
 
Figure 78. CCL2 and IL-6 levels in hypoxic lungs [A] Increased mRNA levels of CCL2 and IL-6 in total 
hypoxic lung extracts were suppressed in dox-treated mice.  [B] CCL2 and IL-6 levels were not 
suppressed in hypoxic CCTA control mice. Numbers represent mean +/-SD, with a minimum of 6 mice 
per group. *: relative to normoxia, ***p<0.001. #: relative to hypoxia–dox; #p<0.05, ##p<0.01, 
###p<0.001   
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Figure 79. Cytokine and growth factor profile of in vitro stimulated primary alveolar macrophages. 
[A] The relative mRNA levels of the M2 markers, Arg1 and Ym1 but not the growth factor PDGF-BB, 
were upregulated in macrophages stimulated with 20 ng/ml IL-4 or 0.5% hypoxia and suppressed 
upon CO treatment. [B] The mRNA levels of M1 specific markers, TNF-α and IL-12b40 subunit, were 
downregulated in macrophages stimulated with 20 ng/ml IL-4 or 0.5% hypoxia with or without CO. 
Numbers represent mean +/-SD, at least 5 mice per group. *: relative to normoxia; *p<0.05, 
**p<0.01, ***p<0.001. #: relative to hypoxia or normoxia + IL-4; #p<0.05. 

 

 

 

Heme Oxygenase-1 Promotes the Expression of Interleukin-10 in Alveolar Macrophages  

 

In an effort to further evaluate the effect of HO-1 on macrophage phenotype, mRNA and 

protein levels of IL-10, a well-documented anti-inflammatory mediator, were directly 

assessed in freshly isolated alveolar macrophages. Interleukin-10 was significantly elevated 

in alveolar macrophages derived from hypoxic mice treated with doxycycline (Figure 80). 

Doxycycline treatment in the CCTA line failed to upregulate IL-10 (Figure 81), establishing 

that the observed effect is HO-1 dependent. Furthermore, the number of macrophages 

expressing IL-10 (CD11c+, IL-10+) under hypoxia was assessed by flow cytometry to be 

increased four - to nine -fold with doxycycline treatment, comprising approximately  slightly 

10% of the total macrophage population in BALF (data not shown). 
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Figure 80. HO-1 induction promotes the expression of IL-10 in alveolar macrophages. Alveolar 
macrophages were isolated from animals exposed to hypoxia for the indicated times, and IL-10 
expression was assessed by [A] qPCR analysis on total macrophage RNA.   and [B] densitometric 
analysis of IL-10 protein levels normalized with b-actin levels at 7 days of hypoxic exposure. Numbers 
represent mean +/-SD,  n≥5 mice per group *: relative to normoxia; *p<0.05, **p<0.01, ***p<0.001. 
#: relative to hypoxia +dox; #p<0.05, ##p<0.01, ###p<0.001. 
 

 

 

Early Monocyte/Macrophage Accumulation Is Critical for the Later Development of 

Pulmonary Hypertension 

   

To determine whether this early inflammatory response is essential for the later 

development of HPH and whether inducible expression of HO-1 at defined intervals during 

this process modulates the disease, we exposed the bitransgenic mice to doxycycline for 

various time periods. In addition to control animals exposed to hypoxia for 3 weeks in the 

absence of doxycycline, 1 group of littermates received doxycycline continuously for 3 

weeks, and in 2 other groups, doxycycline was removed from the drinking water at 2 or 7 

days of hypoxia. In all groups, animals remained in hypoxia for the entire 3-week period. On 

removal of doxycycline, hHO-1 mRNA levels returned to baseline within 3 days (Figure 82A 

and 82B, Groups in Methods session). 

A short 2-day pulse of doxycycline at the onset of hypoxia caused a delay in the peak of 

macrophage recruitment in the BALF from 2 to 7 days, a time when HO-1 levels were 

reduced to baseline (Figure 82A). In the same group of animals, development of pulmonary 

hypertension, as assessed by right ventricular systolic pressure, the Fulton Index, the medial 

Figure 81. The anti-inflammatory effects of 
dox-treated mice are HO-1 dependent. The 
CCTA transgenic line that harbors the 
tetracycline transactivator but not the human 
HO-1 transgene was used to eliminate 
potential biologic effects of dox itself. The anti-
inflammatory mediator, IL-10, failed to be 
upregulated in the dox treated CCTA animals 
that lacked the HO-1 transgene. *: relative to 
normoxia; *p<0.05. 

 



PhD Thesis                                                                                                                                  Eleni Vergadi 

 

153 

 

wall thickness index, and histology of vascular remodeling, was not prevented (Figure 82C- 

F). In the case of a more prolonged, yet still transient, administration of doxycycline for 7 

days, there was no macrophage influx even when HO-1 had reached baseline low levels, and 

pulmonary hypertension was completely prevented at 3 weeks (Figure 82B through 82F). 

 

 

 

Figure 82. Early monocyte/macrophage accumulation is critical for the later development of 
pulmonary hypertension.  HO-1 was transiently over-expressed in hypoxic mouse lung.  [A] Dox 
administered at days -2 to +2 of hypoxic exposure (2d) delays but does not prevent the peak of 
macrophage accumulation when HO-1 levels return to baseline. [B] Dox administered at days -2 to +7 
of hypoxic exposure (7d) prevents the peak of macrophage accumulation even twelve days later, 
long after HO-1 levels have returned to baseline. Dashed lines: alveolar macrophage number; dotted 
lines and shaded area: hHO-1 mRNA levels in the lung.  [C] RVSP, [D] FI, and [E] MWTI were elevated 
in mice that received the two-day pulse but not in mice that received the seven-day pulse of dox.  [F] 
Representative immunostaining for α-SMA of lung sections from mice exposed to hypoxia for 21 days 
who had previously received dox either for two days or seven days, in comparison with normoxia. 
Numbers represent mean +/-SD, n≥6 animals per group *: relative to normoxia; *p<0.05, **p<0.01, 
***p<0.001. #: relative to hypoxia –dox; ##p<0.01, ###p<0.001. 
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Alternative Macrophage Activation Is Associated With the Development of Hypoxia-

Induced Pulmonary Hypertension in Vivo  

 

In agreement with macrophage numbers, M2 markers followed a similar pattern (Figure 

83A). In the group in which doxycycline was removed after 2 days of hypoxic exposure and 

HPH was not prevented, mRNA levels of Fizz1, Arg1, and Ym1 increased 4 days after HO-1 

levels had fallen to baseline (Figure 83A). However, in the group that received doxycycline 

for the first 7 days of hypoxia and the later development of hypertension was prevented, 

levels of Fizz1, Arg1, and Ym1 remained suppressed for all time periods examined (Figure 

83B). Interestingly, in only the 7-day doxycycline treatment group, the anti-inflammatory 

marker IL-10 remained sustainably elevated above baseline (Figure 83A and 83B). 

 

 

 

 
Figure 83. The role of macrophage activation profile in the development of pulmonary hypertension.  
[A] After a two-day pulse of dox and four days after HO-1 dropped to baseline, a pattern of 
alternative macrophage activation ensues (increased expression of Fizz-1, Arg1, Ym1), whereas IL-10 
levels remained low. [B] After a seven-day pulse with dox, even when HO-1 levels return to baseline, 
high IL-10 expression persists. Shaded areas represent levels of hHO-1 transgene expression. 
Numbers represent mean +/-SD, n≥6 animals or wells per group. *: relative to normoxia; *p<0.05, 
**p<0.01, ***p<0.001. 
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Alternative Macrophage Activation Enhances Pulmonary Artery Smooth Muscle Cell 

Proliferation in Vitro  

 

Interleukin-10 mRNA levels were also upregulated in primary alveolar macrophages 

cultured in vitro under hypoxic conditions (0.5% O2) and treated with CO (500ppm; Figure 

84). This suggests that CO release on HO-1 induction in this system is the trigger for IL-10 

induction in macrophages. Supernatants of primary alveolar macrophages that were 

cultured in vitro under hypoxic conditions (0.5% oxygen) or normoxic macrophages treated 

with IL-4 (20 ng/mL) had high levels of Fizz1 and low levels of IL-10, and were able to 

stimulate pulmonary artery smooth muscle cell proliferation (Figure 84). However, 

supernatants from CO-treated hypoxic macrophages had reduced levels of Fizz1 and 

elevated IL-10 and had no proliferative effect on pulmonary artery smooth muscle cells 

(Figure 84). 

 Exogenous administration of IL-10 on pulmonary artery smooth muscle cells treated with 

hypoxic macrophage supernatants had no direct suppressive effect on their proliferation 

(Figure 85). Arg1, Fizz1, and Ym1 mRNA was upregulated in both IL-4– and hypoxia-

stimulated macrophages, whereas neither platelet derived growth factor-BB nor the M1 

specific markers IL-12 and TNF-α were affected (Figure 85, and data not shown). CO 

treatment suppressed the upregulation of the above M2 markers in both the IL-4– and 

hypoxia-stimulated macrophages (Figure 84 and data not shown). 

 

 

Figure 84. The role of macrophage activation profile in PASMS proliferation. [C] Fizz1 and IL-10 mRNA 
levels are shown in primary alveolar macrophages exposed to hypoxia or IL-4 (20 ng/ml) with or 
without CO. [D] Effect of the macrophage supernatants from different macrophage treatments 
depicted in subpanel C, on PASMC proliferation. PDGF-BB (10 ng/ml) treatment on PASMCs was used 
as a positive control and cell culture medium (DMEM) or medium calibrated in 0,5% oxygen for 48 
hours (hypoxic DMEM) as negative controls. Numbers represent mean +/-SD, n≥6 animals or wells 
per group. *: relative to normoxia; *p<0.05, **p<0.01, ***p<0.001. 
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Figure 85. Effect of IL-10 on PASMCs proliferation. Addition of various concentration of mouse 
recombinant IL-10 (1ng/ml, 10ng/ml and 100ng/ml) on PASMCs treated with either supernatant from 
hypoxic macrophages or with 25ng/ml PDGF-BB had no suppressive effect on PASMCs proliferation. 
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Discussion 

 

In the present thesis, the role of innate immunity and macrophage activation in two 

models of lung disease has been investigated. The alternative activation of alveolar 

macrophages had contradictory results in two different models of lung injury; it resulted in 

amelioration of lung inflammation in a model of acute lung injury while it was critical for the 

development of chronic lung inflammation and pulmonary arterial hypertension caused by 

hypoxia. Furthermore, molecular mechanisms by which an M1 to M2 switch or M2 

suppression can take place in vivo have been investigated. 

 

 

Part 1: Akt2 deficiency and M2 activation protects from ALI 

 

In the present study we show that in the mouse model of aseptic lung injury, 

macrophages exhibit first a pro-inflammatory M1 phenotype followed by an M2 anti-

inflammatory phenotype. Genetic ablation of Akt2, which promotes early M2-type activation 

and abrogates M1 activation via miR-146a induction, ameliorates acid-induced lung injury. 

However, Akt2 ablation resulted in increased bacterial load in a model of a septic lung 

inflammation caused by Pseudomonas aeruginosa lung infection.  

ARDS, the devastating clinical syndrome of acute respiratory failure characterized by lung 

inflammation and alveolar barrier dysfunction, is a major cause of morbidity and mortality in 

intensive care unit. Although pneumonia and sepsis are the most common causes of ARDS, 

several aseptic conditions are associated with ARDS, such as acute pancreatitis, burns, near 

drowning, multiple trauma, and inhalation injury (136). Having no effective treatments 

available, there is urgent need to understand, and subsequently modulate, the pathogenesis 

of lung inflammation in ARDS. 

To investigate the inflammatory response in ALI, we utilize a broadly used mouse model 

of ALI, hydrochloric acid (HCL)-aspiration ALI (133, 169), that simulates human lung injury 

due to gastric acid aspiration. Low pH in the lung causes a burn –type injury in type I alveolar 

epithelial cells and endothelial cells that enable us to recapitulate the characteristics of the 

disease (133), but it can also orchestrate an aseptic lung inflammatory response that 

resembles the pathology of many other lung diseases (133). We also verify some of our 

results in acid-induced ALI in another widely used model of aseptic ALI, the ventilation 

induced lung injury (VILI). 

 

 

 

The protective role of Akt isoforms in ALI 
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 In our model of ALI, we demonstrate that Akt2 ablation protects mice from the severe 

manifestations of the disease. Akt2 deficient mice present with a less severe compromise of 

lung compliance and pulmonary edema and reduced lung inflammation upon acid aspiration 

and upon mechanical ventilation. Activation of the PI3K/Akt pathway has been 

demonstrated to play a significant role in septic and aseptic models of ALI (401-403) and 

furthermore, in accordance with our findings, inhibition of this pathway has been reported 

to protect from ALI (401-403). Up to now only one report has studied the role of individual 

Akt isoforms in the development of ALI; it has been reported that overexpression of a 

constitutively active Akt1 transgene ameliorated the endothelial barrier dysfunction in a 

mouse model of VILI (404).  

 

 

The role or M2 macrophages in the pathogenesis of ALI 

 

It is well established that macrophages play a central role in the pathogenesis of ARDS 

(169, 178, 179, 200). Most of the studies in animal models have examined the role of 

macrophages in LPS-induced lung injury, a model that resembles septic ARDS (47, 182, 208). 

Herein we utilized the model of acid-induced lung injury, a model of aseptic ARDS (133). We 

report here, in accordance with previous reports, that alveolar macrophages acquire a 

classical activation phenotype in the acute phase of aseptic ALI. We were also able to 

discriminate, based on the mRNA levels of markers of M1 and M2 activation, the onset of 

resolving phase of inflammation where suppression of iNOS and predominance of Arg1, 

Fizz1 and Ym1 expression takes place in the natural course of disease. In this phase, 

overexpression of M2 genes define the presence of alternatively activated macrophages that 

exert an immunosuppressive role. 

 In a recent study from our group, Akt2-/- peritoneal macrophages were found to be M2 

prone and to protect from the generation of DSS induced colitis (49). In this study, we extent 

our previous findings in alveolar macrophages as well, since we found that alveolar 

macrophages from Akt2-/- mice demonstrate an M2 activation phenotype and we 

demonstrate a protective effect of those cells in lung pathology. We show that prevention of 

M1 development early in the acute phase of the disease by blocking TLR4 signaling 

activation and by substitution with M2 macrophages resulted in a better outcome of ALI.  

However, a drawback of this study is that Akt2 deficiency is not macrophage specific in 

our mice and thus only a correlation among the presence of M2 and the prevention of ALI 

can be made. But, the major role of iNOS-expressing macrophages has been well 

demonstrated in previous studies, where macrophage depletion in WT mice and 

reconstitution with iNOS-/- macrophages led to significant amelioration from acid-aspiration 
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and other models of ALI (31, 169, 178, 179, 200, 201, 205-208). To overcome this obstacle 

and to elucidate whether or not M2 macrophages can confer protection from ALI we 

performed macrophage depletion experiments in WT and Akt2-/- mice in mice where 

alveolar macrophages have been depleted, we transferred WT or Akt2-/- alveolar 

macrophages, 1hour prior to HCL administration. We found that WT mice that received 

Akt2-/- macrophages exhibited reduced iNOS expression and improved inspiratory capacity 

compared to WT mice that received WT cells. And they had no difference in neutrophilic 

infiltration suggesting that M2 macrophages are critical for protection in ALI. Akt2-/- animals 

with ALI that received WT macrophages had a trend to exhibit more iNOS positive 

macrophages (although non-significantly) and reduced inspiratory capacity, compared to 

Akt2-/- animals that received Akt2-/- macrophages. The fact that we could not see a clear 

difference in the case of Akt2-/- mice can be possibly attributed to the fact that alveolar 

macrophage depletion was not complete (approximately 85%) and the remaining M2 

macrophages in Akt2-/- mice were sufficient to interfere with the results.   

Thus, based to these reports, the feature of Akt2-/- mice to promote reprogramming of 

macrophages from M1 to M2 state by blocking M1 activation and by promoting Arginase-1 

overexpression, an enzyme that antagonizes iNOS, should be of outmost importance in the 

prevention from ALI. 

In accordance with our findings, apart from M1 macrophages, it was been shown by other 

groups that the presence of M2 alveolar macrophages has been also noticed in the resolving 

phases in several models of ALI (7, 45). They appear after the acute phase and in the 

recovery phase of ALI (7, 45, 46). In fact, both populations of M1 and M2 alveolar 

macrophages exist in the same time in the lung and their equilibrium will determine the type 

or response. But also M1 macrophages upon the proper environment can be transformed to 

M2 (7). However, in the above studies only the presence of M2 macrophages was noticed 

and the role of M2 macrophages in the outcome of ALI was not clarified. In another report, it 

was shown that stem cell conditioned medium induced M2 polarization and suppressed lung 

inflammation in the model of LPS-induced lung injury (47), however no molecular 

mechanism of M2 induction was suggested. In our study, Akt2 deficient mice exhibited an 

ameliorated M1 response and an accelerated M2 activation resulting in significant 

protection from lung injury, suggesting that early induction of M2 macrophages, via Akt2 

depletion, confer protection in the aseptic lung injury model. Our findings extend the 

existing evidence regarding the role of M2 macrophages in ALI; early induction of M2 in the 

course of disease can ameliorate lung inflammation and injury.  

After the publication of the results of this study, subsequent studies supported the role of 

M2 macrophages in ALI. In an endotoxemic murine model of lung inflammation, M2 

macrophage depletion resulted in neutrophil accumulation, upregulation of lung cytokines 

and exaggeration of lung injury (405). Also, β2 adrenergic receptor activation promoted M2 
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macrophage activation, inhibited M1 activation and resulted in amelioration of lung injury 

and increased survival in a model of LPS induced ALI (406). Resolvin D1 has potent anti-

inflammatory and resolving effects in a murine model of cigarette smoke-induced lung 

inflammation, mainly via the induction of alternatively activated (M2) macrophages (407). 

Finally, another study reported that administration of the antisense oligonucleotide 

targeting miR-155 in a murine model of LPS induced ALI induced upregulation of c/EBPβ, 

promotion of  IL-10 secretion and M2-like phenotype of macrophages and resulted in 

reduced lung inflammation and enhanced recovery (111).  

 

The role of miR-155 

 

We further sought to investigate the mechanisms involved in regulation of macrophage 

activation phenotype by Akt2 in this lung injury model. Activation of the PI3K/Akt pathway 

has been demonstrated to mediate anti-inflammatory effects in macrophages (49, 68, 95, 

96). The anti-inflammatory actions of the PI3K/Akt pathway are differentially controlled by 

the two Akt isoforms, Akt1 and Akt2, which also regulate the activation phenotype of 

macrophages (49). Hence, ablation of Akt2 suppresses LPS responses promoting an M2 anti-

inflammatory phenotype while ablation of Akt1 renders macrophages hyper-responsive to 

LPS and M1-prone (49).  

To investigate potential regulatory pathways that regulate macrophage activation in ALI 

and play a role in Akt2 protection we sought to investigate the regulation of several 

microRNAs in ALI. The involvement of miRNAs in the pathogenesis of ALI has been previously 

reported (215, 408-410). Specifically, it has been found that high tidal volume ventilation 

resulted in up-regulation of several miRNAs in the lung such as miR-21, miR-155 and let-7 

and that regulation of their expression could ameliorate disease severity (215). Akt kinase 

isoforms have been also previously reported to regulate macrophage phenotype via the 

modulation of miRNA levels (49, 68, 80, 95).   

We have recently reported that miR155 up-regulation upon endotoxin induced sepsis was 

found to exacerbate M1 activation and iNOS induction, and miR-155 suppression by Akt2-/- 

peritoneal macrophages was crucial for the protective effects of Akt2 ablation in blocking 

M1 phenotype (49). Also miR-155 has been found to be important in the pathogenesis of 

LPS-induced lung injury (111). MiR-155 has not been involved in M1 inhibition but in 

promotion of M2 phenotype. Antisense oligonucleotide treatment enhances the recovery of 

acute lung injury through the induction of IL-10-secreting M2-like macrophages (111). 

Indeed, overexpression of miR-155 is capable to re-program anti-inflammatory M2 

macrophages to pro-inflammatory M1 macrophages (109).  
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In this study, although we found that miR-155 expression is lower in Akt2-/- macrophages 

than in WT ones, we did not detected miR-155 up-regulation upon acid aspiration. This could 

be attributed to the different nature of inflammation which is sterile –aseptic in our case in 

contrast with the reports in endotoxin induced inflammation. Thus, miR-155 did not 

contribute to M1 priming in our model and furthermore, miR-155 suppression in Akt2 

deficiency was not responsible for blocking M1 activation but only in promoting M2 state via 

C/EBPβ. These findings suggest that in this aseptic model a distinct mechanism regulates 

macrophage activation. 

 

 

The role of miR-125b and its target IRF4 

 

MiR-125b is another pro-inflammatory miRNA that was recently reported to play major 

role in M1 macrophage activation (98, 114). Enforced expression of miR-125b drives 

macrophages to M1 activation, whereas anti–miR-125b treatment decreases CD80 surface 

expression (115). MiR-125b can also sustain pro-inflammatory cell activation by targeting the 

transcription factor IFN regulatory factor IRF4 (116). IRF4 is known to promote alternative 

macrophage activation and also IRF-4 competes with IRF-5 for MyD88 interaction (77). 

To investigate the involvement of miR-125b in the regulation of M1 phenotype in our 

model of aseptic lung injury, we measured miR-125b levels in alveolar macrophages from 

WT and Akt2-/- mice exposed to acid. We found that there was a mild non- significant 

increase in expression of miR-125b. These results suggest that miR-125b does not participate 

in the initial M1 activation of alveolar macrophages in aseptic lung injury. 

We also examined the levels of IRF4 in alveolar macrophages from WT and Akt2-/- 

animals exposed to acid, since IRF4 is target of mir-125b and a positive regulator of M2 

activation (116). The expression of IRF4 in naïve Akt2-/- alveolar macrophages was higher 

compared to WT both at basal levels and 12 hours post acid-aspiration. However, this 

upregulation was not correlated with miR-125b levels and was not confirmed in protein 

level. 

 

 

TLR signaling and miR-146a 

 

Various signaling pathways have been reported to regulate macrophage activation among 

which is STAT1/STAT6, SOCS2/SOCS3, TLR4 and IRF5/IRF4. Specifically, TLR4 signaling plays a 

central role in macrophage activation in both septic and aseptic inflammation including 

ARDS (209, 402, 411-415), and is critical in the pathogenesis of disease (200, 209, 415). TLR4 

signaling was been found to be activated in aseptic acute lung injury and inflammation, 
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mutation or defect of which abrogated the generation of ALI (209, 412-414). In hydrochloric 

acid-induced ALI, TLR4 signaling in lung macrophages has been also demonstrated to be 

critical in the pathogenesis of disease (200, 209, 415). 

Stimulation of TLR4 can trigger the activation of two downstream signaling pathways: 

MyD88-dependent or TRIF-dependent pathways (416). In the classical pathway, MyD88 

recruits IL-1R-associated kinase (IRAK)-1 and TRAF6 leading to activation of NF-kB (416). TRIF 

pathway signaling, through IKK-3, leads to the activation of IRF3 and the expression of IFN-

inducible genes (411, 416). It has been shown that TRAF6 binds to TRIF though TRAF6-

binding motifs and is involved in TRIF-mediated activation of NF-kB in vitro (417). IRF5, 

although it is mainly known to be involved downstream MyD88 (411), it has been also found 

to be involved in TRIF-mediated response and thus to be activated by both MyD88 and TRIF 

(418). In acid-aspiration ALI, TLR4-TRIF-TRAF6 signaling in lung macrophages has been shown 

to determine the susceptibility to acute lung failure in vivo (200). In another study, in an 

aseptic model of ALI, TRIF and MyD88 deficiency fully and partially attenuated lung injury 

respectively (413). Both TRAF6 and IRF5 lead to NF-kB activation, but specifically IRF5 has 

been reported to be important regulator of iNOS and IL-12p40 expression, and thus M1 

polarization (31, 66, 411, 418-420).  

Apart from TLR4 signaling, interferon-γ signaling and the downstream STAT-1 

phosphorylation is crucial for M1 activation. However, it has been recently found that two 

major cell signaling pathways regulate the activity of STATs: the canonical pathway elicited 

by cytokine receptors and JAKs and the non-canonical pathway triggered by TLRs, 

interleukin-1 receptor, tumor necrosis factor receptor and Fc-receptor for immunoglobulins 

(FcR) (397, 398). It has shown that multiple TLRs, such as TLR2 and TLR4, cross –talk with 

JAK/STAT pathway and induce Ser727 phosphorylation of STAT1, which is dependent on 

MyD88 and TRIF signaling, but independent of interferon (IFN) signaling (398). Furthermore, 

it was recently shown that TRAF6 is the major mediator of TLR-STAT1 cross talk; STAT1 

interacts with tumor necrosis factor (TNF) receptor-associated factor-6 (TRAF6), and 

translocates to the nucleus (397). Thus STAT1, a major regulation of M1 activation, is also 

crucial for TLR and TRAF6 induced macrophage activation (397, 398). 

In this study, we found that up-regulation of TRAF6, IRF5 and STAT1, signaling proteins 

downstream TLR as described above, takes place in WT macrophages upon acid aspiration. 

Interestingly, we found significant downregulation of TRAF6, IRAK1, IRF5 and STAT1 levels in 

Akt2-/- alveolar and peritoneal macrophages compared to WT. Based on our previous report 

in peritoneal macrophages (49), TLR4 expression is the same among WT and Akt2-/- 

peritoneal macrophages and thus this finding is not attributed to reduced TLR4 activation in 

Akt2-/- cells. Further identification of the signaling proteins that promote macrophage 

activation downstream TLR4 signaling was beyond the scope of this study. 
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Based on our findings that several components of TLR pathway were suppressed in Akt2 

deficient macrophages, we sought to characterize the molecular mechanism responsible for 

this observation. According to the evidence present in the introductory part regarding the 

regulation of macrophage activation and TLR signaling reported so far, miR-146a has been 

identified as an LPS-induced miRNA, in an NF-kB dependent way, with the potential to target 

the 3’ UTR of TRAF6 and IRAK1 mRNA (399, 400) and thus to suppress the expression of NF-

κB target genes and TLR signaling (120, 421-423). Also IRF-5 and STAT-1 have been reported 

to be targets of miR-146a (119, 422). 

Here, we demonstrate that Akt2 deficiency results in significant up-regulation of miR-

146a, which is critical for its protective role in suppressing M1 state.  MiR-146a transfection 

in WT macrophages was also able to inhibit iNOS induction and miR-146a suppression in 

Akt2-/- mice resulted in upregulation of iNOS expression. MiR-146 application on WT 

macrophages was able to inhibit iNOS induction. Although there are numerous reports that 

miR146 blocks NF-kB target genes via blockage of TLR signaling, to the authors’ knowledge 

this is the first report that links miR-146 application with iNOS suppression in macrophages. 

iNOS inhibition by miR-146 has been previously showed in two reports in lymphocytes and 

renal cells respectively (424, 425). 

It is of interest that introduction of miR-146a in WT macrophages induced expression of 

the transcription factor c/EBPβ, a master regulator of M2 polarization, indicating that miR-

146a induction can promote alternative macrophage activation. However, inhibition of miR-

146 in Akt2-/- M2 prone macrophages does not lead to reduction in Μ2 markers, suggesting 

that miR146a is sufficient but not necessary for the induction of M2 phenotype and there 

are additional molecules regulated by Akt2 that maintain M2 activation, such as miR-155.   

Up to know, miR-146a has not been implicated in macrophage activation phenotypes per 

se. MiR-146a is an LPS-induced miRNA, well known to play a critical role in macrophage 

responses (120). MiR-146a is considered anti-inflammatory miRNA that mutes immune 

activation initiated by TLR4 by targeting the 3’UTR of TRAF6, IRAK1 and IRF5 mRNAs (399, 

400) and suppressing TLR4-induced NF-kB regulated gene expression (120, 421-423). Mice 

with a targeted deletion of the miR-146a locus were found to be hypersensitive to bacterial 

challenge. They produce excessive amounts of pro-inflammatory cytokines in response to 

LPS and succumb to septic shock faster than the wild type littermates (117). Furthermore, 

aged knockout mice develop tumors in their secondary lymphoid organs and undergo 

myeloproliferation, suggesting that miR-146a regulates proliferation in immune cells (117, 

118). MiR-146a deficient mice also display severe tissue inflammation, increased basal 

cytokine production, as well as elevated titers of autoantibodies—all classical signs of 

autoimmunity (117). Yet, the role of miR-146a macrophage activation phenotype and aseptic 

inflammation has not been investigated. 
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In agreement with our findings, miR-146a has been found to be upregulated in alternative 

activated macrophages. Microarray analysis of miRNA expression profiles of bone marrow-

derived macrophages (BMDMs) with two distinct polarizing conditions, classical macrophage 

activation ‘M1’ and alternative activation ‘M2’, revealed that among others miR-146a was 

downregulated in M1 compared with M2 (426). Also, miR-146a has been found elevated in 

tolerant “M2-like” macrophages (120, 427) Importantly, tolerance induction requires miR-

146a upregulation, and the transfection of miR-146a is sufficient to induce endotoxin 

tolerance even in the absence of LPS-priming (120). However, in another study it was found 

that miR-146a-5p was downregulated upon IL-4 treatment in macrophages (98). 

Downmodulation of this miRNA in IL-4–stimulated macrophages could enhance TLR signaling 

and thus this finding seems counterintuitive. However, reduced levels of miR-146a-5p did 

not occur until very late after IL-4 stimulation and long-term pre-incubation of macrophages 

with IL-4 has previously been shown to potentiate production of pro-inflammatory cytokines 

after secondary stimulation with LPS (98). 

 

 

 

 
 
 
Figure 86. Proposed mechanism of modulation of macrophage activation in Akt2 deficient 
alveolar macrophages.  
 
 
In vivo modulation of macrophage phenotype 
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Finally, we show that pulmonary macrophage polarization phenotype can be modulated 

in vivo by targeting locally Akt2 or miR-146a expression. Intratracheal administration of 

siRNA against Akt2 or of a miR-146a mimic in WT mice exposed to acid-induced lung injury 

resulted in a significant suppression of iNOS in alveolar macrophages. Since it is well 

established that suppression of iNOS, and subsequent inhibition of M1 activation as well as 

induction of M2 (47) can confer protection in ARDS, identification of molecules that promote 

this mechanism in vivo is of outmost importance (169, 178, 205-208). In agreement with our 

findings a recent study reported that miR-146a upregulation could suppress inflammatory 

mediators and ameliorates LPS induced-ALI model suggesting that miR-146a may be 

therapeutically targeted as a mean to repress inflammatory response following ALI (217). 
 

 

M2 role in septic inflammatory conditions 

 

Akt2 suppression was found protective in a model of aseptic lung injury. However, Akt2 

suppression and M2 macrophages impair the innate immune response against live bacteria 

such as P. aeruginosa. This observation limits the use of M2 induction for the protection 

from gastric acid aspiration-induced lung injury. Simultaneous treatment with antibiotics 

may overcome such limitation in a clinical setting. 
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 Part 2: The role of M2 macrophages in Pulmonary Hypertension 
 

In the present study, we report that hypoxia activates in vivo gene expression in alveolar 

macrophages towards an alternative pathway that precedes the development of pulmonary 

hypertension and appears to play a critical role in the pathogenesis of disease. 

Overexpression of HO-1 induced a switch in macrophage polarity toward an increased IL-10 

production and this effect was associated with protection from HPH. 

 

Macrophage activation in hypoxia 

 

Hypoxia is an important and common cause of cell injury and death as it impinges on 

aerobic mitochondrial oxidative respiration resulting in partial depletion of ATP with all the 

consequences of altered protein synthesis and membrane homeostasis. In our bitransgenic 

mouse model, hypoxia caused pulmonary hypertension with prominent vascular remodeling 

as well as a lung inflammatory response, characterized by macrophage accumulation and 

acquisition of an alternative activation state of the alveolar macrophages.  

In our study, hypoxia resulted in alveolar inflammation that consisted predominantly of 

macrophages. These findings correlate with the fact that macrophages tend to accumulate in 

poorly vascularized, hypoxic sites, where considerable tissue damage may have occurred 

(125). Also, high macrophage numbers have been reported in avascular and necrotic sites 

carcinomas (428), hypoxic areas of dermal wounds (429, 430), and avascular locations of 

atherosclerotic plaques (431).  Macrophages predominate in these areas, they consist of 

approximately 80-90% of innate immune cells as it was also found in our study (248). Our 

findings, in accordance with previous studies in HPH, highlighted the predominant role of 

the monocyte/macrophage lineage in modulating vascular remodeling (248). 

Studies have suggested that hypoxia alters the phenotype of macrophages in a way that 

promotes these lesions. However, the genes up-regulated by macrophages in such hypoxic 

tissues are poorly characterized (125). Activation of macrophages is a key event in the 

inflammatory cascade in the lung and defines a functional state characterized by extrusion of 

pseudopodia and an increase in cell size and membrane ruffling (3). In our study, 

enlargement of macrophage diameter was the main observation that led us to further 

investigate macrophage activation phenotype. 

Activated macrophages can be distinguished into classically activated (induced by IL-12 

and INF-γ, expressing iNOS and TNF-a and contribute to host defence) (40, 41) and 

alternatively activated (induced by IL-4 or IL-13, and expressing arginase-1, mannose 

receptor CD206, Fizz-1, Ym-1, galectin-3 and MMP-9) (40, 41, 44, 432-435). Alternatively 

activated macrophages have been implicated in the pathology of various chronic diseases 

(54, 123, 436-439). 
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We found that hypoxia in vivo and in vitro polarized the population of alveolar 

macrophages toward the M2 phenotype. Alveolar macrophages isolated from hypoxic mice, 

expressed markers of M2 activation, including Fizz1, Ym1, CD206, arginase-1 and galectin-3 

and were negative for markers of classical activation. Also alveolar macrophages exposed to 

hypoxia ex vivo, also upregulated M2 markers. This observation correlates with the cytokine 

profile of the BAL fluid of hypoxic mice and mRNA analysis of total lung: predominance of 

cytokines that promote M2 phenotype (CCL2, IL-6, IL-4, IL-13) and absence of cytokines that 

drive M1 activation (IL-12, TNF-a, INF-γ). The cell autonomous M2 polarization in in vitro 

hypoxic conditions, the upregulation in vivo of mRNA levels of 2 recently recognized 

noncanonical inducers of M2 polarization, CCL2 and IL-6, and the increased IL-13 and IL-4 

cytokine levels in the BALF of hypoxic mice support the M2-like activation in our hypoxic 

model.  

Hypoxic microenvironment is also a hallmark feature of tumors, and similar to the 

hypoxic macrophages in our model, the tumor-associated macrophages exhibit an M2-like 

phenotype. Macrophages are recruited to hypoxic tumor areas of tumors and polarized 

them towards a pro-angiogenic M2 phenotype (440). Furthermore, Fizz1, an M2-specific 

marker, is a hypoxia-inducible molecule, also designated hypoxia-induced mitogenic factor 

(441-443). Upregulated arginase-1 expression has been also observed in cultured anoxic 

macrophages (444). Moreover, it was been shown that hypoxia mediates impairment of 

mitochondrial respiratory chain in macrophages and inhibits their bactericidal activity, 

resembling by this way alternatively activated macrophages (445).  

Furthermore, the pathway by which hypoxia promotes M2 polarization has been 

investigated. Specifically, it has been reported that hypoxia and HIF-1a activation leads to 

M2 macrophages via the activation of AKT/mTOR pathway and the production of lactic acid 

and succinate. Lactic acid produced by tumour cells, as a by-product of aerobic or anaerobic 

glycolysis, has a critical function in signalling, through inducing the expression of vascular 

endothelial growth factor and the M2-like polarization of tumour-associated macrophages. 

Furthermore, we demonstrate that this effect of lactic acid is mediated by hypoxia-inducible 

factor 1α (HIF1α) (446-448). 

However, our results are not in agreement with two previous reports that found TNF-a 

upregulation (449) and IL-12 and IΝF-γ production (450) in macrophages of hypoxic rats and 

mice respectively. We believe that our in vivo studies most closely approximate the disease 

physiology, since the first study was performed in vitro, using isolated rat alveolar 

macrophages in a sepsis-induced hypoxia model, and the second study involved not alveolar 

but peritoneal macrophages cultured under hypoxic conditions. In such studies, the 

reductionist approach obviously deprives the macrophages from tissue-specific 

microenvironmental signal, and it is difficult to place in perspective the physiological 

relevance of such simplistic models. 
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M2 macrophages and pulmonary hypertension 

 

In the present study, we report that hypoxia activates in vivo gene expression in alveolar 

macrophages towards an alternative pathway. Since macrophage numbers and markers of 

alternative activation correlate with the development of HPH, these cells play a significant 

role in the later development of hypertension. Our finding that the presence of M2 

macrophages is associated with the development of HPH in vivo and pulmonary artery 

smooth muscle cell proliferation in vitro suggests that these polarized trophic macrophages 

may play a significant role in the later development of pulmonary hypertension.  

Our results are in agreement with recent studies in pulmonary hypertension not only in 

hypoxic exposure but in other systems as well. Specifically, CCL2 a potent inducer of M2, was 

recent found to play an important role in patients with idiopathic PAH (314). Another 

inducer of M2, IL-6, has been implicated to induce pulmonary arterial remodeling and 

hypertension (451). A Th2 immune response, which is characterized mainly by IL-4 and IL-13 

production, had been also recently reported to provoke pulmonary vascular remodeling in 

monocrotaline-induced PH model in rats (228, 452).  

After the publication of the results of this study, many other reported supported the role 

of M2 activation in PAH. Interestingly, in a recent report that evaluated the role of Akt 

isoforms in the development of hypoxia induced pulmonary hypertension it was shown that 

in comparison to the wild-type (WT) littermates, Akt1-/- mice were protected against the 

development and progression of pulmonary vascular remodeling and chronic hypoxia-

induced PH, while Akt2-/- mice did not demonstrate any significant protection against the 

development of HPH (453). Based on our findings in the first part of this study that Akt1 

deficient mice exhibit M1 macrophage activation while Akt2 deficient mice exhibit an M2 

response, the results of this study are also in agreement with our results; mice with Akt2 

deficiency that host M2 activated macrophages did not demonstrate any significant 

protection against the development of HPH. Finally, increased expression of markers of 

alternative macrophage activation has been found in patients with systemic sclerosis 

associated pulmonary arterial hypertension (454). Also, infection with the parasite 

Schistosoma mansoni resulted in PAH and remodeling of pulmonary arteries (455).  

 

 

The role of M2 related mediators in the development of PAH 

 

- Arginase-1 

 

Among the M2 -related mediators, arginase and Fizz1 appear to play a major role in the 

development of PAH. The activity of arginase I, which reduces NO synthesis by competing 
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with iNOS for the substrate L-arginine, has been also found to be increased in endothelial 

cells of PAH patients (456). Indeed, enhanced polyamine and L-proline synthesis caused by 

Arg1 has been shown to contribute to vascular damage and remodeling, and elevated Arg1 

in lungs of hypoxic mice has been associated with increased severity of PAH (457, 458). 

Arginase-1 is induced by numerous pathologic stimuli and contributes to vascular cell 

dysfunction and vessel wall remodeling in several diseases (459, 460). Clinical and 

experimental studies have documented increases in the expression and/or activity of 

arginase I in blood vessels following arterial injury and in pulmonary and arterial 

hypertension, aging, and atherosclerosis (459). Single-nucleotide polymorphisms in arginase-

1 gene have been associated with decreased risk of pulmonary hypertension in 

bronchopulmonary dysplasia (461). Significantly, pharmacological inhibition or genetic 

ablation of arginase in animals ameliorates abnormalities in vascular cells and normalizes 

blood vessel architecture and function in all of these pathological states (459, 460). The 

detrimental effect of arginase in vascular remodeling is attributable to its ability to stimulate 

vascular smooth muscle cell and endothelial cell proliferation, and collagen deposition by 

promoting the synthesis of polyamines and l-proline, respectively (459). Moreover, the 

proliferative, fibrotic, and inflammatory actions of arginase in the vasculature are further 

amplified by its capacity to inhibit nitric oxide (NO) synthesis by competing with NO synthase 

for substrate, L-arginine (459). 

 

- Fizz1  

 

Fizz1 has been recently reported to have mitogenic, angiogenic, and vasoconstrictive 

properties that are associated with pulmonary vascular remodeling (441, 462). Its human 

homolog, resistin-like molecule b, has also been detected in patients with scleroderma-

associated pulmonary hypertension (463). Fizz-1 (also known as HIMF: hypoxia induced 

mitogenic factor), that derives from lung parenchyma has been reported to be a mitogen for 

smooth muscle cells, has been recently found to promote smooth muscle cell proliferation 

(464) and to contribute to the development of hypoxia induced pulmonary hypertension 

(465). Also Fizz1 induces the release of endothelin -1 from endothelial cells causing 

significant increases in pulmonary vascular smooth muscle cell proliferation (466). 

Knockdown of Fizz1/HIMF partially blocked increases in mean pulmonary artery pressure, 

pulmonary vascular resistance, right heart hypertrophy, and vascular remodeling caused by 

chronic hypoxia (467). Fizz1/HIMF-gene transfer into the lungs of rats using a HIMF-

expressing adeno-associated virus (AAV) caused development of PH similar to that of chronic 

hypoxia. The findings suggest that HIMF represents a critical cytokine-like growth factor in 

the development of PH (467, 468). 
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These reports are consistent with the fact that Fizz1 expression pattern in response to 

absence or presence of HO-1 was found to correlate with the development of pulmonary 

hypertension. Apart from the mitogenic and angiogenic effects, Fizz1 has been reported to 

contribute to the activation of vascular inflammation by inducing endothelial cells apoptosis 

in the lung (466). It has been recently demonstrated that hypoxia-induced mitogenic factor 

(HIMF/FIZZ1/RELMa) is chemotactic to murine bone marrow cells in vitro and involved in 

pulmonary vascular remodeling in vivo (469, 470). 

To the best of our knowledge, this is the first study to propose a link between 

alternatively activated macrophages and the development of HPH. One potential mechanism 

of action of alternatively activated macrophages may be upregulation of Arginase-1 and the 

secretion of Fizz1, the overexpression of which have been reported to lead to PAH as 

described above. Further studies are required to determine the specific mediators from the 

secretome of M2 macrophages that may be contributing factors in the signaling cascade 

leading to HPH.  

 

 
The role of Heme Oxygenase-1 

 

HO-1 overexpression provoked a robust anti-inflammatory effect. It could suppress 

macrophage accumulation, alternative activation and cytokine production in the lungs and 

prevent the subsequent development of pulmonary hypertension. Carbon monoxide 

appeared to be the key HO-1 effector inhibiting macrophage accumulation in the BALF and 

suppressing the expression of M2 markers in vitro.  This observation is in agreement with 

previous reports, where the anti-inflammatory effect of CO has been demonstrated (346, 

347, 349, 471, 472). Furthermore, CO has been indicated by our group and others to prevent 

or reverse the development of pulmonary vascular remodeling and HPH (367, 473, 474). 

It is well known that endogenous HO-1 is upregulated in hypoxia, as a compensatory 

mechanism, but since it’s a transient upregulation, is not adequate to prevent the hypoxia-

induced inflammation and HPH (246). The transient effects of hypoxia are mediated by the 

smooth muscle cells via the increased expression of HO-1 resulting in increased CO 

production. Increased CO levels inhibit smooth muscle cell growth in an autocrine manner 

and inhibit the endothelial expression of ET-1 and PDGF-B, thereby inhibiting smooth muscle 

cell contractility and proliferation in a paracrine manner (245). Exogenous CO administration 

is protective in PAH and can reverse the disease in animal models of PAH (359). However, 

under prolonged periods of hypoxia, HO-1 and CO production is not sustained and thus the 

endothelial cell pathway predominates, leading to active and sustained vasoconstriction 

with structural remodeling of the pulmonary vasculature (245).  
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Only longer enhancement of HO-1 expression can be protective in HPH (246). For this 

reason, we were not surprised that 2 days administration dox and thus HO-1 upregulation 

actually postponed inflammation and did not protect from the development of 

hypertension. Interestingly, dox administration for 7 days, covering the entire period of 

hypoxia-induced inflammation, was adequate to suppress the inflammatory response in a 

way that it did not relapse even 2 weeks after the return of the HO-1 to the baseline levels. 

Since the switch in macrophage phenotype occurs in the 1st week of hypoxia, we 

hypothesize the enhancement of HO-1 during this critical period may act as a pivot to shift 

the balance of immune response from pro-inflammatory towards immunosuppressive 

microenvironment. Actually, recent studies strongly support the hypothesis that HO-1 

expression mediate potent anti-inflammatory effects in monocytes and macrophages (475) 

probably by preventing these cells from inducing tissue injury and modulating the immune 

response (351, 476-479). Furthermore, HO-1 has been demonstrated to exert protection in 

several models of disease by the induction of a regulatory T cell population (479-481).  Thus, 

enhancement of HO-1 may not be necessary for the whole course of hypoxia but may need 

to take place in an adequate period of time in order to induce and establish anti-

inflammatory cascades. Based on this model, a sustained expression of HO-1 leading to 

increased CO levels could prevent or reduce the development of hypoxic pulmonary 

hypertension in vivo (245). Therapies aimed at enhancing and sustaining CO production for 

longer periods may prevent the proliferative cellular responses and minimize injury 

secondary to hypoxia (245). 

Furthermore, lung HO-1 overexpression upregulated IL-10 in hypoxic macrophages and 

increased the number of IL-10–expressing alveolar macrophages in the BALF. Because CO 

could upregulate IL-10 in the in vitro cultured hypoxic macrophages, it seems to be a major 

effector molecule of HO-1 immunomodulation. The macrophages in HO-1 bitrangenic mice 

exposed to hypoxia for a long period of time have a unique phenotype characterized by 

upregulation of IL-10 and downregulation of Fizz1 and Arg1 compared with macrophages 

exposed to hypoxia alone. Based on the latest categorization of M2 macrophages described 

in the introductory part, hypoxic macrophages resemble the IL-4 stimulated macrophages 

while macrophages under HO-1 and CO production most closely resemble macrophages 

activated by IL-10, glucocorticosteroids or immune complexes.  

In agreement with our findings, several lines of evidence suggest that HO-1 expression is 

related to interleukin-10 (IL-10) signaling and vice versa (338, 482).  HO-1 and CO modulate 

IL- 10 production through the activation of p38 MAPK (483). Previous reports have described 

that lipopolysaccharide (LPS) stimulation induces IL-10 production in human monocytes and 

mouse macrophages (482). The inductions were significantly abrogated in the presence of 

the HO inhibitor, zinc protoporphyrin IX. In contrast, cobalt protoporphyrin IX, which is the 

HO-1 inducer, enhanced LPS-induced IL-10 production (482). HO-1 and exogenous CO have 
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previously been reported to increase IL-10 expression in macrophages in vivo and in vitro 

(185, 354, 355, 363, 484). This positive feedback circuit between HO-1 and IL-10 has been 

shown to be functional, which might amplify the anti-inflammatory effects of HO-1 in 

monocyte/macrophage (485). The latter idea is supported by our results based on which IL-

10 remained elevated even 2 weeks after HO-1 expression returned to baseline levels. These 

findings point to a switch in immunoregulation triggered by HO-1 during an early critical 

period, and whose presence was no longer essential, at least for the subsequent 2 weeks of 

hypoxia. 

After the publication of this study, many other studies reported that HO-1 upregulation in 

macrophages renders them M2-like and anti-inflammatory. Weis and colleagues 

demonstrated that apoptotic cells polarized macrophages toward M2 phenotype, and that 

HO-1 induced by apoptotic cells is closely involved in the polarization (486). However, the 

expression levels of M1 and M2 markers were not measured in this study (486). In other 

reports, adiponectin was found to promote M2 macrophage activation via HO-1 induction 

(42). Hemin administration, that induces HO-1, has been shown to reduce the pro-

inflammatory macrophage M1 phenotype, and to enhance the M2 phenotype that dampens 

inflammation (487, 488). Isolated peritoneal macrophages from Bach1-deficient mice that 

highly overexpress HO-1 manifested M2 macrophage markers such as Arg1, Mrc1, Fizz1, and 

Ym1 (489). 

In our model we found that Fizz1 is downregulated in alveolar macrophages in mice with 

HO-1 overexpression in Clara cells. But the alveolar macrophages in HO-1 bitrangenic mice 

still belong to M2 macrophage categorization based on the latest proposed M2 

nomenclature. The main characteristic of macrophages in hypoxic HO-1 trangenic mice is 

reduced Fizz1 expression and enhanced IL-10 expression compared to hypoxic alveolar 

macrophages in WT mice. If we had compared macrophages from HO-1 transgenic mice with 

classically M1 macrophages we may have found relatively lower levels of Fizz1 in the latter. 

In our model we don’t have M1 activation at all, and we actually compare two different 

populations of alternative activated macrophages. We should also point out that our model 

holds a major difference with the aforementioned studies. In all the studies that HO-1 

promoted M2 macrophage activation, HO-1 was induced in macrophages. In our system, 

HO-1 upregulation takes place only in epithelial cells and not in macrophages, thus the effect 

that we see in macrophage phenotype is mostly paracrine in nature, mainly promoted via CO 

release. By this way, we don’t have the antioxidant benefits of HO-1 induction into the cells 

as well as other effects independent of HO-1 products that may also account for HO-1 

protection. 

 

The effect of IL-10 expressing macrophages in pulmonary vascular remodeling 
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In our study we show a correlation among IL-10 expressing macrophages and protection 

from HPH. In accordance with this finding, elevated IL-10 levels have been also associated 

with protection from HPH, and IL-10 expression has been reported to protect from 

monocrotaline-induced PAH in rats (316).  

We show that macrophages were the source of IL-10, but it remains unclear whether they 

are also a target of this cytokine. Because IL-10 is a pleiotropic cytokine, it may act in an 

autocrine and paracrine manner to affect many different cell types besides macrophages. 

However, IL-10 did not have direct anti-proliferative effects on pulmonary artery smooth 

muscle cells in our in vitro model, indicating that HO-1 and CO may also have anti-

inflammatory functions independently of IL-10, or that IL-10 expression may indirectly 

ameliorate remodeling via suppression of pro-inflammatory pathways that promote smooth 

muscle cell proliferation. Further studies are required to decipher the role of IL-10 pathway 

in the protection from HPH development and the mechanism of sustained protection from 

HPH conferred by a transient immunomodulatory event. 

 In summary, this study poses a correlation among monocyte/macrophage recruitment 

and alternative activation with the later development of pulmonary hypertension. However, 

we haven’t characterized how exactly M2s promote vascular remodeling and more 

experiments are required to figure out which factor from the secretome of M2 is the most 

crucial for the promotion of disease. 

 

 
Figure 87. Proposed mechanism by which hypoxia drives alternative activation of the 

alveolar macrophages, the secretome of which contribute to the development of hypoxic 

pulmonary hypertension.  



PhD Thesis                                                                                                                                  Eleni Vergadi 

 

176 

 

Special considerations 

 

In the present study significant results regarding the role of macrophage activation and 

molecular mechanisms to regulate this activation have been presented. However, there are 

several limitations of this study. 

 

Part 1 

 

First, in the model of acute lung injury, a great amount of data was collected using 

conditional Akt2 -/- mice and not macrophage specific Akt2 deficient mice. Thus, additional 

effects of Akt2 deficiency in other cell types that may also contribute in protection from ALI 

in the in vivo system cannot be excluded.  

Indeed, it has been found that Akt2 inhibition interferes with chemotaxis of immune cells. 

Inhibition of Akt2 using siRNA inhibited monocyte/macrophage cell line migration in 

response to M-CSF due to defects in actin polymerization (490). Also, Akt2 deficiency affects 

neutrophilic chemotaxis in sites of inflammation (491). Lack of Akt2 also results in reduced 

production of superoxide (O2
-) and reduced neutrophil degranulation in response to 

chemoattractants (491). A defect in neutrophilic chemotaxis in Akt2-/- mice was also evident 

in our results with macrophage depletion and reconstitution experiments;  Akt2-/- mice had 

a reduced neutrophilic response compared to WT mice regardless the macrophage 

population transferred, WT or Akt2-/-, meaning that neutrophilic chemotaxis is inherently 

defective in Akt2-/- mice and it is not dependent on macrophage activation state. 

However, we managed to overcome this issue by performing macrophage depletion and 

reconstitution experiments. We found that WT mice that received Akt2-/- macrophages 

exhibited reduced iNOS expression and improved inspiratory capacity compared to WT mice 

that received WT cells. Also, these two groups of mice had no difference in neutrophilic 

infiltration suggesting that M2 macrophages are critical for protection in ALI in our model 

and neutrophilic response was not so important.  

In the same model, another drawback was the method of siRNA delivery and miRNA 

delivery used. Naked siRNAs and miRNAs have been used intra-nasally or intra-tracheally in 

high doses in the literature and exhibited a weak but significant knowndown of target genes 

that resulted in a biological effect (215, 384-386, 492). Although it was effective, very high 

amount of siRNA/miRNA was required to achieve an effect and this approach increases the 

possibility of toxicity and off-target effects. Due to its large molecular weight and polyanionic 

nature (negative phosphate charges), naked siRNA does not easily cross the cell membrane, 

and thus delivery systems are required to facilitate its access to its intracellular sites of 

action (493). Thus delivery systems can be used to favorably alter the pharmacokinetics of 

naked siRNA and reduce the dosing requirements so as to minimize toxicity and possibly off-
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target effects and immune stimulation, both of which are often dose dependent. The siRNA 

delivery strategies described so far include conjugation to polyethylene glycol (PEGylation) 

or formation of complexes with lipids or polymers and incorporation in viral vectors, each of 

them characterized by specific benefits and disadvantages (493). However, the scope of this 

study was not to test the efficiency of a delivery method in the lung but to evaluate the 

biologic effect of an RNAi approach. This effect was achieved with naked siRNA and miRNA 

delivery in our system. Further research is required to determine the most efficient method 

for siRNA and miRNA delivery in the lungs. 

Another limitation of this study was that we evaluated the effect of siRNA/miRNA delivery 

on macrophage and neutrophil accumulation in the BAL fluid as well as on the protein levels 

in BAL, however, we did not assessed whether introduction of RNAi affected interferon –α, 

interferon –γ and TLR signaling in macrophages. However, the siRNA molecule targeting Akt2 

and Luciferase that we utilized had undergone chemical modifications that enhanced its 

biological stability and reduced its recognition by immune system, thus eliminating immune 

response activation. 

Finally, in our model of ALI, we attribute STAT1 activation in TLR4 –STAT1 cross-talk via 

TRAF6 without testing interferon gamma signaling in our model. We cannot exclude that 

apart from TLR signaling, interferon signaling may also be responsible for M1 activation in 

ALI.  

 

 

Part 2 

 

In the second part of the study, we evaluate the role of M2 macrophages in the 

development of PAH and we pose a correlation among the M2 activation and the 

development of disease. We utilize HO-1 bitrangenic mice that overexpress HO-1 in Clara 

cells and release CO in lung microenvironment to switch on and off inflammatory response 

and macrophage activation phenotype. We prove that CO administration can modulate 

macrophage phenotype. However, we cannot exclude that HO-1 induction and CO release 

have pleiotropic protective effects in other cells in the lung such as endothelial and smooth 

muscle cells that may also contribute in their protective role in PAH.  

Herein we propose that one of the mechanisms of HO-1 protection in PAH is by 

suppression of mitogenic and angiogenic factors released by alternative activated 

macrophages. If we aimed to pose a causative link among M2 response and PAH, we should 

have performed macrophage depletion and reconstitution experiments with M2 

macrophages and then determine the outcome of PAH.  
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Conclusion 

In summary, this study demonstrates the different properties of alternatively activated 

macrophages in two different models of lung disease; their protective role in ARDS and their 

harmful role in pulmonary hypertension. In this report we also identify molecular ways ny 

which a switch to macrophage phenotype can take place in vivo, via Akt2 silencing, miR-146a 

induction and HO-1/CO upregulation.  

In this study we found that macrophages are activated in a different way based on their 

environmental stimuli. We reported that molecules such as Akt2 deficiency, miR-146a and 

hypoxic stimulus can promote M2 polarization of alveolar macrophages. The mechanism by 

which this is achieved is not clear yet. Subsequent reports have indicated that hypoxia alters 

macrophage phenotype via alteration of macrophage metabolism (lactic acid production, 

mTOR activation). Also, akt2 deficiency also alters macrophage metabolism (mTOR activation 

and impaired insulin signaling). Thus, a common mechanism may be the case in these two 

different systems, the metabolic pathway. 

The results of this study will substantially add to our understanding of how functionally 

different populations of activated macrophages contribute to the pathogenesis of ALI and 

PAH. Studies have shown significant amelioration of both inflammation and pulmonary 

edema with macrophage depletion. However, macrophage depletion is not a feasible 

approach in clinical practice; macrophages are essential for bacteria elimination and tissue 

healing, thus precluding macrophage depletion as a therapeutic option (212, 386). 

Experimental treatments proposed for ALI such as anti-inflammatory treatment with IL-10 

have shown promise in deactivating these cells as a means of inhibiting cytokine production. 

At this time, there is certainly no evidence that immunosuppression is effective in ARDS and 

PAH, except perhaps in isolated cases of PAH related to certain connective tissue diseases, 

such as lupus and mixed connective tissue disease. Of the current available treatments for 

PAH and ARDS, none specifically targets inflammation (308). 

 In our study, we suggest that only a subset of macrophages, the M1 activated in ALI and 

M2 activated in PAH contribute to the pathology of disease and thus efforts should be made 

for the specific elimination or inactivation of those cells and not to the whole population of 

macrophages in the lung. Therefore, methods that modulate macrophage activation in vivo 

state are more than promising in promoting resolution of inflammation and tissue healing. In 

this study we examine methods to induce a phenotype switch to M2 in vivo as a therapeutic 

strategy for ALI. It appears that oligonucleotide – based treatments that utilize RNAi 

mediated suppression of gene expression by siRNA and miRNA and inhibition of microRNA 

function by antimiR oligonucleotides are good candidates for this purpose (212, 386). Based 

on the findings of this study and many reports of the literature, it is expected that, with 

limited adverse effects on healthy cells, these targeted therapies would reactivate pathways 
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in diseased cells that are necessary for normal development and impede pathways that drive 

the disease. Based on these findings, Akt2 and miR-146a appear as promising therapeutic 

targets for aseptic ARDS and HO-1 induction of M2 inactivation for PAH. 

In order to reduce the prevalence and improve the outcome of patients with acute 

respiratory distress syndrome and pulmonary hypertension, future experiments need to be 

directed at determining the factors that recruit and activate inflammatory cells in the lung 

and vessel wall so as to ultimately design specific therapies to turn the process off.  
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Future Prospects 

 

Based on the findings of this study, several questions are raised and further experiments 

can be done that will enrich our knowledge on macrophage activation and on the 

pathogenesis of ARDS and PH.  

First, in the present study we don’t shown how Akt2 deficiency regulates miRNA levels 

such as miR-155 and miR-146a. Akt2 signals in the cell via phosphorylation of specific 

proteins, thus miRNA regulation is probably an indirect effect. Also, we did not explain in the 

current study how HO-1/CO upregulation in epithelial cells suppresses M2 polarization. It 

maybe via CO regulation of gene expression of via an anti-inflammatory and antioxidant 

function of HO-1 in general. Further experiments will clarify these questions and will 

increase our understanding on macrophage activation signaling pathways. 

In case of ARDS, it will be interesting to test macrophage activation phenotype in other 

animal models such as hyperoxia induced lung injury.  Also further experiments are required 

to identify the optimal delivery system in the lung for miRNAs and siRNAS. 

In case of PAH, the presence of M2 macrophages need to be verified in other models of 

PH – independent of hypoxia to clarify whether M2 activation is a unique characteristic of 

hypoxic tissueor or it is a common mechanism in other forms of PAH as well. Next, further 

research is required in PAH to identify molecules that can block M2 activation and Fizz1 

excretion in vivo and to test the effectiveness of these molecules on the outcome of 

experimental PH. 
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Background—Lung inflammation precedes the development of hypoxia-induced pulmonary hypertension (HPH);
however, its role in the pathogenesis of HPH is poorly understood. We sought to characterize the hypoxic inflammatory
response and to elucidate its role in the development of HPH. We also aimed to investigate the mechanisms by which
heme oxygenase-1, an anti-inflammatory enzyme, is protective in HPH.

Methods and Results—We generated bitransgenic mice that overexpress human heme oxygenase-1 under doxycycline
control in an inducible, lung-specific manner. Hypoxic exposure of mice in the absence of doxycycline resulted in early
transient accumulation of monocytes/macrophages in the bronchoalveolar lavage. Alveolar macrophages acquired an
alternatively activated phenotype (M2) in response to hypoxia, characterized by the expression of found in inflammatory
zone-1, arginase-1, and chitinase-3-like-3. A brief 2-day pulse of doxycycline delayed, but did not prevent, the peak of
hypoxic inflammation, and could not protect against HPH. In contrast, a 7-day doxycycline treatment sustained high
heme oxygenase-1 levels during the entire period of hypoxic inflammation, inhibited macrophage accumulation and
activation, induced macrophage interleukin-10 expression, and prevented the development of HPH. Supernatants from
hypoxic M2 macrophages promoted the proliferation of pulmonary artery smooth muscle cells, whereas treatment with
carbon monoxide, a heme oxygenase-1 enzymatic product, abrogated this effect.

Conclusions—Early recruitment and alternative activation of macrophages in hypoxic lungs are critical for the later
development of HPH. Heme oxygenase-1 may confer protection from HPH by effectively modifying the macrophage
activation state in hypoxia. (Circulation. 2011;123:1986-1995.)

Key Words: heme oxygenase-1 � hypertension, pulmonary � hypoxia � macrophage activation � inflammation

Pulmonary arterial hypertension (PAH) is a devastating
disease characterized by vasoconstriction and vascular

wall remodeling with resultant right ventricular hypertrophy
and eventual failure. Despite significant progress in this field,
the mechanisms underlying the development of PAH are still
obscure. Recently, in an increasing number of studies, lung
inflammation has been implicated as a potential maladapta-
tion underlying the development of PAH. Infiltrates of
leukocytes and inflammatory mediators have been detected in
patients with PAH,1–3 and have been reported to contribute to
pulmonary vascular remodeling in animal models of dis-
ease.4–6 Tissue hypoxia, a well-known stimulus for pulmo-
nary hypertension, has also been demonstrated by our group
and others to induce an inflammatory response that precedes
the development of hypoxia-induced pulmonary hypertension
(HPH).7–9

Clinical Perspective on p 1995
Among the inflammatory cells implicated in PAH, those of

the monocyte/macrophage lineage have been correlated with
disease more often.1,2,8–10 However, macrophages efficiently
respond to environmental signals with remarkable plasticity
and undergo different forms of polarized activation that can
be roughly categorized as classically activated (M1), alterna-
tively activated (M2), and anti-inflammatory (regulatory)
macrophages.11,12 Classically activated macrophages are ef-
fector phagocytes activated by interferon-� and tumor necro-
sis factor (TNF-�). They produce inducible nitric oxide
synthase and interleukin (IL)-12 and exhibit enhanced micro-
bicidal or tumoricidal capacity.11 On the other hand, M2-
polarized macrophages are activated mostly by IL-4 or IL-13,
and, as recently discovered, by CCL2 and IL-6,13 and they
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express arginase-1 (Arg-1), found in inflammatory zone-1
(Fizz1), chitinase-3-like-3 (Ym1), and mannose receptor, C
type lectin-1.11,12,14 M2 macrophages have been implicated in
the pathogenesis of lung and other disorders via their ability
to promote trophic, profibrotic, and angiogenic functions.15,16

The major characteristic of the third population, regulatory
macrophages, is the production of high IL-10 and low IL-12
levels and the promotion of immunosuppression.11,14 In the
case of PAH, the activation state of the recruited macro-
phages and their contribution to disease has remained unclear
until now.

Heme oxygenase-1 (HO-1) is a major antioxidant and
cytoprotective enzyme that catalyzes the degradation of
heme to 3 enzymatic end products: carbon monoxide (CO),
free Fe2�, and biliverdin.17 Heme oxygenase-1 and its
enzymatic product, CO, have been reported by our group
and others to be protective in HPH.7,18 –20 This protection,
up to now, has been attributed mainly to the relaxation of
vascular tone and inhibition of vascular smooth muscle
cell proliferation by CO.21 However, it has been demon-
strated that HO-17,17,22,23 and CO24,25 have potent anti-
inflammatory properties, some of which may be exerted
via the upregulation of the anti-inflammatory cytokine
IL-10.25,26 Moreover, HO-1– deficient mice develop a
chronic oxidative inflammatory state that progresses with
age27 and have a maladaptive response to hypoxia with
right ventricular dilation, fibrosis, and inflammation.18,28

Therefore, we hypothesized that immunomodulation is a
key mechanism of HO-1 protection in PAH.

To characterize in detail the lung inflammatory response
caused by hypoxia, to assess its role in pulmonary hyperten-
sion, and to investigate the protective properties of HO-1 in
this context, we generated a bitransgenic mouse model with
doxycycline-inducible, lung-specific expression of HO-1. We
report here that hypoxic exposure in the absence of doxycy-
cline provoked a significant monocyte/macrophage accumu-
lation in the bronchoalveolar lavage fluid (BALF) that man-
ifested a phenotype consistent with alternative activation,
with upregulated expression of Fizz1, Arg1, Ym1, and
mannose receptor, C type lectin-1. Heme oxygenase-1 over-

expression by doxycycline treatment inhibited hypoxic mac-
rophage recruitment and activation and resulted in upregula-
tion of IL-10 in macrophages. Supernatants from hypoxic
cultures of M2 macrophages promoted proliferation of pul-
monary artery smooth muscle cells, whereas CO treatment
abrogated this effect. By modulating the timing and duration
of HO-1 expression with doxycycline, we were able to either
delay or suppress lung inflammation and macrophage activa-
tion and, in the latter case, abolish HPH.

Methods
Bitransgenic mice were generated by crossing Balb/c transgenic
mice that harbor the tetracycline transcriptional activator (tetON
system) under the control of the Clara cell secretory protein promoter
with FVB transgenic mice that carry the human HO-1 (hHO-1)
transgene under the control of the tetracycline response element
(Figure 1A). Expression of hHO-1 in the lung was achieved by the
addition of 1 mg/mL doxycycline to the drinking water. The CCTA
mouse line that lacks the hHO-1 transgene was treated with doxy-
cycline and served as control to eliminate any potential effects
imparted by doxycycline itself independently of hHO-1. All animal
procedures were approved by the Children’s Hospital Boston Animal
Care and Use Committee. An expanded Methods section is available
in the online-only Data Supplement.

Statistical Analysis
All values are expressed as mean�SD. Comparison of results between
different groups was performed by 1-way ANOVA or Mann-Whitney U
test when appropriate with GraphPad InStat (GraphPad Software,
San Diego, CA). Values of P�0.05 were considered significant.

Results
Lung-Specific, Inducible Expression of Human
Heme Oxygenase-1
Based on the design of the bitransgenic model (designated
CC77; Figure 1A), the hHO-1 transgene is under the control
of both doxycycline and the Clara cell secretory protein
promoter and therefore is inducibly expressed in the lung
epithelium. Semiquantitative polymerase chain reaction anal-
ysis on total lung RNA with hHO1-specific primers indicates
that hHO-1 levels were upregulated with doxycycline treat-

Figure 1. Lung-specific, doxycycline (dox)-regulated expression of human heme oxygenase-1 (HO-1). A, Bitransgenic mice were gener-
ated by crossing lines CCTA and TH77. CCTA harbors the reverse tetracycline transactivator (rtTA) under the control of the 2.3-kb rat
Clara cells secretory protein (CCSP) promoter. TH77 harbors a human HO-1 (hHO-1) transgene under the control of 7 copies of the tet
operator linked to a minimal cytomegalovirus (CMV) promoter. B, Bitransgenic mice (CC77) were treated with 0.2 or 1 mg/mL dox in
the drinking water for 2 to 12 days, and semiquantitative polymerase chain reaction analysis on total lung RNA for hHO1 and the
housekeeping gene, GADPH, is depicted. The SHO1 (transgenics constitutively expressing hHO-1 in lung epithelium) and FVB (wild-
type) mouse strains served as positive and negative controls, respectively. The primers used target a divergent region on HO-1 mRNA
and do not amplify endogenous murine HO-1 transcripts. C, Western Blot analysis of HO-1 protein in total lung extracts of CC77 and
CCTA mice. Note that the antibody used detects both the dox-regulated human HO-1 and the endogenous murine HO-1. Heme oxy-
genase-2 (HO-2) was used as an internal control.
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ment in a dose-dependent manner but remained undetectable
in the absence of doxycycline (Figure 1B). Using an antibody
that detects both human and murine HO-1, we detected
profoundly elevated protein levels of HO-1 in the lungs of
doxycycline-treated CC77 mice but not in CCTA mice
(Figure 1C).

Sustained Induction of Heme Oxygenase-1
Prevents Hypoxia-Induced
Pulmonary Hypertension
The development of PAH in our model was assessed by the
measurement of right ventricular systolic pressure, the Fulton
Index, and the medial wall thickness index. The Fulton Index,
the ratio of right ventricle weight to left ventricle plus septum
weight, represents a hallmark of right ventricular hypertrophy
resulting from increased right ventricle pressure afterload. The
medial wall thickness index was estimated from the histological
sections of pulmonary arterioles stained with �-smooth muscle
actin. Right ventricular systolic pressure, the Fulton Index, and
the medial wall thickness index were significantly elevated as
early as 7 days of hypoxia in both bitransgenics (CC77) and
controls (CCTA) (Figure 2A through 2C). Doxycycline admin-
istration for the entire course of hypoxia prevented the increase
in right ventricular systolic pressure, the Fulton Index, and the
medial wall thickness index in the bitransgenic mice but not in
the controls (Figure 2).

Immunostaining of pulmonary arterioles for �-smooth muscle
actin revealed thickened and remodeled medial vascular walls in
lung sections of hypoxic mice. This pathology was absent in
hypoxic mice treated with doxycycline (Figure 2D).

Hypoxia Induces Monocyte/Macrophage
Infiltration and Lung Cytokine Production That
Is Ameliorated by Heme Oxygenase-1 and its
Enzymatic Product, Carbon Monoxide
To track the inflammatory response at the initial stages of
hypoxic exposure and before the development of hyperten-

sion, animals were exposed to hypoxia, and a temporal profile
of the cell content in BALF was performed. More than
95% of the isolated BALF cells were CD45-positive
leukocytes (Figure IA in the online-only Data Supple-
ment). The cells expressing the macrophage-specific cell
surface antigens F4/80 and CD11c remained the predom-
inant population (�98%) regardless of hypoxic exposure
or doxycycline treatment (Figure IB in the online-only Data
Supplement and Figure 3A). Under these conditions, only a
subtle increase in BALF neutrophils and T lymphocytes was
observed (data not shown). When hypoxic exposure was
begun, the numbers of monocytes/macrophages were signif-
icantly increased in the BALF of control hypoxic mice,
reaching a peak at 2 days of hypoxia and dropping signifi-
cantly by 7 days but remaining slightly elevated compared
with normoxic animals (Figure 3B). Doxycycline administra-
tion had a suppressive effect on the accumulation of cells at
all time intervals investigated (Figure 3B). Doxycycline
treatment of the control mice (CCTA) had no impact on
monocyte/macrophage accumulation, establishing that inhi-
bition of cell infiltrate is due specifically to HO-1 overex-
pression and is not an artifact of doxycycline treatment
(Figure 3C).

To identify the specific enzymatic product of HO-1, CO,
and/or biliverdin that is responsible for suppressing the
peak of inflammation at 2 days of hypoxia, we exposed
animals to intermittent inhalation of CO (250 ppm for 1
hour twice a day) and/or biliverdin injections (50 �mol/kg
IP twice a day). Intraperitoneal PBS injections served as
control. Inhaled CO or CO plus biliverdin, but not biliv-
erdin alone, was effective in inhibiting the inflammatory
cell infiltrate in the BALF at levels comparable to doxy-
cycline treatment (Figure 3C).

In addition to the accumulation of macrophages, several
cytokines/chemokines were upregulated in the BALF of
hypoxic mice (Figure II in the online-only Data Supplement).
In as early as 2 and 4 days of hypoxia, upregulation of
fibroblast growth factor �, IL-1�, macrophage inflammatory

Figure 2. Sustained expression of heme
oxygenase-1 (HO-1) prevents hypoxia-
induced pulmonary hypertension. Right
ventricular systolic pressure (RVSP; A),
the Fulton Index (B), and the medial wall
thickness index (C) were determined at the
indicated times of hypoxic exposure in the
presence or absence of 1 mg/mL doxycy-
cline (dox) in the drinking water of CC77
and CCTA mice. D, Representative images
of vascular remodeling in lung sections of
mice exposed to hypoxia for 21 days and
stained for �-smooth muscle actin. CC77
mice are bitransgenic mice (Clara cell
secretory protein–reverse tetracycline trans-
activator [ CCSP-rtTA]�TH77). CCTA mice
are transgenic mice lacking HO-1 (CCSP-
rtTA). Numbers represent mean�SD; n�6
per group. Scale bar�25 �m. *P�0.05,
**P�0.01, ***P�0.001 relative to normoxia;
#P�0.05, ##P�0.01, ###P�0.001 relative
to hypoxia-dox.
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protein-1�, IL-17, and IL-2, as well as of Th2-related
cytokines IL-13 and IL-4, was observed. The Th1-related
cytokines, IL-12, and TNF-� remained unaffected (Figure II
in the online-only Data Supplement), and interferon-� levels
were undetectable (not shown). Doxycycline administration
effectively suppressed fibroblast growth factor-�, IL-1�,
macrophage inflammatory protein-1�, and IL-2 at both 2 and
4 days of hypoxia and suppressed IL-17, IL-13, and IL-4 only
after 4 days of continuous administration (Figure II in the
online-only Data Supplement).

Interestingly, a striking alteration of macrophage morphol-
ogy in cytospin preparations of BALF-isolated macrophages
was observed at 4 days of hypoxia, characterized by cyto-
plasmic enlargement in a population of cells. This phenotype
is consistent with activation and was not detected in any of
the macrophages isolated from doxycycline-treated mice
(Figure 3D).

Hypoxia Induces Alternative Activation of
Macrophages: Suppressive Effect of
Heme Oxygenase-1
The observation that macrophage morphology was altered in
response to hypoxia led us to further investigate the potential
activation state of hypoxic macrophages. Quantitative poly-
merase chain reaction analysis of BALF-isolated alveolar
macrophages from CC77 bitransgenic mice revealed an
induction of well-defined markers of M2 macrophages in
hypoxic mice, including Arg1, Fizz1, Ym1 (Figure 4A), and

mannose receptor, C type lectin-1 (data not shown). The peak
expression occurred at 4 days of hypoxia and remained
upregulated for at least 14 days. In addition, Fizz1 was
secreted in the BALF of hypoxic mice (Figure 4B). In
contrast, there was no change in the mRNA levels of markers
of M1 macrophage phenotype such as inducible nitric oxide
synthase, TNF-�, and IL-12� (IL-12p40) or the costimula-
tory molecules, CD80/86, essential in the process of antigen
presentation (Figure III in the online-only Data Supplement).
Urea production, indicative of arginase activity, was also
upregulated in in vivo hypoxic alveolar macrophages (Figure
4C); this increase in enzymatic activity was due to Arg1
because Arg1 mRNA levels were induced 9.1�3.4-fold after
4 days of hypoxic exposure, whereas Arg2 mRNA levels
were 0.6�0.1 of their normoxic value at this time point.
Inducible nitric oxide synthase activity, as assessed by nitrite
and nitrate production in the BALF, remained unchanged
(Figure 4D). Doxycycline administration effectively sup-
pressed all markers of alternative activation (Figure 4A
through 4C), whereas these markers were not suppressed in
the CCTA line treated with doxycycline (Figure 4B and 4C
and Figure IVA in the online-only Data Supplement). Immu-
nostaining revealed that 10.8�2.7% (35.5�8.9�103,
mean�SD) of the macrophages were Fizz1 positive, whereas
in the presence of doxycycline, this number was reduced to
2.17�0.6% (5.1�1.4�103, mean� SD; P�0.01; Figure 5A).
Immunofluorescent staining confirmed the localization of
Fizz1 and the absence of inducible nitric oxide synthase in the
cytoplasm of hypoxic macrophages (Figure 5B and 5C).

Figure 3. Hypoxia induces early monocyte/macrophage infiltration in the lungs that is ameliorated by heme oxygenase-1 (HO-1). A,
Flow cytometric analysis of CD45� leukocytes isolated from bronchoalveolar lavage fluid (BALF) demonstrates expression of CD11c
and F4/80 macrophage markers (�98%). B, Accumulation of monocytes/macrophages (CD11c�, F4/80�) is depicted over time in the
BALF of hypoxic mice in the absence (�) or presence (�) of 1 mg/mL doxycycline (dox) in the drinking water. C, Doxycycline treatment
suppressed the hypoxia-induced 2-day peak of macrophage accumulation in the BALF of CC77 mice but not in the CCTA controls.
The effect of the HO-1 products (intraperitoneal biliverdin [Bil], inhaled CO, and Bil�CO combined) on macrophage accumulation is also
shown. D, Morphological alteration of a population of BALF-isolated macrophages is observed within 4 days of hypoxia in untreated
mice, a phenotype absent in dox-treated mice. Numbers represent mean�SD; n �6 mice per group. Scale bar�25 �m. *P�0.05,
**P�0.01, ***P�0.001 relative to normoxia; #P�0.05, ##P�0.01, ###P�0.001 relative to hypoxia-dox.
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Apart from the slight elevation of the Th2 cytokines
IL-13 and IL-4 in the BALF of hypoxic mice, we investi-
gated the potential presence of other noncanonical induc-
ers of M2 polarization. Thus, we assessed the mRNA
levels of CCL2 and IL-6 in total lung extracts by quanti-
tative polymerase chain reaction. CCL2 and IL-6 mRNA
was robustly upregulated soon after hypoxic exposure but
was significantly suppressed in the presence of doxycy-
cline (Figure VA in the online-only Data Supplement). In
the CCTA control line lacking the HO-1 transgene, doxy-
cycline treatment did not suppress CCL2 and IL-6 levels
(Figure VB in the online-only Data Supplement). Interest-
ingly, primary alveolar macrophages cultured in vitro
under hypoxic conditions (0.5% O2) also manifested the
M2 phenotype with increased levels of Ym1, but not IL-12
and TNF-� (Figure VI in the online-only Data Supple-
ment), suggesting that M2 polarization induced by hypoxia
is a cell autonomous phenomenon.

Heme Oxygenase-1 Promotes the Expression of
Interleukin-10 in Alveolar Macrophages
In an effort to further evaluate the effect of HO-1 on
macrophage phenotype, mRNA and protein levels of IL-10, a
well-documented anti-inflammatory mediator, were directly
assessed in freshly isolated alveolar macrophages.
Interleukin-10 was significantly elevated in alveolar macro-
phages derived from hypoxic mice treated with doxycycline
(Figure 6). Doxycycline treatment in the CCTA line failed to
upregulate IL-10 (Figure IVB in the online-only Data Sup-
plement), establishing that the observed effect is HO-1
dependent. Furthermore, the number of regulatory macro-
phages expressing IL-10 (CD11c�, IL-10�) under hypoxia
was assessed by flow cytometry to be increased 4- to 9-fold
with doxycycline treatment, comprising slightly �10% of the
total macrophage population in BALF (data not shown).

Early Monocyte/Macrophage Accumulation Is
Critical for the Later Development of
Pulmonary Hypertension
To determine whether this early inflammatory response is
essential for the later development of HPH and whether
inducible expression of HO-1 at defined intervals during this
process modulates the disease, we exposed the bitransgenic
mice to doxycycline for various time periods. In addition to

Figure 4. Hypoxia induces alternatively activated macrophages:
the suppressive effect of heme oxygenase-1 (HO-1). A, Quanti-
tative polymerase chain reaction analysis of hypoxic alveolar
macrophage mRNA isolated from bitransgenic mice (CC77)
revealed increased found in inflammatory zone-1 (Fizz1),
arginase-1 (Arg1), and chitinase-3-like-3 (Ym1) levels that were
suppressed with doxycycline (dox). B, Western blot analysis for
Fizz1 on bronchoalveolar lavage fluid (BALF) from normoxic
mice (Nrm) and mice exposed to hypoxia for 4 days–dox (Hyp-
dox) or with dox treatment (Hyp�dox); IgA served as internal
control. C, Arginase activity (U/L) was assessed by urea forma-
tion in alveolar macrophages from normoxic and hypoxic ani-
mals. D, Inducible nitric oxide synthase activity was estimated
by the levels of nitrite and nitrate in the BALF of hypoxic mice.
Supernatants from RAW 264.7 macrophages stimulated with
100 �g/mL lipopolysaccharide (LPS) Escherichia coli and 100
U/mL interferon-� (INF-�) for 48 hours served as positive con-
trols. Mean�SD is depicted for n�6 mice per group. *P�0.05,
**P�0.01, ***P�0.001 relative to normoxia; #P�0.05, ##P�0.01,
###P�0.001 relative to hypoxia-dox.

Figure 5. M2 and M1 expression profile of hypoxic alveolar
macrophages. Found in inflammatory zone-1 (Fizz1) expression
in alveolar macrophages from normoxic mice or mice exposed
to hypoxia in the absence or presence of doxycycline (dox) was
assessed by flow cytometry (A) and immunofluorescence (B;
FITC). C, Inducible nitric oxide synthase (iNOS; FITC) staining in
alveolar macrophages. Primary alveolar macrophages stimulated
with 100 �g/mL lipopolysaccharide Escherichia coli and 100
U/mL interferon-� (INF-�) for 48 hours served as positive con-
trols. Nuclei were counterstained with DAPI. Scale bar�25 �m.
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control animals exposed to hypoxia for 3 weeks in the
absence of doxycycline, 1 group of littermates received
doxycycline continuously for 3 weeks, and in 2 other groups,
doxycycline was removed from the drinking water at 2 or 7
days of hypoxia. In all groups, animals remained in hypoxia
for the entire 3-week period. On removal of doxycycline,
hHO-1 mRNA levels returned to baseline within 3 days
(Figure 7A and 7B).

A short 2-day pulse of doxycycline at the onset of
hypoxia caused a delay in the peak of macrophage recruit-
ment in the BALF from 2 to 7 days, a time when HO-1

levels were reduced to baseline (Figure 7A). In the same
group of animals, development of pulmonary hyperten-
sion, as assessed by right ventricular systolic pressure, the
Fulton Index, the medial wall thickness index, and histology
of vascular remodeling, was not prevented (Figure 7C
through 7F). In the case of a more prolonged, yet still
transient, administration of doxycycline for 7 days, there was
no macrophage influx even when HO-1 had reached baseline
low levels, and pulmonary hypertension was completely
prevented at 3 weeks (Figure 7B through 7F).

Alternative Macrophage Activation Is Associated
With the Development of Hypoxia-Induced
Pulmonary Hypertension In Vivo and Enhances
Pulmonary Artery Smooth Muscle Cell
Proliferation In Vitro
In agreement with macrophage numbers, M2 markers fol-
lowed a similar pattern (Figure 8A). In the group in which
doxycycline was removed after 2 days of hypoxic exposure
and HPH was not prevented, mRNA levels of Fizz1, Arg1,
and Ym1 increased 4 days after HO-1 levels had fallen to
baseline (Figure 8A). However, in the group that received
doxycycline for the first 7 days of hypoxia and the later
development of hypertension was prevented, levels of
Fizz1, Arg1, and Ym1 remained suppressed for all time
periods examined (Figure 8B). Interestingly, in only the
7-day doxycycline treatment group, the anti-inflammatory
marker IL-10 remained sustainably elevated above base-
line (Figure 8A and 8B).

Figure 6. Heme oxygenase-1 induction promotes the expres-
sion of interleukin (IL)-10 in alveolar macrophages. Alveolar
macrophages were isolated from animals exposed to hypoxia
for the indicated times; IL-10 mRNA expression was assessed
by quantitative polymerase chain reaction and IL-10 protein lev-
els by Western blot followed by densitometric analysis. Relative
IL-10 mRNA levels at the indicated time points (A) and IL-10
protein levels at day 7 of hypoxia (B) are shown normalized to
�-actin. Numbers represent mean�SD; n�5 mice per group.
*P�0.05, **P�0.01, ***P�0.001 relative to normoxia; #P�0.05,
##P�0.01, ###P�0.001 relative to hypoxia�doxycycline (dox).

Figure 7. Early monocyte/macrophage accumulation is critical for the later development of hypoxia-induced pulmonary hypertension.
Heme oxygenase-1 (HO-1) was transiently overexpressed in hypoxic mouse lung. A, Doxycycline (dox) administered at days �2 to 2 of
hypoxic exposure (2 days) delays but does not prevent the peak of macrophage accumulation when HO-1 levels return to baseline.
hHO-1 indicates human HO-1. B, Doxycycline administered at days �2 to 7 of hypoxic exposure (7 days) prevents the peak of macro-
phage accumulation for �12 days after HO-1 levels have returned to baseline. M� indicates macrophage numbers. Right ventricular
systolic pressure (RVSP; C), the Fulton Index (D), and medial wall thickness index (E) were elevated in mice that received the 2-day
pulse but not in mice that received the 77-day pulse of dox. F, Representative immunostaining for �-smooth muscle actin of lung sec-
tions from mice exposed to hypoxia for 21 days that had previously received dox for either 2 or 7 days compared with normoxia. Num-
bers represent mean�SD; n�6 animals per group. *P�0.05, **P�0.01, ***P�0.001 relative to normoxia; ##P�0.01, ###P�0.001 rela-
tive to hypoxia-dox.
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Interleukin-10 mRNA levels were also upregulated in
primary alveolar macrophages cultured in vitro under
hypoxic conditions (0.5% O2) and treated with CO (500
ppm; Figure 8C). This suggests that CO release on HO-1
induction in this system is the trigger for IL-10 induction
in macrophages.

Supernatants of primary alveolar macrophages that were
cultured in vitro under hypoxic conditions (0.5% oxygen) or
normoxic macrophages treated with IL-4 (20 ng/mL) had
high levels of Fizz1 and low levels of IL-10, and were able to
stimulate pulmonary artery smooth muscle cell proliferation
(Figure 8D). However, supernatants from CO-treated hypoxic
macrophages had reduced levels of Fizz1 and elevated IL-10
and had no proliferative effect on pulmonary artery smooth
muscle cells (Figure 8D). Exogenous administration of IL-10
on pulmonary artery smooth muscle cells treated with hy-
poxic macrophage supernatants had no direct suppressive
effect on their proliferation (Figure VII in the online-only
Data Supplement). Arg1, Fizz1, and Ym1 mRNA was up-
regulated in both IL-4– and hypoxia-stimulated macro-
phages, whereas neither platelet derived growth factor-BB
nor the M1 specific markers IL-12 and TNF-� were affected
(Figure 8C, Figure VI in the online-only Data Supplement,
and data not shown). CO treatment suppressed the upregula-

tion of the above M2 markers in both the IL-4– and
hypoxia-stimulated macrophages (Figure 8C, Figure VI in the
online-only Data Supplement, and data not shown).

Discussion
In our bitransgenic mouse model, we demonstrate that hyp-
oxia provokes an accumulation of alternatively activated
alveolar macrophages that precedes the development of
pulmonary hypertension and appears to play a critical role in
the pathogenesis of disease. Overexpression of HO-1 induced
a switch in macrophage polarity toward an anti-inflammatory
phenotype, and this effect was associated with protection
from HPH.

Hypoxia resulted in alveolar inflammation that consisted
predominantly of macrophages. These findings correlate
with the fact that macrophages tend to accumulate in poorly
vascularized areas with low oxygen tension,29 and correlates
with previous studies in HPH that highlighted the predomi-
nant role of the monocyte/macrophage lineage in modulating
vascular remodeling.8 Additionally, we found that hypoxia in
vivo and in vitro polarized the population of alveolar macro-
phages toward the M2 phenotype. Hypoxic microenviron-
ment is also a hallmark feature of tumors, and similar to the

Figure 8. The role of macrophage activa-
tion profile in the development of hypoxia-
induced pulmonary hypertension. A, After
a 2-day pulse of doxycycline (dox) and 4
days after heme oxygenase-1 (HO-1)
dropped to baseline, a pattern of alterna-
tive macrophage activation ensues
(increased expression of found in inflam-
matory zone-1 [Fizz1], arginase-1 [Arg1],
and chitinase-3-like-3 [Ym1]), whereas
interleukin (IL)-10 levels remained low. B,
After a 7-day pulse with dox, even when
HO-1 levels return to baseline, high IL-10
expression persists. Shaded areas repre-
sent levels of human HO-1 (hHO-1) trans-
gene expression. C, Fizz1 and IL-10
mRNA levels are shown in primary alveo-
lar macrophages exposed to hypoxia or
IL-4 (20 ng/mL) with or without carbon
monoxide (CO). D, Effect of macrophage
supernatants from different treatments on
pulmonary artery smooth muscle cell
proliferation. Platelet-derived growth
factor-BB (PDGF-BB; 25 ng/mL) was
used as positive control, and cell culture
medium (Dulbecco modified Eagle
medium [DMEM]) or medium exposed to
0.5% oxygen for 48 hours (hypoxic
DMEM) was used as negative control.
Numbers represent mean�SD; n�6 ani-
mals or wells per group. *P�0.05,
**P�0.01, ***P�0.001 relative to nor-
moxia; #P�0.05, ##P�0.01 relative to
hypoxia-dox.
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hypoxic macrophages in our model, the tumor-associated
macrophages exhibit an M2-like phenotype.11,29 The cell-
autonomous M2 polarization in in vitro hypoxic conditions,
the upregulation in vivo of mRNA levels of 2 recently
recognized noncanonical inducers of M2 polarization, CCL2
and IL-6,13 and the increased IL-13 and IL-4 cytokine levels
in the BALF of hypoxic mice support the M2-like activation
in our hypoxic model. Furthermore, Fizz1, an M2-specific
marker, is a hypoxia-inducible molecule, also designated
hypoxia-induced mitogenic factor.30 However, contrary to
our findings, 2 previous studies reported upregulation of
TNF-�,31 IL-12, and interferon-�32 in hypoxic macrophages.
We believe that our in vivo studies most closely approximate
the disease physiology because the first of the 2 previous
studies was performed only in vitro using isolated rat alveolar
macrophages in a sepsis-induced hypoxia model and the
second study was conducted on peritoneal macrophages.

Our finding that the presence of M2 macrophages is
associated with the development of HPH in vivo and pulmo-
nary artery smooth muscle cell proliferation in vitro suggests
that these polarized trophic macrophages may play a signif-
icant role in the later development of pulmonary hyperten-
sion. Indeed, enhanced polyamine and L-proline synthesis
caused by Arg1 has been shown to contribute to vascular
damage and remodeling, and elevated Arg1 in lungs of
hypoxic mice has been associated with increased severity of
PAH.33,34 Fizz1 has been recently reported to have mitogenic,
angiogenic, and vasoconstrictive properties that are associ-
ated with pulmonary vascular remodeling.5,30,35 Its human
homolog, resistin-like molecule �, has also been detected in
patients with scleroderma-associated pulmonary hyperten-
sion.36 However, to the best of our knowledge, this is the first
study to propose a link between alternatively activated
macrophages and the development of HPH. One potential
mechanism of action of alternatively activated macrophages
may be the secretion of Fizz1, the overexpression of which
has been reported to lead to PAH.5 Further studies are
required to determine the specific mediators from the secre-
tome of M2 macrophages that may be contributing factors in
the signaling cascade leading to HPH. In agreement with our
findings, previous studies have shown that Th2 cytokines, as
well as IL-6 and CCL2, induce M2 and have been implicated
in human pulmonary disease and animal models of PAH.3,6,37

Overexpression of HO-1 in our bitransgenic model pro-
voked a robust anti-inflammatory effect. It suppressed mac-
rophage accumulation, M2 activation, and cytokine produc-
tion in the lungs and prevented the subsequent development
of pulmonary hypertension. Carbon monoxide appeared to be
the key HO-1 effector inhibiting macrophage accumulation in
the BALF and suppressing the expression of M2 markers in
vitro. This observation is in agreement with previous studies
in which HO-1 and CO were reported to have potent
anti-inflammatory effects.7,25

Endogenous HO-1 is upregulated in hypoxia as a compen-
satory mechanism,19 but its brief upregulation is not adequate
to prevent hypoxia-induced inflammation and HPH, and only
a more sustained enhancement of HO-1 expression can be
protective in HPH.7 For this reason, it is not surprising that a
2-day upregulation of HO-1 with doxycycline only postponed

inflammation and did not protect from the development of
HPH. Interestingly, HO-1 induction for 7 days, covering the
entire period of hypoxia-induced inflammation, was suffi-
cient to prevent the later development of HPH. Indeed, 7-day
upregulation of HO-1 suppressed the inflammatory response
even 2 weeks after the return of HO-1 to baseline levels,
despite continuous hypoxia.

Because the switch in macrophage phenotype occurred
within the first 4 days of hypoxia, we hypothesize that the
enhancement of HO-1 during this critical period may act as a
pivot to shift the balance of immune response from proin-
flammatory toward immunosuppressive. In support of this,
lung HO-1 overexpression upregulated IL-10 in hypoxic
macrophages and increased the number of IL-10–expressing
regulatory macrophages in the BALF. Because CO could
upregulate IL-10 in the in vitro cultured hypoxic macro-
phages, it seems to be a major effector molecule of HO-1
immunomodulation. In agreement with our findings, HO-1
and exogenous CO have previously been reported to increase
IL-10 expression in macrophages in vivo and in vitro.25,38–40

Interestingly, IL-10 remained elevated even 2 weeks after
HO-1 expression returned to baseline levels. These findings
point to a switch in immunoregulation triggered by HO-1
during an early critical period, and whose presence was no
longer essential, at least for the subsequent 2 weeks of
hypoxia. Elevated IL-10 levels were also associated with
protection from HPH, and IL-10 expression has been reported
to protect from monocrotaline-induced PAH in rats.4 We
show that macrophages were the source of IL-10, but it
remains unclear whether they are also a target of this
cytokine. Because IL-10 is a pleiotrophic cytokine, it may act
in an autocrine and paracrine manner to affect many different
cell types besides macrophages. However, IL-10 did not have
direct antiproliferative effects on pulmonary artery smooth
muscle cells in our in vitro model, indicating that HO-1 and
CO may also have anti-inflammatory functions independently
of IL-10. Further studies are required to decipher the role of
IL-10 pathway in the protection from HPH development and
the mechanism of sustained protection from HPH conferred
by a transient immunomodulatory event.

Conclusions
The present study demonstrates a link between macrophage
accumulation and M2 activation and the promotion of HPH.
On the basis of our findings, targeting the elimination or
inactivation of this subset of macrophages may ameliorate the
outcome of disease and improve the long-term prognosis of
PAH. Importantly, M2 activation may serve as a biomarker to
identify a therapeutic window for anti-inflammatory treat-
ments and obviate the need for long-term therapies.
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CLINICAL PERSPECTIVE
Pulmonary arterial hypertension is a devastating disease with molecular and cellular underpinnings that remain poorly
understood, despite substantial progress in the field. Recent studies from several groups, including ours, have documented
an important role for inflammation in the development of pulmonary hypertension, but the specific inflammatory cell types
and mediators leading to lung vascular remodeling have yet to be characterized. In this report, using a murine model of
hypoxia-induced pulmonary hypertension, we show that hypoxia leads to early accumulation of macrophages in the lung
that acquire an activated M2 phenotype characterized by overexpression found in inflammatory zone-1 and arginase-1.
These M2 markers have been recognized as mitogenic, angiogenic, and profibrotic factors, and their induction by hypoxia
in our model is associated with the later development of pulmonary arterial hypertension. Using transgenic mice with
lung-specific, inducible expression of heme oxygenase-1, we demonstrated suppression of macrophage accumulation and
M2 activation by hypoxia and a shift toward an anti-inflammatory macrophage phenotype that was associated with
prevention of pulmonary arterial hypertension. Activated lung macrophages may thus be a significant source of mitogenic
and trophic factors that contribute to the remodeling observed in pulmonary arterial hypertension. Importantly, M2
activation may serve as a biomarker of disease progression to identify a critical window for treatment aimed at promoting
a switch toward the anti-inflammatory macrophage phenotype that, according to our findings, has antiproliferative and
antihypertensive effects on the lung vasculature.
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SUPPLEMENTAL MATERIAL 

 

Supplemental Methods 

 

Bitransgenic mice 

Bitransgenic mice were generated by the crossing of Balb/c transgenic mice that harbor 

the reverse tetracycline transcriptional activator (rtTA, tetON system) under the control of the 

Clara Cell secreted protein (CCSP) promoter (CCTA line: a kind gift from Dr. J.A Whitsett)1 

with FVB transgenic mice that carry the human HO-1 transgene under the control of the 

tetracycline response element (TH77 line: CCSP-rTTA x TRE-hHO1). The latter was 

generated by microinjection of a (TetO)7-CMV-human HO-1 transgene that consists of seven 

copies of the tet operator linked to a minimal CMV promoter, the human HO-1 cDNA, and 

SV40 polyadenylation signals. Animals were maintained in the pathogen-free Children’s 

Hospital Animal Care facility and all animal experiments were approved by the Children’s 

Hospital Boston Animal Care and Use Committee.  

 

Hypoxic mouse model of PAH 

Expression of human HO-1 in the lung was achieved by the addition of 1 mg/ml 

doxycycline (dox) (Sigma-Aldrich, Inc., St. Louis, MO) in the drinking water. After two days 

pretreatment with dox, animals were introduced to normobaric hypoxia (8.5% O2) inside a 

chamber where oxygen was tightly regulated by an Oxycycler controller (Biospherix, Ltd., 

Lacona, NY). Nitrogen was automatically introduced as required to maintain the proper FiO2 

and ventilation was adjusted to keep CO2 levels less than 8,000 ppm (0.8%). Ammonia was 

removed by charcoal filtration using an electric air purifier. Dox administration was either 

continued for the entire duration of the hypoxic exposure or terminated at two days or after 

seven days of hypoxia. Age and sex-matched littermates were exposed to identical 

conditions in hypoxia or normoxia and served as controls. The CCTA mouse line that lacks 
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the human HO-1 trangene, treated with dox, served as control to eliminate any potential 

effects imparted by dox itself, independent of human HO-1 expression. 

CO treated mice inhaled the gas intermittently: 250 ppm for 1 hour prior to hypoxic 

exposure and then received 250 ppm for 1 hour twice daily, inside the hypoxic chamber for a 

total of 48 hours. A group of mice underwent  i.p injections of 50 μmol/kg biliverdin IX 

hydrochloride (Frontier Scientific, Inc., Logan, UT) as previously reported,2 prior to the onset 

of hypoxia and twice daily thereafter. Finally, a third group received both CO and biliverdin 

as above. Control mice were injected i.p with the same volume of PBS and inhaled room air 

or hypoxic air (8.5% O2) without CO. 

 

Hemodynamic and ventricular weight measurements 

After hypoxic exposure at the indicated time periods, mice were anesthetized and 

hemodynamic and ventricular weight measurements were performed. Right ventricular 

systolic pressure (RVSP) was measured through a trans-thoracic route: a pressure 

transducer (ADI Instruments, Inc., Colorado Springs, CO) attached to a 23G needle was 

used and data were collected and analyzed using the PowerLab Software (ADI Instruments, 

Inc., Colorado Springs, CO).3 Right ventricular (RV) hypertrophy was assessed by 

harvesting hearts, removing atria, dissecting the RV and deriving Fulton’s Index, i.e the 

weight ratio of (right ventricle)/ (left ventricle and septum) [(RV)/(LV+S)]. 

 

Immunohistochemical analysis 

Lungs were initially perfused with PBS through the right ventricle. The perfusion flow was 

kept at approximately 1ml/min by the use of a peristaltic pump with Platinum L/S 13 

Masterflex silicone tubing. Lungs were then intratracheally inflated with 4% 

paraformaldehyde, fixed overnight at 4°C, then stored in 70% ethanol before embedding in 

paraffin. Lung tissue sections were deparaffinized and rehydrated. Immunohistochemical 

assessment of vascular remodeling was performed by staining for alpha-smooth muscle 

actin (anti-α-SMA antibody, Sigma-Aldrich, Inc., St. Louis, MO), a marker of smooth muscle 
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cells.4 Endogenous peroxidase activity was inhibited with 3% H2O2 (Sigma- Aldrich, Inc., St. 

Louis, MO) in methanol. Next, the sections were incubated with a biotinylated horse anti-

mouse IgG (Vector Laboratories, Inc., Burlingame, CA), treated with the avidin–biotin 

complex (Vectastain Elite ABC kit, Vector Laboratories, Inc., Burlingame, CA), and stained 

with 3,3’-diaminobenzidine substrate (KPL, Inc., Gaithersburg, MD). Slides were 

counterstained with 1% Methyl Green (Sigma-Aldrich, Inc., St. Louis, MO). 

 

Morphometric analysis 

Alveolar/distal pulmonary arterioles of 50-100 μm in diameter, not associated with bronchi, 

from lung sections immunostained with α-SMA (as described above), were captured with 

light microscopy. At least 10 representative pulmonary arterioles were chosen from three 

different sections from each animal. Morphometric analysis of medial vessel wall thickness 

was performed using the software package Metamorph v.6.2r (Universal Imaging, 

Downingtown, PA). The entire vessel area including the lumen was identified as “Total Area” 

and the area of brown-color (α- SMA stained) that represents the medial smooth muscular 

layer was labeled “Threshold Area”. Medial Wall Thickness Index was determined by using 

the quotient of Threshold Area x 100 over Total Area [(%Threshold Area x 100)/ total Area]. 

 

Isolation of alveolar macrophages 

Animals were anesthetized with 2,2,2-tribromoethanol (avertin, Sigma-Aldrich, Inc., St. Louis, 

MO) after exposure for the indicated time periods in hypoxia. Bronchoalveolar lavage fluid 

(BALF) was obtained through intratracheal instillation of 4 x 0.85 ml PBS and filtered via a 35 

μm cell strainer to exclude contamination from epithelial cells that appeared in clusters. Red 

blood cells were lysed using ammonium chloride lysis buffer (Sigma-Aldrich, Inc., St. Louis, 

MO). More than ninety percent of the cells isolated this way appeared to be of the 

monocyte/macrophage lineage and this was confirmed by cell-specific markers in flow 

cytometry (below). Isolated cells were used for RNA extraction, flow cytometry, or 

immunocytochemistry. 
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Flow cytometry 

Total white blood cell (WBC) counts of BALF isolated cells were accessed by 

hemocytometer counting using Kimura stain,5 and reconfirmed by flow cytometry analysis 6 

by the use of FITC-anti mouse CD45 antibody (BD Biosciences, Franklin Lakes, NJ) and 

flow cytometry absolute count standard beads (Bangs Laboratories, Fishers, IN). Differential 

WBC analysis was performed using APC– anti-mouse F4/80 (eBioscience, Inc., San Diego, 

CA), PE-anti-mouse Ly-6G/Ly-6C (BD Biosciences, Franklin Lakes, NJ), and Pacific Blue-

anti-mouse CD3 (eBioscience, Inc., San Diego, CA) antibodies specific for macrophages, 

neutrophils, and T cells, respectively. Expression profile of BALF isolated alveolar 

macrophages was assessed by APC-anti mouse F4/80 (eBioscience, Inc., San Diego, CA),7 

FITC-anti-mouse CD11c, and PE-anti-mouse CD45 (BD Biosciences, Franklin Lakes, NJ) in 

separate analyses.  Fizz1 expression was assessed by performing fixation with 

parafolmadelhyde, intracellular permeabilization and staining with primary rabbit anti-mouse-

Fizz1 antibody (Abcam, Cambridge, MA) followed by secondary rabbit FITC-conjugated anti-

rabbit antibody (BD Biosciences, Franklin Lakes, NJ).  In order to evaluate the IL-10-

expressing alveolar macrophages, BALF-isolated cells were incubated with Golgi inhibitor 

(monensin, BD Biosciences, Franklin Lakes, NJ) fixed and permeabilized, and stained with 

APC-conjugated monoclonal antibody against murine IL-10 (BD Biosciences, Franklin Lakes, 

NJ).  The proper isotype controls were used in each case. The flow cytometry events were 

acquired in a MoFlo Legacy Cell Sorter (Beckman Coulter, Inc., Brea, CA) and analyzed with 

the use of Summit Software (Summit Software, Inc., Fort Wayne, IN).  

 

Cytospin preparation and Immunocytochemistry 

BAL was performed and the cell suspension was cytocentrifuged at 300g for 5 min using the 

Shandon Cytospin 4 (Thermo Fisher Scientific, Inc., Waltham, MA). Slides were air-dried 

overnight, stained with Hema stain set (Fisher Diagnostics, Middletown, VA), and evaluated 
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under light microscope. Immunocytochemistry for Fizz1 or iNOS was performed by 

immersion of the slides in 2% parafolmadehyde, incubation with blocking serum, followed by 

incubation at 4°C overnight with rabbit polyclonal anti-mouse-Fizz1 antibody (Abcam, 

Cambridge, MA), or rabbit polyclonal anti-mouse iNOS antibody (Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA). Goat biotinylated anti-rabbit secondary antibody (Cell Signaling 

Technology, Inc., Boston, MA) and FITC-avidin conjugate (Vector Laboratories, Inc., 

Burlingame, CA) were further used. Primary alveolar macrophages stimulated with 100 

μg/ml LPS E.coli and 100 U/ml INF-γ for 48 hours served as positive controls. Nuclei were 

counterstained with DAPI (Thermo Fisher Scientific, Inc., Waltham, MA) and samples were 

observed with fluorescent microscopy.  

 

Quantitative PCR 

RNA from total lung or from alveolar macrophages was isolated using the Qiagen RNAeasy 

mini and micro extraction kit, respectively (Qiagen, Hilden, Germany). One μg of total DNA-

digested RNA was used for cDNA synthesis (Superscript III oligo dT primer kit, Invitrogen 

Corporation, Carlsbad, CA). The following primers were used in the PCR reaction: human 

HO-1; fwd: 5’- GCAGTCAGGCAGAGGGTGATA-3’, rev: 5’-

AGCCTGGGAGCGGGTGTTGAG-3’, Ym1; fwd: 5’-

GCAGAAGCTCTCCAGAAGCAATCCTG-3’,rev: 5’-ATTGGCCTGTCCTTAGCCCAACTG-3’, 

Fizz1; fwd: 5’-GCTGATGGTCCCAGTGAATAC-3’, rev: 5’-CCAGTAGCAGTCATCCCAGC-3’, 

Arginase-1; fwd: 5’-CAGAAGAATGGAAGAGTCAG-3’, rev: 5’-

CAGATATGCAGGGAGTCACC-3’, Arginase-2; fwd: 5’-CACGGGCAAATTCCTTGCGTCC-3’, 

rev: 5’-GGTTGGCAAGGCCCACTGAACG-3’, Mannose Receptor, C type 1 (MR): fwd: 5’- 

TTTCCATCGAGACTGCTGC-3’; rev: 5’-ACCAAAGCCACTTCCCTTC-3’, iNOS; fwd: 5’-

TCCTGGAGGAAGTGGGCCGAAG-3’, rev: 5’-CCTCCACGGGCCCGGTACTC-3’, IL12b; 

fwd: 5’- GGAGGGGTGTAACCAGAAAGGTGC-3’, rev: 5’-

CCTGCAGGGAACACATGCCCAC-3’, TNFa; fwd: 5’-GCCCACGTCGTAGCAAACCACC-3’, 

rev: 5’-CGGGGCAGCCTTGTCCCTTG-3’, CCL2 (MCP-1); fwd: 5’-
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GGCTGGAGCATCCACGTGTTGG-3’, rev: 5’-TTGGGGTCAGCACAGACCTCTCTC-3’, IL-6; 

fwd: 5’-CAAAGCCAGAGTCCTTCAGAG-3’, rev: 5’-CACTCCTTCTGTGACTCCAGC-3’, IL-

10;  fwd: 5’- GCGCTGTCATCGATTTCTCCCCTG-3’, rev: 5’-

GGCCTTGTAGACACCTTGGTCTTGG-3’, PDGF-BB: fwd: 5’-

GGGAGCAGCGAGCCAAGACG-3’, rev: 5’-TGCCCACACTCTTGCCGACG-3’, CD80 (B7-1); 

fwd: 5’-GGGAAAAACCCCCAGAAG-3’, rev: 5’- CCCGAAGGTAAGGCTGTTG-3’, CD86; 

fwd: 5’- CAGCCTAGCAGGCCCAG-3’, rev: 5’- GGCTCTCACTGCCTTCACTC-3’. Ribosomal 

Protein S9 (Rps9) with forward primer 5’-GCTAGACGAGAAGGATCCCC-3’ and reverse 

primer 5’-. CAGGCCCAGCTTAAAGACCT -3’ served as housekeeping gene. Annealing was 

carried out at 60˚C for 30 sec, extension at 72˚C for 30 sec, and denaturation at 95˚C for 30 

sec for 40 cycles. Analysis of the fold change was performed based on the Pfaffl method.8 

 

BAL fluid cytokine profile 

The BALF supernatant was analyzed using a multiplex mouse cytokine kit (FGFβ, MIP-1α, 

IL-1β, IL-17, IL-2, IL-13, IL-4, TNF-α, IL-12, INF-γ) (Invitrogen Corporation, Carlsbad, CA) in 

the Luminex 200™ System (Luminex Corporation, Austin, TX). BALF supernatant samples 

from animals treated with either dox or regular water in normoxia versus two and four days in 

hypoxia were analyzed in duplicate. Standard Luminex protocol was followed as suggested 

by the manufacturer. 

 

Western blot analysis 

Protein concentration from BALF or total lung was determined by the Bradford assay. 

BALF samples were concentrated with 20% trichloroacetic acid (TCA, Sigma-Aldrich, Inc., St. 

Louis, MO) overnight, washed with ice-cold acetone and resuspended in SDS-containing 

loading dye. Twenty μg of protein was electrophoresed on 13.3% denaturing polyacrylamide 

gel prior to wet transfer to 0.2 μm PVDF membrane (Bio-Rad Laboratories, Hercules, CA). 

Briefly, after blocking with 5% bovine serum albumin (BSA) in phosphate buffered saline (pH 

7.4) containing 0.1% Tween 20 (PBST) for an hour at room temperature, the membranes 
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were incubated with rabbit polyclonal anti-mouse Fizz1 antibody (Abcam, Cambridge, MA), 

rabbit polyclonal anti-human and anti-mouse HO-1 antibody (Enzo Life Sciences 

International, Inc., Plymouth Meeting, PA), rabbit polyclonal anti-mouse HO-2 antibody 

(Enzo Life Sciences International, Inc., Plymouth Meeting, PA) or goat polyclonal anti-mouse 

IgA Ab (Millipore, Billerica, MA) at 4°C overnight. The membranes were then incubated with 

40 ng/ml of peroxidase-conjugated anti-rabbit or anti-goat secondary antibody (Santa Santa 

Cruz Biotechnology, Inc., Santa Cruz, CA), respectively, for 30 min at room temperature 

followed by reaction with Lumi-Light ECL substrate (Thermo Fisher Scientific, Inc., Waltham, 

MA).  

For IL-10 detection in alveolar macrophages, cells were collected from BALF and 

centrifuged at 400g for 5 min. Cells were washed with PBS prior to lysis in 20 ul of RIPA 

buffer supplemented with protease inhibitor cocktail. Ten ug protein per lane was loaded on 

13.3% polyacrylamide gel, wet transfer was performed at 200 mAmp for 2-3 hrs, followed by 

blocking with 2.5% BSA in PBST (0.1% Tween 20) for 30 min, and incubation with rat anti-

mouse IL-10 antibody (Abcam, Cambridge, MA) overnight at 4°C with continuous shaking. 

Anti-mouse β-actin monoclonal antibody (R&D Systems, Minneapolis, MN) was used as 

internal control and densitometric analysis was performed with the NIH ImageJ program.  

 

Griess reaction and arginase activity assay 

In the Griess reaction, nitrite and nitrate concentration in BALF supernatant were 

measured by the Total NO/Nitrite/Nitrate Assay (R&D Systems, Minneapolis, MN). Proteins 

were removed before analysis with ultrafiltration using 10,000 molecular weight (MW) cut-off 

filters (Amicon Ultra; Millipore, Billerica, MA). Supernatants from RAW 264.7 macrophages 

stimulated with 100 μg/ml LPS or 100 U/ml INF-γ for 48 hours served as positive controls.  

Arginase activity in BALF-isolated alveolar macrophages was assessed utilizing the 

Quantichrom arginase assay kit (Bioassay Systems, Hayward, CA). Briefly, 105 cells per 

sample were harvested, washed, and lysed with 10 mM Tris.HCl (pH 7.4) containing 0.4% 
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(w/v) Triton X-100 and protease inhibitor cocktail (Complete; Roche Diagnostics, Mannheim, 

Germany). Cell lysate samples were analyzed for arginase activity in duplicate. 

 

Primary alveolar macrophage culture 

For cell culture experiments, BALF was obtained through intratracheal instillation of 5 x 1 ml 

Hank’s Balanced Salt Solution (without calcium and magnesium) supplemented with 10 mM 

EDTA and 1 mM HEPES and filtered twice via a 35 μm cell strainer to exclude 

contamination of epithelial cells. 3.5x105 macrophages per well were seeded in 48-well 

tissue-culture plates in a volume of 0.25 ml macrophage complete medium (DMEM/10: 

Dulbecco’s Modified Eagle Medium) (GIBCO, Invitrogen Corporation, Carlsbad, CA) 

supplemented with 10% (v/v) FBS, 10 mM L-glutamine, 100 IU/ml penicillin and 100 ug/ml 

streptomycin).  Cells were incubated at 37°C for 4 hours and then their medium was 

replaced with serum-free DMEM prior to hypoxic exposure or IL-4 stimulation. 

 

Macrophage activation and CO treatment 

Macrophages were cultured for 48 hours at 0.5-1% O2 (pO2 in the media was 14-18 torr) in 

a hypoxic work station (in Vivo2, Ruskinn Technology, Ltd., Bridgend, UK) and/or Billups 

chambers that were flushed with a mix of 0.5% O2 and 5% CO2 (N2 balance). Alternatively, 

macrophages were stimulated with 20 ng/ml murine recombinant interleukin-4 (IL-4) (R&D 

Systems, Minneapolis, MN) in order to be polarized towards M2.9, 10  CO treatment was 

performed in Billups chambers that were flushed with a mix of 0.5% O2, 5% CO2, 500 ppm 

CO (N2 balance). Cells were pretreated with CO for 1 hour in normoxia prior to hypoxic 

exposure. Cell viability was greater than 80% in all groups as assessed by trypan blue 

exclusion. 

 

PASMC proliferation assay 

Mouse primary pulmonary artery smooth muscle cells (PASMCs) were cultured (2x103 

cells per well) in a volume of 100 µl of DMEM (GIBCO, Invitrogen Corporation, Carlsbad, 
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CA) supplemented with 10% FBS, 10 mM L-glutamine, 100 IU/ml penicillin and 100 µg/ml 

streptomycin, using 96-well tissue culture plates. Two days prior to proliferation assay, the 

medium was replaced with DMEM supplemented with 0.1% FBS, 10 mM L-glutamine, 100 

IU/ml penicillin and 100 µg/ml streptomycin. Macrophage-conditioned media, diluted two-fold 

with fresh low-serum media, were then applied to PASMCs and the cultures were incubated 

for an additional three days.  Cell proliferation was assessed by cell proliferation reagent 

WST-1 (Roche Diagnostics, Mannheim, Germany) by applying 10 µl of WST-1 reagent to 

each well and measuring OD440-OD690 after two hours of incubation at 370C. Treatment of 

PASMCs with 25 ng/ml PDGF-BB served as a positive control. Fresh cell culture medium 

(DMEM) or medium equilibrated in 0.5% Oxygen for 48 hours were used as negative 

controls. Mouse recombinant IL-10 (R&D Systems, Minneapolis, MN) was used in the range 

of 1-100 ng/ml. 
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Supplemental Figures and Figure Legends 

 

 

 

Supplemental Figure 1. Analysis of BALF cell content in hypoxic mice. [A] More than 

95% of the cells isolated (gated for Side and Forward Scatter) were CD45(+), i.e white blood 

cells. [B] More than 98% of CD45 (+) cells expressed the macrophage cell surface antigens 

F4/80 and CD11c, irrespective of treatment. 
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Supplemental Figure 2. Chemokine and cytokine profile in the BALF of hypoxic mice. 

Chemokine/cytokine profile in the BALF of mice exposed in hypoxia for two and four days in 

the absence (-) or presence (+) of dox. Upregulation of FGFβ, IL-1β, MIP-1α, IL-13, IL-4, IL-

17 and IL-2 in hypoxia and the suppressive effect of HO-1 expression (+dox).  Note that the 

Th1 related cytokines, TNF-α and IL-12, were not upregulated in hypoxia as compared to 

normoxic mice. (Numbers represent mean +/-SD, with a minimum of 6 animals per time 

point or treatment group).  *: relative to normoxia; *p<0.05, **p<0.01, ***p<0.001. #:relative to 

hypoxia –dox; #p<0.05, ###p<0.001. 
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Supplemental Figure 3. Expression levels of M1 markers in hypoxic alveolar 

macrophages. mRNA levels of M1 markers, iNOS, TNFα, IL-12β, CD80, and CD86, were 

assessed through qPCR in alveolar macrophages isolated from normoxic animals or animals 

exposed to hypoxia for four days with or without dox treatment.  Values are shown relative to 

normoxia. 
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Supplemental Figure 4. The anti-inflammatory effects of dox-treatment are hHO-1 

dependent. The CCTA transgenic line that harbors the tetracycline transactivator but lacks 

the human HO-1 transgene was used to assess potential biologic effects of dox treatment. 

[A] Markers of alternative activation, Fizz1, Arg1, and Ym1, were not suppressed in hypoxic 

CCTA animals treated with dox.  [B] Concordantly, the anti-inflammatory mediator, IL-10, 

was not upregulated in dox-treated CCTA animals. *: relative to normoxia; *p<0.05. 
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Supplemental Figure 5. Suppression of CCL2 and IL-6 levels in the hypoxic lung is 

HO-1 dependent  [A] CC77 animals.  The hypoxic induction of CCL2 and IL-6 mRNA levels 

in the lung was suppressed by dox treatment.  [B] CCTA animals.  CCL2 and IL-6 mRNA 

levels were not suppressed in hypoxic CCTA animals lacking the hHO-1 transgene. 

Numbers represent mean +/-SD, with a minimum of 6 mice per group. *: relative to normoxia, 

***p<0.001. #:relative to hypoxia–dox; #p<0.05, ##p<0.01.   
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Supplemental Figure 6. Cytokine and growth factor profile of in vitro stimulated 

primary alveolar macrophages. [A] mRNA levels of the M2 marker, Ym1, but not the 

growth factor, PDGF-BB, were upregulated in primary alveolar macrophages stimulated with 

20 ng/ml IL-4 or hypoxia (0.5% O2) and suppressed upon CO treatment. [B] The mRNA 

levels of M1 specific markers, TNF-α and IL-12p40 subunit, were downregulated in alveolar 

macrophages stimulated with 20 ng/ml IL-4 or hypoxia (0.5% O2) with or without 250 ppm 

CO. Numbers represent mean +/-SD, at least 5 mice donors per group. *: relative to 

normoxia; *p<0.05, **p<0.01, ***p<0.001. #:relative to hypoxia or normoxia + IL-4; #p<0.05. 
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Supplemental Figure 7. IL-10 is not sufficient to block hypoxic macrophage-derived 

signals for PASMC proliferation.  PASMC cultures were inclubated with media conditioned 

by either normoxic [Normoxia] or hypoxic [Hypoxia] alveolar macrophages in the presence or 

absence of IL-10 at the indicated final concentrations, and their proliferation rate assessed.  

Stimulation of PASMC proliferation by 25 ng/ml PDGF-BB served as a control.  *: relative to 

normoxia; *p<0.05, **p<0.01, ***p<0.001. 
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The Journal of Immunology

Akt2 Deficiency Protects from Acute Lung Injury via
Alternative Macrophage Activation and miR-146a Induction
in Mice

Eleni Vergadi,*,† Katerina Vaporidi,† Emmanuel E. Theodorakis,*,† Christina Doxaki,*

Eleni Lagoudaki,‡ Eleftheria Ieronymaki,* Vassilia I. Alexaki,* Mike Helms,x

Eumorfia Kondili,† Birte Soennichsen,x Efstathios N. Stathopoulos,‡ Andrew N. Margioris,*

Dimitrios Georgopoulos,† and Christos Tsatsanis*

Acute respiratory distress syndrome (ARDS) is a major cause of respiratory failure, with limited effective treatments available.

Alveolar macrophages participate in the pathogenesis of ARDS. To investigate the role of macrophage activation in aseptic lung

injury and identify molecular mediators with therapeutic potential, lung injury was induced in wild-type (WT) and Akt22/2 mice

by hydrochloric acid aspiration. Acid-induced lung injury in WT mice was characterized by decreased lung compliance and

increased protein and cytokine concentration in bronchoalveolar lavage fluid. Alveolar macrophages acquired a classical activa-

tion (M1) phenotype. Acid-induced lung injury was less severe in Akt22/2 mice compared with WT mice. Alveolar macrophages

from acid-injured Akt22/2 mice demonstrated the alternative activation phenotype (M2). Although M2 polarization suppressed

aseptic lung injury, it resulted in increased lung bacterial load when Akt22/2 mice were infected with Pseudomonas aeruginosa.

miR-146a, an anti-inflammatory microRNA targeting TLR4 signaling, was induced during the late phase of lung injury in WT

mice, whereas it was increased early in Akt22/2 mice. Indeed, miR-146a overexpression in WT macrophages suppressed LPS-

induced inducible NO synthase (iNOS) and promoted M2 polarization, whereas miR-146a inhibition in Akt22/2 macrophages

restored iNOS expression. Furthermore, miR-146a delivery or Akt2 silencing in WT mice exposed to acid resulted in suppression

of iNOS in alveolar macrophages. In conclusion, Akt2 suppression and miR-146a induction promote the M2 macrophage phe-

notype, resulting in amelioration of acid-induced lung injury. In vivo modulation of macrophage phenotype through Akt2 or miR-

146a could provide a potential therapeutic approach for aseptic ARDS; however, it may be deleterious in septic ARDS because of

impaired bacterial clearance. The Journal of Immunology, 2014, 192: 000–000.

A
cute respiratory distress syndrome (ARDS) is a major
cause of respiratory failure in critically ill patients, with
no effective treatment reported (1). Acute lung injury, the

pathologic presentation of ARDS, is characterized by alveolar
barrier disruption and lung inflammation (2–7). Two phases of
inflammatory response have been recognized in experimental
acute lung injury: the acute phase, characterized by inflammatory

cell infiltration and increased production of a variety of oxidants,
cytokines, and proteolytic enzymes that promote tissue destruction
(1, 2) and the resolving phase, during which phagocytosis of de-
bris and alveolar structural repair are taking place (1, 8, 9).
Macrophages play an important role in the pathogenesis of lung

injury, initiating the inflammatory response and promoting neu-
trophil infiltration and tissue damage in the lung (4, 5, 8–13).
However, based on environmental stimuli, macrophages can pos-
sess the classical (M1) or alternative activation (M2) phenotype
(14). Classically activated or M1 macrophages express high levels
of inducible NO synthase (iNOS), generate NO, secrete IL-12b,
and are prominent in the acute phase of inflammation (14). Ge-
netic depletion or pharmacologic inhibition of iNOS was shown to
confer protection against lung injury in several animal models (4,
13, 15–18), suggesting a crucial role for M1 macrophages in the
pathogenesis of acute lung injury (ALI). Alternative macrophage
activation, or M2, is characterized by high levels of arginase-1
(Arg-1), found-in-inflammatory zone-1 (Fizz1), chitinase-3–like-
3 (Ym1), and macrophage galactose C-type lectin 1 and 2 (MGL1,
MGL2) (8, 9, 19). M2 macrophages participate in the resolution of
inflammation and are known to be beneficial in the outcome of
several inflammatory diseases (14, 20–22).
The mechanisms that regulate macrophage activation phenotype

are currently being investigated (14, 21, 22). Several signaling
pathways, such as STAT-1 phosphorylation, IRF5 upregulation,
and SOCS2 and SOCS1 were shown to promote M1 activation
(21, 23–25). Also, SOCS3 suppression, STAT6 phosphorylation,
and C/EBPb and IRF4 upregulation were shown to regulate M2
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polarization (21, 23, 24). Akt is a family of three serine/threonine
protein kinases (Akt1, Akt2, and Akt3) that are important to
control cell survival, proliferation, and differentiation (26, 27). We
showed that Akt kinases play a key role in the regulation of the
macrophage activation phenotype (25, 28, 29). Depletion of the
Akt2 isoform in peritoneal macrophages abrogates M1 activation
and promotes M2 phenotype by inducing C/EBPb (22, 25),
a transcriptional regulator of Arg-1 expression (30). Akt2 deple-
tion induces C/EBPb via negative regulation of the microRNA
(miRNA) miR-155, known to target C/EBPb and promote M1 (22,
25, 31). Additionally, TLR4 signaling was shown to play an im-
portant role in alveolar macrophage activation in animal models
of ALI (12, 32, 33). TLR4 signaling is regulated by the anti-
inflammatory miRNA, miR-146a, which targets and suppresses
downstream TLR4 mediators, such as TNFR-associated factor
(TRAF)-6, IRAK1, and IRF5 (34, 35). Yet, the roles of the miR-
146a macrophage activation phenotype and aseptic inflammation
have not been investigated.
In the current study, we tested the hypothesis that a prominent

M2 macrophage phenotype, such as the one possessed by Akt22/2

mice (22), would be protective in aseptic lung injury. Therefore,
we compared the development of HCl acid aspiration–induced
lung injury in wild-type (WT) and Akt22/2 mice. Additionally,
we examined the molecular mechanisms involved in the regulation
of the macrophage activation phenotype, focusing on the roles of
Akt2, miR-155, and miR-146a. We also evaluated whether the
macrophage activation phenotype can be modulated in vivo by
targeting Akt2 or miR-146a. Last, we assessed the biological ef-
fect of Akt2 deletion in a septic model of lung injury induced by
Pseudomonas aeruginosa to clarify the potential limitations of
Akt2 suppression and M2 macrophage polarization under septic
conditions in clinical practice.

Materials and Methods
HCl-induced ALI

For induction of ALI, 8–10-wk-old C57BL/6 WT and Akt22/2 mice were
anesthetized and intubated oro-tracheally. HCl solution (0.05 N, pH �
1.5), 2 ml/kg diluted in normal saline (NS, 0.9% NaCl), was instilled in the
trachea, whereas age- and gender-matched mice received 2 ml/kg NS and
served as controls. A bolus of 0.5 ml air was given to ensure that HCl
solution reached the distal lung. Mice were then extubated and left to
recover from anesthesia with oxygen supplementation. At specific time
points following HCl administration, mice were sacrificed; a pressure-
volume curve of the respiratory system was obtained, bronchoalveolar
lavage fluid (BALF) was collected, and lung tissue was harvested.

In total, 262 mice (WT, n = 145; Akt22/2, n = 117) were used. Because
of sample insufficiency, not all mice were used for all assays. The specific
number of samples used is mentioned in the figure legends. All mice were
kept in the pathogen-free animal facility of the Institute of Molecular
Biology and Biotechnology in Heraklion, Crete. All procedures were ap-
proved by the Veterinary Department of Crete Prefecture and the Uni-
versity of Crete Medical School.

Evaluation of lung injury

The indices of lung injury examined included lung compliance, obtained
from the pressure-volume curve of the respiratory system; protein con-
centration; inflammatory cells; cytokines in BALF; and lung histology.

A pressure-volume curve of the respiratory system was obtained by slow
lung inflation to peak airway pressure of 25 cm H2O, as previously de-
scribed (36, 37). As an indicator of lung compliance we used the inspi-
ratory capacity (IC), defined as the volume inflated at airway pressure of
25 cm H2O normalized to body weight and expressed as a percentage of
control.

Bronchoalveolar lavage, inflammatory cell counts, and
protein/cytokine levels

BALF was obtained through intratracheal instillation of ice-cold PBS
(Ca2+- and Mg2+-free, supplemented with 0.1 mM EDTA). First, 30 ml/g

PBS was instilled, and the supernatant was used to evaluate cytokine
concentrations. To collect alveolar macrophages, bronchoalveolar lavage
was performed five times with 1 ml PBS.

Total WBC counts of cells isolated from BALF were estimated by
hemocytometer counting using Kimura stain (38), whereas differential
counts were determined by flow cytometry (see below). For cytospin
preparations, the cell suspension was cytocentrifuged at 300 3 g for 5 min
using the Shandon Cytospin 4 (Thermo Scientific, Rockford, IL). Slides
were air-dried overnight, stained with May-Grünwald Giemsa (Merck,
Frankfurt, Germany), and evaluated under a light microscope.

Protein concentration of BALF was assessed by the BCA method (BCA
Protein Assay, Thermo Scientific). IL-6, TNF-a, CXCL-1, and ΙL-1b protein
levels in the lavage fluid were determined using a commercially available
sandwich ELISA kit (Quantikine; R&D Systems, Abingdon, U.K.), accord-
ing to the manufacturer’s instructions.

Immunocytochemistry

Cells isolated from BALF were cytocentrifuged, as mentioned above, and
placed on microscope slides. Immunocytochemistry for iNOS, IRF5, and
Arg-1 was performed by immersing the slides in 4% paraformaldehyde in
PBS and incubating with blocking serum, followed by incubation at 4˚C
overnight with rabbit polyclonal anti-mouse iNOS Ab (Santa Cruz Bio-
technology, Santa Cruz, CA), rabbit polyclonal anti-mouse IRF5 Ab (Cell
Signaling Technology, Beverly, MA), or mouse monoclonal anti-mouse
Arg-1 (BD Biosciences, Franklin Lakes, NJ). Goat biotinylated anti-rabbit
IgG or horse biotinylated anti-mouse IgG (both from Cell Signaling
Technology) was used as secondary Ab. FITC-Avidin or Texas Red–Avidin
(Vector Laboratories, Burlingame, CA) were used to detect binding of
biotinylated primary Abs. Nuclei were counterstained with DAPI (Thermo
Fisher Scientific, Waltham, MA).

Lung histology and lung injury score determination

For histology purposes, lungs were perfused with PBS through the right
ventricle. An incision at the left atrium allowed outflow of the blood. Lungs
were inflated intratracheally with 10% formalin at 25 cm H2O pressure,
fixed overnight at 4˚C, and stored in 70% ethanol before embedding in
paraffin. Lung tissue sections of 5 mm were prepared and further depar-
affinized and rehydrated. Sections were stained with H&E and evaluated
by a pathologist blinded to the interventions. Because of the patchy nature
of the lesions, random high-power fields (4003) were scored. The selec-
tion was effectuated by successive haphazard displacements, each of which
was at least one high-power field in length. To perform the histological
assessment of lung injury, five independent variables were evaluated—
neutrophils in alveolar spaces, neutrophils in the interstitial spaces, hyaline
membranes, proteinaceous debris filling the airspaces, and alveolar septal
thickening–and weighted according to the relevance ascribed to by the
Official American Thoracic Society Workshop Report on Features and
Measurements of Experimental Acute Lung Injury in Animals (39). The
resulting injury score is a continuous value between 0 and 1.

Cell sorting and alveolar macrophage isolation

To discriminate alveolar macrophages, cells were stained with FITC–anti-
mouse CD45 Ab (BD Biosciences), allophycocyanin–anti-mouse CD11c
Ab (BD Biosciences), or PE-anti-mouse Ly-6G Ab (BioLegend, San
Diego, CA) specific for WBCs, alveolar macrophages, or neutrophils, re-
spectively. Cells were evaluated in a MoFlo Cell Sorter (Beckman Coulter,
Fullerton, CA), and the percentages of macrophages and neutrophils were
analyzed with Summit Software (Summit Software, Fort Wayne, IN). The
CD45+CD11c+Ly-6G2 cells (alveolar macrophages) were sorted further
and isolated to purity . 90%.

RNA isolation and quantitative PCR

RNA from alveolar or thioglycolate-elicited peritoneal macrophages or
total lung was isolated using TRIzol reagent (Life Technologies, Carlsbad,
CA). In the case of in vivo–isolated and sorted alveolar macrophages,
RNA precipitation was facilitated by the addition of 250 mg/ml RNase-
free glucogen (Fermentas, St. Leon-Rot, Germany). One microgram of
total DNA-digested RNA was used for cDNA synthesis (Thermoscript
RT; Invitrogen, Carlsbad, CA). The SYBR Green method was followed
in the PCR reaction. Primer sequences are shown in Supplemental Table I.
Ribosomal protein S9 (RPS9) served as the housekeeping gene. Annealing
was carried out at 60˚C for 30 s, extension was at 72˚C for 30 s, and de-
naturation was 40 cycles at 95˚C for 15 s.

To isolate miRNAs from alveolar macrophages, total RNAwas isolated
as described above. TaqMan MicroRNA Assays (Life Technologies) were
used for cDNA synthesis and quantitative PCR of specific miRNAs. The

2 AKT2 DEFICIENCY PROTECTS FROM ARDS VIA miR-146a

 at U
niv of C

rete on January 10, 2014
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/
http://www.jimmunol.org/


miRNA sequence is described in Supplemental Table I. SnoRNA135 served
as housekeeping miRNA. Annealing and extension were carried out at
60˚C for 30 s, and denaturation was 40 cycles at 95˚C for 15 s in a 7500
Fast Real-Time PCR System (Life Technologies). Analysis of the fold
change was performed based on the Pfaffl method (40).

Flow cytometry

Expression of protein levels of iNOS, IL-12b, Arg-1, Fizz1, MGL-1/2, and
IL-10 was determined by flow cytometry cell surface and intracellular
staining, as previously described (41, 42). Cells isolated from BALF were
incubated with Golgi inhibitor (monensin; BD Biosciences), and cell
surface staining was carried out by incubation with PerCP-Cy5.5 anti-
mouse CD11c (BioLegend), fixation and permeabilization (BD Fixation
and Permeabilization Solution Kit; BD Biosciences), and staining with
allophycocyanin-conjugated mAb against murine IL-10, FITC-conjugated
mAb against murine iNOS, or PE-conjugated mAb against murine IL-12b
(all from BD Biosciences). Mouse monoclonal anti-mouse Arg-1 (BD
Biosciences) and rabbit polyclonal anti-mouse Fizz1 (Abcam, Cambridge,
U.K.) were used in separate analyses. FITC goat anti-rabbit IgG (BD
Biosciences) or allophycocyanin rat anti-mouse IgG1 (BioLegend) was
used as secondary Ab for Fizz1 or Arg-1 staining, respectively. PE anti-
mouse MGL1/2 (R&D Systems, Minneapolis, MN) was used for cell
surface staining in separate analyses. The proper isotype controls were
used in each case. The flow cytometry events were acquired in a MoFlo
Legacy Cell Sorter (Beckman Coulter) and analyzed with Summit Soft-
ware. Flow cytometry events were gated first based on forward and side
scatter and then CD11c+ cells (alveolar macrophages) were selected to
evaluate the expression of activation markers.

Nitrite concentration and arginase activity assay

Determination of NO metabolite and nitrite concentration in BALF (based
on Griess reaction). BALF supernatants from control mice and mice with
acid-induced lung injury for 12 h were used. A total of 50 ml sulfanilamide
solution (1% w/v sulfanilamide, 5% w/v phosphoric acid) was added to an
equal volume of sample. Samples were incubated for 10 min in the dark,
and 50 ml 0.1% w/v N-(naphthyl) ethyl-enediamidedihydrochloride was
added, followed by a second incubation for 10 min at room temperature in
the dark. Absorbance at 550 nm was measured, and the amount of nitrite
was determined using a NaNO2 standard curve.

Arginase activity. Arginase activity was assessed indirectly by measuring
the concentration of urea generated by the arginase-dependent hydrolysis of
L-arginine as previously described (43). Alveolar macrophages from ani-
mals with acid-induced lung injury (12-h time point) and control mice were
harvested, washed, and lysed with 10 mM Tris-HCl (pH 7.4) containing
0.4% (w/v) Triton X-100 and protease inhibitor mixture (Complete; Roche,
Basel, Switzerland). After 30 min on a shaker, 100 ml 25 mM Tris-HCl was
added. Ten microliters of 10 mM MnCl2 was added to 100 ml this lysate,
and the enzyme was activated by heating for 10 min at 55˚C. Arginine
hydrolysis was conducted by incubating the lysates with 100 ml 0.5 M
L-arginine (pH 9.7) at 37˚C for 60 min. The reaction was stopped with 800 ml
H2SO4 (96%)/H3PO4 (85%)/H2O (1/3/7, v/v/v). The urea concentration was
measured at 550 nm after the addition of 40 ml a-isonitrosopropiophenone
(Sigma-Aldrich, St. Louis, MO) (dissolved in 100% ethanol), followed by
heating at 100˚C for 30 min. One unit of enzyme activity is defined as the
amount of enzyme that catalyzes the formation of 1 mmol urea/min.

Western blot analysis

Macrophage protein lysates were resuspended in SDS-containing loading dye.
Twenty micrograms of protein was electrophoresed on 13.3% denaturing
polyacrylamide gel prior to wet transfer to 0.45 mm polyvinylidene difluoride
membrane (Bio-Rad, Hercules, CA). Briefly, after blocking with 5% skim
milk in PBS (pH 7.4) containing 0.1% Tween 20 for an hour at room tem-
perature, the membranes were incubated with rabbit polyclonal anti-mouse
IRF5 Ab (Cell Signaling Technology), mouse polyclonal anti-mouse TRAF6
Ab (Santa Cruz Biotechnology), or mouse monoclonal anti-mouse B-actin
(Cell Signaling Technology) at 4˚C overnight. The membranes were then
incubated with 40 ng/ml peroxidase-conjugated anti-rabbit or anti-mouse
secondary Ab (Santa Cruz Biotechnology), respectively, for 30 min at
room temperature, followed by reaction with Lumi-Light ECL substrate
(Thermo Fisher Scientific).

Cell cultures and cell transfections

For cell-transfection experiments, peritoneal fluid or BALF from control
animals was obtained through instillation of 5 3 1 ml HBSS (without
calcium or magnesium) supplemented with 10 mM EDTA and 1 mM
HEPES and filtered twice via a 35-mm cell strainer to exclude contami-

nation of epithelial cells. A total of 1 3 105 macrophages/well (four wells/
group) was seeded in 48-well tissue culture plates in a volume of 0.2 ml
macrophage complete medium (DMEM; Life Technologies) supplemented
with 10% (v/v) FBS, 10 mM L-glutamine, 100 IU/ml penicillin, and 100
mg/ml streptomycin. Cells were incubated at 37˚C for 4 h, and the medium
was replaced with serum-free, antibiotic-free DMEM prior to transfection.
Lipofectamine served as transfection reagent (RNAiMAX; Life Technol-
ogies), and cells were transfected with either 30 nM small interfering RNA
(siRNA) for Akt2 (sense seq: ACC/OmeU/UAUGUUGGACAAA/OmeG/
A/OmeU/OmeU/, antisense seq: 5Phos/UCUUUGUCCAACA/OmeU/
AAG/OmeG/Utt; designed at Cenix Bioscience) or with negative-control
dsRNA. For miR-146a experiments, transfection was carried out with 30
nM miR-146a mimic, anti–miR-146a inhibitor, and nontargeting controls
that were purchased from Ambion (Life Technologies). Transfection effi-
ciency and biological effect were assessed 72 h posttransfection.

To induce the M1 phenotype in alveolar macrophages and to reca-
pitulate the in vivo stimuli, BALF (0.3 ml/kg) samples from WT mice
were obtained 6 h after acid aspiration. After 24 h of serum starvation,
BALF supernatant (free of cells) was applied in cultured WTand Akt22/2

alveolar macrophages isolated from BALF in a 1:1 dilution with fresh
serum-free DMEM. Control cells received the same ratio of NS. Cells
were harvested 12 h poststimulation.

LPS stimulation in peritoneal macrophages, which were transfected with
miR-146a mimic, miR-146a inhibitor, or scramble miRNA (all from Life
Technologies), was carried out by introduction of a final concentration of
100 ng/ml LPS Escherichia coli to the cell medium. Stimulation was ap-
plied 4 or 24 h prior to cell harvesting.

Application of siRNA and miRNAs in vivo

The siRNA used for in vivo targeting of Akt2 contain 29-O-methyl mod-
ifications, increasing their in vivo stability and reducing immune response
activation (44, 45). Its effectiveness in suppressing Akt2 was verified in vitro
before in vivo application. Based on dose-response experiments and on
previous reports that applied naked siRNA and miRNA in the lung (46–49),
5 nmol siRNA targeting Akt2, 1 nmol miR-146a mimic, or 0.6 nmol miR-
146a inhibitor (anti–miR-146a) (Life Technologies) was instilled intra-
tracheally in each mouse in 50 ml NS prepared from nuclease-free water.
For siRNA experiments, two doses of siRNAwere administered: the first 48
h before the instillation of HCl acid and the second 1 h after acid aspiration.
miR-146a mimic and inhibitor were instilled 1 h after the instillation of HCl
acid. In both cases, mice were sacrificed 24 h postacid aspiration. siRNA-
targeting Luciferase and nontargeting miRNA control (scramble) were used
as experimental controls, respectively.

To evaluate the distribution of siRNA in the lung, Cy3-conjugated siRNA
targeting Luciferase was used. A total of 5 nmol/mouse was administered
oro-tracheally, and lungs were harvested 24 h later. Lungs were inflated in
4% PFA, snap-frozen, immersed in 20% sucrose, and prepared for mi-
crotome sections. DAPI staining (Thermo Fisher Scientific) was carried
out, and tissues were observed under fluorescent microscopy. Lungs from
mice that received NS exhibited a mild fluorescence signal that was at-
tributed to high autofluorescence of lung tissue.

Pseudomonas aeruginosa lung infection

A clinical strain of P. aeruginosa (kindly provided by Dr. E. Skoulika,
Department of Microbiology, Medical School, University of Crete) was
maintained frozen in glycerol stocks. One day before lung infection,
bacteria were thawed, inoculated into Luria–Bertani broth, and incubated
overnight at 37˚C. From this culture, an aliquot was taken to start a fresh
culture that lasted 6–7 h. Bacterial concentrations were estimated from
a standard curve based on OD (OD600). P. aeruginosa was harvested by
centrifugation (3500 rpm 10 min), followed by washes and an appropriate
final dilution with sterile NS. The inoculum number was confirmed ret-
rospectively through plating of serial dilutions and counting of CFU on
Luria–Bertani plates.

C57BL/6 WT and Akt22/2 mice were anesthetized as described above,
and 40 ml bacterial solution (23 107 bacteria) or the corresponding vehicle
solution (NS) was applied intratracheally. Animals were sacrificed 12 h
after inoculation, and a pressure-volume curve of the respiratory system as
well as BALF and lung tissue for histology were obtained. Protein levels,
cytokine concentration, and WBC numbers were determined in BALF. To
determine bacterial load (CFU), serial 10-fold dilutions of BALF were
plated on agar plates; the results are expressed as mean CFU/ml BALF.

Statistical analysis

All data were evaluated for normality using the Kolmogorov–Smirnov test
(with Dallal–Wilkinson–Lillie test used for p values). The data that passed
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the normality test were analyzed using one-way ANOVA with the Bon-
ferroni multiple-comparison post test. Comparison of nonparametric
results between groups was performed using the Mann–Whitney U test or
the Kruskal–Wallis test with the Dunn multiple-comparison post test, using
GraphPad InStat software (GraphPad, San Diego, CA). The p values ,
0.05 were considered significant. Results are expressed as mean 6 SD or
as median (5–95 percentiles), as indicated, and are representative of at
least three independent experiments.

Results
Akt2 deficiency protects from the development of acid-induced
lung injury

To determine the role of Akt2 and M2 macrophages in aseptic lung
injury, we exposed Akt22/2 mice, which possess M2-type mac-
rophages, to acid-induced lung injury. This model induces tissue
injury that initiates an aseptic inflammatory cascade. WT mice
developed severe lung injury within hours of acid aspiration,
which was characterized by decreased lung compliance (Fig. 1A,
1B) and increased protein concentration in BALF compared with
control mice treated with NS (Fig. 1C). The severity of lung injury
peaked at 12 h postacid aspiration and declined thereafter (Fig.

1B, 1C). Macrophage and neutrophil infiltration increased within
6 h after acid aspiration in WT mice and reached its highest level
at 12 h (Fig. 2A–C). Furthermore, chemokines and cytokines, such
as TNF-a, IL-6, CXCL-1, and IL-1b, also accumulated in BALF
and reached their highest levels at 6 h postacid aspiration (Fig.
2D). Lung compliance, protein concentration, BALF cell counts,
and cytokines returned to baseline at 72 h after acid aspiration
(Figs. 1B, 1C, 2A, 2B).
Acid-induced lung injury was less severe in Akt22/2 mice com-

pared with WT mice (Fig. 1A–C). A decrease in lung compliance
and an increase in BALF protein concentration were observed in
acid-treated WT mice when compared to saline-treated mice, which
was profound in acid-treated Akt22/2mice (Fig. 1A–C). In addition,
the severity of inflammatory cell infiltration (Fig. 2A–C) and the
cytokine levels in BALF (Fig. 2D) were lower in Akt22/2 mice
compared with WT mice.
Histology on lung sections from WT mice at 12 h postacid

aspiration demonstrated destruction of normal tissue architecture
characterized by thickening of the alveolar walls due to increased
cellularity and edema (Fig. 1Db). Proteinaceous debris in the

FIGURE 1. Acid aspiration–induced lung injury is reduced in Akt22/2 mice. Pressure-volume curve of the respiratory system (A), IC (B), and protein

concentration in BALF (C) in WTand Akt22/2 mice at several time points after acid (HCl) aspiration compared with NS group. (D) Histological analysis of

lung tissue of untreated control WT mice (a), WT mice (b, c), and Akt22/2 mice (e, f) at 12 h after HCl administration (H&E stain, original magnification

3400), as well as analysis of acute lung injury score (d). Black arrows in (b) demonstrate thickening of the alveolar walls as the result of increased

cellularity. Red arrow in (c) indicates proteinaceous debris in the alveoli. Extravasated RBCs are also depicted. Scale bar, 25 mm. n = 5–8 mice/group.

Graphs represent median 6 SD. In (d), box shows 5–95 percentiles, horizontal line represents median, and whiskers represent minimum and maximum.

*p , 0.05, **p , 0.01, ***p , 0.001, acid treatment versus NS treatment. #p , 0.05, ##p , 0.01, ###p , 0.001, Akt22/2 versus WT.
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alveoli and extravasated RBCs were also observed (Fig. 1Dc).
Lung sections from acid-treated Akt22/2 mice at 12 h postinjury
demonstrated less severe lung injury compared with WT mice
(Fig. 1Dd). Only mild thickening of the alveolar walls with an
inconspicuous presence of inflammatory cells, and focal conges-
tion of capillaries, with mild red cell extravasation, were observed
in Akt22/2 mice (Fig. 1De, 1Df).
These results suggested that ablation of Akt2 resulted in re-

duced manifestations of inflammation in the lung upon acid-
induced lung injury.

Akt2 ablation suppresses M1 polarization and promotes M2
phenotype in acid-induced lung injury

To determine the inflammatory phenotype of infiltrated macro-
phages in the model of acid-induced lung injury, we measured the
concentration of inflammatory mediators in the BALF and the
presence of M1- and M2-type macrophages in the lungs of WTand
Akt22/2 mice during the acute phase (12 h following acid aspi-
ration), as well as at the resolution stage (24 h following acid
aspiration). In the acute phase of injury, 12 h after acid aspiration,
M1 activation of macrophages was observed in WT mice; alveolar
macrophages overexpressed iNOS (Fig. 3A, 3C, 3D, 3F) and
IL-12b (Fig. 3B, 3E). The expression of M1 markers returned to
basal levels at 48 h of injury (Fig. 3A, 3B). The concentration of
NO metabolites in BALF was increased in WT mice at 12 h
postinjury (Fig. 3G). Expression of M1 markers after acid aspi-
ration–induced lung injury was lower in Akt22/2 mice compared
with WT mice (Fig. 3).
The expression ofM2 activation markers Arg-1, Fizz1, and Ym1,

at 12 h postacid aspiration, was evident in both WT and Akt22/2

macrophages. The levels of Arg-1, Fizz1, and Ym1, as well as
arginase activity and MGL1 and MGL2 protein expression, were

higher in Akt22/2 macrophages compared with WT ones (Fig.
4A–G, Supplemental Fig. 1A). Arg-1 mRNA was upregulated in
WT and Akt22/2 macrophages 12 h following acid aspiration;
however, upregulation of its protein and activity were not statis-
tically significant at 12 h, but they were induced further at later
time points (24 h following HCl instillation; data not shown). The
expression of the anti-inflammatory cytokine IL-10, a character-
istic of M2 macrophages, was similarly increased in WT and
Akt22/2 macrophages after acid aspiration (Supplemental Fig.
1B), suggesting that its regulation is not under the control of Akt2.
In vitro application of siRNA targeting Akt2 in isolated alveolar

macrophages from WT mice resulted in downregulation of Akt2
and concomitant upregulation of C/EBPb, an M2 polarization-
associated transcription factor (22), as well as Arg-1 and Fizz1
(Fig. 4H, 4I), further supporting the effect of Akt2 suppression in
promoting M2 polarization in alveolar macrophages.

Involvement of miR-155 in macrophage-activation phenotype
in acid-induced lung injury and the role of Akt2

Next, we sought to elucidate the mechanisms by which Akt2
deficiency regulates macrophage polarization and protects from
acid-induced lung injury. Earlier studies (22, 25) from our group
showed that miR-155 plays a central role in promoting M1 acti-
vation in macrophages following LPS stimulation and is under the
control of Akt kinases. To investigate the involvement of miR-155
in the regulation of M1 phenotype in our model of aseptic lung
injury, we measured miR-155 levels in alveolar macrophages from
WT and Akt22/2 mice exposed to acid. We found that the ex-
pression of miR-155 did not increase in WT alveolar macrophages
at 12 h after acid aspiration, but it was suppressed at 24 h post-
injury (Fig. 5A). To exclude miR-155’s involvement in M1 acti-
vation in our model, we stimulated alveolar macrophages in vitro

FIGURE 2. Lung inflammation

upon acid aspiration was reduced in

Akt22/2 mice. Macrophages (A) and

neutrophils (B) accumulate in BALF

soon after acid instillation. (C) Repre-

sentative cytospin images of cells iso-

lated from BALF from WT and

Akt22/2 mice at 12 h after acid ex-

posure. Scale bar, 25 mm. (D) Levels

of TNF-a, IL-6, CXCL-1, and IL-1b

in BALF of WT and Akt22/2 mice at

6 h after acid aspiration compared

with NS aspiration group. n = 5–8

mice/group. Graphs in (A) and (B)

represent median 6 SD. In (D), box

shows 5–95 percentiles, horizontal line

represents median, and whiskers rep-

resent minimum and maximum. *p ,
0.05, **p , 0.01, ***p , 0.001, acid

treatment versus NS treatment. #p ,
0.05, ##p,0.01, ###p,0.001,Akt22/2

versus WT.

The Journal of Immunology 5

 at U
niv of C

rete on January 10, 2014
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/
http://www.jimmunol.org/


with BALF collected from WT mice 6 h after acid aspiration. We
found that exposure to BALF did not cause an increase in miR-
155 levels, although it promoted iNOS expression (Fig. 4C, 4D),
suggesting that miR-155 does not contribute to M1 activation of
macrophages in this model of aseptic lung injury.
The development of M2 phenotype in WTalveolar macrophages

24 h after acid aspiration was associated with a decrease in miR-
155 expression (Fig. 5A). The expression of miR-155 in Akt22/2

alveolar macrophages was lower compared with WT macrophages
both at baseline and at 12 h postacid aspiration (Fig. 5A), in
agreement with their inherent M2 phenotype. C/EBPb levels,
a target of miR-155, were inversely correlated with miR-155
levels (Fig. 5B). C/EBPb expression increased in WT macro-
phages at 12 h after acid aspiration, and it was higher in Akt22/2

macrophages compared with WT ones (Fig. 5B). These results
suggest that, even though miR-155 does not participate in the
initial M1 activation of alveolar macrophages in aseptic lung in-
jury, its suppression coincides with the emergence of M2 status.

Akt2-deficient macrophages overexpress miR-146a, which
suppresses TLR signaling in acid-induced lung injury

Because macrophage activation and lung inflammation depend on
TLR4 signals, we examined the impact of Akt2 ablation on TLR4-
signaling components. We found that mRNA levels of TRAF6 and

IRF5, but not of IRAK1, three downstream mediators of TLR4 sig-
naling, were increased in WT alveolar macrophages at 12 h after acid
aspiration (Fig. 6A, 6B). On the contrary, Akt22/2 macrophages
expressed less TRAF6, IRF5, and IRAK1 compared with WT mac-
rophages both at baseline and at 12 h after acid aspiration (Fig. 6A,
6B). Furthermore, application of siRNA targeting Akt2 to isolated
alveolar macrophages resulted in downregulation of TRAF6 and
IRF5 compared with cells that received nontargeting siRNA (Fig. 6C).
IRAK1, TRAF6, and IRF5 mRNA are regulated by the anti-

inflammatory miRNA miR-146a (34, 35). Therefore, we evalu-
ated the expression of miR-146a in alveolar macrophages after
acid aspiration. miR-146a expression did not change significantly
at 12 h after acid aspiration, but it increased at 24 h (Fig. 6E).
Interestingly, in Akt22/2 macrophages, the expression of miR-
146a was higher compared with WT macrophages prior to acid

aspiration, as well as after 12 and 24 h (Fig. 6E). To further
support that suppression of Akt2 results in miR-146a induction,
we transfected macrophages with siRNA for Akt2 and found that
miR-146a was upregulated (Fig. 6D). Additionally, miR-146a
expression was higher, whereas TRAF6 and IRF5 mRNA and
protein expression were lower in Akt22/2 peritoneal macrophages
compared with WT macrophages (Fig. 6F, 6G). These findings
suggested that miR-146a and its targets TRAF6 and IRF5 were
affected by Akt2 deletion or suppression.

FIGURE 3. Classical (M1) macrophage activation in

acid-induced lung injury was reduced in Akt22/2 mice.

iNOS and IL-12b, markers of M1 activation, were

evaluated in alveolar macrophages from WT and

Akt22/2 mice at baseline and upon acid aspiration.

iNOS (A) and IL-12b (B) mRNA induction was

assessed at different time points after acid aspiration

compared with the NS aspiration group. iNOS protein

levels in WT and Akt22/2 alveolar macrophages were

assessed by immunofluorescence (C) and fluorescence

intensity (D) (measured by flow cytometry, MFI) 12 h

after acid exposure. (E) Similarly, IL-12b protein levels

were evaluated by fluorescence intensity (MFI) 12 h

after acid exposure and compared with mice receiving

NS. (F) iNOS+ WTand Akt22/2 macrophages based on

flow cytometry cell counts. (G) Nitrite levels in BALF

from WT and Akt22/2 mice after acid exposure. Scale

bar, 25 mm. n = 5–8 mice/group. Graphs show mean 6
SD. In box-and-whisker plots, box shows 5–95 per-

centiles, horizontal line represents median, and whiskers

represent minimum and maximum. *p , 0.05, **p ,
0.01, ***p, 0.001, acid treatment versus NS treatment.
#p , 0.05, ##p , 0.01, ###p , 0.001, Akt22/2 versus

WT. MFI, Mean fluorescence intensity of cells gated for

CD11c.
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miR-146a prevents M1 activation in vitro and in vivo and is
critical for the protection observed in the absence of Akt2

To investigate whether miR-146a upregulation is essential for
amelioration of the M1 response in Akt22/2 mice, we isolated
peritoneal macrophages from WT and Akt22/2 mice; induced M1
polarization by treating them with LPS, a stimulus that promotes
macrophage activation; and transfected them with either an miR-
146a mimic or an miR-146a inhibitor. As controls, we used cells
treated with negative-control miRNA (scramble), cells treated solely
with transfection reagent (mock), and cells that remained untreated
(i.e., nontransfected). Akt22/2 macrophages are hyporesponsive to
LPS and maintain an M2 phenotype both in vitro and in vivo when
mice are subjected to LPS-induced endotoxin shock (22).
Transfection of WT macrophages with miR-146a resulted in

suppression of TRAF6 and IRF5. The effect of miR-146a on the
suppression of TRAF6 and IRF5 in Akt22/2 macrophages was less

prominent compared with WT macrophages (Fig. 7). Inhibition of
miR-146a by an miR-146a inhibitor did not affect the expression
of TRAF6 or IRF5 in WT macrophages, but it upregulated their
expression in the absence of Akt2 (Fig. 7).
Furthermore, miR-146a transfection inhibited LPS-induced iNOS

expression in WT macrophages (Fig. 8A) and led to the upregula-

tion of C/EBPb, Arg-1, and Fizz1 in control and LPS-treated WT

macrophages (Fig. 8B–D, Supplemental Fig. 2A). Moreover, IL-6

and TNF-a expression was reduced in LPS-stimulated WT mac-

rophages transfected with miR-146a (Fig. 8E, 8F). In contrast,

transfection of miR-146a in Akt22/2 macrophages did not affect

LPS-induced iNOS, IL-6, or TNF-a compared with LPS-treated

Akt22/2 macrophages that received negative-control miRNA (Fig.

8A, 8E, 8F). However, inhibition of miR-146a in Akt22/2 macro-

phages increased LPS-induced iNOS, IL-6, and TNF-a, but it did

not appear to cause a reduction in C/EBPb, Arg-1, or Fizz1, sug-

FIGURE 4. Akt22/2 alveolar macro-

phages exhibit M2 phenotype following

acid-induced lung injury. Arg-1, Fizz1,

and Ym1, markers of M2 macrophage

activation, were evaluated in WT and

Akt22/2 mice at baseline and upon acid

aspiration. Arg-1 expression was assessed

at mRNA levels (A) and protein levels (B)

by flow cytometry (MFI) and immuno-

fluorescence (C), 12 h after acid aspira-

tion. Similarly, Fizz1 mRNA levels (D)

and protein levels (E) (MFI) were evalu-

ated in the same conditions. (F) Ym1

mRNA levels in WT and Akt22/2 mac-

rophages in acid-treated mice compared

with NS-treated mice. (G) Urea produc-

tion, an index of arginase activity, was

evaluated in WT and Akt22/2 alveolar

macrophages after acid exposure. mRNA

levels of Akt2 (H) and C/EBPb, Arg-1,

and Fizz1 (I) in isolated alveolar macro-

phages transfected with siAkt2 or non-

targeting siRNA (siNeg.C). Cells that

received only transfection reagent (mock)

or were left untreated (untransfected) were

used as controls. Scale bar, 25 mm. n =

5–8 mice/group. Graphs show mean 6
SD. In box-and-whisker plots, box shows

5–95 percentiles, horizontal line represents

median, and whiskers represent minimum

and maximum. *p , 0.05, **p , 0.01,

***p , 0.001, acid treatment versus NS

treatment. #p , 0.05, ##p , 0.01, ###p ,
0.001, Akt22/2 versus WT. MFI, Mean

fluorescence intensity of cells gated for

CD11c.
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gesting that these molecules are regulated by a different Akt2-
dependent mechanism (Fig. 8B–F).

To further confirm that inhibition of Akt2 and induction of miR-
146a inhibit M1 activation of alveolar macrophages in vivo, acid-
treated WT mice received small interfering RNA against Akt2
(siAkt2) or miR-146a mimic or miR-146a inhibitor intratracheally
to modulate Akt2 or miR-146a expression, respectively. Trans-
fection efficiency was confirmed by assessing total lung mRNA
levels of Akt2, TRAF6, and IRAK1 (Supplemental Fig. 2B–D), as
well as miR-146a miRNA levels (Supplemental Fig. 2F). Distri-
bution of siRNA into the lung parenchyma following its intra-
tracheal administration was assessed by Cy3-conjugated control
siRNA (Supplemental Fig. 2D). Because iNOS is the major marker
of M1-activated macrophages, we evaluated the effect of siAkt2,
miR-146a mimic, or miR-146a inhibitor on iNOS expression.
Accordingly, iNOS was significantly suppressed in alveolar mac-
rophages from mice treated with siAkt2 or miR-146a compared
with those treated with scrambled RNA (Fig. 8G, 8H), suggesting
that in vivo modulation of Akt2 or miR-146a could effectively
suppress aseptic lung inflammation induced by acid aspiration.
Moreover, administration of miR-146a inhibitor to Akt22/2 mice
resulted in partial reversal of iNOS suppression in macrophages
from those mice (Fig. 8I, Supplemental Fig. 2E), and it had no
significant effect on Arg-1 levels (data not shown), suggesting
that miR-146a induction is responsible, at least in part, for the
suppressed M1 phenotype of Akt22/2 mice. Arg-1 expression in
Akt22/2 alveolar macrophages was not affected by treatment
with miR-146a inhibitor. Overall, these findings suggest that in-
duction of M2 macrophages, either by inhibition of Akt2 or in-
duction of miR-146a, may be protective against aseptic lung
injury.

FIGURE 5. miR-155 expression in acid-induced lung injury. Expression

of miR-155 (A) and its target mRNA C/EBPb (B) in WT and Akt22/2

alveolar macrophages from mice exposed to acid for 12 or 24 h. miR-155

(C) and iNOS (D) mRNA levels in WT and Akt22/2 alveolar macrophages

treated in vitro with BALF from WT mice that received either NS or HCl

for 6 h in vivo. Data are mean 6 SD for 4–8 mice or samples/group. *p ,
0.05, **p , 0.01, acid treatment versus NS treatment. #p , 0.05, ##p ,
0.01, Akt22/2 versus WT.

FIGURE 6. TLR4 signaling and miR-146a expres-

sion in acid-induced lung injury. mRNA levels of

TRAF6, IRF5, and IRAK1 (A) and protein expression

of IRF5 (B) in WT and Akt22/2 alveolar macrophages

from mice exposed to acid aspiration for 12 h. Scale

bar, 25 mm. mRNA levels of TRAF6, IRF5, and IRAK1

(C) and miR-146a in alveolar macrophages treated with

siAkt2 or nontargeting siRNA (siNeg.C) (D). Cells that

received only transfection reagent (mock) or were left

untreated (untransfected) were used as controls. (E)

Levels of miR-146a in WT and Akt22/2 alveolar

macrophages from mice that received acid for 12 or

24 h. (F) Comparison of miR-146a, TRAF6, and IRF5

mRNA levels in unstimulated WT and Akt22/2 peri-

toneal macrophages. (G) Protein levels of IRF5 and

TRAF6 in WT and Akt22/2 unstimulated peritoneal

macrophages. B-actin was used as control. Data are

mean 6 SD for n = 4–8 mice or wells/group. *p ,
0.05, **p , 0.01, ***p , 0.001, acid treatment versus

NS. #p , 0.05, ##p , 0.01, ###p , 0.001, Akt22/2

versus WT.
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Effect of Akt2 depletion in a septic lung injury model

Because aspiration-induced lung injury is frequently accompanied by
the presence of pathogens, such as bacteria, we investigated whether
Akt2 depletion and, therefore, M2 macrophage polarization, affects
the response to live bacteria. For this purpose, we inoculated WT or
Akt22/2 mice with P. aeruginosa (23 107 bacteria/mouse). Lung IC
and protein concentration in BALF were similar between WT and
Akt22/2 mice (Fig. 9A, 9B), whereas bacterial load (CFU/ml in
BALF) was significantly higher in Akt22/2 mice compared with WT
mice at 12 h after inoculation (Fig. 9C). Infiltration of macrophages
and neutrophils, as well as iNOS expression, was less profound in
Akt22/2 mice compared with WT mice (Fig. 9D–F). Macrophages
from Akt22/2 mice retained their M2-prone phenotype in septic ALI
and expressed more Arg-1 compared with those from WT mice (Fig.
9G). However, IL-6 and TNF-a concentrations in BALF did not
differ between Akt22/2 and WT mice (Fig. 9H, 9I), but IL-6 and
TNF-a levels appeared significantly reduced in Akt22/2 mice com-
pared with WT mice when normalized to P. aeruginosa CFU (Fig.
9H, I), suggesting that the increase in these cytokines may be due to
the increased bacterial load. Histological analysis of lung tissue upon
P. aeruginosa infection revealed that both WT and Akt22/2 lung
sections have severe distortion of normal lung architecture due to the
presence of a dense interstitial and alveolar inflammatory infiltrate
composed mainly of neutrophils, macrophages, and lymphocytes
(Fig. 9J). However, the parenchymal damage was less severe in
Akt22/2 mice compared with WT mice, because they demonstrated
less parenchymal consolidation and better preservation of alveoli,
probably as a result of reduced lung inflammation (Fig. 9J). Overall,
these findings suggest that, although ablation of Akt2 and M2 po-
larization of macrophages protects from aseptic lung injury, it com-
promises the response of macrophages to live bacteria.

Discussion
In the present study we show that, in the mouse model of aseptic
lung injury, macrophages first exhibit a proinflammatory M1

phenotype, followed by an M2 anti-inflammatory phenotype.
Genetic ablation of Akt2 suppresses M1 activation via miR-146a
induction, promotes an M2 phenotype, and protects mice from
acid-induced lung injury.
ARDS, the devastating clinical syndrome of acute respiratory

failure characterized by lung inflammation and alveolar barrier
dysfunction, is a major cause of morbidity and mortality in
patients in the intensive care unit. Although pneumonia and sepsis
are the most common causes of ARDS, several aseptic conditions
are associated with ARDS, such as acute pancreatitis, burns, near
drowning, multiple trauma, and inhalation injury (1). With no
effective treatment available, there is an urgent need to under-
stand and, subsequently, modulate the pathogenesis of lung in-
flammation.
It is well established that macrophages play a central role in the

pathogenesis of ARDS (4, 5, 12, 13). Most of the studies using
animal models examined the role of macrophages in LPS-induced
lung injury, a model that resembles septic ARDS (11, 18, 20). In
this study, we used the model of acid-induced lung injury, a model
of aseptic ARDS (2). Similarly to septic lung injury, we found that
alveolar macrophages in acid-induced lung injury acquire a clas-
sical (M1) activation phenotype in the early phase that is char-
acterized by increased iNOS expression and accumulation of NO
metabolites, which are known to contribute to the pathogenesis of
ARDS (4, 13, 15–18). Furthermore, we identified the onset of the
resolving phase of inflammation, during which suppression of
iNOS and predominance of Arg-1, Fizz1, and Ym1 expression,
features of M2 polarization, take place. It was reported recently
that stem cell–conditioned medium induced M2 polarization and
suppressed lung inflammation in a model of LPS-induced lung
injury (20), yet no molecular mechanism of M2 induction was
suggested. In our study, Akt2-deficient mice exhibited an ame-
liorated M1 response and an accelerated M2 activation, resulting
in significant protection from lung injury and suggesting that early
induction of M2 macrophages, via Akt2 depletion, confers pro-
tection in the aseptic lung injury model.

FIGURE 7. Modulation of miR-146a expression in

WT and Akt22/2 macrophages in culture. mRNA lev-

els of TRAF6 (A) and IRF5 (B) in WT and Akt22/2

peritoneal macrophages that were transfected with an

miR-146a mimic, an inhibitor of miR-146, or a non-

targeting control RNA (scramble). Untransfected cells,

as well as cells that received only transfection reagent

(mock), were used as experimental controls. Data are

mean 6 SD for n = 4–5 wells/group. On the x-axis,

miR-146a represents the miR-146a mimic, and as-miR-

146a represents the miR-146a inhibitor (antisense). *p,
0.05, **p , 0.01, ***p , 0.001, LPS treatment versus

NS treatment. #p , 0.05, ##p , 0.01, ###p , 0.001,

Akt22/2 versus WT.
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Therefore, we sought to investigate the mechanisms involved in
the regulation of the macrophage-activation phenotype by Akt2 in this
lung injury model. Activation of the PI3K/Akt pathway was dem-
onstrated to mediate anti-inflammatory effects in macrophages (22,
25, 28, 29). The anti-inflammatory actions of the PI3K/Akt pathway
are differentially controlled by the two Akt isoforms, Akt1 and Akt2,
which also regulate the activation phenotype of macrophages (22).
Hence, ablation of Akt2 suppresses LPS responses, promoting an
M2 anti-inflammatory phenotype, whereas ablation of Akt1 renders
macrophages hyperresponsive to LPS and M1 prone (22). We
showed previously that miR-155, a proinflammatory miRNA, is
differentially regulated by Akt kinases and plays a central role in M1
polarization of macrophages in several inflammatory models (22).
Also, miR-155 was found to be important in the pathogenesis of
LPS-induced lung injury (50). Yet, in the aseptic model of acid-
induced lung injury, an increase in miR-155 expression was not
necessary for the initial M1 polarization of macrophages, whereas
a decrease in miR-155 levels was associated with the development of
M2 phenotype. These findings suggest that, in this aseptic model,
a distinct mechanism regulates macrophage activation.
Various signaling pathways, including STAT1/STAT6, SOCS2/

SOCS3, TLR4, and IRF5/IRF4, were reported to regulate mac-

rophage activation (21, 23, 24). Specifically, TLR4 signaling plays
a central role in macrophage activation in both septic and aseptic
inflammation, including ARDS (32, 33, 51–55), and is critical in
the pathogenesis of disease (12, 32, 55). TLR4 signaling is con-
trolled by MyD88- or TRIF-dependent downstream effectors, the
signals of which converge for TRAF6 activation and NF-kB nu-
clear translocation (56). IRAK1 and IRF5 are primarily known to
be involved downstream of MyD88 (52), but IRF5 is also involved
in TRIF-mediated responses (57). In acid aspiration lung injury,
TLR4/TRIF/TRAF6 signaling in lung macrophages was shown
to determine the susceptibility to ARDS in vivo (12, 33). Both
TRAF6 and IRF5 lead to NF-kB activation, but IRF5 is also an
important regulator of iNOS and IL-12b expression and, thus, M1
polarization (23, 52, 57–60). We found that WT macrophages
upregulate TRAF6 and IRF5 gene expression in line with their M1
phenotype, whereas Akt2-deficient macrophages, having an M2
phenotype, exhibit reduced levels of these factors both at baseline
and upon acid injury.
miR-146a is an LPS-induced miRNA that plays a critical role

in macrophage responses (61). miR-146a is considered an anti-
inflammatory miRNA that mutes immune activation initiated by
TLR4 by targeting the 392yntranslatεd rεgiοn of TRAF6,

FIGURE 8. miR-146a modulates macrophage

activation in WT and Akt22/2 macrophages.

mRNA levels of iNOS (A), C/EBPb (B), Arg-1 (C),

and Fizz1 (D) in WT and Akt22/2 peritoneal

macrophages that were treated with an miR-146a

mimic, an inhibitor of miR-146, or a nontargeting

control RNA (scramble). iNOS levels were assessed

at 4 h post-LPS stimulation, whereas C/EBPb, Arg-

1, and Fizz1 were assessed at 24 h post LPS. Pro-

tein levels of IL-6 (E) and TNF-a (F) in super-

natants of LPS-stimulated WT and Akt22/2

macrophages that were transfected with miR-146a

mimic, an inhibitor of miR-146a, or a nontargeting

control RNA. Nontransfected cells, as well as cells

that received only transfection reagent (mock),

were used as experimental controls. iNOS protein

expression (MFI) and percentage of iNOS+ mac-

rophages were measured in WT mice with acid-

induced lung injury that were treated in vivo with

siAkt2 (G), miR-146a mimic (H), or miR-146a in-

hibitor (anti–miR-146a) (I). n = 5–8 mice/group.

Bar graphs show mean 6 SD. In box-and-whisker

plots, box shows 5–95 percentiles, horizontal line

represents median, and whiskers represent minimum

and maximum. *p , 0.05, **p , 0.01, ***p ,
0.001, acid treatment versus NS treatment. #p ,
0.05, ##p , 0.01, Akt22/2 versus WT. MFI, Mean

fluorescence intensity of cells gated for CD11c.
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IRAK1, and IRF5 mRNAs (34, 35) and suppressing TLR4-induced
NF-kB–regulated gene expression (61–64). In this study, we show
that Akt2 deficiency resulted in a significant upregulation of miR-
146a, which was of critical importance in suppressing the M1 phe-
notype. miR-146a transfection in WT macrophages was also able to
inhibit iNOS induction, and miR-146a suppression in Akt22/2 mice
resulted in upregulation of iNOS expression. It is of interest that
introduction of miR-146a in WT macrophages induced expression of
the transcription factor C/EBPb, a master regulator of M2 polari-

zation, indicating that miR-146a induction can promote alternative
macrophage activation. However, inhibition of miR-146 in Akt22/2

macrophages did not suppress their M2 phenotype, suggesting that
miR-146a is sufficient, but not necessary, for the induction of the M2
phenotype and that additional molecules regulated by Akt2, such as
miR-155, maintain M2 activation.
Finally, we show that the pulmonary macrophage-polarization

phenotype can be modulated in vivo by targeting local Akt2 or
miR-146a expression. Intratracheal administration of siRNA

FIGURE 9. P. aeruginosa induced

lung injury and inflammation in Akt22/2

mice. IC (A), protein concentration (B),

and bacterial load (CFU/ml) (C) in BALF

from WT and Akt22/2 mice at 12 h after

P. aeruginosa inoculation (Psa). Neutro-

phil (D) and macrophage (E) cell num-

bers in BALF from WT and Akt22/2

mice after P. aeruginosa infection (Psa).

Protein levels of iNOS (F) and Arg-1 (G)

in alveolar macrophages (CD11c+ cells)

of WT and Akt22/2 mice with P. aeru-

ginosa lung infection assessed by flow

cytometry and expressed as mean fluo-

rescent intensity (MFI). Levels of IL-6

(H) and TNF-a (I) in BALF of WT and

Akt22/2 mice at 12 h after P. aeruginosa

inoculation. IL-6 and TNF-a levels are

also shown normalized to bacterial load

in BALF (CFU ratio = mean CFU/ml of

WT mice/CFU/ml of Akt22/2 mice). (J)

Histological analysis of lung tissue sec-

tions of WT and Akt22/2 mice after

P. aeruginosa pneumonia (H&E stain)

shows severe distortion of lung architec-

ture in both sections as the result of the

presence of dense interstitial and alveolar

inflammatory infiltrates. Akt22/2 mice

demonstrate slightly better preservation

of alveoli and less parenchymal consoli-

dation. Scale bars, 50 mm. n = 6 mice/

group. In box-and-whisker plots, box

shows 5–95 percentiles, horizontal line

represents median, and whiskers repre-

sent minimum and maximum. *p, 0.05,

**p , 0.01, ***p , 0.001, acid treat-

ment versus NS treatment. #p , 0.05, ###

p , 0.001, Akt22/2 versus WT.
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against Akt2 or of an miR-146a mimic inWTmice exposed to acid-
induced lung injury resulted in a significant suppression of iNOS in
alveolar macrophages. Because it is well established that sup-
pression of iNOS and subsequent inhibition of M1 activation (4, 13,
15–18), as well as induction of M2 (20), can confer protection in
ARDS, the identification of molecules that promote this mecha-
nism in vivo is of the utmost importance. However, Akt2 sup-
pression and M2 macrophages impair the innate immune response
against live bacteria, such as P. aeruginosa, which limits the use of
M2 induction for the protection from gastric acid aspiration–in-
duced lung injury. Simultaneous treatment with antibiotics may
overcome such a limitation in a clinical setting.
In summary, this study demonstrates the protective effect of

alternative macrophage polarization in acid-induced lung injury
and identifies Akt2 and miR-146a as keymolecular determinants of
alveolar macrophage polarization. Based on these findings, Akt2
and miR-146a appear to be promising therapeutic targets for
aseptic ARDS. However, the impaired bacterial clearance as a
result of M2 induction is a major limitation to the use of this
therapeutic application in septic ARDS, which represents the
great majority of cases in clinical practice either from a pulmonary
or nonpulmonary source.
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