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Abstract 
 

Background 

Idiopathic pulmonary fibrosis (IPF) is a progressive disease with a poor 

prognosis. As the efficacy of currently available medicines is limited, development 

of new therapy is warranted. Transforming growth factor (TGF)-β plays a central 

role in the pathogenesis of IPF through such mechanisms as promoting 

extracellular matrix production by fibroblasts. Conversely, bone morphogenetic 

protein (BMP)4 and 7 bind to BMP receptor type 2 (BMPR2) and counterbalance 

TGF-β signalling. However, the impact of BMPR2 overexpression for modulating the 

imbalance of the TGF-β/BMP axis has never been studied in pulmonary fibrosis. 

How to select patients for new treatments is another concern, as IPF can be 

difficult to distinguished from other idiopathic interstitial pneumonias (IIPs). 

Although a “usual interstitial pneumonia (UIP) pattern” on chest computed 

tomography (CT) is necessary for diagnosing IPF in IIP patients without 

undergoing lung biopsy in the current guideline, recent studies have suggested 

that a “probable UIP pattern” is also sufficient for diagnosing IPF without 

histopathology. However, this “broader IPF diagnosis” has never been validated 

outside clinical trials by long-term outcomes such as survival. 

 

Methods 

For investigating the effect of BMPR2 overexpression, I have transduced BMPR2 

into lung fibroblasts or the lungs of rats with bleomycin-induced pulmonary 

fibrosis, using adenovirus, BMPR2-overexpressing endothelial progenitor cells 

(EPCs) or exosomes from them. Suppression of Smad2/3 phosphorylation and 

fibronectin production were used as surrogates for treatment effect. 

For validating the “broader IPF diagnosis”, I have conducted a retrospective 

cohort study to compare probability of non-IPF diagnosis between patients with a 

UIP pattern and those with a probable UIP pattern on chest CT. As IPF has poorer 

prognosis than other interstitial pneumonias, survival time and time to first acute 

exacerbation (AE) were also compared. 

 

Results 

BMPR2 was downregulated in rat lungs with fibrosis and in human/rat lung 

fibroblasts stimulated with TGF-β. Although BMP7 did not reduce TGF-β-induced 

p-Smad2/3 and fibronectin in lung fibroblasts, adenoviral BMPR2 transduction has 



8 
 

reduced p-Smad2/3 by itself and, when given with BMP7, reduced fibronectin. The 

studies for treatment of rats with pulmonary fibrosis using BMPR2-transduced 

EPCs and fibroblasts using BMPR2-carrying exosomes could not be completed due 

to some technical problems. 

In another study, 402 IIP patients’ data were reviewed. Among patients with a 

“probable” UIP pattern, the probability of IPF was only 66%, while it was 81% in 

those with a UIP pattern. Probable UIP pattern was independently associated with 

longer survival and time to first AE. In IPF patients only, CT pattern was not 

associated with prognosis. 

 

Conclusions 

BMPR2 was reduced in fibrotic lungs and lung fibroblasts stimulated with TGF-β. 

Adenoviral BMPR2 transduction showed effects on suppressing TGF-β-induced 

profibrotic markers in lung fibroblasts. Further study is needed to elucidate the 

clinical effectiveness of BMPR2 overexpression. 

Patients with a probable UIP pattern had a higher probability of non-IPF 

diagnoses and better prognosis than those with a UIP pattern. Although the 

“broader IPF diagnosis” may be valid when IPF is strongly suspected, prudent 

clinical evaluation and care for not misdiagnosing other interstitial pneumonias 

with better prognosis as IPF are important. 

 

(500 words)  
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1. Interstitial lung disease 

1.1 Overview 

Interstitial lung disease (ILD) is a group of heterogeneous pulmonary diseases 

affecting the lung interstitium (the tissue and space around the alveoli). Damaged 

interstitium thickened with infiltration of inflammatory cells and/or fibrosis 

reduces oxygen diffusion to the bloodstream and lung elasticity, resulting in 

dyspnoea and respiratory failure. The treatment strategies and prognoses vary 

depending on the causes and types of ILD, so it is important to make a correct 

diagnosis. 

 

1.2 Causes of ILD 

The most common identifiable causes of ILD are exposure to occupational and 

environmental agents (e.g., asbestosis, pneumoconiosis, berylliosis, or 

hypersensitivity pneumonitis, such as farmer’s lung, bird fancier’s disease and 

summer-type hypersensitivity pneumonitis), drug-induced lung diseases, and 

radiation-induced pneumonitis. 

ILD is a common complication of most of the connective tissue diseases (CTDs), 

such as scleroderma, rheumatoid arthritis, polymyositis/dermatomyositis, Sjo gren 

syndrome, systemic lupus erythematosus and mixed connective tissue disease. 

Vasculitis associated with anti-neutrophil cytoplasmic antibody can also be 

complicated with ILD. Furthermore, ILD is often associated with a variety of 

pulmonary infections such as Pneumocystis jirovechii pneumonia, atypical 

bacterial pneumonias and viral pneumonias, and lymphoproliferative disorders 

including sarcoidosis, multicentric Castleman’s disease, IgG4-related disease, and 

malignant lymphoma. 

Other ILDs without identifiable causes are classified as idiopathic interstitial 

pneumonias (IIPs). 

 

1.3 Classification and diagnosis of IIPs 

In the latest international statement for the classification of IIPs, IIPs are at first 

classified into major, minor, and unclassifiable (1). Major IIPs are further 

subdivided into chronic fibrosing, smoking-related and acute/subacute (1), as 

summarised in Table 1-1. 

Although the diagnosis of IIPs needs exclusion of ILDs with identifiable causes, 

that is generally difficult. In addition to history taking and physical examination, a 

broad spectrum of blood tests including specific antibodies for CTDs, 
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highly specialised interpretation of high-resolution computed tomography (HRCT), 

and surgical lung biopsy (SLB) are often required. Despite these efforts, it is not 

rare to be unable to make a definitive diagnosis, resulting in the final diagnosis of 

“unclassifiable IIP”. Causes of this include inadequate clinical, radiological, or 

histopathological data and major discordance between clinical, radiological, and 

histopathological findings due to the alteration of radiological or histopathological 

findings by previous therapy, a new entity or unusual variant of a recognized entity, 

not adequately characterized by the current classification, and coexisting multiple 

HRCT and/or histopathology patterns (1).  

Table 1-1. Classification of IIPs (1) 

Classification Diagnosis 

Major IIPs 

Chronic fibrosing IP 

 

Idiopathic pulmonary fibrosis (IPF) 

Idiopathic nonspecific interstitial pneumonia (NSIP) 

Smoking-related IP 

 

Desquamative interstitial pneumonia (DIP) 

Respiratory bronchiolitis-ILD (RB-ILD) 

Acute/subacute IP 

 

Cryptogenic organising pneumonia (COP) 

Acute interstitial pneumonia (AIP) 

Minor IIPs Idiopathic lymphoid interstitial pneumonia (LIP) 

Idiopathic pleuroparenchymal fibroelastosis (PPFE) 

Unclassifiable IIPs  

IIP: idiopathic interstitial pneumonia; IP: interstitial pneumonia; ILD: interstitial lung 

disease. 
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2. Definition of idiopathic pulmonary fibrosis (IPF) 

2.1 Overview 

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, and fibrosing ILD of 

unknown cause with a poor prognosis. The median survival time after diagnosis is 

3-5 years (2). This is the most common type of IIP associated with a “usual 

interstitial pneumonia (UIP) pattern” on HRCT and histopathology on SLB. 

However, many patients with a histopathological UIP pattern lack some typical 

features necessary for UIP pattern on HRCT and/or have histories/findings 

suggestive of other ILDs with specific causes, such as CTDs or dust exposure. 

Moreover, histopathological UIP pattern is defined by a combination of multiple 

findings (3) which is sometimes difficult to be distinguished from findings 

suggestive of other diseases. Therefore, consensus made through multidisciplinary 

discussion with expert clinician, radiologist and pathologist is required to make a 

definitive diagnosis of IPF in the diagnosis guideline (1, 3). 

 

2.2 Current guideline for diagnosis of IPF   

2.2.1 Clinical context 

IPF occurs primarily in older adults (typically older than 60 years old). The 

majority of patients are male and current- or ex-smokers. Chronic exertional 

dyspnoea, dry cough, and bibasilar inspiratory crackles are the typical clinical 

traits of IPF. Common comorbidities of IPF include emphysema, lung cancer, 

pulmonary hypertension (PH), and coronary artery disease (4). Although all those 

features are not specific to IPF, detailed clinical history and precise physical 

examination are important to exclude other possible identifiable causes of the ILD 

and increase the pre-test probability of IPF prior to SLB. 

Some patients with IPF may manifest acute exacerbation, which is frequently a 

fatal event showing an unexplained worsening of dyspnoea over a few weeks and 

new ground-glass opacities on HRCT superimposed on a background of lower lobe 

fibrotic shadows, causing acute respiratory failure (5). A recent review of the 

definition of acute exacerbation means that identifiable infections are now not 

excluded from the definition. As these exacerbations may respond to specific anti-

microbial treatment, the overall mortality of acute exacerbations as a group may 

improve. 

 

2.2.2 Radiological criteria 
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The most typical HRCT features seen in IPF are honeycombing and traction 

bronchiectasis. Honeycombing is clustered cystic airspaces of diameter of 3-10 mm 

with thick, well-defined walls. Traction bronchiectasis is formed by bronchial 

dilatation due to the contraction of surrounding fibrotic lung tissue and ranges 

from subtle irregularity and non-tapering of the bronchial wall to marked airway 

distortion. Those findings are predominant in peripheral/subpleural areas of IPF 

lungs and often coexist. As it is generally difficult to distinguish honeycombing 

from traction bronchiectasis or subpleural cysts, agreement for honeycombing is 

often not achieved even among expert radiologists. 

In the latest 2018 guideline for diagnosis of IPF, four diagnostic categories (a 

“UIP pattern”, “probable UIP pattern”, “indeterminate for UIP pattern” and 

“alternative diagnosis”) are suggested (3). The UIP pattern is the hallmark 

radiological pattern of IPF. Honeycombing must be present, and the reticular 

abnormalities are predominantly distributed in the subpleural and basal lung 

areas, though upper lobe involvement is also not rare. Positive predictive value of a 

UIP pattern on HRCT for a histopathological UIP pattern is reported to be more 

than 90% (6-8); however, it has also been reported that there is a significant 

minority of patients with a histopathological UIP pattern and a non-UIP HRCT 

pattern (6, 7). Ground-glass opacities superimposed on a reticular shadow may be 

present but are not dominant in the UIP pattern. Probable UIP pattern is 

characterised by the similar distribution of reticular abnormalities to that of UIP 

pattern, which must be accompanied by peripheral traction bronchiectasis but is in 

the absence of true honeycombing. In the previous 2011 guideline, reticular 

abnormalities distributed predominantly in subpleural and basal lung areas 

without honeycombing were defined as a “possible UIP pattern” regardless of 

presence or absence of traction bronchiectasis (4). Afterward, several studies have 

reported that a possible UIP pattern accompanied by traction bronchiectasis on 

HRCT in the clinical setting consistent with IPF was likely associated with a 

histopathological UIP pattern on SLB (9-11). Therefore, a new HRCT pattern of 

“probable UIP” has been defined by addition of traction bronchiectasis to the 

original possible UIP pattern. Indeterminate for UIP pattern does not fulfill the 

criteria for UIP or probable UIP patterns, except for subpleural and basal 

distribution of reticular abnormalities, and does not explicitly suggest any specific 

aetiology. This includes subtle reticulation with or without ground-glass opacities 

that may represent “early IPF”. 
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2.2.3 Histopathological criteria 

The histopathological hallmark of UIP pattern is a patchy dense fibrosis that 

causes remodelling of lung architecture and often results in honeycombing, and 

alternates with normal or less affected parenchyma. Those findings are 

predominant in the subpleural and paraseptal areas (3). Foci composed mainly of 

proliferating fibroblasts and deposited collagen (so-called fibroblastic foci) are 

scattered in the subepithelial areas of the fibrotic lesions. Honeycombing is 

characterized by cystic airspaces with alveolar walls thickened by dense fibrosis. 

All the above features other than honeycombing are necessary for making a 

diagnosis of histopathological UIP pattern. Mild inflammation caused by an 

interstitial lymphocytosis and plasmacytosis associated with hyperplasia of type 2 

alveolar epithelial cells (AECs) can be observed. 

Histopathological patterns are categorised into “UIP,” “probable UIP,” 

“indeterminate for UIP” and “alternative diagnosis” in the current IPF guidelines in 

a similar way to the radiological patterns (3). Diagnosis of histopathological 

pattern of probable UIP can be made when some features of UIP are present but 

insufficient to make a definitive diagnosis of UIP. Indeterminate for UIP pattern also 

needs to show evidence of fibrosis but does not meet the criteria for a 

histopathological UIP pattern or any other fibrotic interstitial pneumonia. 

 

2.2.4 Diagnostic criteria for IPF 

A definitive diagnosis of IPF requires that IPF is clinically suspected, other 

identifiable causes of ILD are excluded, and either the presence of a UIP pattern on 

HRCT or, in patients who underwent SLB, specific combinations of HRCT and 

histopathological patterns as specified in Table 1-2. In other words, if an HRCT 

pattern is not UIP, patients need to undergo SLB to make a definitive diagnosis of 

IPF (3). 

On the other hand, because SLB is highly invasive as a mere diagnostic method, 

transbronchial lung cryobiopsy (TBLC) using bronchoscopy has become an 

alternative to SLB. Although the lung samples collected by TBLC are not as large as 

that by SLB, it has been reported that if diagnoses made after TBLC were highly 

confident, they were consistent with those made after SLB. Conversely, if 

confidence of diagnoses made after TBLC were low, half of them were altered after 

SLB (12). Therefore, in some selected patients, TBLC may be useful for omitting 

SLB. However, it should be noted that some TBLC-specific complications can occur, 

such as airway bleeding and pneumothorax. The frequency and severity of 
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procedure-related complications are not significantly lower than those with SLB, 

and some patients need to undergo both biopsies if TBLC precedes SLB. For the 

moment, SLB is still a gold-standard for taking lung samples for making a 

histopathological diagnosis. 

 

 

2.3 Eligibility for clinical trials 

Since IPF has a poorer prognosis and is more frequent than other chronic 

fibrosing IIPs, it has been the main target for development of new treatment agents 

with anti-fibrotic effect. In the past clinical trials for IPF, participants have needed 

to have a diagnosis of guideline-defined IPF (13-16). However, a significant number 

of patients in the real world do not get a definitive diagnosis because of not 

undergoing SLB for various reasons, such as refusal or excessive perioperative 

risks. 

On the other hand, in some recent clinical trials, IIP patients with a probable UIP 

pattern on HRCT were also eligible even if they had not undergone SLB (17). This 

approach is supported by some reports demonstrating a high positive predictive 

value of a probable UIP pattern for a histopathological UIP pattern (9-11) or 

significant correlation of traction bronchiectasis on HRCT and a poor prognosis in 

patients with fibrotic IIP (18, 19), allowing more people to be eligible for the 

clinical trials while avoiding the risk of SLB for making a diagnosis of IPF. The 

INPULSIS trials, which evaluated the safety and efficacy of nintedanib (an anti-

fibrotic agent) as a treatment of IPF, were the first clinical trials using this 

Table 1-2. Diagnosis of IPF based on HRCT and histopathological patterns (3) 

 

Histopathological pattern 

UIP 
Probable 

UIP 

Indeterminate 

for UIP 

Alternative 

diagnosis 

HRCT 

pattern 

UIP IPF IPF IPF Non-IPF 

Probable UIP IPF IPF IPF (likely) Non-IPF 

Indeterminate 

for UIP 
IPF IPF (likely) 

Indeterminate 

for IPF 
Non-IPF 

Alternative 

diagnosis 

IPF (likely) 

/non-IPF 
Non-IPF Non-IPF Non-IPF 

IPF: idiopathic pulmonary fibrosis; UIP: usual interstitial pneumonia; HRCT: high-resolution 

computed tomography. 
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diagnostic criterion (17). In the post-hoc analysis of the INPULSIS trials, patients 

with a probable UIP pattern on HRCT who had not undergone SLB showed similar 

disease progression and treatment responsiveness to subjects with guildeline-

defined IPF (11), supporting that the trial diagnostic approach has correctly 

selected patients with IPF. 

However, this new diagnostic approach has the potential to misdiagnose non-IPF 

ILDs as IPF. The post-hoc analysis of the INPULSIS trials has focused on disease 

progression for just a short-term (1 year) and not evaluated the impact on long-

term outcome, such as survival (11), but if the prevalence of non-IPF in the cohort 

is significant, the prognosis of the cohort may become better than that of pure 

guideline-defined IPF. Additionally, we should also notice that the participants of 

clinical trials are clinically suspected to have IPF by ILD expert-physicians, which 

may make the probability of a histopathological UIP pattern and a final diagnosis of 

IPF in patients with a probable UIP pattern on HRCT higher than that in a real-

world setting. Studies evaluating the impact of contamination of non-IPF ILDs in 

the diagnostic criteria applied in the recent clinical trials on short- and long-term 

prognosis in the real-world are warranted.  
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3. The role of transforming growth factor (TGF)-β in the 

pathogenesis of IPF 

3.1 Overview 

The proteins of the transforming growth factor (TGF)-β superfamily include 

some growth factors that are involved in a variety of processes such as 

embryogenesis, cellular development and differentiation, inflammatory response 

and wound repair (20). In the lungs, TGF-β is produced by various types of cells, 

including alveolar macrophages, neutrophils, AECs, endothelial cells, fibroblasts 

and myofibroblasts. 

IPF is induced by repetitive microinjuries to alveolar epithelium and subsequent 

epithelial hyperplasia. Injured epithelium and accumulated inflammatory cells 

release more profibrotic mediators, in particular TGF-β, than usual (21-23). Among 

three major isoforms (TGF-β1, -2 and -3), TGF-β1 plays central roles in the 

development of IPF, causing accumulation of mesenchymal cells in the lung 

interstitium, the activation/proliferation of fibroblasts and their differentiation 

into myofibroblasts, and deposition of extracellular matrix (ECM) composed 

mainly of collagens and fibronectin. In the early pathological stage of IPF, fibrotic 

lesions are formed by accumulated fibroblasts and ECM, which is then followed by 

basal membrane disruption, fibrin formation, abnormal wound repair, and 

angiogenesis. The origins of the fibroblasts are considered to be multiple, such as 

the proliferation of resident fibroblasts, the recruitment of circulating bone 

marrow-derived progenitor cells such as fibrocytes, and the transdifferentiation of 

AECs, endothelial cells and other types of cells through the mesenchymal 

transition. 

 

3.2 TGF-β signalling 

TGF-β is a cytokine secreted in a homodimetric inactive form attached to a 

latency-associated peptide (LAP) and a latent TGF-β binding protein. The cleavage 

of the LAP/latent TGF-β-binding protein complex to release the activated form of 

TGF-β from it is mediated by matrix metalloproteinase (MMP)2 and 9 (24, 25), 

lowered pH (26), reactive oxygen species (ROS) (27), thrombospodin 1 (28), 

increasing ECM stiffness by myofibroblast contraction (29), and integrin αvβ6 (30). 

Active TGF-β initially binds to a serine/threonine transmembrane receptor kinase 

known as TGF-β receptor type 2 (TβR2), which then recruits and phosphorylates 

TGF-β receptor type 1 (TβR1), also termed activin receptor-like kinase (ALK) 

(Figure 1-1). ALK5 is expressed on almost all cell types, while ALK1 is mainly 
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expressed on endothelial cells and transmits TGF-β signalling which antagonises 

TGF-β/ALK5 signalling (31). 

Signalling from the TGF-β receptor complex is mediated by both Smad and non-

Smad pathways and transmitted to the nucleus. Smad proteins are categorised into 

the following three groups based on their functions: the receptor activated Smads 

(R-Smads, Smad2/3 and Smad1/5/8), the common mediator Smad (Co-Smad, 

Smad4) and the inhibitory Smads (I-Smads, Smad6/7). Among R-Smads, Smad2/3 

are mainly activated through TGF-β pathways, while Smad1/5/8 are activated 

through the bone morphogenetic protein (BMP) pathways (see the next chapter). 

After R-Smads are phosphorylated by TβR1, they form complexes with Smad4 and 

move into the nucleus. Then, the Smad complex modulates the target gene 

expressions in cooperation with various transcription factors, co-activators, and 

co-repressors (20, 32, 33). I-Smads are also produced through this process and 

inhibit the phosphorylation of R-Smads and compete with the formation of 

activated R-Smads/Smad4 complex (Figure 1-1). 

On the other hand, non-Smad pathways are activated or suppressed depending 

on the specific cell types and context. For example, TGF-β activates 

phosphoinositide 3-kinase (PI3K), which then activates two profibrotic pathways: 

p21-activated kinase (PAK2)/c-Abelson kinase (c-Abl) and Akt (34). Mitogen-

activated protein kinase (MAPK) pathways, such as the extracellular signal-

regulated kinase (ERK), p38 and c-Jun-N-terminal kinase (JNK), are also profibrotic 

pathways activated by TGF-β and regulate myofibroblast formation and ECM 

production (35-38). Furthermore, the interaction of TGF-β signalling with other 

profibrotic pathways including Wnt, Notch, connective tissue growth factor (CTGF), 

platelet-derived growth factor (PDGF), and epidermal growth factor, has also been 

reported (20, 39) (Figure 1-1). 

 

3.3 ECM deposition and fibrogenesis by fibroblasts/myofibroblasts 

Fibroblasts are distributed all over the lung structures and play a main role in 

controlling turnover of ECM proteins through the production of MMPs, which 

degrade ECM, and tissue inhibitors of metalloproteinases (TIMPs), which inhibit 

MMPs. Activation, proliferation, and migration of fibroblasts into the injured site 

and deposition of ECM are induced by fibrogenic mediators, such as TGF-β. Those 

mediators also induce differentiation of fibroblasts into myofibroblasts, which have 

features of both mesenchymal cells, such as production of ECM proteins, and 

smooth muscle cells, such as being contractile and expressing α-smooth muscle  
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Figure 1-1. TGF-β and BMP signalling pathways. TGF-β, transforming growth factor-β; TβR1/2, TGF-β receptor type 1/2; ALK, activin receptor-

like kinase; BMPR1/2, bone morphogenetic protein receptor type 1/2; ActR1/2, activin A receptor type 1/2; BMP, bone morphogenetic protein; 

MAPK, mitogen-activated protein kinase; ERK, extracellular-signal regulated kinase; JNK, c-Jun-N terminal kinase; PI3K, phosphoinositide 3-kinase; 

c-Abl, c-Abelson kinase.  
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actin (α-SMA), resulting in the regulation of ECM remodelling. In particular, the 

main source of the increased deposition of ECM proteins and excessive TIMPs 

found in IPF is thought to be the activated fibroblasts and myofibroblasts in 

fibroblastic foci, the histopathological hallmarks of the disease, which locate 

adjacent to hyperplastic or apoptotic type 2 AECs. 

Fibroblasts become resistant to apoptosis in IPF. The PI3K/Akt signalling was 

aberrantly activated while the activity of phosphatase and tensin homologue 

(PTEN), an inhibitor of PI3K/Akt signalling, was lower in lung fibroblasts from IPF 

(40-42). Akt inactivates the function of forkhead box (Fox)O3a, one of the 

inhibitors of apoptosis (43, 44), which may confer a phenotype of resistance to 

apoptosis to IPF fibroblasts. 

The Wnt/β-catenin pathway is known to be associated with activation of lung 

fibroblasts and the dysregulation of wound repair (45). Canonical Wnt signalling 

promotes translocation of β-catenin into the nucleus and its regulation of target 

gene expression by inhibiting the degradation of it. Moreover, Wnt signalling is 

induced during TGF-β-mediated differentiation of fibroblasts into myofibroblasts, 

and in turn TGF-β requires activation of Wnt for induction of fibrosis (46). The 

activation of focal adhesion kinase (FAK), one of the downstream proteins of the 

vascular endothelial growth factor (VEGF) pathway, and inhibition of FAK-related 

non kinase (FRNK) has also been demonstrated to be related to the migration of 

fibroblasts and their differentiation into myofibroblasts (47, 48). 

The source of TGF-β and other mediators activating fibroblasts during early 

stages of IPF development are still not well understood. Various cells in the fibrotic 

lesion, such as inflammatory cells and injured AECs, may possibly produce the 

signals inducing differentiation and activation of fibroblasts, and generated 

myofibroblasts can also be a source of TGF-β, which induces apoptosis of AECs, 

making the aberrant wound healing process continue indefinitely. 

 

3.4 Reaction of alveolar epithelial cells (AECs) to microinjuries 

Repetitive alveolar epithelial injury is considered to be an important trigger of 

IPF. When type 1 AECs, which constitute the majority of the alveolar epithelium, 

are damaged, type 2 AECs proliferate to cover the injured basement membranes. 

The excessive hyperplastic type 2 AECs spread and differentiate into type 1 AECs 

and the remaining cells undergo apoptosis. Based on the evidence that targeted 

deletion of type 2 AECs results in fibrosis (49), loss of viable type 2 AECs via injury 

may be a key instigator of pulmonary fibrosis. 
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The transdifferentiation of injured AECs into fibroblasts through epithelial-

mesenchymal transition (EMT) is hypothesised to be one of the processes linking 

the microinjury to alveolar epithelium and lung fibrosis. Through EMT, AECs lose 

apical-basal polarity and the expression of cell adhesion molecules such as E-

cadherin, while producing mesenchymal molecules such as α-SMA, fibronectin and 

N-cadherin and becoming migratory. Although the importance of EMT in IPF is still 

controversial (50, 51), it has been reported that AECs can differentiate into 

myofibroblasts (52-54). TGF-β1 signalling mediated by phosphorylation of 

Smad2/3 is a major inducer of EMT and finally regulates the transcription of CTGF, 

α-SMA, collagen and plasminogen activator inhibitor (PAI)-1. PAI-1 inhibits 

plasminogen activation and in turn upregulation of prostaglandin (PG) E2 

secretion, which represents an anti-fibrotic signal in AECs (55). On the other hand, 

activation of TGF-β/non-Smad signalling such as ERK and JNK MAPK, PI3K/Akt, 

and Wnt pathways are also related with induction and development of EMT (56-

59). Integrin α3β1 and αvβ6 have been reported to be required for α-SMA 

upregulation, differentiation of fibroblasts, and EMT via alteration of Smad and β-

catenin signalling (53, 54). 

The loss of control of the dead type 2 AECs over the fibroblasts, resulting in their 

excessive proliferation and production of ECM, may also be a mechanism for 

inducing fibrosis. PGE2 has been reported not only to suppress EMT, but also to 

control proliferation and differentiation of fibroblasts. In IPF, excessive epithelial 

apoptosis causes downregulation of PGE2 levels which lead to the loss of control of 

profibrotic phenotypes in fibroblasts (60). Although the mechanisms causing AEC 

death are not sufficiently elucidated, it is known that TGF-β induces apoptosis in 

AECs through modulation of Fas-mediated apoptosis by activating caspase-3 and 

downregulating p21 (61). Oxidative stress, which is shown to be increased in IPF, is 

considered to be another cause of AEC damage. ROS alters the balance between 

MMPs and TIMPs and activates TGF-β, while TGF-β induces ROS production (62). It 

has been shown that AECs were the main cell type undergoing endoplasmic 

reticulum stress resulting in apoptosis (63).  

 

3.5 Migration and differentiation of fibrocytes into myofibroblasts 

Fibrocytes are a group of bone marrow-derived fibroblast progenitor cells, 

characterised by the co-expression of the stem cell marker CD34, the leukocyte 

common antigen CD45 and fibroblast markers (collagen-1, -3 and fibronectin), 

which may be another source of lung fibroblasts in IPF (64). Like fibroblasts and 
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AECs, fibrocytes also differentiate into myofibroblasts through the activation of 

TGF-β-induced Smad2/3 and SAPK/JNK MAPK pathways (65). 

Inhibition of the CC chemokine receptor type 2 (CCR2) mediated fibrocyte 

recruitment and differentiation has been reported to suppress the development of 

lung fibrosis in vivo (66, 67). Fibrocytes also express the CXC chemokine receptor 

type 4 (CXCR4), which is involved in the migration of these cells when stimulated 

with its ligand, stromal cell-derived factor 1 (CXCL12) (68), released from various 

cells including injured AECs. CXCR4 and CXCL12 are highly increased in IPF lung 

tissue (64), which may be another therapeutic target. 

 

3.6 Transdifferentiation of endothelial cells into mesenchymal cells 

IPF is associated with increased vascular density in alveolar walls in the early 

stages, decreased vascular density in fibrotic lesions and abnormal vascular 

remodelling/angiogenesis close to fibrotic areas (69, 70). The endothelial 

dysfunction is regarded as one of the potential inducers of IPF. Endothelial cells 

from mice with bleomycin (BLM)-induced pulmonary fibrosis have been reported 

to promote collagen-1 production by fibroblasts and their transition to 

myofibroblasts (71). Repetitive lung injury has been shown to activate pulmonary 

capillary endothelial cells, which inhibits normal alveolar repair and promotes 

fibrosis (72). 

In several studies, TGF-β has been demonstrated to promote the generation of 

myofibroblasts through endothelial-mesenchymal transition (EndMT) via both 

Smad and non-Smad pathways. Moreover, a major vasoactive peptide endothelin 1 

(ET-1) has been found to promote TGF-β-induced EndMT (73, 74). Notch and TGF-

β signalling have been reported to induce EndMT synergistically (75, 76). Loss of 

cell-cell junctions-related and other endothelial markers, such as platelet 

endothelial cell adhesion molecule (PECAM-1/CD31), VE-cadherin, vascular 

endothelial growth factor receptor (VEGFR) and the angiopoietin receptor Tie-2, 

increased expression of α-SMA, fibronectin and vimentin, and increased migratory 

potential, have been demonstrated in TGF-β-induced EndMT. Although it has not 

been completely clarified whether EndMT occurs in the pathogenesis of human 

lung fibrosis, Hashimoto et al. have shown that lung endothelial cells may be 

sources of fibroblasts in the lungs of mice with BLM-induced pulmonary fibrosis 

(77). 

  



26 
 

4. Bone morphogenetic protein (BMP) pathway and pulmonary 

fibrosis 

4.1 Overview 

The bone morphogenetic proteins (BMPs) are members of the TGF-β 

superfamily of growth factors, which includes TGF-βs and activins. The BMPs were 

originally known for inducing de novo bone tissue formation, however, a variety of 

other important biological activities of BMPs have also been broadly elucidated, 

such as regulation of morphogenesis, differentiation, proliferation, and apoptosis 

of a variety of cells. Although BMPs are broadly expressed in various tissues during 

embryogenesis, some of them becomes restrictedly expressed in some specific 

organs/tissues after birth. For instance, BMP7 is abundantly expressed in kidney, 

whereas BMP3-6 is high in lung in adult mice (78). BMP3 is highly expressed by 

osteoblasts and osteocytes in bone matrix of mice (79). BMP9 is secreted by 

hepatocytes and released into plasma (80), which suggests that BMPs can work not 

only locally but also systemically. 

It has been shown that some BMPs may play a role in the pathogenesis of 

fibrosis. In contrast to the TGF-βs, some of the BMPs have anti-fibrotic potentials 

and are thought to counterbalance the profibrotic phenotypes induced by the TGF-

βs. 

 

4.2 BMP signalling 

BMPs are synthesized as inactive large precursor proteins. Each unprocessed 

BMP contains an N-terminal signal peptide, a bioactive BMP at the C-terminus and 

a pro-domain connecting those two regions. Following signal peptide cleavage by a 

pro-protein convertase such as furin, the precursor protein undergoes 

glycosylation and either homo- or heterodimerization. The pro-domain is cleaved 

when the mature dimeric BMP is secreted (81). 

In common with other TGF-β superfamily cytokines, BMPs bind to their specific 

type 2 receptors. Dimeric BMPs bind to specific sets of two type 2 receptors, which 

then induce formation of heteromeric complexes with two type 1 receptors and 

phosphorylation of them. While BMP receptor type 2 (BMPR2) is selective for 

BMPs, activin receptors type 2 (ActR2) A and B are shared by BMPs and activins. 

On the other hand, there are four type 1 receptors: ALK1, ALK2 (also termed 

activin A receptor type IA; ActR1A), ALK3 (also termed BMP receptor type IA; 

BMPR1A), and ALK6 (also termed BMP receptor type 1B; BMPR1B). ALK2 and 3 

are expressed in various types of cells, while ALK6 expression is more restricted 
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and ALK1 is expressed only in endothelial cells and certain other cells. Each BMP 

has high affinity to specific type 1 receptors, as summarised in Table 1-3 and 

shown in Figure 1-1. 

Phosphorylation of type 1 receptors mediated by a majority of BMPs induces 

phosphorylation of BMP-dependent R-Smads (Smad1/5/8). Like TGF-β-dependent 

Smad2/3, those phosphorylated R-Smads form complexes with Co-Smad4 and 

translocate into the nucleus and regulate the transcription of the specific target 

genes, such as the inhibitors of DNA binding 1-4 (Id1-4), GATA2 and Tob. In 

addition to the Smad pathway, BMPs also induce non-Smad signalling, such as ERK, 

p38 and JNK MAPKs, PI3K/Akt and small GTPases such as Rho and Rac (36). These 

non-Smad pathways regulate various cellular responses independently from or in 

cooperation with Smad pathways (Figure 1-1). On the other hand, BMP3, 11, 15 

and GDF9 bind to ALK4 (also termed activin A receptor type 1B; ActR1B) or ALK5, 

leading to activation of “TGF-β-dependent” R-Smads (Smad2/3) pathway (Table 1-

3) (83, 84) that have potential to suppress the role of other BMPs. 

BMP signalling is regulated by various factors. The extracellular BMP 

antagonists, such as noggin, chordin, gremlin, follistatin and follistatin-like 1 

(FSTL1) directly bind to BMPs and prevent them from binding to their receptors. 

Oppositely, Kielin/chordin-like protein (KCP) binds to BMPs and promotes binding 

Table 1-3. Specific combinations of the BMPs, their receptors and downstream R-

Smad proteins. 

Ligand Type 2 receptor Type 1 receptor R-Smad 

BMP2, 4 

BMPR2 

 

ActR2A 

 

ActR2B 

ALK3 (BMPR1A) 

ALK6 (BMPR1B) 

Smad1, 5, 8 
BMP5-8 

ALK2 (ActR1A) 

ALK3 (BMPR1A) 

ALK6 (BMPR1B) 

BMP9, 10 
ALK1 

ALK2 (ActR1A) 

BMP12-14 ALK6 (BMPR1B) 

BMP3 ALK4 (ActR1B) 
Smad2, 3 

BMP11, 15, GDF9 ALK5 (TβR1) 

Modified from (82). BMP: bone morphogenetic protein; BMPR2: BMP receptor type 2; 

ActR2: activin receptor type 2; ALK: activin receptor-like kinase; BMPR1: BMP receptor type 

1; ActR1: activin A receptor type 1. 
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of BMPs to type 1 receptors (85). BMP and activin membrane-bound inhibitor 

(BAMBI) is the cell membrane pseudoreceptor which lacks the intracellular kinase 

domain and negatively regulates both TGF-β and BMP signalling (86). Besides, 

there are some type 3 receptors such as betaglycan and endoglin, which are co-

receptors of TGF-β superfamily members and regulate signalling both positively 

and negatively (87, 88). I-Smad6/7 and the E3 ubiquitin ligases Smurf1/2 are 

intracellular regulators of BMP signalling. Smad6/7 suppresses activation of the 

TGF-β/BMP receptors and transcription of the target genes. Transcriptional co-

repressors, such as c-Ski, SnoN, and Tob, regulate transcription of the target genes 

in the nucleus (89, 90). On the other hand, BMP1, which is not classified as a 

member of BMPs, is a metalloproteinase. BMP1 activates BMP signalling through 

cleaving chordin in BMP-chordin complexes and releasing active BMPs from it (91, 

92).  

 

4.3 TGF-β and BMP crosstalk in fibrosis 

The crosstalk between TGF-β and BMPs in the pathogenesis of fibrosis has been 

mainly studied in the organs frequently affected by fibrosis, including kidneys, liver, 

lungs, and heart. In this context, fibrosis is defined by the excessive accumulation of 

ECM produced by activated myofibroblasts. TGF-β plays a main role in the 

progression of fibrosis, and the inhibition of TGF-β has been shown to suppress the 

fibrogenesis. Due to the common signal transduction modality, BMPs are involved 

in fibrogenesis interactively with TGF-β through either reciprocally promoting or 

suppressing each other. 

In the pathogenesis of renal fibrosis, the BMPs are known to antagonize the 

profibrotic effects of TGF-β. BMP7 has been shown to antagonize the TGF-β-

induced secretion of PAI-1 via Smad5 and its downstream Smad6 in cultured 

mesangial cells. The BMP7-induced reduction of PAI-1 promotes MMP2 activity, 

which degrades ECM (93). Hence, BMP7 is reported to suppress TGF-β1-induced 

EMT (94) and has shown a therapeutic potency in the mouse chronic renal fibrosis 

model (95, 96).  

When it comes to liver fibrosis, TGF-β promotes proliferation and migration of 

hepatic stellate cells (HSCs) and their differentiation into myofibroblasts. 

Administration of BMP7 can decrease expression of TGF-β1, phosphorylated (p-) 

Smad2, α-SMA and collagen and improve liver fibrosis in vivo (97, 98) and the 

expression of collagen 1 and 3 by primary HSCs through inhibition of the nuclear 

translocation of Smad2/3 (98). Moreover, TGF-β diminishes the expression and 
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release of BMP2 by HSCs, and oppositely, BMP2 downregulates the expression of 

TGF-β and its own receptors (99). However, there is also a report demonstrating 

increased proliferation and ECM production in HSCs treated with BMP7 (100). 

BMP2 has proven to antagonise the profibrotic effects of TGF-β1 in cardiac 

fibrosis. In cardiomyocytes, BMP2 promotes the formation of the Smad6/Smurf1 

complex, which promotes the degradation of TGF-β receptors and inhibits 

activation of Smad3 (101). BMP7 may also ameliorate myocardial fibrosis by 

limiting the TGF-β1-dependent upregulation of collagen 1 and α-SMA in myocardial 

fibroblasts (102) and by suppression of EndMT (103). 

 

4.4 BMP pathway and pulmonary fibrosis 

4.4.1 Role of BMPs against pulmonary fibrosis 

BMP4 and 7 are the most studied BMP ligands in the field of pulmonary fibrosis. 

BMP4 has been reported to inhibit proliferation of human lung fibroblasts and 

promotes their differentiation into myofibroblasts via the Smad1 and JNK 

pathways (104). Pegorier et al have demonstrated that BMP4 (but not BMP7) can 

suppress the TGF-β-induced proliferation and production of ECM proteins in 

human lung fibroblasts, while BMP7 inhibits the activity of MMP2 and reverts the 

TGF-β-induced myofibroblast-like phenotype. Both BMP4 and 7 can reduce the 

activity of MMP13 (105). BMP7 was also reported to ameliorate the silica-induced 

pro-fibrotic phenotypes in rat AECs by suppressing the TGF-β/Smad signalling and 

activating the BMP7/Smad signalling, which eventually inhibited cell migration and 

ECM protein production (106). In another article, BMP7 overexpression by 

adenovirus inhibited TGF-β-induced collagen 1 and TIMP2 production from mouse 

lung myofibroblasts (107). On the other hand, there is an article denying the anti-

fibrotic effect of BMP7 on ECM production and α-SMA expression in lung 

fibroblasts and suppression of EMT in AECs (108). 

Regarding in vivo models, administration of BMP7 to rats with silica-induced 

pulmonary fibrosis reduced the expression of TGF-β and subsequent elevation of p-

Smad2/3 in the lungs, resulting in the reduction of collagen deposition and fibrosis 

(109). Intravenous injection of BMP7-overexpressing bone-marrow stem cells 

could reduce ECM deposition and TGF-β1 expression and preserve epithelial 

markers in the silica-induced rat pulmonary fibrosis model compared with 

injection of control cells (110). Moreover, Leppa ranta et al has recently found an 

inducer of BMP2 and 7 in AECs called tilorone. In a silica-induced mouse 

pulmonary fibrosis model, p-Smad1 was decreased and p-Smad2 was increased in 
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AECs. Tilorone could revert this imbalance and ameliorate fibrosis in the lungs 

(111). However, again an article demonstrated that BMP7 did not show any anti-

fibrotic effect on a BLM-induced mouse pulmonary fibrosis model (108). 

Although BMP3 is recognised as an antagonist against BMP signalling by 

activating Smad2/3 pathway (83), there are some reports demonstrating that 

BMP3 can also ameliorate pulmonary fibrosis. BMP3 and 4 have been reported to 

inhibit TGF-β1-induced cell migration, while they promote collagen gel contraction 

in fetal lung fibroblasts (112). The expression of BMP3 was reduced in the lungs of 

IPF patients, as well as those from a BLM-induced mouse pulmonary fibrosis 

model, and administration of BMP3 could attenuate pulmonary fibrosis in those 

mice. In lung fibroblasts isolated from the mouse model, BMP3 suppressed 

proliferation and reverted α-SMA expression. BMP3 also attenuates TGF-β-induced 

reduction of p-Smad1/5/8 in lung fibroblasts (113), however, the reason for the 

discrepancy between past reports has not been elucidated.  

 

4.4.2 Endogenous BMP inhibitors in pulmonary fibrosis 

Murphy et al have recently reported that mRNA expression of BMP-binding 

antagonists gremlin 1, noggin, follistatin, and FSTL1 are significantly increased, 

while that of other BMP antagonists chordin, nephroblastoma overexpressed gene, 

BAMBI, and a BMP enhancer KCP are decreased in the lungs of the mice with BLM-

induced pulmonary fibrosis. In particular, regarding noggin, BAMBI, and FSTL1, 

their protein levels were also increased together with the significant decrease of 

BMP2. They were also increased in the lungs of IPF patients. In addition, TGF-β 

increased noggin, BAMBI, and FSTL1 expression in human AECs (114). In another 

article, BLM-induced pulmonary fibrosis was milder in noggin haploinsufficient 

mice than in normal mice. Those mice showed elevated expression of BMP2, 4 and 

6 and I-Smad6/7 in the lungs, and preserved p-Smad1/5/8 expression, decreased 

proliferation and apoptosis of AECs (115). Similarly, FSTL1 haploinsufficient mice 

showed milder pulmonary fibrosis with decreased ECM deposition and 

myofibroblast accumulation than normal mice when taking BLM or silica 

administration, or radiation exposure (116-118). Administration of FSTL1 

neutralising antibody had the same effect on suppression of fibrosis (116, 117). 

FSTL1 was demonstrated to enhance TGF-β-induced Smad2/3 signalling in mouse 

AECs and fibroblasts, as well as to suppress BMP-induced Smad1/5 signalling in 

AECs, resulting in induction of EMT and differentiation of fibroblasts into 

myofibroblasts (116, 117, 119). Moreover, FSTL1 can also enhance the ERK, p38 
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and JNK signalling in mouse lung fibroblasts, resulting in proliferation, migration, 

and differentiation into myofibroblasts (119). 

The expression of gremlin was high in the lungs from IPF patients and in lung 

fibroblasts isolated from them, which are associated with impaired responsiveness 

to BMP4. AECs with TGF-β-induced EMT also showed elevated expression of 

gremlin. Additionally, overexpression of gremlin makes AECs more susceptible to 

TGF-β-induced EMT (120). In the lungs from mice with asbestos-induced 

pulmonary fibrosis, gremlin mRNA levels were elevated, which were mediated by 

the TGF-β and the MAPK kinase/ERK pathways in AECs. Supplementation of BMP7 

significantly reduced collagen deposition in their lungs. (121). In another study, 

transient gremlin overexpression using adenovirus induced pulmonary fibrosis in 

rats, reduced p-Smad1/5/8 expression, and promoted proliferation and apoptosis 

in AECs close to the fibroblastic foci (122). 

 

4.4.3 BMPR2 in pulmonary fibrosis 

Chen et al has demonstrated that BMPR2 and p-Smad1/5/8 or ID1 were reduced 

and p-Smad2/3 was elevated in the lungs from IPF patients and BLM-induced 

pulmonary fibrosis mice. Inhibition of interleukin (IL)-6 attenuated fibrosis with 

elevated BMPR2 expression and reduction of some miRs which can cause 

dysfunction of BMPR2. Reduced BMPR2 was particularly observed in bone-marrow 

derived macrophages in IPF lungs (123). In another study, though BMPR2 

reduction in BLM-treated mice was also demonstrated, fibrosis was not 

deteriorated in BMPR2 tet-on mutation mice, while worsening of associated 

secondary PH was observed. Mutant BMPR2 was correlated with increased 

hypoxia-inducible factor (HIF) 1-α stabilization in lungs and increased HIF1-α and 

ROS production in cultured pulmonary microvascular endothelial cells (124). 

On the other hand, BMPR2 mRNA expression was increased by 24-hour TGF-β 

stimulation in lung fibroblasts, which could be reversed by BMP4 and 7 (105). In 

AECs, BMPR2 expression levels were not affected by TGF-β or BMP7 treatment 

(108). 

Some of the apparent inconsistencies in studies may be due to the different 

times points and contexts investigated. To date, the impact of modulating BMPR2 

expression level on pulmonary fibrosis has not been studied. 
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5. Endothelial colony forming cells (ECFCs) 

5.1 Overview and definition of endothelial colony forming cell (ECFC) 

Angiogenesis is a process of originating blood vessels from pre-existing 

vasculature through proliferation and migration of endothelial cells existing in it. 

On the other hand, de novo blood vessel formation from stem or progenitor cells 

that differentiate into endothelial cells and incorporate into the tissue is termed 

vasculogenesis. Both of those processes for blood vessel formation may play a role 

in revascularization cooperatively, which are important for the homeostasis of 

peripheral blood vessels. Vasculogenesis has originally been regarded as a part of 

embryogenic processes, however, the accumulating knowledge of endothelial 

colony forming cells (ECFCs) has proven that vasculogenesis occurs throughout 

life. 

In 1997, Asahara et al discovered CD34+ hematopoietic precursor cells, which 

were isolated from peripheral blood-derived mononuclear cells and are able to 

differentiate into endothelial cells ex vivo (125). These cells expressed both 

hematopoietic and endothelial markers, could home specifically to sites of active 

angiogenesis such as areas of ischemia (125), differentiate, proliferate, and 

incorporate into pre-existing blood vessels under various circumstances including 

ischemia (126). These cells were named “endothelial progenitor cells (EPCs)”. 

Through more than two decades of the accumulation of evidence, currently the 

term “EPC” encompasses two different cell types (127, 128). ECFCs (also termed 

outgrowth endothelial cells (OECs) or late EPCs) are cobblestone shaped cells 

forming colonies on collagen coated plates following at least 1 week of culture. 

They express markers of mature endothelial cells (CD31, CD146, VE-cadherin, Tie-

2, von Willebrand factor (vWF) and VEGFR2) as well as mature (CD34) or 

immature (CD133) hematopoietic stem cell markers and have a high proliferation 

capacity and longer survival up to 12 weeks. They can differentiate into endothelial 

cells and form vessels (129, 130). In contrast, early EPCs (also termed circulating 

angiogenic cells (CACs) or myeloid angiogenic cells (MACs)) are spindle shaped 

cells forming colonies on fibronectin-coated plates following 4-7 days of culture, 

are less proliferative, and survive up to only 4 weeks in culture. They express 

haematopoietic markers as well as inflammatory markers (128), and contribute to 

angiogenesis through secreting cytokines such as VEGF (129, 130), but are not the 

direct source of mature endothelial cells. Therefore, an early EPC is actually not an 

“endothelial progenitor” and does not fulfill the original concept of EPC. In the 

recent consensus statement for nomenclature of EPCs it is suggested that the term 
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“ECFC” should be used for “true” EPCs to avoid discrepancies between the 

literatures and distinguish them from early EPCs (127). 

ECFCs have attracted significant attention due to their vasculogenic property 

and targeted delivery of therapeutic agents, as they have characteristics of homing 

to the sites of vascular injury, occlusion, or hypoxia. This homing is mediated by 

multiple molecules such as VEGF, CXCL12 or erythropoietin (EPO) released from 

endothelial cells and/or platelets, which is induced by production of ROS, 

activation of P-selectin or HIF-1α (131-134). A number of experimental and even 

clinical studies have suggested the feasibility, safety, and efficacy of EPC-based 

therapy in multiple diseases including ischemic heart disease, pulmonary arterial 

hypertension (PAH), and liver cirrhosis. 

Accumulating evidence has suggested that ECFCs play an important role in 

various diseases. Circulating ECFCs are decreased in patients with chronic 

diseases, such as chronic heart failure (135), stroke (136), diabetes (137, 138), 

rheumatoid arthritis (139), chronic renal failure (140, 141), PH (142, 143) and 

pulmonary fibrosis (142, 144), perhaps due to progressive exhaustion of repair 

capabilities. On the contrary, acute ischemia is known to mobilise ECFCs, as 

reported in patients with acute myocardial infarction (145, 146). It is also known 

that low plasma levels of ECFCs correlate with increase of cardiovascular risk 

factors (147-149). 

 

5.2 Utilisation of EPCs/ECFCs as therapeutic agents 

EPCs (in particular, ECFCs) have been trailed as a therapy for various diseases 

mainly related to ischemic conditions or vascular damage. Several mechanisms of 

action of ECFCs at those sites have been suggested, such as direct incorporation of 

ECFCs to damaged vasculature and promotion of vasculogenesis (150, 151), 

paracrine effect, i.e. secretion of pro-angiogenic growth factors or extracellular 

vesicles (EVs) (152, 153), support for vascular repair by other cells, such as 

mesenchymal progenitor cells (154, 155) or adipose stromal cells (156). 

There are a growing number of experimental reports demonstrating the efficacy 

of ECFCs predominantly on ischemic diseases such as hindlimb ischemia (151, 

157), myocardial infarction (158) and ischemic retinopathy (159) mainly through 

direct incorporation of ECFCs and/or paracrine effects. Ischemic stroke (160) and 

traumatic brain injury (161) can also be treated with ECFCs mainly through the 

paracrine effect rather than the direct incorporation. Furthermore, ECFC treatment 

was also attempted for other conditions such as PAH and bronchopulmonary 
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dysplasia (BPD). In rat BPD models, intravenous injection of ECFCs or ECFC-

derived conditioned media was effective for preserving the alveolar and lung 

vascular growth, and attenuated PH, which might be due to a paracrine effect (152, 

162). ECFCs can also attenuate the severity of disease and preserve vascular 

function in animal models of acute kidney injury through paracrine effects (153, 

163). 

Regarding human clinical trials, “EPCs” have been tested as treatments for 

peripheral arterial disease, coronary artery disease and PAH. However, the cells 

used for clinical studies are significantly heterogeneous regarding methods of cell 

isolation and the markers on cell surface used for phenotyping. Hence, the cells 

used in those trials may not be pure ECFCs, but mixture of other kinds of cells such 

as early EPCs, circulating endothelial cells or other kinds of precursor cells. 

Intramuscular administration of EPCs have been demonstrated to be safe and 

effective for tissue perfusion and pain relief in patients with critical limb ischemia 

(CLI) (164) and diabetic feet (165). Liotta et al demonstrated significant 

improvement in pain-free walking distance and quality of life, and reduction of 

mortality rate and major amputations in patients with CLI (166). 

On the other hand, Wang et al demonstrated the safety, feasibility, and significant 

improvements of exercise capacity and pulmonary hemodynamics in adult 

idiopathic PAH patients treated with intravenous injection of EPCs (167). Likewise, 

positive effects were also observed in children with idiopathic PAH (168). They 

also demonstrated the efficacy of thymosin β1 pre-treated EPCs for exercise 

capacity and left ventricular function in patients with ST segment elevated 

myocardial infarction (169). In another study, eNOS modified EPCs showed 

effectiveness for reducing pulmonary vascular resistance in PAH patients (170). 

ECFCs have also been used as cellular vehicles for gene therapy. Comparing with 

other types of cells, ECFCs can be isolated non-invasively from peripheral blood, 

are genomically stable and easy to manipulate genetically. For instance, ECFCs have 

been used for gene therapy in canine models of haemophilia A. Subcutaneous or 

omental implantation of Factor VIII-transduced ECFCs kept the Factor VIII in 

therapeutic levels over a long period of time (171, 172). Subcutaneous 

implantation of genetically modified ECFCs expressing EPO controlled by a 

tetracycline-regulated system to mice resulted in formation of vascular networks 

reversibly releasing EPO into bloodstream (173), which can be expected to be used 

for treating EPO-dependent renal anaemia. In the field of cancer therapy, ECFCs 

have been used for directly delivering inhibitors of angiogenesis or other suicide 
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genes to the tumour endothelium. Administration of ECFCs carrying fms-like 

tyrosine kinase-1 or angiostatin-endostatin fusion protein could reduce the volume 

of tumour and extended survival in mice cancer models (174, 175). 

 

5.3 Treatment of PH using gene-modified EPCs 

PAH is a lethal disease characterized by increased pulmonary vascular resistance 

due to remodelling. Mutations of BMPR2 are present in up to 80% of familial and 

11-40% of idiopathic PAH (176), leading to the imbalance of TGF-β/BMP axis and 

resulting in profibrotic phenotype. BMPR2 expression is also reduced in other 

forms of PH, as well as in animal models (124, 177). To date our group has 

attempted to treat PAH animal models using BMPR2 gene therapy. Intravenous 

injection of adenovirus encoding BMPR2 (AdBMPR2) targeting pulmonary 

endothelium (178, 179) could attenuate PAH in the monocrotaline and hypoxia rat 

models as well as in a BMPR2-transgenic mouse model (180-183). 

Most recently, we have demonstrated that intravenous injection of rat bone 

marrow-derived EPCs (they were not pure ECFCs as the cell-surface marker profile 

was not sufficiently definitive of ECFCs) transduced with adenovirus encoding 

BMPR2 can increase the expression of BMPR2 in the lungs and attenuate 

monocrotaline-induced rat PAH model both hemodynamically and histologically 

(184). The biodistribution study evaluated using EPCs transduced with luciferase 

reporter adenovirus revealed that though more than 99% of EPCs accumulated in 

the lungs 1-6 hours after injection, vast majority were lost by 24 hours. In view of 

this short retention time, the mechanism for the effects of this cell therapy may be 

due to paracrine effect via EVs. 

 

5.4 ECFCs and pulmonary fibrosis 

Several studies have demonstrated the altered levels of ECFCs in IPF patients. 

Fadini et al reported reduced ECFCs in patients with restrictive lung disease, in 

particular in those with reduced lung volumes and impaired alveolo-arterial 

diffusion capacity. The rate of apoptosis of ECFCs was high in patients with diffuse 

lung disease (185). They have also showed depleted ECFCs in IPF patients, which 

was more severe when associated with PH (142), which is one of the major 

complications of IPF typically associated with reduced diffusing capacity of the 

lung for carbon monoxide (DLCO). On the contrary, ECFCs isolated from IPF 

patients with significantly impaired DLCO and those from patients with history of 

acute exacerbation showed increased proliferative potential ex vivo (144). This 
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data is supported by a report demonstrating that EPCs cultured under hypoxic 

circumstance were shown to have higher capability of proliferation and 

differentiation (186). 

There is evidence that ECFCs have profibrotic potential in IPF patients. ECFCs 

isolated from IPF patients release more EVs, in particular from those with a low 

DLCO, than controls. These EVs promote plasminogen activation and fibroblast 

migration, at least in part by an increased plasmin generation (187), suggesting a 

role of ECFC-derived EVs to the pathogenesis of IPF. In another report, ECFCs from 

IPF patients showed high senescent and apoptotic states and increased secretion of 

IL-8, which induced migration of neutrophils, and increased IL-8 in peripheral 

blood was associated with a poor prognosis in IPF patients (188). In addition, 

ECFCs are also considered to cooperate with fibrocytes to promote the abnormal 

vascular remodelling and vasculogenesis close to fibrotic areas mediated by CXCR4 

(189). 

Transdifferentiation of ECFCs into mesenchymal cells like EndMT may also 

contribute to the pathogenesis of IPF. Dí ez et al reported that co-culture of ECFCs 

with smooth muscle cells resulted in the reduction of endothelial markers and the 

increase of mesenchymal markers, which was mediated by the TGF-β pathway 

(190, 191). Those transdifferentiated ECFCs demonstrated pro-angiogenic 

properties mediated by fibroblast growth factor (FGF)-2 and angiopoietin-1 

through a paracrine manner (191). 

Regarding the application to treatment, ECFCs have not been successfully used 

for treating pulmonary fibrosis. In a report by Blandinie res et al., ECFCs could not 

modulate fibrosis or vascular density before or after the completion of fibrogenesis 

in BLM-induced pulmonary fibrosis mouse model (192). This may possibly be due 

to the above-mentioned profibrotic characteristics of ECFCs. However, the 

information available so far regarding therapeutic potential of ECFCs against 

pulmonary fibrosis is insufficient. Given that ECFCs have shown positive 

therapeutic effect in PAH patients (167-170), and that rat PAH treated with gene-

modified EPCs showed reduced vascular remodelling in our previous study (184), 

and no significant profibrotic adverse effects were observed in those studies, 

further investigation of the effect of ECFCs on pulmonary fibrosis is warranted.  
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6. Treatment of IPF  

6.1 Overview 

Despite the high medical need, recommended treatment options in the 2011 

international IPF guidelines were limited to oxygen supplementation and lung 

transplantation (4). IPF patients had been treated with corticosteroids +/- 

azathioprine or cyclophosphamide for decades. Subsequently, N-acetylcysteine (a 

precursor of glutathione, an antioxidant) combined with prednisone and 

azathioprine had become the standard therapy of IPF (193). However, this triple 

therapy had later been proven to be harmful based on the results of the PANTHER-

IPF trial (14). Other clinical trials for etanercept (tumor necrosis factor (TNF)-α 

antagonist) (194), interferon gamma (195), imatinib (196), warfarin (13), 

endothelin receptor antagonists (15, 197-199), N-acetylcysteine monotherapy 

(200), and tralokinumab (anti-IL13 monoclonal antibody) (201) also 

demonstrated disappointing results. 

In 2014, large scale international phase 3 randomised controlled trials (RCTs) of 

2 antifibrotics, pirfenidone (16) and nintedanib (17), finally showed positive 

results. Given this evidence, in the 2016 update of the IPF guideline, these drugs 

are conditionally recommended for the treatment of IPF (202). Nevertheless, both 

drugs have major side effects and their effects are limited to only slowing down the 

disease progression and improve survival rate just slightly. Therefore, alternative 

therapeutic options are still necessary to be sought. 

 

6.2 Anti-fibrotic agents 

6.2.1 Pirfenidone 

Pirfenidone is an antifibrotic drug with various effects. It regulates the levels of 

TGF-β and TNF-α in vitro (203) and reduces proliferation of fibroblasts and 

production of collagen in animal models of lung fibrosis (204-206). One relatively 

small RCT of pirfenidone for mild to moderate IPF carried out in Japan was stopped 

early due to a potential benefit for reducing the frequency of acute exacerbation, a 

secondary outcome (207). Additionally, pirfenidone was also effective to preserve 

FVC over time and the oxygen saturation during 6-minute-walk test. Although a 

highly selected patients were enrolled and the primary endpoint was altered 

during the study in the second Japanese trial, it also demonstrated a benefit of 

pirfenidone regarding a reduction in the rate of decline in FVC and improved 

progression-free survival (208). In the phase 3 replicate CAPACITY trials 
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(CAPACITY 004 and 006) (209), pirfenidone showed a reduction in decline of FVC 

at week 72 only in one of the trials. Subsequently, in the ASCEND trial, applying 

stricter selection criteria (16), pirfenidone significantly reduced the rate of patients 

whose annual rate of decline in FVC was more than 10%, and extended 6-minute-

walk distance and progression-free survival. Mortality or dyspnoea scores did not 

differ. Pooled results from these trials suggested reduction in mortality and the rate 

of FVC decline with pirfenidone, though the effect on mortality is limited (3.2% 

reduction of 1-year all-cause mortality and 2.4% of IPF-related mortality) (210). 

 

6.2.2 Nintedanib 

Nintedanib is an inhibitor of receptor tyrosine kinases of multiple growth 

factors, including VEGF, FGF, and PDGF. In the phase 3 replicate INPULSIS trials 

(INPULSIS-1 and -2) for nintedanib in IPF patients, nintedanib showed significant 

effect on the reduction of the rate of decline in FVC over 52 weeks compared with 

placebo (17). Additionally, a meta-analysis of one phase 2 (TOMORROW) and two 

INPULSIS trials revealed that the odds ratio for a greater than 10% absolute 

decline in FVC was significantly lower in the nintedanib group at week 52 (211). 

The time to the first acute exacerbation was significantly longer in the nintedanib 

group only in one of the two INPULSIS trials (17). On the other hand, in a pooled 

analysis of the two INPULSIS trials, the use of nintedanib was significantly 

correlated with longer time to the first acute exacerbation and lower rate of acute 

exacerbation (17). In terms of mortality, none of above-mentioned trials was 

powered to show a benefit of nintedanib. 

The benefit of nintedanib has recently been revealed also in patients with non-

IPF progressive fibrosing ILDs in a RCT (212). The annual rate of decline in FVC 

was significantly reduced by using nintedanib. Based on this evidence, now 

nintedanib is prescribed for patients with non-IPF fibrosing ILDs being progressive 

in spite of appropriate management such as anti-inflammatory therapies. 

 

6.3 Cell therapy for pulmonary fibrosis 

The potential of cell therapy has been extensively investigated in pulmonary 

fibrosis. The efficacy of cell therapy is expected to be achieved mainly by promoting 

the correct re-epithelialization of the alveoli with regenerated cells and/or the 

paracrine properties of the administered cells. 

In the alveolar epithelium, type 2 AECs can self-replicate and differentiate into 

type 1 AECs as normal turnover or when type 1 AECs are reduced by injury. A study 
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showed that intratracheal administration of freshly isolated type 2 AECs can 

reverse fibrogenesis in a BLM-induced pulmonary fibrosis model (213). Type 2 

AECs derived from pluripotent or embryonic stem cells could also reduce collagen 

deposition in a BLM-induced pulmonary fibrosis model (214, 215). Furthermore, 

since the process for isolating or generating type 2 AECs is complicated, it was 

considered to be easier, faster and more efficient to use mixed lung epithelial cells 

alternatively. The intratracheal administration of mixed lung epithelial cells was 

shown to attenuate fibrosis in a BLM-induced pulmonary fibrosis model (216). 

Mesenchymal stem cells (MSCs) are usually isolated from adult bone marrow, 

umbilical cord blood, adipose tissue, or placenta. The therapeutic effect of MSCs is 

not mainly related to their capability of differentiating into multilineage cells, but 

to their anti-proliferative, anti-apoptotic, anti-inflammatory, and 

immunomodulatory characteristics, and the capability of modulating 

microenvironment at the sites of engraftment. Most of these effects are expressed 

by the secretion of soluble factors and EVs. In BLM-induced pulmonary fibrosis 

models, bone marrow-derived MSCs can reverse the fibrosis through their 

engraftment and differentiation into lung cells, and reduction in inflammatory 

cytokines (217-219). Similarly, umbilical cord- and placenta-derived MSCs were 

also demonstrated to have efficacy through inhibition of lung inflammation by 

suppressing the profibrotic cytokine expression (220) and the infiltration of 

neutrophils (221). On the other hand, some subpopulations of MSCs may 

contribute to fibrogenesis. As MSCs expressed a myofibroblast marker when 

delivered to the lesions of established irradiation-induced pneumonitis in a mouse 

model (222), the phenotype of MSCs may be guided by the microenvironment of 

injured lungs. 

Adipose tissue contains pluripotent cells (adipose derived stromal cells; ADSCs) 

which can also differentiate into various cell lineages. ADSCs can be isolated from 

adipose tissue of obesity patients who undergo liposuction and produce many 

bioactive factors. The ADSC therapy resulted in a suppression of the hyperplasia 

and apoptosis of AECs, alveolar septal thickening, alveolar enlargement, 

infiltrations of inflammatory cells, and TGF-β levels in the lungs of a BLM-induced 

pulmonary fibrosis model (223). 

Other than above-mentioned cell types, intravenous injection of human amnion 

epithelial cells has also been proved to prevent, and moreover, treat BLM-induced 

pulmonary fibrosis by reducing production of pro-inflammatory and profibrotic 

cytokines, and collagen deposition (224). They can be used through intraperitoneal 
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injection as well for treating pulmonary fibrosis, which is suspected to work via 

paracrine effects (225). 

In the clinical field, Tzouvelekis et al conducted a study for the safety and 

feasibility of endobronchial administration of ADSCs in 14 IPF patients. No 

significant adverse event was observed, and pulmonary function parameters and 6-

minute walk distance were unchanged over 12 months (226). In the follow-up 

study, a significant decline of pulmonary function at 24 months was observed 

(227), which was at the same level as that observed in the placebo arm of large 

phase III RCTs of antifibrotics (16, 17). Subsequently, Chambers et al conducted a 

dose-escalation phase 1b study on the intravenous placenta-derived MSCs in 8 

moderately severe IPF patients. Each dose was well tolerated with only minor and 

transient acute adverse effects. There was no decline in FVC at 6 months (228). 

Most recently, Averyanov et al conducted a placebo-controlled trial including 10 

IPF patients for intravenous injection of bone marrow-derived MSCs in IPF patients 

with rapid pulmonary function decline (229). MSC therapy resulted in significantly 

longer 6-minute walk distance and better pulmonary function compared with 

placebo without any adverse events, though it did not improve mortality rate or 

HRCT fibrosis score. 

Combination of cell and gene therapy may also be a new treatment strategy for 

IPF. Aguilar et al demonstrated a therapeutic effect of keratinocyte growth factor-

transduced bone marrow stem cells in an animal model with BLM-induced 

pulmonary fibrosis (230). Genetically modified stem cells have the property of 

accumulating specifically in the injured sites of the lungs and delivering certain 

genes to those sites. Further research is warranted to identify the appropriate stem 

cell type for gene therapy in the lung, and the safe gene vector that can sustain 

expression of a specific gene. 
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6.4 Research questions 

As described in the previous sections, the currently available therapeutic agents 

for IPF have limited efficacy and significant side effects, and further research for 

new treatment strategies is warranted. The treatment strategies attempted to date 

have mainly focused on the suppression of profibrotic factors such as TGF-β and 

other growth factors, TNF-α, IL-13 and ROS (14, 16, 17, 194, 201). On the other 

hand, the upregulation of anti-fibrotic pathway such as the BMP pathway has not 

been well studied in clinical field. In the field of experimental studies, 

administration of BMPs or suppression of intrinsic BMP inhibitors have shown 

positive effects on the treatment of pulmonary fibrosis models (106-108, 115-117, 

121), while the manipulation of BMP receptors has never been attempted. As there 

are a few reports describing the reduction of BMPR2 in a BLM-induced mouse 

pulmonary fibrosis model (123, 124), the upregulation of BMPR2 seems to be a 

reasonable strategy for modulating the balance of TGF-β/BMP axis. Moreover, the 

treatment using BMPR2-expressing EPCs for transducing BMPR2, which was 

established by our group (184), may be an effective method for achieving this 

strategy. 

Once a new treatment is established, how to select the candidates for the 

treatment is another concern. As IPF can be difficult to distinguished from other 

chronic fibrosing ILDs, the definition of disease may be modified based on the 

purpose for the diagnosis. In particular, either an radiological or a 

histopathological UIP pattern is required for a definitive diagnosis of IPF in the 

guideline (3), while there are some clinical trials being able to enrol patients 

without histopathological information as long as showing a probable UIP pattern 

on HRCT (17, 231), which allows more patients to be eligible for the trials. 

However, this diagnostic approach involves a risk for overdiagnosis of IPF in 

patients with other ILDs with better prognoses. Although the validity of this 

approach has been confirmed in the post-hoc analysis of the RCTs (11), the 

participants in the clinical trials are generally highly suspected to be “true” IPF by 

expert physicians of ILDs and do not reflect the usual ILD population in the real 

world. Furthermore, the evidence for the validity is based on the short-term 

outcome such as the annual rate of the decline in FVC and time to the first acute 

exacerbation in the first year, so there is a lack of the long-term data including 

survival time. 

According to the above-mentioned matters, I have established the following two 

research questions and planned studies to answer them. 
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Question 1: Can the BMPR2 transduction ameliorate pulmonary fibrosis? 

To evaluate the efficacy of BMPR2 transduction on pulmonary fibrosis, at first, I 

have planned to use primary lung fibroblasts from healthy controls and IPF 

patients to compare the TGF-β/BMP signalling and the profibrotic reaction to TGF-

β. Those cells would then be used for evaluating the effect of the BMPR2 

transduction on the TGF-β-induced profibrotic phenotypes. Moreover, our original 

techniques for the BMPR2 transduction using gene-modified EPCs expressing 

BMPR2 were going to be utilised to treat the BLM-induced rat pulmonary fibrosis 

model. 

 

Question 2: Is a probable UIP pattern on HRCT sufficient for making a 

diagnosis of IPF? 

To evaluate the validity of the approach for diagnosing IPF in patients with a 

probable UIP pattern on HRCT but without histopathological information, I have 

planned to collect the data of IIP patients from clinical charts retrospectively and to 

compare long term survival and the time to the first acute exacerbation between 

those with a UIP pattern versus those with a probable UIP pattern on HRCT. I 

would also investigate the prevalence of a final diagnosis of IPF made through 

multidisciplinary discussion in patients with a probable UIP pattern on HRCT for 

evaluating the extent of heterogeneity. 
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Part II 
 

Overexpression of BMPR2 suppresses 

transforming growth factor β-induced profibrotic 

responses in lung fibroblasts 
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Statistical analysis 

Results 

BMPR2 expression was decreased in fibrotic lungs and lung fibroblasts 

stimulated with TGF-β 
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The sensitivity to TGF-β and BMPs did not differ between HLFs from healthy 

controls and IPF patients 
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Stimulation with BMPs could not suppress TGF-β-induced  profibrotic 

changes in lung fibroblasts 

BMPR2 transduction using adenovirus suppressed the TGF-β-induced 

phosphorylation of Smad2/3 in lung fibroblasts 

BMPR2 transduction plus stimulation with BMP7, but not BMP4, suppressed 

the TGF-β-induced production of fibronectin in lung fibroblasts 
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BMPR2 transduction showed trends for reducing phosphorylation of p38 

MAPK in lung fibroblasts 

Discussion 
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Part III 
 

Transduction of BMPR2 to human and rat lung 

fibroblasts using exosomes secreted by BMPR2-

transduced ECFCs  
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1. Overview 
EVs including exosomes are produced by various cell types, including stem cells, 

progenitor cells and inflammatory cells. Intracellular materials, such as micro 

RNAs, proteins and DNAs, as well as membrane-bound proteins are enveloped in 

or presented on the surface of exosomes and released from the cell. These 

exosomes are then absorbed by other cells. Therefore, it is considered that 

exosomes have role of mediating cell-to-cell communication though this 

transmission process (Figure 3-1). EPCs are known to be one of the major sources 

of EVs in various contexts (152, 153, 160-163). 

 

Figure 3-1. Cell-to-cell communication via EVs. EV, extracellular vesicle; mRNA, messenger 

RNA; lncRNA, long non-coding RNA; miRNA, micro-RNA. 

 

According to a decade of research, EVs have shown to have potential as a 

biomarker and therapeutic agent of various diseases. In the field of pulmonary 

fibrosis, EVs isolated from serum, sputum, or primary lung fibroblasts of IPF 

patients contain profibrotic micro-RNAs, and these EVs were reported to be 

correlated with mortality and disease severity (232-234). Although EV-based 

therapy has never been applied for treating human IPF, in some studies using 
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pulmonary fibrosis experimental models, EVs derived from MSCs have shown an 

effect of ameliorating pulmonary fibrosis via miRNAs and/or MMPs and TIMPs 

contained in the EVs (235-239). However, despite EVs having a potential to be 

manipulated artificially, such artificially modified EVs have not been used for 

treating pulmonary fibrosis even in experimental settings yet. 

As described in Part I (Introduction section, 5.3), our group has previously 

reported that intravenous injection of AdBMPR2 targeting pulmonary endothelium 

could attenuate PAH in rat and mouse models (178-183). Most recently, our group 

has demonstrated that intravenous injection of rat bone marrow-derived EPCs 

transduced with AdBMPR2 can increase the expression of BMPR2 in the lungs and 

attenuate monocrotaline-induced rat PAH both hemodynamically and histologically 

(184). The biodistribution study evaluated using EPCs transduced with luciferase 

reporter adenovirus revealed that though more than 99% of EPCs accumulated in 

the lungs 1-6 hours after injection, vast majority were lost by 24 hours. In view of 

this short retention time, the mechanism for the effects of this cell therapy may be 

due to paracrine effect via EVs. 

For applying this cell-based therapy to the field of pulmonary fibrosis, I have 

firstly clarified that the exosomes from BMPR2-transduced human ECFCs/rat EPCs 

are transmitted and transduce BMPR2 to lung fibroblasts. Moreover, I have tried to 

evaluate the effect of BMPR2 transduction using exosomes on TGF-β-induced 

fibronectin production. 
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2. Methods 

2.1 Human and rat samples 

Blood samples were collected from healthy people for isolating ECFCs, which 

was approved by Central Adelaide Local Health Network Human Research Ethics 

Committee with informed written consent obtained in accordance with the 

“Declaration of Helsinki”. Blood samples were obtained at Royal Adelaide Hospital, 

Adelaide, SA, Australia. 

Lungs and femurs were collected from male F344 rats for isolating rat lung 

fibroblasts (RLFs) and EPCs, which was approved by the University of South 

Australia Animal Ethics Committee (U18-19) and undertaken as per the guidelines 

established by the “Australian Code of Practice for the Care and Use of Animals for 

Scientific Purposes”. 

 

2.2 Cell lines and provided primary cells 

HEK-293 cells were used for adenovirus amplification and grown in Dulbecco's 

Modified Eagle's Medium (DMEM) with HEPES buffer with Ham’s F12 Nutrient 

Mixture (50:50) (Gibco, Grand Island, NY, USA), 10% foetal calf serum (FCS) 

(Lonza, Basel, Switzerland), L-glutamine (2 mM) (Cosmo Bio, Tokyo, Japan), 

sodium pyruvate (1 mM) (Gibco), penicillin (62.5 μg/ml) and streptomycin (100 

μg/mL) (Gibco, Grand Island, NY, USA). Human lung fibroblasts (HLFs) isolated 

from healthy people and IPF patients were provided by Dr. D. Knight (University of 

Newcastle, Callaghan, NSW, Australia) and Dr. M. Rojas (University of Pittsburgh, 

Pittsburgh, PA, USA). HLFs were grown in DMEM with 10% FCS. All cells were 

grown in a 5% CO2-atmosphere at 37℃. 

 

2.3 RLF isolation from lung 

RLFs were isolated from Fischer 344 rats that were humanely killed using CO2 

asphyxiation. Animals were housed in the University of South Australia Core 

Animal Facility (Adelaide, SA, Australia). Their lungs were collected into DMEM and 

immediately stored on ice. They were then minced into small pieces and incubated 

at 37℃ with collagenase type III (30 mg) and DNase type I (750 μg) (Worthington 

Biochemical, Lakewood, NJ, USA) in a volume of 30 mL media for 60-80 min with 

gentle shaking. Then the cell suspension was filtered through a 70-μm cell strainer. 

The cell pellet from this filtered media was resuspended in DMEM with 15% FCS 

and seeded after incubation with red cell lysis solution. After 4 days, the media was 
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changed to DMEM with 10% FCS. After 2 weeks, cells were passaged and used for 

further experiments at passage 1-4. 

 

2.4 Isolation of ECFCs from human peripheral blood 

Human peripheral blood samples were taken in Lithium Heparin blood 

collection tubes from healthy volunteers for isolating human ECFCs. The blood was 

processed with Lymphoprep™ (Stemcell Technologies, VIC, Australia) to isolate the 

mononuclear cells. These were cultured on 48-well plates prepared with Collagen 

(Sigma-Aldrich, St. Louis, MO, USA) coating in endothelial selective media; EGM-2 

(Lonza) with 20% FCS (Hyclone, Noble Park North, VIC, Australia). After 2-4 weeks, 

colonies of hECFCs appear and these were picked and expanded over 2 weeks to 

give sufficient numbers of ECFCs. The cells were used for subsequent experiments 

between passage 4-7. 

 

2.5 Isolation of EPCs from rat bone marrow 

Isolation of rat EPCs was performed using Fischer 344 rats that were humanely 

killed using CO2 asphyxiation. Femurs were removed and bone marrow was 

flushed with EGM-2MV. Then the cell suspension was spun, the cell pellet was 

resuspended in EGM-2MV with 20% FCS (Hyclone) and seeded. Following 6-9 days 

of culture, cells were observed under a microscope for the typical endothelial-like 

cell ‘cobblestone’ appearance. Characterisation of EPCs isolated through this 

procedure was previously carried out by positive von Willebrand factor staining, 

increased acetylated low density lipoprotein uptake, tube formation in Matrigel, 

and expression of cell surface markers as CD309dim, CD45dim, CD146dim and CD34+ 

determined by flow cytometry (184). 

 

2.6 Viral construction 

AdCMVBMPR2myc (AdBMPR2 henceforth), a replication-incompetent serotype 

5 adenoviral vector, and control adenovirus (AdTrack) containing the 

cytomegalovirus promoter driving expression of reporter genes luciferase and 

green fluorescent protein were prepared as previously described (180). Viral titre 

was determined by 50% tissue culture infectious dose assay using HEK-293 cells 

and particle titre by optical density at 260 nm. 

 

2.7 Adenoviral transduction of BMPR2 to human ECFCs/rat EPCs and 

purification of exosomes in their conditioned media 
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Human ECFCs or rat EPCs were either untransduced or transduced with AdTrack 

(containing green fluorescent protein (GFP) and luciferase reporter genes) or 

AdBMPR2 when they were grown up to 80% confluency. The cells were incubated 

with virus at 150 pfu/ml for 3 days. The transduction media was then removed, 

and cells were washed with PBS. The exosome collection media (EGM-2 for human 

ECFCs or EGM-2MV for rat EPCs) (Lonza) was applied with 1% exosome-free FCS 

(Hyclone). This media was collected at 24 h and 48 h and spun at 300 g for 10 min 

to remove cell debris. The supernatant was spun at 100,000 g for 2 h to pellet the 

EVs. The supernatant was removed, and the EVs were re-suspended in PBS for 

treatment of cells or in protein lysis buffer directly for Western blot. Protein assay 

was performed to quantify the exosomes contained in the solution.  

 

2.8 BMPR2 transduction to HLFs/RLFs and treatment with TGF-β/BMPs 

The next day after seeding the HLFs/RLFs, the culture media was replaced with 

transduction media containing exosomes derived from either human ECFCs or rat 

EPCs for treating HLFs or RLFs, respectively, at a concentration of 20 µg/mL (this 

means suspending exosomes (20 µg protein in 1 mL culture media). After 

incubation for 4 days, the transduction media was removed, and cells were washed 

with phosphate-buffered saline (PBS). Then the cells were incubated with the 

media containing recombinant human TGF-β1 (Pepro Tech, Rocky Hill, NJ, USA) of 

2 ng/mL and/or recombinant human BMP7 (Pepro Tech) of 300 ng/mL or 

recombinant human BMP4 (Pepro Tech) of 200 ng/mL. For evaluating production 

of ECM proteins, after 3 days of incubation, cells were harvested and processed for 

Western blot. To evaluate phosphorylation of the Smad signalling proteins, serum 

starvation for 24 h was performed prior to the incubation with TGF-β and/or 

BMP7 or 4 at the same concentration as above for 1 h. After the treatment, cells 

were harvested for Western blot. 

 

2.9 Western Blot 

Samples were lysed with ice cold PierceTM RIPA buffer (Thermo ScientificTM, 

Waltham, MA, USA) containing proteinase inhibitor (cOmpleteTM Mini, Sigma-

Aldrich, St. Louis, MO, USA) and phosphatase inhibitor cocktail (HaltTM, Thermo 

ScientificTM). Protein quantification was performed using DC protein assay kit (Bio-

Rad Laboratories, Hercules, CA, USA). Protein samples (15-30 μg) were loaded on 

10% polyacrylamide/SDS gels, electrophoresed and electroblotted to a 0.2 μm 

Nitrocellulose membrane (Bio-Rad Laboratories). Membranes were blocked with 
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Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE, USA) for 1 h at room 

temperature. The membranes were then incubated overnight at 4℃ with primary 

antibodies in Odyssey Blocking Buffer; rabbit anti-phosphorylated (p-)Smad1/5/9 

and p-Smad2/3 (1:1000) and rabbit anti-β-actin (1:2000) (Cell Signalling 

Technology, Danvers, MA, USA), rabbit anti-fibronectin (1:250) (Proteintech, 

Rosemont, IL, USA) and mouse anti-BMPR2 (1:250) (BD Biosciences). The 

secondary antibodies used were goat anti-rabbit 800, donkey anti-rabbit 680 and 

goat anti-mouse 680 (1:20000) (LI-COR Biosciences) and incubated for 1 h at room 

temperature. Membrane scanning was performed on the Odyssey Imaging System 

(LI-COR Biosciences) and data analysis was carried out using Image Studio Lite 

version 5.2 (LI-COR Biosciences). Values of each sample were calculated as the 

integrated intensity counts using the intensity of β-actin as a reference, which 

reflect the relative fluorescence of each band. 

 

2.10 Statistical analysis 

Data are expressed as mean ± standard error (SE). Results are expressed as the 

relative values using the value of control sample in each experiment as a reference 

(i.e., there are no error bars for control data). One-way ANOVA was used for 

intergroup analysis. When the F value indicated significance, the Sidak’s test was 

carried out using GraphPad Prism version 9 (GraphPad Software, San Diego, CA, 

USA) for multiple comparisons. A value of p < 0.05 was considered to be 

statistically significant. 
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3. Results 

3.1 Lung fibroblasts treated with exosomes from BMPR2-transduced human 

ECFCs/rat EPCs showed elevation of BMPR2 

In the exosomes purified from culture media of ECFCs/rat EPCs pre-treated with 

AdBMPR2, significantly elevated BMPR2 expression was observed compared to the 

exosomes from the cells not transduced with BMPR2 (Figure 3-2A, B). When 

HLFs/RLFs were treated with those BMPR2-harbouring exosomes, BMPR2 levels in 

the cell lysates were significantly elevated (Figure 3-2C, D). At this point, whether 

the elevation of BMPR2 in lung fibroblasts was due to the transmission of BMPR2 

from exosomes to the cells or just due to the sedimentation of BMPR2-harbouring 

exosomes on the surface of the cells was unclear.  

 

3.2 BMPR2 transduced by exosomes reduced fibronectin production in lung 

fibroblasts 

  I have tried to evaluate the effect of BMPR2 overexpression for suppressing TGF-

β-induced profibrotic responses in lung fibroblasts using above-mentioned 

exosome-mediated transduction of BMPR2. In HLFs, TGF-β-induced fibronectin 

production was suppressed by treatment with BMPR2-exosomes, regardless of 

supplementary BMP ligands (Figure 3-3A, B). 

However, the HLFs treated with BMPR2-exosomes were obviously few and 

damaged, or almost dead at the time of collection. When it comes to RLFs, the cells 

treated with exosomes (both AdTrack-exosomes and BMPR2-exosomes) were also 

almost dead and the protein concentration of those samples were not enough for 

running following experiments. Therefore, treatment with BMPR2-exosomes was 

revealed to be very toxic for lung fibroblasts in this experimental condition. This 

might partly be due to the antifibrotic treatment effect of overexpressed BMPR2. 

However, given the fact that BMPR2 transduced by adenovirus showed much 

milder antifibrotic effect on lung fibroblasts and could not show any effect in the 

absence of BMP7 in Section II, the severe toxicity of exosome therapy here may not 

be only by the antifibrotic effect of BMPR2. As it is impossible to avoid 

contamination by adenovirus when purifying exosomes by ultracentrifugation, 

toxicity by adenovirus can be one of the explanations, which can explain the toxic 

effect of AdTrack-exosomes on RLFs. Although the viral load in the exosome 

solution should be much lower than that in viral solution used for direct adenoviral 

transduction, as the exosomes were added to the media on day 2 and incubated 

until day 6 after seeding the cells, even such a small viral load might have a 
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significant impact on the viability of very small number of cells on culture wells (in 

adenoviral transduction studies, the transduction media was applied when the 

cells reached to 80% confluency and removed 2 days later). Another explanation is 

the effect of ECFCs/rat EPCs-derived exosomes themselves against lung fibroblasts, 

but if the findings from AdTrack-exosomes in Figure 3-3A and B are true, this 

possibility is low in HLFs. 

  Lower dose of exosomes and shorter treatment term were also tried, but 

exosomes less than 10 µg/mL or treatment less than 3 days were not sufficient for 

detecting increase of BMPR2 in lung fibroblasts (data not shown). 
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Figure 3-2. Lung fibroblasts treated with exosomes from BMPR2-transduced ECFCs/rat  

EPCs showed elevation of BMPR2. (A-B) BMPR2 was strongly expressed in exosomes from 

(A) BMPR2-transduced ECFCs and (B) rat EPCs, determined by Western blot (n=2). (C-D) 

BMPR2 was significantly increased in cell lysates of (C) HLFs and (D) RLFs treated with 

exosomes from human ECFCs or rat EPCs, respectively, determined by Western blot (n=2). Ctrl, 

control; AdT, AdTrack; AdB, AdBMPR2; Exo-C, exosomes derived from cells not infected with 
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adenovirus; Exo-T: exosomes derived from AdTrack-infected cells; Exo-B, exosomes derived 

from AdBMPR2-infected cells. ** P < 0.01; *** P < 0.005; **** P < 0.001. 

 

Figure 3-3. Fibronectin production was decreased in HLFs treated with exosomes from 

BMPR2-transduced ECFCs. (A-B) Fibronectin production was decreased in HLFs treated with 

exosomes from BMPR2-transduced ECFCs, regardless of administration of (A) BMP4, or (B) 

BMP7, determined by Western blot (n=2). Exo-T: exosomes derived from AdTrack-infected 

cells; Exo-B, exosomes derived from AdBMPR2-infected cells. ** P < 0.01; *** P < 0.005. 

 

 

*Though the results could become different by modifying the experimental 

protocol to maintain lung fibroblasts survival, since this study attempted to reveal 

background mechanism of the treatment effect in vivo (elaborated in Part IV) but 

the in vivo study had failed, further optimisation study was not carried out. 
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Part IV 
 

Treatment of rats with bleomycin-induced 

pulmonary fibrosis using BMPR2-transduced rat 

EPCs 
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1. Overview 
I have tried to elucidate the efficacy of tail vain injection of BMPR2-transduced 

rat EPCs on pulmonary fibrosis in rat model. The concept of this treatment strategy 

is as follows. 

1) EPCs (ECFCs) have potential to home to the sites of vascular damage to 

promote vasculogenesis (150, 151), and microvascular injury is one of the 

typical findings in the lungs from pulmonary fibrosis. 

2) Since EPCs have potential of secreting EVs (152, 153), EPCs carrying BMPR2 

may secret BMPR2-carrying EVs at the site where they accumulate. 

3) BMPR2-transduced rat EPCs injected from tail veins accumulate in lungs of rats 

with monocrotaline-induced PAH and stayed for less than 24 hours, according 

to our previous study (184). Despite such a short-term accumulation, BMPR2 

was transduced to the lungs and the expression was sustained for at least 14 

days, that suggests that BMPR2 was transmitted from EPCs to the lungs which 

may be via EVs while the EPCs were in the lungs. Importantly, this approach 

reduced the monocrotaline-induced pulmonary vascular remodelling and 

reduced pulmonary hypertension. 

4) According to the results in Part III, exosomes secreted from BMPR2-transduced 

EPCs can be transmitted to lung fibroblasts. 

5) According to the results in Part II, TGF-β-induced fibronectin production was 

suppressed in BMPR2-transduced lung fibroblasts. 

Combining all these points, I have expected that tail vein injection of BMPR2-

transduced EPCs is effective for pulmonary fibrosis. I attempted to evaluate the 

efficacy of this cell-based treatment on rat bleomycin-induced pulmonary fibrosis 

model. 
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2. Methods 
The experimental methods not mentioned in Part III are elaborated here. 

 

2.1 Preparation of BMPR2-transduced rat EPCs for intravenous injection 

Femurs were collected from EPC donor rats 11 days before intravenous injection 

and processed for isolating EPCs as described in Part III. The culture media was 

replaced on day 7 with normal media or transduction media containing AdTrack or 

AdBMPR2 of 150 pfu/ml, and cells were incubated for 3 days (this protocol was 

originally 100 pfu/ml and for only 1 day but was modified afterward). The 

transduction media was then removed on day 10, and cells were washed with PBS 

and incubated with EGM-2MV (Lonza) applied with 1% FCS (Hyclone) for further 

24 h. On day 11, EPCs were released from the culture plate, counted, and 

resuspended in sterile PBS at a concentration of 1 × 106 cells/mL. 

 

2.2 Creation of rat bleomycin-induced pulmonary fibrosis model and 

treatment with BMPR2-transduced rat EPCs 

For dose-optimisation of bleomycin, Fischer 344 rats at 8-10 weeks were treated 

with intratracheally administered bleomycin sulphate (Cayman Chemical, Ann 

Arbor, MI, USA) (1, 1.5, 2, 4, 6, 8 or 10 mg/kg in a total volume of 2 mL/kg saline) or 

the same volume of saline on day 0 and were held under normal animal housing 

conditions. Lungs were collected on day 14 or earlier if the rats reached humane 

killing endpoints and processed for haematoxylin/eosin (HE) staining and 

protein/mRNA assays. Eventually, the dose of bleomycin was set at 1.5 mg/kg. For 

evaluating if the injected EPCs accumulate in lungs, rats were treated with 

bleomycin on day 0 and taken tail vein injection of EPCs (1 × 106 cells/rat) infected 

with or without AdBMPR2 on day 7. Lungs were collected 1 and 6 hours after 

injection and processed for HE stains and protein assay. 

For EPC-treatment studies, rats were assigned to 5 groups (n = 8/group) as 

follows: saline, bleomycin, bleomycin + control (non-infected) EPCs, bleomycin + 

AdTrack-infected EPCs and bleomycin + AdBMPR2-infected EPCs. Bleomycin 

sulphate or the same volume of saline were administered intratracheally on day 0. 

For the experiments evaluating the effect of BMPR2-transduced EPCs for 

preventing development of pulmonary fibrosis, rats in the bleomycin + EPCs 

groups were given tail vein injection of relevant EPCs (1×106 cells/rat) on day 1 

and their lungs were collected on day 14 (14-day prevention study). To evaluate 

the effect for treating already established pulmonary fibrosis, tail vein injection 
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was performed on day 7-10 and lungs were collected on day 21 (21-day treatment 

study). The collected lungs were separated in right and left lobes, and the right 

lung lobes were snap frozen and homogenised for protein/mRNA assays, while the 

left lobes were fixed with 10% formalin for histopathological evaluation. 

 

2.3 Hematoxylin-Eosin staining 

The left lung lobes were fixed with 10% formalin for 24 h and submitted to the 

Adelaide Medical School Histology Services (Adelaide, SA, Australia) for routine 

histological examination. Sections of 5 μm were heat mounted (58℃ for 1 h) on 

coated glass slides (InstrumeC, Sandringham, VIC, Australia), deparaffinised with 

xylene and stained with Hematoxylin and Eosin. 

 

2.4 Modified Achcroft’s score 

To assess the degree of pulmonary fibrosis, the modified Ashcroft’s score 

proposed by Hu bner et al (240) was evaluated. In each slide, whole sections were 

assessed at high-power (× 200) for severity of interstitial fibrosis and allotted a 

score between 0 and 8 using a predetermined scale of severity for each field. The 

mean score of all the fields was taken as the fibrosis score for the section. 

 

2.5 Collagen assay 

To quantify collagen content in rat lung tissues, lung homogenate was at first 

digested with 6 M hydrochloric acid at 120℃ for 3 h. The supernatant was used for 

following assay using Hydroxyproline assay kit (Sigma-Aldrich) per manufacturer’s 

protocol. The absorbance of the reaction solutions at 560 nm were measured and 

hydroxyproline content was calculated and expressed as μg/mg lung. 

 

2.6 Western Blot 

 For rat lung protein extraction, lung homogenates were lysed with the Long’s 

lysis buffer (177) containing proteinase inhibitor (cOmpleteTM Mini, Sigma-

Aldrich) and phosphatase inhibitor cocktail (HaltTM, Thermo ScientificTM). Protein 

quantification was performed using DC protein assay kit (Bio-Rad Laboratories, 

Hercules, CA, USA). Following procedures from protein quantification to taking 

images are elaborated in Part III (2.9). Values of each sample were calculated as the 

integrated intensity counts using the intensity of β-actin as a reference, which 

reflect the relative fluorescence of each band. 

 



89 
 

2.7 Quantitative real time polymerase chain reaction (qRT-PCR) 

RNA was isolated from lung homogenates using mirVanaTM miRNA Isolation Kit 

(InvitrogenTM) according to the manufacturer's instructions. The purity and 

quantity of RNA were assessed using the NanoDropTM One/OneC UV-VS 

Spectrophotometer (Thermo ScientificTM, Waltham, MA, USA). The GoTaqTM 1-Step 

RT-qPCR System (Promega, Madison, WI, USA) was used for preparation of cDNA 

and qRT-PCR reaction. Each reaction contained 50 ng of total RNA in a volume of 

14 μL. Reactions were performed on CFX Connect Real-Time PCR Detection System 

(Bio-Rad Laboratories) with the following conditions: reverse transcription at 45℃ 

for 15 min, reverse transcript inactivation and hot-start activation at 95℃ for 

10 min, followed by quantitative PCR of 40 cycles of 95 ℃ for 10 s and 60℃ for 30 

s. All assays were run in duplicate. The Cq is defined as the PCR cycle at which the 

fluorescent signal of the reporter dye crosses an arbitrarily placed threshold in the 

exponential phase. The sample with a Cq value over 40 or with a melt curve with a 

different peak from that of other samples treated with the same primer was 

considered as invalid and was not useful for further analysis. The sequences of the 

primer pairs were summarized in Table 4-1. Values of each sample were expressed 

as 2-ΔΔCq using 18s as a housekeeping gene and the ΔCq value of one of the control 

samples as a reference. 

 

 

2.8 Statistical analysis 

Data are expressed as mean ± standard error (SE). Results are expressed as the 

relative values using the average value of control samples as a reference. One-way 

ANOVA or student’s t-test was used for intergroup analysis. When the F value 

Table 4-1. Quantitative real-time polymerase chain reaction primer sequences 

Species Gene Primer sequence (5’-3’) Length (bp) 

Rat bmpr2 

 

col1a1 

 

fn1 

 

18s 

F 

R 

F 

R 

F 

R 

F 

R 

AGTTTGGGGAACCGAGGCAC 

AAGCAGGAGGGCAAAGAAAAGA 

ACGAGTCACACCGGAACTTG 

CAATGTCCAAGGGAGCCACA 

GTTACCCTTCCACACCCCAA 

CCCCGAGAGGACGTTGTTAG 

GCAATTATTCCCCATGAACG 

GGCCTCACTAAACCATCCAA 

238 

 

97 

 

186 

 

123 

F: forward; R: reverse. 
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indicated significance, the Sidak’s test was carried out using GraphPad Prism 

version 9 (GraphPad Software, San Diego, CA, USA) for multiple comparisons. A 

value of p < 0.05 was considered to be statistically significant. 
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3. Results 

3.1 Optimisation of bleomycin dosage and the protocols for intratracheal 

administration and monitoring 

According to a preliminary study I have performed in Japan prior to coming to 

Australia, the optimal dosage of bleomycin was estimated to be 10 mg/kg, because 

the sufficient pulmonary fibrosis was induced (Figure 4-1A) and all animals had 

survived with expected range of body weight loss (Figure 4-1B). Additionally, 

bleomycin of this dose reduced bmpr2 mRNA in fibrotic lungs (Figure 4-1C) like the 

findings demonstrated in Part II. In this study, the extent of fibrosis induced by 

doses of 4 and 6 mg/kg were not sufficient and body weight of the rats treated with 

those doses were recovered completely 14 days after administration of bleomycin.  

 

Figure 4-1. The optimal bleomycin dosage was estimated at 10 mg/kg (preliminary 

optimisation study in Nagoya University). (A) HE stains of lung sections. The sections from 

the lungs of rats treated with bleomycin showed formation of fibrosis and infiltration of 

inflammatory cells mainly in the alveolar wall of the surrounding areas of bronchi/bronchiole. 

(B) Body weight of rats was reduced by bleomycin administration, while it was recovered up to 
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the similar levels of saline control group on day 14 in the 4 and 6 mg/kg groups (saline control 

group: n=4; 4 and 6 mg/kg groups: n=2/each group; 10 mg/kg group: n=5). (C) bmpr2 mRNA 

was reduced by administration of bleomycin, determined by qRT-PCR. * P < 0.05. 

 

Based on these findings, I firstly tried to evaluate the efficacy and toxicity of 

bleomycin of 4, 6, 8 and 10 mg/kg (n=5/dose) for replicating the results I had 

obtained in Japan and confirming the best dose. Most of the rats showed weight 

loss of 5-10% with significant body condition deterioration after 2 days from 

bleomycin administration. Two of them were found dead on day 4 and 9 of them (2 

of them were from the lowest dose group) were killed humanely by day 5 

according to the prespecified humane endpoints. Bilateral patchy lung damage 

(with similar extent in right and left lobes from a same rat) was observed in lung 

sections from the rats treated with bleomycin, while there was no specific 

abnormality in the lung sections from control group animals (Figure 4-2A). Lung 

lesions (mononuclear inflammatory cell infiltration) presented mainly in the 

alveolar wall of the surrounding areas of bronchi/bronchiole, which was consistent 

with the damage due to aspiration of bleomycin. There was no finding suggestive of 

infection, such as intra-alveolar fibrin deposition or granulomatous lesions. Gram 

and Grocott stains were negative (Figure 4-2B, C). 

Given the unexpectedly high mortality rate, the first study was terminated, and a 

new optimisation study was planned using bleomycin of lower doses (1, 1.5 and 2 

mg/kg). In this dose range, all rats treated with 1-1.5 mg/kg bleomycin had 

survived for 14 days with mild-moderate body condition worsening. All rats in 2 

mg/kg group were humanely killed on day 7 due to the unexpected signs of 

moderate-high toxicity. Body weight loss was the most severe in 2 mg/kg group 

(Figure 4-2D), though 2 of 5 rats in 1.5 mg/kg group showed similar extent of 

weight loss. The lung sections showed patchy fibrosis distributed similarly to the 

lesions observed in the first optimisation study. Modified Ashcroft’s score on day 

14 after bleomycin administration was calculated and significant increase of the 

score was observed in 1.5 mg/kg group, while fibrosis was very mild in 1 mg/kg 

group and the score was not significantly different compared with control group. 

Although the rats in 2 mg/kg group had been killed on day 7, their fibrosis was 

more severe than that in 1.5 mg/kg group (Figure 4-2E). 

Based on the two optimisation studies, the dose of bleomycin used in the 

following studies had set at 1.5 mg/kg for achieving sufficient pulmonary fibrosis 

with minimum toxicity. 
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Figure 4-2. The optimal bleomycin dosage was set at 1.5 mg/kg. (A) HE stains of lung 

sections in the first optimisation study. The sections from the lungs of rats treated with 

bleomycin showed infiltration of inflammatory cells mainly in the alveolar wall of the 

surrounding areas of bronchi/bronchiole. (B) Gram stains of damaged lung sections were 

negative. (C) Grocott stains of damaged lung sections showed no evidence of pneumocystis 

infection in the lungs. (D) Modified Ashcroft’s score was significantly increased in 1.5 mg/kg 

group (on day 14) and 2 mg/kg group (on day 7) compared with control group, while fibrosis 

was very mild in 1 mg/kg group (on day 14) (n=5/group). (E) Body weight of rats was reduced 



94 
 

in 1.5 and 2 mg/kg groups, while control and 1 mg/kg groups showed similar extent of gradual 

weight gain after intratracheal administration of saline or bleomycin. *** P < 0.005; **** P < 

0.001. 

     

3.2 Intravenously injected EPCs accumulated in the lungs of rats with 

bleomycin-induced pulmonary fibrosis shortly after injections 

After the above-mentioned dose-setting studies, a batch of rats were assigned to 

a group of BMPR2-transduced EPC treatment in the 14-day prevention study and 

treated with both bleomycin and BMPR2-transduced EPCs. BMPR2 showed a trend 

of increase in the lungs from those rats when the lungs were harvested 14 days 

after injection (Figure 4-3A), but the difference between bleomycin only group and 

BMPR2-transduced EPC group was not statistically significant as the inter-sample 

variance was quite big (Figure 4-4). Additionally, the expected antifibrotic effects of 

increased BMPR2 were not detected. 

Suspecting that EPCs could not be delivered to the lungs sufficiently and/or the 

load of transduced BMPR2 was too low to show consistent biological effects, I have 

increased the dose of virus for treating EPCs (100 to 150 pfu/mL) and extended 

the term for incubation with virus (1 to 3 days). If the lungs of bleomycin-induced 

pulmonary fibrosis rats were harvested at 1 or 6 hours after tail vein injection of 

BMPR2-transduced rat EPCs, BMPR2 was significantly increased in the lungs 

compared with the lungs from the rats not treated with rat EPCs (Figure 4-3B). 

However, even using EPCs treated with the modified protocol, BMPR2 was not 

significantly increased in the lungs 14 days after EPC injection (Figure 4-3C, data 

from the 21-day treatment study). 

Therefore, BMPR2-transduced rat EPCs could accumulate in the rat lungs shortly 

(1-6 hours) after intravenous injections but mostly washed out after then and 

inconsistently preserved 14 days later. Despite the difficulty to detect a long-term 

consistent increase in expression of BMPR2, it was uncertain if the duration of 

expression would still be sufficient to influence the bleomycin-induced fibrotic 

process, so it was decided to proceed to a therapy study. This approach was in part 

justified by our prior experience with the monocrotaline PAH model, where 

transient upregulation of BMPR2 was shown to be sufficient to modify the 

physiological outcomes in that setting. 
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Figure 4-3. Rat EPCs injected from tail veins of rats with bleomycin-induced pulmonary 

fibrosis accumulated in the lungs shortly after injections. (A) BMPR2 tended to be 

increased in the lungs of rats with bleomycin-induced pulmonary fibrosis treated with BMPR2-

transduced rat EPCs when evaluated 14 days after injections, though statistically insignificant 

because of large inter-sample variabilities, determined by Western blot (n=8/group, data were 

from the 14-day prevention study). (B) Significant increase of BMPR2 was observed in the 

lungs of rats with bleomycin-induced pulmonary fibrosis treated with BMPR2-transduced rat 

EPCs when evaluated 1 and 6 hours after injections, determined by Western blot (n=4/group). 

(C) BMPR2 was not increased in the lungs of rats with bleomycin-induced pulmonary fibrosis 

treated with BMPR2-transduced rat EPCs when evaluated 14 days after injections, determined 
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by Western blot (n=8/group, data were from the 21-day treatment study). EPC-B, rat EPCs 

infected by AdBMPR2; Ctrl, control; BLM, bleomycin; EPC-C, control rat EPCs not infected by 

adenovirus; EPC-T, rat EPCs infected by AdTrack. * P < 0.05; ** P < 0.01. 

 

3.3 BMPR2-transduced EPC treatment might reduce collagen production in 

pulmonary fibrosis, though further validation is warranted  

  After the above-mentioned optimisation studies, I tried to evaluate the effect of 

tail vein injection of BMPR2-transduced rat EPCs on bleomycin-induced pulmonary 

fibrosis. However, in this main study, bleomycin administration based on the 

optimised protocol had not induced pulmonary fibrosis in rat lungs consistently as 

observed in the optimisation studies. As only 11 out of 35 rats showed sufficient 

fibrosis in their lungs after bleomycin administration, the freshness of bleomycin 

solution was considered to be a cause of this problem. So, then I tried to avoid 

storing bleomycin solution for more than 2 weeks after reconstitution, but the rats 

having showed sufficient fibrosis in the following studies were still only 24 out of 

48 rats. Therefore, because of such inconsistent induction of pulmonary fibrosis, I 

could not evaluate the genuine effect of BMPR2-transduced EPCs in the 21-day 

treatment study where all of bleomycin treatment other than control EPC group 

has failed. On the other hand, all rats assigned to saline control, bleomycin only, and 

BMPR2-transduced EPC groups in the 14-day prevention study have shown 

sufficiently severe pulmonary fibrosis. Therefore, I could run some preliminary 

experiments to evaluate the effect of BMPR2-transduced EPCs for preventing 

pulmonary fibrosis by directly comparing the results between bleomycin only 

group and BMPR2-transduced EPC group, though it was impossible to assess the 

impact of EPCs or adenovirus themselves. 

  According to the preliminary results from the 14-day prevention study, body 

weight loss in bleomycin-treated rats was significantly more than that in control 

rats (Figure 4-4A), while that was not different between bleomycin only group and 

BMPR2-transduced EPC group. BMPR2 showed a trend of increase in the lungs 

from BMPR2-transduced EPC group rats (Figure 4-3A), though the trend of mRNA 

expression was inconsistent with this result (Figure 4-4B). Though modified 

Ashcroft’s score was significantly increased by bleomycin administration, 

histopathological improvement was not observed in lungs treated with BMPR2-

transduced EPCs (Figure 4-4C). Hydroxyproline assay was performed for 

quantifying collagen content in the lungs. Hydroxyproline was slightly, but 

significantly reduced in BMPR2-transduced EPC group compared with bleomycin 
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only group (Figure 4-4D). However, given that the value was the same between 

control and bleomycin only groups, the reliability of the assay was doubtful. 

Similarly, fibronectin production was not altered by both bleomycin administration 

and EPC treatment (Figure 4-4E, F). On the other hand, col1A1 mRNA was 

increased by bleomycin administration and reduced by BMPR2-transduced EPC 

injection, though statistically insignificant (Figure 4-4G). Again, I cannot conclude 

that BMPR2-transduced EPC therapy is effective for suppressing collagen 

production, because the results from control EPC group and AdTrack-infected EPC 

group are unusable as the induction of pulmonary fibrosis by bleomycin failed. 

 

 

*Due to time restriction, I was unable to pursue re-optimising the bleomycin 

treatment protocol and restudying some parts of the studies where the induction 

of pulmonary fibrosis had failed. 
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Figure 4-4. Rat EPCs injected from tail veins of rats with bleomycin-induced pulmonary   

fibrosis accumulated in the lungs shortly after injections. (A) Body weight of rats was 

reduced by bleomycin administration, but BMPR2-transduced EPC treatment did not have an 

impact on weight change. (B) bmpr2 mRNA levels were not increased by BMPR2-transduced 

EPC treatment, determined by qRT-PCR. (C) Modified Ashcroft’s score was significantly 

increased by bleomycin administration, but BMPR2-transduced EPC treatment did not show an 

effect on improving histopathological finding in fibrotic lungs. (D) Hydroxyproline was reduced 
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by BMPR2-transduced EPC treatment, however, was not increased by bleomycin 

administration, determined by hydroxyproline assay. (E-F) Fibronectin production was not 

increased by bleomycin administration and not altered by BMPR2-transduced EPC treatment, 

determined by Western blot (E) and qRT-PCR (F). (G) col1a1 mRNA levels tended to be 

increased by bleomycin administration and decreased by BMPR2-transduced EPC treatment, 

determined by qRT-PCR. N=8/group in all experiments. Ctrl, control; BLM, bleomycin; EPC-B, 

rat EPCs infected by AdBMPR2; EPC-C, control rat EPCs not infected by adenovirus; EPC-T, rat 

EPCs infected by AdTrack. * P < 0.05; ** P < 0.01. * P < 0.05; **** P < 0.0001. 
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Probable UIP pattern on chest CT is insufficient for 

making a definitive diagnosis of IPF  
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1. Summary of the studies and achievements 
Throughout this PhD period, I could find some new things in the field of 

pulmonary fibrosis from both molecular cell biological and clinical aspects.  

Firstly, I have attempted to evaluate the efficacy of BMPR2 transduction as a 

therapy for pulmonary fibrosis. I could reveal that BMPR2 is downregulated in the 

lungs from rats with bleomycin-induced pulmonary fibrosis, which may be due to 

the proliferation of lung fibroblasts where BMPR2 is not highly expressed. 

Although the treatment with BMP7 or 4 did not modulate TGF-β-induced 

profibrotic phenotypes in lung fibroblasts, adenovirus-mediated BMPR2 

transduction into those cells reduced phosphorylation of Smad2/3 and production 

of fibronectin solely or in cooperation with BMP7. 

Thereafter, I have tried to evaluate the efficacy of cell therapy using BMPR2-

transduced rat EPCs on pulmonary fibrosis. Since this therapy was suspected to 

work via the transmission of BMPR2 to the damaged lung areas mediated by 

exosomes released from the gene-modified EPCs (184), I at first confirmed that 

exosomes derived from BMPR2-transduced human ECFCs/rat EPCs can deliver 

BMPR2 to lung fibroblasts. However, the exosome-treatment protocol I had used 

was so toxic for lung fibroblasts that further validation for antifibrotic effect of the 

transduced BMPR2 was not successful ex vivo. I have also attempted to assess the 

effect of the BMPR2-transduced rat EPCs on rats with bleomycin-induced 

pulmonary fibrosis, and the cell-therapy showed a trend of suppressing collagen 

production in lungs. However, the study could not be completed during my PhD 

period, as the creation of the disease model with a consistent level of fibrosis could 

not be achieved.  

In another study, I have evaluated the validity of the current diagnostic criteria 

for IPF, which has significant impact on the interpretation of the aetiology of IPF 

and on eligibility of clinical trials. Although IIP patients with a probable UIP pattern 

on chest CT could be included in some recent clinical trials for IPF, I had elucidated 

that a significant number of patients with a non-IPF final diagnosis could be 

present in the CT-probable UIP pattern group unless IPF was strongly suspected by 

ILD experts. Such diagnostic heterogeneity was significantly related with longer 

survival time and time to the first acute exacerbation of probable UIP pattern 

group in comparison with UIP pattern group. These results suggested the 

importance of accurate clinical assessment of possibility of IPF, and the risk of 

overdiagnosis of IPF among non-IPF patients with a better prognosis when 
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applying the approach of exempting lung biopsy in patients with a probable UIP 

pattern on chest CT.  

 

2. Impact of BMPR2 overexpression on the TGF-β-induced 

profibrotic responses in lung fibroblasts 
One of the important findings I have established through the experiments in Part 

II is the confirmation of relatively low BMPR2 expression in lung fibroblasts 

compared with epithelial or endothelial cells, and the excessive proliferation of 

fibroblasts may be a cause of reduction of total BMPR2 in fibrotic lungs. 

Additionally, I could also demonstrate that TGF-β stimulation reduces BMPR2 in 

both human and rat lung fibroblasts. There are just a few reports describing the 

BMPR2 expression in fibrotic lungs (123, 124), and none of them have focused on 

lung fibroblasts. 

In my study, BMPs were not effective for attenuating TGF-β-induced profibrotic 

phenotypes in lung fibroblasts when administered solely. Although BMPs are 

generally regarded as having antifibrotic properties, the effects of them are not 

consistent among different reports (104-110, 112). Considering that some studies 

reported BMP-induced activation of Smad2/3 in a variety of cells including lung 

fibroblasts (241, 242), the role of BMPs may vary depending on the cell types and 

context. 

On the other hand, TGF-β-induced profibrotic phenotypes was suppressed in 

lung fibroblasts overexpressing BMPR2. If those profibrotic phenotypes are 

regulated by the Smad signalling, there are some discrepancies among the findings 

that 1) BMPs did not reduce p-Smad2/3 or fibronectin when administered solely, 

2) overexpression of BMPR2 reduced p-Smad2/3 even in the absence of 

supplemental BMPs, and 3) fibronectin was reduced only when BMPR2-transduced 

fibroblasts were treated with BMP7. Therefore, some of the non-Smad signalling 

pathways should be involved in those phenomena. Though the phosphorylation of 

p38 MAPK was evaluated in my study as one of the major non-Smad pathways 

activated by TGF-β, a robust trend of its alteration was not confirmed. Further 

studies are warranted regarding downstream signalling cascades explaining the 

findings I have seen through this study. As there are no reports describing the 

effect of BMPR2 overexpression in lung fibroblasts, my report is the first one 

evaluating it. 

More detailed discussions are in the paper attached in Part II. Based on the 

results mentioned above, I am motivated to pursue future studies to apply our 
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laboratory’s new technique of delivering a specific gene to lungs using gene-

modified EPCs and to evaluate the antifibrotic properties of BMPR2 in a pulmonary 

fibrosis animal model. 

 

3. Exosome-mediated BMPR2 transmission and its effect on the 

TGF-β-induced profibrotic responses in lung fibroblasts 
The laboratory where I have studied has previously reported that BMPR2-

transduced rat EPCs showed a treatment effect on PH in a rat model (184). As 

human ECFCs have a property of homing to the sites of vascular injury or hypoxia 

(132-134), it seems a reasonable idea to use rat EPCs as a vector of a specific gene 

to damaged vascular endothelium in PH. Based on the result from a biodistribution 

study, EPCs injected from tail vein accumulate in the lungs shortly after injection 

but are washed out within 24 h (184). Nevertheless, BMPR2 increase had persisted 

in the lungs from PH rats for a few weeks more. Therefore, the treatment effect of 

this BMPR2-transduced EPC therapy was suspected to be mediated by cell-to-cell 

communication between the EPCs and lung cells via exosomes delivering BMPR2 

released from the EPCs. 

In my study, I have attempted to apply this BMPR2-transduced EPC therapy to a 

rat pulmonary fibrosis model. Prior to the in vivo study, I have at first evaluated if 

the exosomes released from BMPR2-transduced human ECFCs/rat EPCs can be 

absorbed by lung fibroblasts and if the BMPR2 transduced via the exosomes have 

antifibrotic properties against TGF-β-induced phenotypes as shown in adenoviral 

transduction study in Part II. 

Through the optimisation experiments, I have confirmed that the exosomes from 

BMPR2-transduced human ECFCs/rat EPCs contain BMPR2 of significantly higher 

levels than the exosomes from control (non-transduced) cells. Additionally, lung 

fibroblasts treated with those BMPR2-containing exosomes expressed significantly 

high BMPR2. At this stage, it could not be denied that the BMPR2 detected by 

Western blot of lung fibroblasts harvested directly from culture plates did not 

represent truly transduced BMPR2, but just detected the exosomes themselves 

which precipitated on the surface of the fibroblasts. Therefore, it is necessary to 

evaluate the function, i.e., antifibrotic effect against the TGF-β stimuli, of the 

increased BMPR2 in lung fibroblasts. 

However, in the main part of this study, I could not keep lung fibroblasts 

sufficiently alive for 3 days after transduction which are necessary to stimulate the 

cells with TGF-β/BMPs. A significant number of fibroblasts had died or been 
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damaged during this term, which is suspected to be due to the toxicity of 

adenovirus slightly contained in the exosomes or the in the media of exosome 

solution. The data presented in this thesis are only from the experiments in which 

at least the cells treated with AdTrack-exosomes have mostly survived, but there 

were indeed a significant number of experiments that failed to collect cell samples 

due to cell death before the endpoint dates both in the groups of AdTrack- and 

AdBMPR2-exosomes. Although it was true that the survival rate of the cells looked 

slightly higher in the cells treated with AdBMPR2-exosomes, we cannot conclude 

that the difference of fibronectin levels between the cells treated with AdTrack- 

and AdBMPR2-exosomes were merely due to the effect of transduced BMPR2. 

Compared with adenoviral transduction performed in the studies of Part II, the 

term for incubation with transduction media was twice longer in this exosome 

study, which might have a significant impact on cell survival even if the total 

contaminated viral load is much smaller than adenoviral transduction study. 

Furthermore, given that the BMPR2 expression levels in lung fibroblasts were 

gradually increased time-dependently over 4-day incubation period for exosome 

treatment, it might be possible that the BMPR2 was transduced not only via the 

exosomes but also via the contaminated adenovirus.  

Use of shorter duration of incubation with transduction media or of lower dose 

of exosomes were also attempted. However, those “milder” treatment strategies 

could not achieve sufficient BMPR2 increase which was detectable by Western blot 

(data not shown). Additionally, as the transduction efficiency of exosomes was 

much lower than that of adenovirus, it was necessary to culture human ECFCs/rat 

EPCs of no less than 8-12 x 175 cm2 culture flasks even for running a small, 

triplicated experiment with just 5 different conditions using exosomes at a 

concentration of 20 μg/mL. Because of such excessively large size and high 

workload of the study, and unexpectedly high toxicity of exosome therapy, I had to 

give up finding a better experimental condition for this study during my PhD 

period. 

Further optimisation of this study is warranted in order to establish a less toxic 

treatment protocol. For this purpose, use of immunoaffinity capture method in a 

well-established MACS® procedure may be one of the options for increasing the 

purity of exosomes, though the adenovirus contained inside exosomes cannot be 

removed and the total amount of exosomes obtained through this method will 

become less than the ultracentrifuge protocol. Creation of BMPR2-carrying, much 
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less toxic lentiviral vector instead of adenoviral vector may be another solution 

worth trying. 

 

4. Creation of bleomycin-induced pulmonary fibrosis model and 

accumulation of intravenous BMPR2-transduced rat EPCs in 

rat lungs  
Although the study above was not successful in clearly showing an effect of 

transferring BMPR2 by exosomes, I have simultaneously tried to evaluate the effect 

of intravenous injection of BMPR2-transduced EPCs in rats with bleomycin-

induced pulmonary fibrosis. However, I could not successfully establish the disease 

model and had to give up completing this study in my PhD. 

The bleomycin-induced pulmonary fibrosis rodent model is one of the most well-

established and broadly used animal models for studying pulmonary fibrosis 

(243). At first, I have used bleomycin hydrochloride (Nippon Kayaku, Tokyo, Japan) 

for optimisation studies performed in Japan, but as the same bleomycin was not 

traded in Australia, I had to change the brand of bleomycin after coming to 

Australia. Though a dose of 10 mg/kg was well tolerated in my Japanese model, the 

similar dose was revealed to be too toxic when the brand of bleomycin was 

changed. The suspected reasons of such a different response to bleomycin between 

two countries other than the brand include the source of rats and colonisation of 

Pneumocystis. Although we have used the same strain of rats (Fischer 344) as that 

used in Japan, the source of the rats was different, which might also cause differed 

sensitivity to bleomycin. It was also wondered that the Australian rats may have 

been colonised with Pneumocystis, though we could not confirm this. 

As a result, the extent of body condition deterioration observed in my Japanese 

model was at an unacceptable level in Australian ethical criteria (15-20% body 

weight loss from baseline was frequently observed, and 5-10% of animals could be 

found dead before the endpoint in my Japanese model). Therefore, I had to 

reoptimize the dosage of bleomycin and create a rat model with much milder 

pulmonary fibrosis, and eventually set a dose of 1.5 mg/kg for the following 

studies. 

In spite of the above-mentioned prudent dose setting, the model could not still 

be well-established in the following studies: about a half of rats administered with 

intratracheal bleomycin did not show sufficiently severe pulmonary fibrosis. 

Although the reconstituted bleomycin can generally be stored at -80℃ for up to 3 

months, as there was a trend of developing milder fibrosis in the first 35 rats 



124 
 

treated with bleomycin solution reconstituted more than 1 month prior to 

administration, I have used fresher bleomycin reconstituted within 1 month for the 

following 48 rats. 

However, the rate of the rats showing insufficient fibrosis was not reduced. Given 

that the extent of fibrosis was almost the same level within each batch of rats, I 

cannot deny that the age or weight of rats might have some impacts on the extent 

of fibrosis. However, the failures of induction of fibrosis were observed in rats with 

various age (8-12 weeks) and weight (180-230 g) within the range defined in the 

prespecified protocol, and there were no obvious correlations between those 

parameters and extent of fibrosis. Another possible explanation for the fibrosis 

induction failures is that the dose of 1.5 mg/kg is just on the “borderline” level, 

which can cause both success and failure of induction of fibrosis equally and had 

just accidentally induced fibrosis successfully in the optimisation studies. This 

hypothesis has to be verified through a repeat optimisation study for doses of 1.5-

2.0 mg/kg, but it may be difficult to carry out studies using this model under the 

current ethical criteria as the toxicity of bleomycin observed in a batch of rats 

treated with a dose of 2.0 mg/kg was unacceptable based on the ethical criteria. 

In terms of the intravenous injection of gene-modified EPCs, it was expected that 

BMPR2 expression is increased shortly (1-6 hours) after injection of BMPR2-

transduced EPCs as shown in our previous article regarding treatment of rat PH 

model using this cell-based therapy (184). Given the long-lasting effect of BMPR2-

transduced EPCs (at least for 8-10 days after injection) observed despite the very 

short-term stay of EPCs in the lungs in this study (184), it was speculated that the 

transmission of BMPR2 from EPCs to lung cells via exosomes had the transduced 

BMPR2 work longer at the lungs. It is however plausible that even a brief 

upregulation of BMPR2 was sufficient to interrupt the inflammatory cascade that 

had been set in motion by monocrotaline. Given that, it was at least plausible that 

brief upregulation of BMPR2 might interrupt the inflammatory cascade induced by 

a single administration of bleomycin. In my pulmonary fibrosis rat model, BMPR2 

expression was also increased 1 and 6 hours after intravenous injection of BMPR2-

transduced EPCs as expected, while the increase was not persistent for 14 days 

after injection. Nevertheless, in the 14-day prevention study, I could reveal that 

collagen production was significantly suppressed by BMPR2-transduced EPC 

injection, though I have to mention that there are some limitations in this study, e.g. 

there are not control EPC or AdTrack-infected EPC groups which are necessary for 

interpreting if the positive treatment effects are due to the BMPR2 transduced into 
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injected EPCs, histopathological improvement was not brought about by BMPR2-

transduced EPCs, and three groups (control, bleomycin only and BMPR2-

transduced EPC groups) had been treated at different timing and with different 

bleomycin batches, that can cause batch effects. In terms of the 21-day treatment 

study, I have challenged after a small optimisation study for maximising the dosage 

of AdBMPR2 used for BMPR2 transduction into EPCs prior to intravenous injection, 

but the rat model creation failed as stated. 

As discussed in Part II, adenoviral transduction of BMPR2 into lung fibroblasts 

has shown a positive effect on suppression of profibrotic responses induced by 

TGF-β. Furthermore, based on the treatment effect of BMPR2-transduced EPCs 

observed (though just partly) in the above-mentioned 14-day prevention study, I 

think overexpression of BMPR2 is still worthy to try in vivo after reoptimizing the 

study protocol including the dosage of bleomycin. It may also be possible to 

consider an alternate fibrosis model, although bleomycin is by far the most 

common model used. 

 

5. Importance of radiological pattern for diagnosing 

homogeneous IPF 
In another study, I have tackled another important issue of pulmonary fibrosis 

from a clinical aspect. Considering the application of new treatments to IPF 

patients in the future, I have evaluated the validity of the current diagnostic criteria 

for IPF, which has significant impact on the interpretation of the aetiology of IPF 

and on eligibility of clinical trials targeting IPF. 

IIP patients with a probable UIP pattern on chest CT, who need to undergo 

surgical lung biopsy to get a definitive diagnosis according to the current guideline 

(3), could be included in some recent clinical trials for IPF (17, 231). This approach 

was supported by a result from the post-hoc analysis of the INPULSIS trials (11) 

showing that the annual decline in FVC from baseline in those patients was similar 

to that in patients with IPF diagnosed strictly based on the guideline (202), and 

officially described in the diagnostic criteria proposed by Fleischner Society (244), 

in which probable UIP pattern on chest CT is insisted to be a sufficient finding for 

making a diagnosis of IPF without confirming histopathological findings. 

However, I had elucidated that a significant number of patients with a non-IPF 

final diagnosis could exist in the CT-probable UIP pattern group unless IPF was 

strongly suspected by ILD experts. Such diagnostic heterogeneity was significantly 

related with longer survival time and time to the first acute exacerbation of 
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probable UIP pattern group in comparison with UIP pattern group. These results 

suggested the importance of accurate clinical assessment regarding the possibility 

of IPF, and the risk of overdiagnosis of IPF among non-IPF patients with a better 

prognosis when applying the approach of exempting lung biopsy in patients with a 

probable UIP pattern on chest CT. 

Based on those discussions, Raghu et al. recently described that the necessity of 

SLB should be considered in patients with a probable UIP pattern on chest CT if IPF 

is not highly suspected clinically (245). Although significant benefits of 

antifibrotics in progressive fibrosing ILDs other than IPF have recently been found 

(212), it has also been shown that the effectiveness of the treatment was 

significantly different between different detailed diagnoses (246). Further studies 

regarding “what are the clinical findings suggestive of IPF” and the importance of 

making a “precise” definitive diagnosis of ILD are warranted to generalise clinical 

interpretations by experts. More detailed discussions are described in the article 

attached in Part V. 

 

6. Conclusions 
BMPR2 was reduced in fibrotic lesions of lungs with pulmonary fibrosis and in 

lung fibroblasts treated with TGF-β. In addition, adenovirus-mediated BMPR2 

transduction could suppress Smad2/3 phosphorylation solely and fibronectin 

production in cooperation with BMP7. BMPR2 was increased in lung fibroblasts 

when treated with exosomes derived from BMPR2-transduced human ECFCs/rat 

EPCs, but further study is necessary to clarify if this increase is due to the 

transduction of BMPR2 into fibroblasts or just due to the sedimentation of 

exosomes on the surface of fibroblasts. BMPR2-transduced EPCs could be 

accumulated in the lungs of rats with bleomycin-induced pulmonary fibrosis 

shortly after injection from their tail vein. The effect of this cell-based therapy 

needs to be evaluated using well-optimised animal model showing pulmonary 

fibrosis consistently.  

Patients with a probable UIP pattern had a better prognosis and lower risk of 

acute exacerbation than those with a UIP pattern. As probable UIP pattern did not 

predict survival in patients with a final diagnosis of IPF, diagnostic heterogeneity 

associated with a probable UIP pattern likely explains the difference between the 

two groups. As such, prudent clinical evaluation is important for making a 

diagnosis of IPF and care is needed when interpreting evidence from clinical trials 

for IPF.  
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