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Περίληψη 

Η πνευμονική αρτηριακή υπέρταση, πρωτοπαθής ή δευτεροπαθής σε προϋπάρχουσα 

διαταραχή, είναι μια σπάνια νόσος που χαρακτηρίζεται από αγγειοσυστολή, 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, αναφέρθηκε πρόσφατα να προάγει μια φλεγμονώδη 

ανοσοαπάντηση στον πνεύμονα  που προηγείται χρονικά της ανάπτυξης της υπερτάσεως και 

ότι ιστοειδική 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 

δημιουργήθηκε από την διασταύρωση ποντικών, που εκφράζουν τον ενεργοποιητή της 

μεταγραφής της τετρακυκλίνης υπό τον έλεγχο του υποκινητή των επιθηλιακών κυττάρων 

Clara cells του πνεύμονα με ποντικούς που φέρουν το ανθρώπινο διαγονίδιο της HO-1 υπό την 

έκφραση του υποκινητή του βακτηριακού οπερονίου της τετρακυκλίνης (ΤRE), και έτσι 

υπερεκφράζει HO-1 με επαγόμενο ιστοειδικό 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 [F4/80, CD11c (+)] και παραγωγή κυτοκινών/ κυτταροκινών (IL-

1b, MIP-1a, IP-10, IL-2, IL-2, IL-4, IL-13, και FGFb) στο βρογχοκυψελιδικό έκπλυμα. Η 

υπερέκφραση της ΗΟ-1, υποθέτουμε κυρίως μέσω του προϊόντος της, μονοξειδίου του 

άνθρακα (CO), κατέστειλε την συγκέντρωση των μονοκυττάρων/μακροφάγων και την 

παραγωγή κυτοκινών/ κυτταροκινών. Τα κυψελιδικά μακροφάγα των υποξικών ποντικών 

εκδήλωσαν in vivo φαινότυπο ενεργοποίησης τυπικό της εναλλακτικής οδού, με έκφραση των 

δεικτών Fizz1, υποδοχέα της μαννόζης (CD206), Ym1, galectin-3 και arginase-1 ενώ απέτυχαν 
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να εκφράσουν δείκτες κλασσικής ενεργοποίησης όπως την επαγόμενη συνθάση του νιτρικού 

οξειδίου (iNOS), παράγοντα νέκρωσης των όγκων (TNF-a) και ιντερλευκίνη-12 (IL-12p40). 

Υπερέκφραση της ΗΟ-1 είχε αποτέλεσμα την καταστολή των δεικτών εναλλακτικής 

ενεργοποίησης. Επιπλέον, τα επίπεδα mRNA δύο προσφάτως αναγνωρισμένων επαγωγέων 

της εναλλακτικής  οδού, της CCL2 (παλαιότερα γνωστή και ως χημειοτακτικός παράγοντας των 

μονοκυττάρων, ΜCP-1) και της ιντερλευκίνης-6 (IL-6), αυξήθηκαν στους υποξικούς πνεύμονες, 

φαινόμενο που κατεστάλη υπό την έκφραση της ΗΟ-1.  

Για να επισημάνουμε το ρόλο της παραπάνω φλεγμονώδους απάντησης στην παθογένεση 

της νόσου, διακόψαμε την συνεχή χορήγηση δοξυκυκλίνης στα ζώα. Η απόσυρση της 

δοξυκυκλίνης μετά από βραχεία χορήγηση (2 ημερών), είχε ως αποτέλεσμα την επανεμφάνιση 

αυξημένου αριθμού μονοκυττάρων/μακροφάγων και ενεργοποίηση της εναλλακτικής  οδού, 7 

ημέρες μετά τα οποία επακολούθησε πνευμονική υπέρταση. Όμως, παρατεταμένη χορήγηση 

(7 ημερών) δοξυκυκλίνης κατέστει επαρκής να αναστείλει τόσο την συγκέντρωση 

μονοκυττάρων/μακροφάγων και την εναλλακτική ενεργοποίηση των όσο και την μετέπειτα 

εμφάνιση πνευμονικής υπέρτασης.  

Τα ευρήματα αυτά υποδεικνύουν ότι η προσέλκυση μακροφάγων στους πνεύμονες υπό 

συνθήκες υποξίας και η ενεργοποίηση τους προς την εναλλακτική οδό διαδραματίζει 

σημαντικό ρόλο στην ανάπτυξη της  πνευμονικής υπέρτασης. Η ΗΟ-1 δρα προστατευτικά, όχι 

μόνο μέσω της αγγειοδιασταλτικής και αντιμιτωτικής της δράσης αλλά και μέσω των 

αντιφλεγμονώδων ιδιοτήτων της. Η κατανόηση των κυτταρικών και μοριακών μονοπατιών που 

οδηγούν στην νόσο θα βοηθήσει στον σχεδιασμό στοχευμένων θεραπειών που πιθανά να 

βελτιώσουν την πρόγνωση που παραμένει πενιχρή. 

 

 

 

 

 



The role of alternatively activated macrophages in pulmonary hypertension                                            Vergadi Eleni                                             

6 

 

Summary 

Pulmonary arterial hypertension (PAH), primary or secondary to coexisting condition, is a 

devastating disease, characterized by vasoconstriction, vascular wall remodeling, with resultant 

right ventricular hypertrophy and failure. Despite significant progress in this field, the 

mechanisms underlying the development of PAH are still obscure.  

Lung inflammation has been increasingly implicated in the development of pulmonary 

hypertension. Tissue hypoxia, a well-known stimulus for pulmonary hypertension, has been 

reported by our group to induce an inflammatory response that precedes the development of 

hypoxia-induced pulmonary hypertension. Also, lung-specific constitutive expression of the 

cytoprotective enzyme heme oxygenase-1 (HO-1) can suppress both the lung inflammation and 

the later development of hypertension. In the present study, we utilized a bitransgenic mouse 

model, that was generated by crossing of mice that express the reverse tetracycline 

transactivator (rtTA) under the control of Clara cell secretory protein promoter (CC10) with 

mice that harbor the human HO-1 transgene under the control of the bacterial tetracycline 

response element (TRE) and expressed HO-1 in a lung-specific, inducible way (tetOn system).  

By turning on and off HO-1 activity and modulating lung inflammatory response, our goal was 

to shed light on the nature of this hypoxia-induced inflammatory response and its role in the 

later development of the disease.  

Soon after hypoxic exposure, and in the absence of doxycycline (dox), we demonstrated 

significant monocyte/macrophage accumulation (F4/80, CD11c positive cells) and 

cytokine/chemokine production (FGFb, IL-1b, MIP-1a, IP-10, IL-13, IL-4, IL-17 and IL-2) in the 

bronchoalveolar lavage (BAL). HO-1 overexpression, in the presence of dox, suppressed the 

accumulation of cells in the BAL and the cytokine/chemokine elevation, presumably through its 

end product carbon monoxide (CO). Hypoxic alveolar macrophages manifested an in vivo 

phenotype consistent with alternative activation, characterized by the expression of found in 

inflammatory zone (Fizz-1), mannose receptor C type 1 lectin (CD206), chitinase 3 like 3 (CHI3L3 

or Ym1), arginase-1 and galectin-3 (Lgals3) while they failed to express markers of classical 

activation such as inducible nitric oxide synthase (iNOS), tumor necrosis factor-alpha (TNF-a) 

and interleukin 12 (IL-12p40). Mice with upregulated HO-1 levels did not exhibited elevated 
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alternative activation markers. Moreover, mRNA levels of two recently recognized inducers of 

alternative macrophage polarization, CCL2 (previously known as monocyte chemoattractant 

protein -1, MCP-1) and interleukin-6 (IL-6), were upregulated in the hypoxic lungs, an effect 

abrogated by the expression of HO-1.   

In order to pinpoint the role of the above inflammatory response in the development of 

disease, we treated the mice with dox transiently. Upon removal of dox after short term 

administration (2 days), prominent macrophage accumulation and activation ensued and this 

was accompanied by pulmonary hypertension one to two weeks later. However, one week 

treatment with dox was adequate to inhibit the accumulation and activation of macrophages 

and prevented the later development of PAH.  

These findings suggest that macrophage recruitment and alternative activation plays a 

pivotal role in the development of hypoxic pulmonary hypertension. HO-1 confers 

cytoprotective effects in the lung vasculature not only via its vasodilating and antiproliferative 

properties but also via its anti-inflammatory effects. Understanding of the cellular and 

molecular pathways that contribute to the progression of pulmonary hypertension will lead to 

the development of targeted therapies and may raise the hope for the improvement of the 

prognosis that, in spite of significant recent success, remains too dismal. 
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A. Introduction 

a. Pulmonary arterial hypertension  

Pulmonary hypertension, a disease of the pulmonary vasculature, is diagnosed when there 

is an increased mean pulmonary-artery pressure, higher than 25 mm Hg at rest or 30 mm Hg 

with exercise.3 The subgroup of pulmonary hypertension known as pulmonary arterial 

hypertension (PAH) has been defined by the addition of the criterion that the pulmonary 

capillary wedge pressure must be normal, less than 15 mm Hg.3 

Pulmonary arterial hypertension (PAH) occurs in a rare idiopathic form (in which 10% of 

cases are familial) but is more commonly associated with other conditions, including 

connective-tissue diseases, congenital heart disease, portopulmonary disease, and human 

immunodeficiency virus (HIV) infection or the use of anorexigens.3-5 Prior to the advent of 

modern therapies, life expectancy for adults with idiopathic pulmonary arterial hypertension 

was < 3years from diagnosis; for children, it was < 10 months.6 

  

Pathology of pulmonary hypertension 

The cause of pulmonary arterial hypertension remains unclean, however, endothelial 

dysfunction is considered an early feature of the disease.7,8 Endothelial dysfunction is 

associated with an imbalance between endothelium-derived vasodilators (e.g., nitric oxide and 

prostacyclin) and vasoconstrictors (e.g., endothelin- 1 and thromboxane).7,9  As pulmonary 

arterial hypertension progresses, vascular remodeling occurs, characterized by a proliferative 

and antiapoptotic state of cells within the vascular wall (smooth-muscle cells, fibroblasts, and 

endothelial cells).5,10 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.5,10,11 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.5,10,12 
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Familial cases have long been recognized, but in 2000, bone morphogenetic protein 

receptor type 2 (BMPR2) was identified by linkage analysis as a genetic cause of PAH.13-15 

Following that observation, mutations in the transforming growth factor b (TGFb) signalling 

superfamily, mostly in bone morphogenetic protein receptor II (BMPR2) (Figure 1) and less 

commonly in activin–like kinase type 1 (ALK1) and endoglin (ENG) have been linked to familial 

cases and cases of idiopathic PAH.16 However, BMPR2 mutations are responsible for 

approximately 70% of hereditary cases of PAH, 25% of idiopathic13,16-19 and are not the cause 

for most of PAH of other etiologies.20,21 

In the past few years our knowledge regarding the cellular and molecular mechanisms 

responsible for the pathobiology of PAH was remarkably increased (Figure 1). Key components 

has been revealed like as the Rho GTPases: Rac1 and RhoA,22 nitric oxide (NO) and prostacyclin 

(PGI2), serotonin (5-HT), serotonin transporter and receptors,23 angiopoietin and TIE2,24,25 and 

Kv channels.1,26 As illustrated in Figure 1, the proliferative signal to smooth muscle cells can 

come from their crosstalk with adjacent activated endothelial cells8,27 or by the presence of 

growth factors in their microenvironment.  

In general, there is the belief that pulmonary arterial hypertension may reflect a “double 

hit” theory; from genetic abnormalities, such as loss-of-function mutations of the BMPR2, and 

environmental factors, such as drugs, viruses, or toxins.1 

The role of inflammation in the development of pulmonary hypertension 

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 2). Increased infiltration of macrophages, dendritic cells, B and 

T lymphocytes have been found in the walls of pulmonary arteries and perivascular areas of the 

plexiform lesions from patients with PAH.28-30 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.31,32  
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Figure 1. Potential Mechanisms Involved in the Development of PAH. Schematic diagram illustrating potential 
mechanisms involved in the development of pulmonary arterial hypertension (PAH). Ang = angiopoeitin; AVD = 
apoptotic volume decrease; BMP = bone morphogenetic protein; BMPR = bone morphogenetic protein receptor; CaM 
= calmodulin; CREB = cAMP-response element binding protein; DAG = diacylglycerol; Em = membrane potential; EGF  
epidermal growth factor; EGFR = epidermal growth factor receptor; ET = endothelin; GAP = GTPase activating protein; 
GPCR = G protein-coupled receptor; HHV = human herpes virus; HT = hydroxytryptamine (serotonin); HTT = 
hydroxytryptamine (serotonin) transporter; IP3 = inositol 1,4,5-trisphosphate; Kv= voltage-gated K+; MAPK = mitogen-
activated protein kinase; MLC = myosin light chain; MLCK = myosin light chain kinase; NA(D)PH = nicotinamide adenine 
dinucleotide phosphate; NO = nitric oxide; PASMC = pulmonary artery smooth muscle cell; PDGF = plateletderived 
growth factor; PGI2 = prostacyclin; PKC = protein kinase C; PLC = phospholipase C; ROC = receptor-operated Ca2+ 
channels; ROS = reactive oxygen species; RTK = receptor tyrosine kinase; SR = sarcoplasmic reticulum; SRF = serum 
response factor; TCF= T cell factor; TIE = endothelial-specific tyrosine kinase; VDCC = voltage-dependent calcium 
channel. Adopted from Morrel et al, 2009 1 
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        Upregulation of inflammatory mediators 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.33 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-1.34 Patients with 

idiopathic PAH have elevated levels of CCL2 (previously known as MCP-1) in their plasma and 

lung tissue.35 It has been demonstrated that CCL2 is most probably released from the 

endothelial cells of PAH patients.35 Levels of P-selectin, macrophage inflammatory protein-1a 

(MIP-1a), IL-1b and IL-6 are increased in patients with severe idiopathic PAH.36-38  Circulating 

autoantibodies (antinuclear) and elevated cytokine levels, such as IL-1 and IL-6,  have been 

detected in the serum of patients with primary PAH.36,39,40 Animal studies have linked 

pulmonary arterial remodeling with immune-mediated responses,41 and cytokine, chemokine 

and growth factor overproduction.34,35,42-44 Cytokines have been also demonstrated to promote 

proliferation and migration of VSMC in vitro.45  

 

Hypoxia-induced pulmonary hypertension  

The most commonly used animal models (“classic” models) for the study of PAH are rodents 

exposed to either hypoxia or monocrotaline.46-48  Long term exposure of mice in hypoxia leads 

to muscularization of small pulmonary arteries and recapitulates the elevation of right 

ventricular systolic pressure and the pathology of human disease.48 Upon hypoxic exposure, 

vasoconstriction rapidly occurs and it is responsible for the rapid elevation of pulmonary 

arterial pressure.46,48 However, it is not the cause of the vascular remodeling and smooth 

muscle cell hyperplasia that is characteristic in hypoxia-induced pulmonary hypertension (HPH); 

however, it may indeed provoke endothelial cell dysfunction.7,46 

 Apart from acute vasoconstriction, oxygen deprivation results in dysfunction of oxidative 

phosphorylation/mitochondrial respiration and reduction in ATP production.49 Cells then rely 

on anaerobic metabolism for ATP production and this may lead in the apoptosis and/or necrosis 

of oxygen demanding cells and tissues.50  Because of the central role of oxygen in metabolism,  
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Figure 2 : Mechanisms of Inflammation-Mediated Remodeling. Schematic diagram of inflammatory 
mediators, cells, and mechanisms involved in pulmonary vascular remodeling. Release of cytokines and 
chemokines in remodeled 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 favor 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. Adopted from Hassoun et al, 2009 2 
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it is not surprising that we have evolved an efficient and rapid mechanism which senses hypoxia 

in cells. This response is governed by HIF (hypoxia-inducible factor). The oxygen sensitivity of 

this pathway is conferred by a family of hydroxylases which repress HIF activity in normoxia 

allowing its rapid activation in hypoxia.49 HIF regulates an array of adaptive genes which 

facilitate increased oxygen supply and support anaerobic ATP generation.51 It has also been 

reported that chronic hypoxia, via HIF or HIF - NFkB cross talk induces smooth muscle cell 

proliferation and vessel wall remodeling in the vasculature by transcriptional activation of 

genes encoding vascular smooth muscle cell (VSMC) mitogens and inflammatory mediators.51,52 

The development of hypoxia-induced pulmonary hypertension has been also recently 

associated with an inflammatory response in the lung.53 Accumulation of mesenchymal stem 

cell precursors of a monocyte/macrophage 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.32,54,55 

 

The protection of heme oxygenase-1 in pulmonary hypertension 

HO-1 is  a major antioxidant and cytoprotective enzyme that catalyses the degradation of 

heme to 3 enzymatic end-products: CO, free Fe2+ and biliverdin,56 which is reduced 

subsequently to bilirubin . Like nitric oxide, CO is a gas that freely diffuses in the adjacent cells 

and can reach its target molecules independently of receptors and transporters.46 It can 

stimulate soluble guanylyl cyclase and thus increases intracellular levels of cGMP, an important 

regulator of vascular tone and smooth muscle growth.57,58 Also by degradation of the pro-

oxidant heme and generation of the anti-oxidant bilirubin, HO may also protect cells against 

oxidative injury.59  

Three HO isoforms have been reported; HO-1, HO-2 and HO-3. HO-1, also known as heat 

shock protein 32, is a 32-kDa protein induced by heat, heme, hypoxia, hyperoxia, acidosis, shear 

stress, stretch, cytokines, and reactive oxygen species.60 Under normal physiological conditions, 

HO-1 and HO-2 are both expressed at low levels in vascular smooth muscle cells (VSMCs) and 

cardiomyocytes.60,61 However, under pathophysiological conditions, only HO-1, is induced in the 
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heart and blood vessels.60,61 HO-3 function is unclear, and the current consensus in the field is 

that it represents a pseudogene. 

HO-1 has been reported by our group and others to be protective in hypoxia-induced 

pulmonary hypertension.47,53,58,62 This protection, up to now, has been mainly attributed to the 

relaxation of vascular tone and inhibition of VSMC proliferation by CO.57,58 However, studies 

have shown that HO-1 has anti-inflammatory properties,63-68 findings supported by the fact that 

HO-1-deficient mice develop a chronic inflammatory state that progresses with age.62,69 

Moreover, the only human reported to lack HO-1 died of a chronic systematic inflammatory 

syndrome and inability to handle oxidative stress.66 Mice deficient in HO-1 have a maladaptive 

response to hypoxia and develop right ventricular dilation with fibrosis, formation of thrombus 

and inflammation.62 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.63-68 Biliverdin and bilirubin exert their 

protective effects largely though their anti-oxidant properties.59,70 Therefore, one can speculate 

that one mechanism of HO-1 protection in PAH is via its anti-inflammatory properties.  

 

A bitransgenic mouse model as a powerful research tool  

In the present study, our goal was 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.53 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.  
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b. Alternatively activated macrophages  

Macrophages sense the endogenous danger signals that are present in the debris of 

necrotic cells through Toll-like receptors (TLRs),71 intracellular pattern recognition receptors 

and the interleukin-1 receptor (IL-1R).71,72 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”.73  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 defence. 

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. Macrophage classification could be viewed 

as a linear scale, on which M1 macrophages represent one extreme and M2 macrophages 

represent the other (Figure 3a). In this classification, the M1 designation was reserved for 

classically activated macrophages and the M2 designation for alternatively activated 

macrophages.74  

In general, classically activated macrophage is an “effector” macrophage that is activated 

through Toll-like receptors, interferon-γ (INF-γ) and tumor necrosis factor (TNFa).74 These cells 

exhibit enhanced microbicidal or tumoricidal capacity, increased secretion of cytokines and 

mediators, and higher expression of co-stimulatory molecules.74-75 Classical macrophage 

activation is characterized by: high capacity to present antigen, high interleukin-12 (IL-12) and 

IL-23 production and consequent activation of a polarized type I response, and high production  

of toxic intermediates such as nitric oxide (NO) and reactive oxygen intermediates (ROI).74 
On the other hand, alternatively activated macrophage is the macrophage that is activated 

mostly by interleukin-4 (IL-4) or IL-13 and, as recently discovered, by CCL2 and IL-6,35,76 and 

expresses arginase-1, mannose receptor (CD206), Fizz1, Ym1, galectin-3 and IL-4 receptor-α (IL-

4Ra) (Figure 4).73,77,74,75,78,79,80 Pathogen-associated molecular patterns that are expressed by 

helminths and parasites may also drive the alternative activation of macrophages.79 
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Figure 3.  Macrophage spectrum of 
plasticity. a,  monochromatic 
depiction of a previous 
nomenclature showing the linear 
scale of the two macrophage 
designations, M1 and M2. b, Three 
major functional  populations of 
macrophages that are arranged 
according to the three primary 
colours. Secondary colours, may 
represent different versions of 
macrophages such as tumour-
associated macrophages, which 
have many characteristics of 
regulatory macrophages but also 
share some characteristics of 
wound-healing macrophages. 
Adopted from Mosser et al, 2008  

 

Figure 4. Murine 
macrophage alternative 
activation markers.    
Macrophage alternative 
activation is associated 
with distinctive gene 
signatures. The genes that 
are most commonly 
induced are MRC1 
(CD206), Ym1/2, arginase-
1, MHC class II (MHCII) as 
well as Fizz1. Adopted 
from Martinez et al, 2009  
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Diversity of macrophage plasticity and activation  

Unlike T cells, which undergo extensive permanent genetic modifications during 

differentiation, plasticity is the hallmark of mononuclear phagocytes. In response to 

environmental signals these cells undergo different forms of polarized activation. Therefore, 

reliance on a single biochemical marker to identify a macrophage population can be 

problematic and has resulted in a great deal of confusion regarding the identity of individual 

macrophage populations. Different forms of macrophage activation and polarization do not 

actually represent anymore extremes of a continuum (Figure 3a). It seems that there are 

roughly 3 functional categories of activated macrophages, classically, alternatively activated 

and regulatory (anti-inflammatory) macrophages (Figure 3b).74,81 But still, this classification is 

not adequate since different versions of macrophage with distinct spectrum of markers and 

function may exist depending on the environmental conditions (Figure 3b). 

More precisely, apart from the M1 / M2 distinction that mirror the Th1/ Th2 classification, 

the nomenclature became confusing by the fact that the term “M2 macrophages” has also 

been applied in a loose way to mononuclear phagocytes exposed to IL-10, glucocorticoid or 

secosteroid (vitamin D3) hormones.74,81 These cells are considered in many respects 

“deactivated”, but in analogy to IL-4 and IL-13, these signals are more than simple deactivators, 

they are suppressors. Also, macrophages exposed to immune complexes (IC) and LPS are 

characterized by an IL-10 (high) and IL-12 (low) phenotype; they have been also called type II 

activated macrophages (M2).73  

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. By this confusing designation one cannot really distinguish the 

“trophic M2 macrophage” that overexpresses the mitogenic factor Fizz1 for example, with the 

“anti-inflammatory M2 macrophage” that overexpresses interleukin-10 (IL-10) and TGFb.  

Lately, it has been proposed that M2 designation should expand into three different subtypes 

of macrophages ( Figure 5): M2a (where “a” also stands for alternative), induced by IL-4 or IL-13 

and/or CCL2 and IL-6; M2b induced by exposure to immune complexes (IC) and agonists of Toll-

like receptors (TLRs) or IL-1R; and M2c (immunosuppressive), induced by IL-10 and 
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glucocorticoid hormones (Figure 5).78,81-83 Still many of the characterized macrophages may fail 

to be allocated to a single category, like tumor-associated macrophages (TAM) which have 

many characteristics of regulatory macrophages M2c, but also share some characteristics of 

M2a macrophages.73 

 

 

 

Figure 5. Inducers and functional properties of different polarized macrophage populations. 
Macrophages polarize and acquire different functional properties in response to environment-derived 
signals. Macrophage exposure to IFN-g and LPS drives M1 polarization, with potentiated cytotoxic and 
antitumoral properties, whereas M2 macrophages are in general more prone to trophic, tissue 
remodeling, immunoregulatory and protumoral activities. In particular, M2a (induced by exposure to IL-
4 and IL-13) and M2b (induced by combined exposure to immune complexes and TLR or IL-1R agonists) 
drive type II responses, whereas M2c macrophages (induced by IL-10) are more related to suppression 
of immune responses. DTH, delayed-type hypersensitivity; IC, immune complexes; IFN-g, interferon-g; 
iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; MR, mannose receptor; PTX3, the long 
pentraxin PTX3; RNI, reactive nitrogen intermediates; ROI, reactive oxygen intermediates; SLAM, 
signaling lymphocytic activation molecule; SRs, scavenger receptors; TLR, Toll-like receptor. Adopted 
from Mantovani et all, 2004 81 
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The role of alternatively activated macrophages in the pathogenesis of chronic 

diseases 

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

macrophages. As we discussed above, the confusion originates from their imprecise definition. 

In Th1 mediated autoimmune responses switch to Th2 is considered beneficial and in allergic 

diseases switch from Th2 to Th1 ameliorates the allergic inflammation. Similarly, in M1 

mediated diseases, switch to M2 is considered “less harmful” and beneficial or anti-

inflammatory.78,84 M2s are also actually more susceptible to some infections like in tuberculosis 

(with the exception of the parasitic ones) as they do not have the microbicidal properties of 

M1s.74 

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.85,86 Thus extensive research is focused on targeting and reprogramming 

TAMs,85,86 even developing oral DNA vaccines against them.87,88 

There is a great number of reports that points out the pathogenic, harmful role of M2 in 

chronic diseases, like in autoimmune disorders,78,89 vascularization and lesion growth,90-93 and 

airway and inflammatory diseases.82,94 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 (MMPs) and IL-1b.78 

 
c. Biological significance-Objectives 

The primary goal of this study is to delineate the nature of the inflammatory response that 

leads potentially, in a causative way, to pulmonary vascular remodeling and hypertension. 

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. By the use of the bitransgenic mouse model with inducible HO-1 expression we 

will be also able to assess the anti-inflammatory properties of HO-1 in this context and 

elucidate the critical temporal therapeutic “window” that is adequate for HO-1 to exert its 

protective effects.  
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In addition, we aim to shed light on the role of macrophage polarization towards the 

alternative pathway in the pathogenesis of disease and to improve our understanding of the 

function of these cells. 
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2. Materials and Methods 

Generation of bitransgenic mice 

In our laboratory, bitransgenic mice were generated by the crossing of Balb/c transgenic 

mice that harbor the tetracycline transcriptional activator (rtTA , tet-on system) under the 

control of the Clara Cell secreted protein (CCSP) promoter (CC10) (CCTA line: a kind gift from DR 

J.A Whitsett)95 with FVB transgenic mice that carry the human HO-1 transgene under the 

control of the tetracycline response element (TH77 line: CC10-rTTA x TRE-hHO1xSV40 polyA). 

The latter was generated by microinjection of a (TetO)7-CMV-hHO-1 transgene that consists of 

seven copies of the tet operator DNA binding sequence linked to a minimal CMV promoter, the 

human HO-1 cDNA, and SV40 polyadenylation signals (Figure 6A-B). The result was a 

bitransgenic mouse line (CC77 is our working designation) that overexpresses human HO -1 in 

an inducible lung-specific way (figure 7).  

 

 

 

 

Figure 6. 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. 
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Figure 7. Characterization of the bitrangenic mouse line with inducible expression of HO-1. A, 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. B, Bitransgenic (CC77) mice 
were treated with 0.2 mg/ml or 1 mg/ml dox in the drinking water for 2 to 12 days. Northern blot (upper 
panel) or RT-PCR (lower panel) analysis on total lung RNA from the following strains: SHO1: transgenic 
strain constitutively expressing human HO-1 in lung epithelium under the control of the SPC-promoter. 
FVB: wild-type strain and CC77. The probe and primers used do not cross-react with the endogenous 
mouse HO-1transcripts. Data presented is the result of the work of Mun Seong Chang, PhD 

 

HO-1 expression has been extensively assessed in the absence and presence of dox. HO-1 

mRNA was upregulated more than 20-fold upon 1mg/ml dox administration (Figure 7A), and 

responded to dox treatment in a dose-dependent and time-dependent manner (Figure 7B). 

Upon withdrawal of dox, human HO-1 mRNA expression progressively falls and is undetected 

by 5 days (Figure 7A).  Northern blot or RT-PCR analysis on total lung RNA indicated the lung-

specific inducible manner of HO-1 expression (Figure 7B) in comparison with positive control 

mice (SHO-1 line that constitutively express HO-1 in the lung)54 and negative control mice (FVB 

wild type) (Figure 7B). 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 

6B), with dox to eliminate any potential effect of dox itself, independently of HO-1. 

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. From each animal, hemodynamic measurements took place 

prior to sacrifice, followed by bronchoalveolar lavage, harvesting of heart and inflation of lungs 
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for histology. One lobe was sutured prior to inflation, frozen in liquid nitrogen and stored at -

80°C for mRNA and protein analysis.  

 

Mice treatments 

Expression of human HO-1 in the lung was achieved by the addition of 1mg/ml dox in the 

drinking water. After 2 days pretreatment with Dox, animals were introduced to normobaric 

hypoxia (8.5% oxygen) inside a chamber where oxygen was tightly regulated by an oxycycler 

controller (Biospherix, Redfield, NY). Nitrogen was automatically introduced as required to 

maintain the proper FiO2 and ventilation was adjusted to keep CO2 levels less than 8,000ppm 

(0.8%). Ammonia was removed by charcoal filtration by an electric air purifier.  

Dox administration was either continued for the entire duration of the hypoxic exposure or 

terminated at 2 days or after 1 week of hypoxia (overview of experimental design is illustrated 

in figure 17). Age and sex-matched littermates were exposed to identical conditions in hypoxia 

or normoxia and served as controls.  The CCTA mouse line, that lacks 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 CO intermittently: 250 ppm for 1h prior to hypoxic exposure and 

then received 250 ppm for 1h twice daily, inside the hypoxic chamber for a total of 48 hours. A 

group of mice underwent intraperitoneal (i.p) injections of 50 μmol/kg biliverdin IX 

hydrochloride (Frontier Scientific, Logan UT) as previously reported,63 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% oxygen) without CO. 

 

Hemodynamic and Ventricular Weight Measurements  

(performed by Dr. Mun Seong Chang) 

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 



The role of alternatively activated macrophages in pulmonary hypertension                                            Vergadi Eleni                                             

24 

 

instruments) attached to a 23g needle was used and data were collected and analyzed using 

the PowerLab hardware and software.96 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)]. 

 

Immunohistochemical Analysis 

Lungs were 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 analysis of vascular remodeling was performed by using the mouse 

primary alpha-smooth muscle actin antibody (α-SMA, Sigma-Aldrich), a marker of smooth-

muscle cells.97 Endogenous peroxidase activity was inhibited with 3% H2O2 peroxidase (Sigma-

Aldrich) in methanol. Next, the sections were incubated with a biotinylated horse anti-mouse 

IgG (Vector laboratories), treated with the avidin–biotin complex (Vectastain Elite ABC kit, 

Vector Laboratories), and stained with 3,3’-diaminobenzidine substrate (KPL). Slides were 

counterstained with 1% Methyl Green (Sigma-Aldrich). 

 

Morphometric Analysis 

Pulmonary arterioles of 50-100 um in diameter from lung sections immunostained with a-

SMA (as described above) were captured with light miscoscopy. At least 10 representative 

pulmonary arterioles were chosen from 3 different sections from each animal. Analysis of the 

median vessel wall thickness took place by morphometry using Metamorph Offline. The entire 

vessel area including the lumen was identified as “Total Area” and the area of brown-color (a-

SMA stained) that represents the medial smooth muscular layer was labelled “Threshold Area”. 

Medial Wall Thickness index was determined by using the quotient of Threshold Area x100 over 

Total Area [(%Threshold Areax100/ total Area)].  

 

Isolation of alveolar macrophages 

Animals were anesthetized with 2,2,2-tribromoethanol after exposure for the indicated 

time periods in hypoxia. Bronchoalveolar lavage (BAL) was obtained through intratracheal 
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instillation of 4 x 0.8ml PBS (Ca+2 and Mg+2 free, supplemented with 0.1 mM EDTA) and filtered 

via a 35μm cell strainer to exclude contamination from epithelial cells that mostly appeared in 

clusters. Cell suspension was cytocentrifuged in 300g for 5min using the Shandon Cytospin 4 

(Thermo Scientific). Slides were air-dried overnight and stained with Hema stain set (Fisher 

Diagnostics, Protocol). Ninety nine percent of the cells isolated this way were of the 

monocyte/macrophage lineage as was also reconfirmed by cell-specific markers and flow 

cytometry (below). 

 

Flow Cytometry 

Total white blood cell (WBC) counts of BAL isolated cells (see above) were accessed by 

hemocytometer counting using Kimura stain,98 and reconfirmed by flow cytometry analysis by 

the use of FITC-anti mouse CD45 antibody (BD Pharmigen) and flow cytometry absolute count 

standard beads (Bangs laboratories, Inc.). Differential WBC analysis was performed using APC–

anti-mouse F4/80 (E-biosciences), PE-anti-mouse Ly-6G/Ly-6C (BD Pharmigen), and Pacific Blue-

anti-mouse CD3 (E-biosciences) antibodies specific for macrophages, neutrophils and T cells, 

respectively. Expression profile of BAL isolated alveolar macrophages was assessed by APC-anti 

mouse F4/80 (E-biosciences),99 FITC-anti-mouse CD11c, and PE-anti-mouse CD45 (BD 

Pharmigen) in separate analysis. BAL fluid supernatant was kept in -80˚C for protein analysis.  

 

Immunocytochemistry 

BAL was performed and isolated cells were cytocentrifuged as described above. Slides were 

air-dried, fixed with 2% parafolmadehyde, incubated in blocking serum, and then at 4°C 

overnight with rabbit polyclonal anti mouse Fizz1 antibody (Abcam), rabbit polyclonal anti 

mouse galectin-3 (Abcam) or rabbit polyclonal anti mouse iNOS antibody (SantaCruz). Goat 

biotynilated anti-rabbit secondary antibody incubation was performed (Cell Signaling), followed 

by incubation with FITC-avidin conjugate (Vector Laboratories). Nuclei were counterstained 

with DAPI (Thermo Scientific) and samples were observed with fluorescent microscopy. 
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Real time PCR 

RNA from total lung or from alveolar macrophages was isolated using the Qiagen RNA mini 

extraction kit. 1ug of total RNA was used for cDNA synthesis (Superscript III oligo dT primer kit , 

Invitrogen). The following primers were used in 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’, mannose receptor, C 

type 1 (Mrc1): fwd: 5’- TTTCCATCGAGACTGCTGC-3’; rev: 5’-ACCAAAGCCACTTCCCTTC-3’, 

interleukin 12b (IL12b); fwd: 5’- GGAGGGGTGTAACCAGAAAGGTGC-3’, rev: 5’- 

CCTGCAGGGAACACATGCCCAC-3’, tumor necrosis factor (TNF); 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’. 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 s, extension at 72 °C for 30 s, and denaturation at 95°C for 30s for 40 cycles. 

 

Northern Blot analysis 

(performed by Dr. Mun Seong Chang) 

Total lung RNA was isolated by guanidinium isothiocyanate extraction as previously 

reported.100 Briefly, 10ug of total RNA was loaded on an 1% agarose, 2% formaldehyde gel in 20 

mM MOPS, 5 mM sodium acetate and 1mM EDTA ( pH 7.2), and size-fractionated. Gel was 

transferred in Duralose-UV membrane (Stratagene); the blots were prehybridized for 2 h at 

65°C in 1% BSA, 7% SDS, 1 mM EDTA, and 0.5 M phosphate buffer (pH 7.0) and hybridized 

overnight at 65°C in the same solution containing the appropriate 32P-labeled probe. The HO-1 

cDNA probe, prepared by PCR, encompassed 580 ~ 795 region of cDNA sequence and labeled 

with [alpha-32P] dCTP using superscript III random primer kit (Invitrogen). The blots are then 

washed twice in  0.5% BSA, 5% SDS, 1 mM EDTA, and 40mM phosphate buffer ( pH 7.0), for 30 
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min each at 65°C, followed by four 15-min washes with 1% SDS, 1 mM EDTA, and 40 mM 

phosphate buffer ( pH 7.0), at 65°C. 18S rRNA was used as loading marker. 

 

BAL fluid cytokine profile 

A total of twelve proteins were measured in the BAL supernatant using a multiplex mouse 

cytokine analysis (FGFb, INF-γ, IL-1b, IL-1a, IL-2, IL-4, IL-13, IL-17, IP-10, MIP-1a, TNF-a, IL-12) 

(Invitrogen Corporation, Carlsbad, CA) in the Luminex 200™ System (Luminex Corporation, 

Austin, TX).  BAL supernatant from animals treated with either dox or regular water in normoxia 

versus 2 and 4 days in hypoxia was analyzed in duplicate. Standard Luminex protocol was used. 

 

Griess reaction and arginase-1 activity assay 

For Griess reaction, nitrite and nitrate concentration in BAL supernatant were measured by 

the Total NO/Nitrite/Nitrate Assay (RnD systems). Proteins were removed before analysis with 

ultrafiltration using 10,000 molecular weight (MW) cut-off filters (Amicon Ultra; Millipore). 

Arginase activity in BAL isolated alveolar macrophages was assessed utilizing the Quantichrom 

arginase assay kit (Bioassay Systems). Briefly, 105 cells per sample were harvested, washed, and 

lysed with 10mM Tris.HCl (pH 7.4) containing 0.4% (w/v) Triton X-100 and protease inhibitor 

cocktail (Complete; Roche). Cell lysates were used for arginase assay in duplicate. 

 

Statistical analysis 

All values were expressed as mean ± SD. Comparison of results between different groups 

was performed by two-tailed Student t-test or one way anova using GraphPad InStat (GraphPad 

Software, San Diego, CA). P value <0.05 was considered significant. 
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3. Results 

 

Sustained expression of the HO-1 transgene prevents hypoxia-induced pulmonary 

hypertension  

To evaluate the development of pulmonary hypertension, right ventricular hypertrophy, a 

hallmark of pulmonary hypertension resulting from increased right ventricle pressure afterload, 

and pulmonary vascular remodeling were assessed. Fulton’s Index, the ratio of right ventricle 

weight to left ventricle plus septum weight [RV/(LV+S)] and the histologically assessed medial 

wall thickness are indices of right ventricular hypertrophy and remodeling respectively.  

 

Figure 8. Sustained Expression of the HO-1 Transgene Prevents Hypoxia-induced Pulmonary 
Hypertension. A, Right Ventricular Systolic Pressure (RVSP), Fulton’s Index and medial wall thickness 
index were determined in the indicated time-points of hypoxic exposure, in the presence (+dox) or 
absence (-dox) of 1 mg/ml dox in the drinking water. CCTA mice lacking the human HO-1 transgene 
developed increased RVSP and Fulton’s Index under hypoxia irrespective of dox treatment. B, 
Representative images of vascular remodeling in lung sections of 3 weeks hypoxic mice (3w) stained for 
alpha-smooth muscle actin (a-SMA) and are depicted in comparison with normoxic mice, and 3 weeks 
hypoxic mice receiving dox (3w +dox).  CC77: bitransgenic mouse strain (CC10-rtTA x TH77).  CCTA: wild-
type control (CC10-rtTA strain).*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 7A, first and second subpanel presents data adopted from 
the work of Dr. Mun Seog Chang) 

 

A 

B 
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Right ventricular systolic pressure (RVSP), Fulton’s Index and medial wall thickness index in 

3 weeks of hypoxia and as early as 1 week of hypoxia were significantly increased both in 

bitransgenics (CC77) and controls transgenics (CCTA) (Figure 8A). Dox administration for the 

whole course of hypoxic exposure prevented the elevation of RVSP, FI and median wall 

thickness in the bitransgenic mice and not in the controls (Figure 8A). (Figure A, first and second 

subpanel are data adopted from the work of  Dr. Mun Seog Chang) 

 Immunostaining of pulmonary arterioles (50-100 um in diameter) for alpha-smooth muscle 

actin revealed thickened and remodeled vascular wall in lung sections of hypoxic mice while 

this feature was prevented in hypoxic mice treated with dox (Figure 8B).  

 
 

Hypoxia induces monocyte/macrophage infiltration and cytokine production in the lungs, 

ameliorated by HO-1 and its end-product, CO. 

To track the inflammatory response upon hypoxic exposure and prior to development of 

hypertension, bitransgenic mice were exposed to hypoxia for the indicated time periods and 

analysis of the cell content of BAL took place. As illustrated in figure 9A, more than 98% of the 

cells of the BAL were CD45 positive, i.e white blood cells.  From these (gate R1), cells that 

expressed the macrophage-specific cell surface antigens F4/80 and CD11c, as assessed by flow 

cytometry, remained the predominant population (97-98%) irrespective of treatment (Figure 

9B). Soon after hypoxic exposure, a significant accumulation of monocytes/macrophages was 

observed in untreated hypoxic mice, reaching a peak at 2 days of hypoxia and thereafter 

remaining elevated at intermediate levels (Figure 9C). A subtle influx of neutrophils and T 

lymphocytes was also observed (Figure 10). Dox administration had a suppressive effect on the 

accumulation of cells at all time invernals investigated (Figure 9B).  

At the peak of monocyte/macrophage accumulation, 2 days of hypoxia, we further assessed 

which of the enzymatic-products of HO-1, CO and biliverdin may be responsible for its effects 

(Figure 9C). Only intermittent inhalation of 250 ppm CO, twice daily for one hour per time, and 

the combination of biliverdin i.p and CO proved effective in the prevention of cell infiltrate in 

the BAL while biliverdin i.p. alone, was not sufficient for protection (Figure 9D). Dox treatment 
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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 9D). 

 

Figure 9. Hypoxia induces monocyte/macrophage infiltration in the lungs, ameliorated by HO-1 and its 
end-product, CO. Bitransgenic mice were exposed to hypoxia and BAL was performed at the indicated 
times points. A, Flow cytometry analysis of CD45(+) gated white blood cells (R1) isolated from BAL, 
indicated the expression profile of B, CD11c and F4/80 cell markers in representative, normoxic and 2 
days hypoxic +/- dox mice.  C,  Accumulation of monocytes/macrophages  (CD11c+, F4/80+) in the BAL of 
hypoxic mice in the absence (-) and in the presence (+) of 1 mg/ml dox in the drinking water during 
hypoxic exposure D, Effect of HO-1 end-products on monocyte macrophage accumulation in 2 days of 
hypoxia; Levels of macrophages in the BAL of normoxix (Nrx) and at 2 days hypoxic mice, bitrangenics 
(CC77), or transgenic controls (CCTA) treated with dox (1mg/ml), i.p. Biliverdin, inhaled CO, both inhaled 
CO and ip biliverdin, or ip PBS. (Numbers are mean +/-SD, n=8-16 animals per time point or treatment 
group) D, Phenotypic change (increased size in diameter) of BAL isolated macrophages within 4 days of 
hypoxia. Dox treated animals had a smaller increase in macrophage size, phenotype closer to normoxic 
mice. *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  
 

98.4%
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Figure 10. 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  
 

 

Cytospin preparation of BAL isolated macrophages exhibited a pattern similar with 

monocyte/macrophage infiltration of the BAL within 2 days of hypoxia (Figure 9D) while an 

enlargement in macrophage diameter was observed at 4 days of hypoxia (Figure 9D). Dox 

treated animals manifested a milder phenotype closer to the profile of normoxic mice (Figure 

9D) 

Since the recruitment of leukocytes is regulated by cytokines and 

chemokines/chemoattractacts, we sought to investigate the profile of mediators in as early as 2 

and 4 days of hypoxia (Figure 10 and 11). Twelve chemokines/cytokines (IL-1b, IL-1a, IL-2, IL-4, 

IL-13, IL-17, TNF-a, IL-12, INF-γ, IP-10, MIP-1a and FGFb) were tested in the BAL fluid. Both 2 

days and 4 days of hypoxic exposure caused profound upregulation of IL-1b, FGFb, IP-10, IL-4, 

IL-13, IL-17 and IL-2 in the BAL fluid while MIP-1a was significantly upregulated only at 2 days 

(Figure 11). The Th1 related cytokines (IL-12, TNF-a, INF-γ, IL-1a) remained unaffected or were 

undetectable (INF-γ) (Figure 12). Dox administration effectively suppressed FGFb, IL-1b, MIP-1a 

A B 
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and IL-2 at both 2 days and 4 days of hypoxia while it was able to suppress IL-17, IL-13, IL-4 and 

IP-10 only at 4 days of continuous administration (Figure 11). 

 

Figure 11. Chemokine and cytokine profile in the BAL fluid of hypoxic mice. Hypoxic exposure took 
place for 2 and 4 days in the absence (-dox) or presence (+dox) of dox. Upregulation of FGFb, IL-1b, IP-
10, IL-13, IL-4, IL-17 and IL-2 was observed for up to 4 days of hypoxia while MIP-1a was significantly 
upregulated only at the first 2 days of hypoxic stimulus. (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 12. M1 related cytokine profile in the BAL fluid of hypoxic mice. Levels of TNF-a, IL-12 and IL-1a 
(pg/ml), cytokines responsible for induction of M1 response remained unchanged among normoxic and 
hypoxic mice for up to 4 days of hypoxic exposure. (Numbers represent mean +/-SD, n=5-6 animals per 
time point or treatment group) 
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Hypoxia induced alternatively activated macrophages: The suppressive effect of HO-1. 

The observation that macrophage diameter was increased led us to further investigate the 

potential activation state of macrophages under hypoxic conditions. Real time PCR analysis of in 

vivo BAL isolated alveolar macrophages revealed an induction of Fizz1, Ym1 and CD206 mRNA 

levels in hypoxic mice, which constitute well defined markers of alternative activated 

macrophages (M2) (Figure 13A). The peak of expression was noticed at 4 days of hypoxia and 

remained upregulated up to 2 weeks (Figure 13A). In contrast, there was no change in the 

mRNA levels of markers for classically activated macrophages (M1), like TNF-a and IL-12b (IL-

12p40) (Figure 13B).  Urea production, indicative of arginase-1 activity, was upregulated in in 

vivo isolated alveolar macrophage (Figure 14A), while iNOS activity, as assessed by nitrite and 

nitrate production in the BAL fluid, remained unchanged (Figure 14B). HO-1 overexpression 

could suppress all the markers of alternative activation (Figures 13A and 14A) 

 

 
 
Figure 13. Hypoxia induced alternatively activated macrophages. Quantitative PCR analysis of mRNA 
levels of A, M2 markers (Fizz-1, Ym1 and CD206) that were upregulated in hypoxia and B, M1 markers 
(IL-12p40, TNF-a) that remained unchanged from in vivo isolated alveolar macrophages. The suppressive 
effect of HO-1 (+dox) is also indicated. (Numbers represent mean +/-SD, n=6-8 animals per time point or 
treatment group) *relatively to nrx:*p<0.05, #relatively to hyp(-dox):#p<0.05 

 

A 

B 



The role of alternatively activated macrophages in pulmonary hypertension                                            Vergadi Eleni                                             

34 

 

 

 
Figure 14. Arginase activity versus inducible nitric oxide in alveolar macrophages. A, Arginase-1 activity 
(U/L) was assessed by urea formation in normoxic animals +/- dox and hypoxic animals +/- dox, both in 
the bitransgenics (CC77) and transgenic controls (CCTA). B, iNOS activity was assessed by the levels 
(umol/L) of nitrite and nitrate in the BAL fluid of hypoxic mice in the presence (+dox) of absence of dox. 
Supernatants from RAW 264.7 macrophages stimulated with 100ng/ml LPS E.coli and 100U/ml Inf-g for 
48 hours served as positive controls.  (Numbers represent mean +/-SD, n=6-8 animals per time point or 
treatment group) *relatively to nrx:*p<0.05, #relatively to hyp(-dox):#p<0.05  
 

 

Immunofluorescent staining of in vivo isolated macrophages indicated positive cytoplasmic 

staining of galectin-3 (Figure 15A), Fizz1 (Figure 15B) and Ym1 (Figure 15C) 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 synthase (iNOS) (Figure 15D). 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 14D, third panel).   

Apart from the detection of the elevation of IL-13 and IL-4 Th2 cytokines in the BAL fluid of 

hypoxic mice, we sought to further investigate the potential presence of other inducers of M2 

polarization. Thus, we assessed the levels of mRNA of CCL2 (previously known as monocyte 

chemoattractact protein MCP-1) and interleukin-6 (IL-6) in total lung extracts by real time PCR. 

CCL2 and IL-6 mRNA levels were upregulated soon after hypoxic exposure (within 2 days of  

 

A B 
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Figure 15. 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 presense (+dox) of dox in the drinking water. Cytoplasmic localization of A, galectin-3 
(FITC) B, Fizz1 (FITC) and C, Ym1 (FITC) is depicted. D, Immunostaining was negative for inducible nitric 
oxide synthase, while robust cytoplasmic signal appeared in the positive control: primary alveolar 
macrophages stimulated for 48 hours with 100ng/ml LPS E.coli and 100U/ml INF-γ (D, third panel). 
Nuclei were counterstained with DAPI. 
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hypoxia) and remained elevated at least for 4 days (Figure 16). HO-1 overexpression 

significantly blocked CCL2 and IL-6 mRNA upregulation (Figure 16).   

 

 

Figure 16. CCL2 and IL-6 mRNA upregulation in hypoxic lungs. Mice were exposed in hypoxia for the 
indicated periods and mRNA levels of CCL2 and IL-6 were assessed in total lung extracts by quantitative 
PCR. (Numbers represent mean +/-SD, n=6-8 animals per time point or treatment group) *relatively to 
nrx: *p<0.05, **p<0.01, ***p<0.001. #relatively to hypoxia (-dox): #p<0.05,##p<0.01,###p<0.001 
 

 

Early monocyte/macrophage accumulation and alternative activation are required for the 

later development of pulmonary hypertension.  

To determine whether this early inflammatory response is essential for the later 

development of pulmonary hypertension and whether inducible expression of HO-1 at defined 

internals during this process modulates the disease, we exposed the mice in dox transiently. 

Apart from the animals that were exposed for the entire course of hypoxia in the absence of 

dox (group A, Figure 17), and the animals that received dox continuously the whole duration of 

hypoxic stimulus (group B, Figure 17), two more groups were designed (Figure 17). Dox was 

removed from the drinking water after 2 days (group C) or 1 week of hypoxic exposure (Group 

D) and the animals remained in the hypoxic chamber for the remainder of the experiment. HO-

1 returned to baseline 5 days after dox withdrawal (Figure 7A).  
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Figure 17. 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  

 

 

Short treatment (2 days) with dox resulted in a delay of macrophage recruitment in the BAL. 

Interestingly, the pattern of macrophage accumulation was exactly recapitulated when HO-1 

returned to baseline (Figure 18B). In the same group of animals, development of pulmonary 

hypertension, as assessed by Fulton’s Index (FI), right ventricular systolic pressure (RVSP), 

medial wall thickness index and histological analysis of vascular remodeling was not prevented 

(Figure 18A and 18D). In case of transient 1 week administration, for at least 2 weeks after 

removal of dox, and even if HO-1 had reached baseline levels, macrophage response did not 

ensue and pulmonary hypertension was completely prevented (Figure 18A, 18C and 18D). 

In agreement with macrophage numbers, alternative activation markers followed a similar 

pattern (Figure 19A). In the group where dox was removed after 2 days of hypoxic exposure, 

mRNA levels of Fizz-1, Ym1 and CD206 (mannose receptor) were elevated 2 days after HO-1 

levels reached baseline (Figure 19A). However, in the group that received dox for 7 days and 

where later development of hypertension was abrogated, levels of Fizz1, Ym1 and CD206 

remained suppressed for at least 18 days of hypoxic exposure, approximately 2 weeks after 

removal of dox, and even if HO-1 had reached baseline levels (Figure 19B). 
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Figure 18. Early monocyte/macrophage accumulation is critical for the later development of 
pulmonary hypertension. Hypoxic mice were exposed to dox transiently. A, RVSP, FI and medial wall 
thickness of is elevated in mice that received the 2day-pulse (2d) similar to mice without dox (3w-dox) 
but not in mice that received the 7day-pulse of dox (7d).The latter did not develop hypertension 
similarly with the mice that received dox continuously (3w+dox) B, 2 day-pulse of dox in the onset of 
hypoxia. When HO-1 returns to baseline compared to normoxia (-dox), macrophage acute accumulation 
pattern ensues. C, 7days-pulse of dox in the onset of hypoxia. Even if HO-1 level drops to baseline 5 days 
after dox withdrawal, macrophage levels remain close to normoxic ones for up to 3 weeks of hypoxia. D, 
representative immunostaining for alpha-smooth muscle actin of lung section of pulmonary arterioles 
from hypoxic mice received dox either for 2 days or 7 days before its withdrawal from the drinking 
water.   (Numbers represent mean +/-SD, n=6-12 animals per time point or treatment group)*relatively 
to normoxia :*p<0.05,**p<0.01,***p<0.001. #relatively to hypoxia (-dox): #p<0.05,##p<0.01,###p<0.001 
Nrm or Nrx: normoxia (Figure 7A, first and second subpanel presents data adopted from the work of Dr. 
Mun Seog Chang) 

A 

B C 

D 



The role of alternatively activated macrophages in pulmonary hypertension                                            Vergadi Eleni                                             

39 

 

 

 

Figure 19. Alternative activation is required for the later development of pulmonary hypertension. 
Hypoxic mice were exposed to dox transiently, and quantitative PCR took place in the isolated alveolar 
macrophages at the indicated time points. A, 2 day-pulse of dox in the onset of hypoxia. When HO-1 
returns to baseline compared to normoxia (-dox), macrophage alternative activation pattern (Fizz-1, 
Ym1 and CD206) ensues. B, 7 days-pulse of dox in the onset of hypoxia. Even if HO-1 level drops to 
baseline 5 days after dox withdrawal, macrophage M2 markers Fizz1, Ym1 and CD206 remain close to 
normoxic ones for up to 18 days of hypoxia.  (Numbers represent mean +/-SD, n=5-8 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 
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D. Discussion  

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.  

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)74,75 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).74,75,77,79,80,101,102 Alternatively activated macrophages have been 

implicated in the pathology of various chronic diseases.82,89,91-94 In our studies, 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. 

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).  

Of the increased numbers of macrophages present in diseased tissues, many are seen to 

accumulate in or adjacent to poorly vascularized, hypoxic sites, where considerable tissue 

damage may have occurred.85 High macrophage numbers have been reported in avascular and 

necrotic sites carcinomas,103 hypoxic areas of dermal wounds,104,105 and avascular locations of 

atherosclerotic plaques.106 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.85 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.  
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Our results are in agreement with recent studies in other systems. Specifically, CCL2 a 

potent inducer of M2, was recent found to play an important role in patients with idiopathic 

PAH.35 Another inducer of M2, IL-6, has been implicated to induce pulmonary arterial 

remodeling and hypertension.43 A Th2 immune response, that is characterized mainly by IL-4 

and IL-13 production, had been also recently reported to provoke pulmonary vascular 

remodeling.41 The activity of arginase II, which reduces NO synthesis by competing with eNOS 

for the substrate L-arginine, has been also found to be increased in endothelial cells of PAH 

patients.107  Upregulated arginase-1 expression has been also observed in cultured anoxic 

macrophages.108 Moreover, it’s worth mentioning that Fizz-1 (also known as HIMF: hypoxia 

induced mitogenic factor), that derives from lung parenchyma and reported to be a mitogen for 

smooth muscle cells, has been recently found to promote smooth muscle cell proliferation109 

and to contribute to the development of hypoxia induced pulmonary hypertension.110 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. 

However, our results are not in agreement with two previous reports that found TNF-a 

upregulation111 and IL-12 and IΝF-γ production112 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. 

Previous studies in hypoxic pulmonary hypertension highlighted the role of macrophages in 

the vascular remodeling.32,55 In one of these studies, depletion of macrophages by liposomal-

clodronate prevented the migration of cells of the monocyte/macrophage lineage in the 

pulmonary artery adventitia and abrogated the development of hypoxic vascular remodeling.55 

However, liposomes unselectively destroy phagocytes without discrimination among the 

harmful and the harmless ones.113 In our study, we suggest that only a subset of macrophages 
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produces mitogens (such as Fizz1) that contribute to the vascular remodeling (Figure 20) and 

thus efforts should be made for the elimination or inactivation of those cells.   

 

 

 

 

 

Figure 20. Proposed mechanism by which hypoxia drives alternative activation of the alveolar 
macrophages, the secretome of which contribute to the development of hypoxic pulmonary 
hypertension.  

 

 

 We also observed that HO-1 overexpression provoked a robust anti-inflammatory effect. It 

could suppress macrophage accumulation, alternative activation and cytokine production in the 

lungs and prevent from the subsequent pulmonary hypertension. CO appeared to be 

responsible for the inhibition of macrophage accumulation in the BAL. This observation is in 

agreement with previous reports, where the anti-inflammatory effect of CO has been 

demonstrated.64,65,67,114,115 Furthermore, CO has been indicated by our group and others to 

prevent or reverse the development of pulmonary vascular remodeling and HPH.116-118  
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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.47 Only enhancement of HO-1 expression can be protective in 

HPH.47 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 and thus longer overexpression of 

HO-1 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 

proinflammatory towards immunosuppressive microenvironment. Actually, recent studies 

strongly support the hypothesis that HO-1 expression mediate potent anti-inflammatory effects 

in monocytes and macrophages119 probably by preventing these cells from inducing tissue 

injury and modulating the immune response.69,120-123 Furthermore, HO-1 has been 

demonstrated to exert protection in several models of disease by the induction of a regulatory 

T cell population.123-125  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. However, full elucidation of the signaling pathways 

involved requires further investigation that exceeds the scope of this study. 

      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.  
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