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Pulmonary fibrosis is a progressive scarring disease of the lungs, characterized by inflammation, fibroblast activation, and deposition of extracellular matrix. The long pentraxin 3 (PTX3) is a member of the pentraxin family with non-redundant functions in innate immune responses, tissue repair, and haemostasis. The role played in the lungs by PTX3 during the fibrotic process has not been elucidated. In this study, the impact of PTX3 expression on lung fibrosis was assessed in an intratracheal bleomycin (BLM)-induced murine model of the disease applied to wild type animals, transgenic mice characterized by endothelial overexpression and stromal accumulation of PTX3 (Tie2-PTX3 mice), and genetically deficient Ptx3−/− animals. Our data demonstrate that PTX3 is produced during BLM-induced fibrosis in wild type mice, and that PTX3 accumulation in the stroma compartment of Tie2-PTX3 mice limits the formation of fibrotic tissue in the lungs, with reduced fibroblast activation and collagen deposition, and a decrease in the recruitment of the immune infiltrate. Conversely, Ptx3-null mice showed an exacerbated fibrotic response and decreased survival in response to BLM treatment. These results underline the protective role of endogenous PTX3 during lung fibrosis and pave the way for the study of novel PTX3-derived therapeutic approaches to the disease.
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Introduction

Pulmonary fibrosis (PF) includes more than 200 different pathological conditions characterized by inflammation and scar tissue formation in the lungs. PF can be grouped in five categories: drug-induced, radiation-induced, environmental, autoimmune, and occupational (1). However, the most common type of PF is represented by the “Idiopathic Pulmonary Fibrosis” (IPF), whose etiology remains unknown. In the last years, the incidence of IPF has increased over time in most countries worldwide, with approximately 50,000 new cases diagnosed each year in the U.S (2).

Starting symptoms of IPF, such as shortness of breath, dry hacking cough and fatigue, get significantly worse when the deposition of scar tissue augments, increases in stiffness and causes an irreversible loss of pulmonary functionality (3).

Despite the unknown cause(s) of IPF, aging (IPF is rare before 50 years of age), cigarette smoking, and genetic predisposition may represent relevant risk factors (4, 5). At histopathological level, IPF appears as a progressive scarring disease in the lungs, characterized by injury and hyperplasia of alveolar epithelial cells and fibroblasts, accumulation of inflammatory cells, consistent deposition of extracellular matrix (ECM), and formation of scars (6). Particular attention has been given to the onset of an inflammatory response and to the presence of an immune infiltrate that establishes and sustains a damaging and fibrotic context in the lungs (7). Even though little is known about the role of monocytes and tissue-resident macrophages in lung fibrosis (8), macrophages are persistently increased in the lung in close proximity to collagen-producing fibroblasts, in keeping with the role exerted by monocytes in the development of experimental fibrosis (9, 10). In particular, M2 macrophages accumulating in the lungs during fibrogenesis have been identified as the major source of several pro-fibrotic mediators, which stimulate fibroblast proliferation and collagen synthesis/deposition (11–14).

Different in vivo animal models of PF have been developed to understand the evolution of fibrotic responses in the lungs and in other organs (15), allowing the identification of cell types, mediators, and processes that are likely involved also in the human disease. To date, bleomycin (BLM)-induced pulmonary fibrosis in mice represents the best characterized murine model to study PF and IPF (15, 16). BLM is an antibiotic efficacious for the treatment of squamous cell carcinomas and skin tumors, but with limiting and dose-dependent pulmonary toxicity that results in progressive fibrosis (17). In mice, a single (or multiple, according to the specific schedule) intratracheal administration of BLM causes lung injury, resulting in pulmonary fibrosis that can be observed by day 14 (15, 18–20). The initial direct damage to alveolar epithelial cells is followed by dense ECM deposition associated with vessel remodeling and intense inflammatory infiltration, mimicking what is observed in patients (15).

The soluble pattern recognition receptor long pentraxin-3 (PTX3) is a member of the pentraxin family and a component of the humoral arm of the innate immunity. PTX3 expression is normally low in tissues and serum under physiological conditions, but the levels of PTX3 quickly rise in the presence of inflammatory and/or infectious stimuli due to its local production by different cell types, such as infiltrating immune cells, endothelial cells, and other stromal components (21). PTX3 exerts its function by binding to different ligands, including growth factors, microbial moieties, complement components, and ECM proteins (22–24). PTX3 has been reported to be upregulated and to play a protective role in various lung diseases (21). In lung infections, the protective function of PTX3 has been described in different pathological settings, including aspergillosis (25), pneumonia (26), and severe acute respiratory syndrome (27). In acute lung injury, which is strictly associated with activation of innate immune responses in the lungs, PTX3 deficiency in Ptx3 null mice results in increased sensitivity to lung tissue damage after exposition to LPS (28). Finally, PTX3 has been proposed as a possible biomarker of disease in acute lung injury and other pulmonary disorders, including asthma, and lung carcinoma (28–30).

In the present study, we investigated the impact of endogenous PTX3 in a BLM-induced murine model of lung fibrosis. Our data show that pulmonary PTX3 expression is upregulated during lung fibrosis. In addition, by using both transgenic PTX3-overexpressing mice and Ptx3 null animals, we demonstrate that endogenous PTX3 exerts a protective effect in BLM-induced lung fibrosis.



Materials and Methods


Bleomycin-Induced Pulmonary Fibrosis

Animal experiments were approved by the local animal ethics committee (OPBA, Organismo Preposto al Benessere degli Animali, Università degli Studi di Brescia, Italy) and were performed in accordance with national guidelines and regulations. Procedures involving animals and their care conformed with institutional guidelines that comply with national and international laws and policies (EEC Council Directive 86/609, OJ L 358, 12 December 1987) and with “ARRIVE” guidelines (Animals in Research Reporting In Vivo Experiments). Eight weeks old wild type (WT) C57BL/6, Ptx3−/− (31) and Tie2-PTX3 (32) male mice received a single, slow intratracheal injection of 4.0 mg/kg bleomycin (B2434 Sigma-Aldrich) dissolved in 30 µl of phosphate-buffered saline (PBS). Body weight variations were monitored throughout the whole experimental period (Supplementary Figure S1). Mice were sacrificed at different time points (14, 21, and 28 days after treatment), and lungs collected and prepared for histopathological analysis. For each time point 5-8 mice were used for each strain (WT, Tie2-PTX3, and Ptx3−/− animals).



Histopathological Analysis

The left lung was fixed overnight in 10% formalin (05-01004F BioOptica), dehydrated in a graded ethanol series, embedded in paraffin and cut into 4-µm sections. Pulmonary fibrosis was analyzed using digital microscopy. For the analysis of the fibrosis area, sections were stained with Masson’s trichrome, digitalized by AperioScanScope CS Slide Scanner (Leica Biosystem, New Castle Ltd, UK) at 40x magnification and submitted to ImageScope software (Leica).



Immunohistochemistry

Paraffin-embedded lung tissues were prepared as previously described (33). Four-µm sections were deparaffinized with xylene, incubated with 3% H2O2 in methanol for 30 min to inhibit endogenous peroxidase activity and then re-hydrated. Immunostaining was performed upon microwave or thermostat bath oven epitope retrieval in ethylene diamine tetra-acetic acid (EDTA) buffer (pH 8.00). The following primary antibodies were used: rabbit polyclonal anti-PTX3 (kind gift of B. Bottazzi, Humanitas Clinical Institute-Milan 1:100), mouse monoclonal anti-α-SMA antibody (clone 1A4, 1:300, Biocare, # CM001), rat monoclonal anti-CD45 (clone 30-F11, 1:100, BD Pharmingen, #553076), rabbit polyclonal anti-IBA1 (1:300, Wako, 019-19741), rat monoclonal anti-Ly6G (clone 1A8, 1:400, Cederlane, #AB-F118UD), mouse monoclonal anti-CD3 (clone SP7, 1:70, Leica, #565-LCE) and rabbit monoclonal PECAM-1 (clone M-20, 1:200, Santa Cruz, #SC-1506). Immunoreaction was revealed by using EnVision+ System-HRP Labelled Polymer anti-mouse or anti-rabbit (Dako) or using Rat-on-Mouse HRP-Polymer (Biocare Medical) followed by DAB as chromogen: sections were counterstained with hematoxylin. Immunostained slides were digitalized as described above and evaluated using Positive Pixel Count v9 9.0 Algorithm (Imagescope, Leica Biosystem). Staining was graded for positive pixel density (0 indicating < 25,000/mm2; 1, < 50,000/mm2; 2, <100,000/mm2; 3> 100,000/mm2 positive pixel). It must be pointed out that physiological α-SMA immuno-reactivity in perivascular and peri-bronchiolar areas was excluded in the evaluation of the samples.



Hydroxyproline Quantification in Lungs

The right upper lung lobes were homogenized in ddH2O (10 mg of tissue in 100 µl). Then an aliquot was hydrolyzed in HCl 6M at 105°C for 3 h and centrifuged at 13,000 rpm for 5 min. 5 µl of the supernatant were pipetted in triplicate onto a 96 well plate and incubated at 60°C for 1 h. Collagen content was assessed using a Hydroxyproline Colorimetric Assay Kit (MAK008 Sigma-Aldrich) according to the manufacturer’s instructions.



RNA Extraction and qPCR

Total RNA was isolated from right lower lung using TRIzol Reagent (Invitrogen) according to the manufacturer’s instructions. Two μg of total RNA were retro-transcribed with MMLV reverse transcriptase (Invitrogen) using random primers. cDNA was analyzed by quantitative real-time polymerase chain reaction (qPCR) analysis. Beta-Actin (ActB) was used as housekeeping gene for normalization. Primers used: Mm_Ptx3 forward: 5′-GACCTCGGATGACTACGAG-3′, reverse: 5′-CTCCGAGTGCTCCTGGCG-3′; Col1A1 for: 5′-TGCTCCTCTTAGGGGCCACT-3′, rev: 5′-ATTGGGGACCCTTAGGCCATT-3′; Col1A2 for: 5′-GGTGAGCCTGGTCAAACGG-3′, rev: 5′-ACTGTGTCCTTTCACGCCTTT-3′; Col3A1for: 5′-CTGTAACATGGAAACTGGGGAAA-3′, rev: 5′-CCATAGCTGAACTGAAAACCACC-3′; Acta2 for: 5′-TGCTGACAGAGGCACCACTGAA-3′, rev: 5′-CAGTTGTACGTCCAGAGGCATAG-3′; ActB for: 5′-CTGTCGAGTCGCGTCCACC-3′, rev: 5′-ATCGTCATCCATGGCGAACTG-3′.



Statistical Analyses

T-test for unpaired data (2-tailed) was used to test the probability of significant differences between two groups of samples. For the statistical analysis the WT group at day 0 was used as reference. The following abbreviations were used for the indication of significance: * p<0.05; ** p<0.01; *** p<0.001.




Results


PTX3 Is Modulated During BLM-Induced Lung Fibrosis

Intratracheal administration of BLM induces peri-bronchial lung fibrosis in mice, detectable 14 days after treatment and progressing up to day 21, to decrease at/after day 28 (15). On this basis, in order to evaluate the modulation of PTX3 expression in the lungs during fibrosis onset, C57BL/6 male mice were treated intratracheal with BLM and sacrificed after 14, 21, and 28 days. Then, harvested lungs were processed for immunohistochemical (IHC) and qPCR analyses. In keeping with its role as an “early” response to damaging and inflammatory stimuli (21), PTX3 immuno-reactivity was significantly increased in fibrotic lung sections 14 days after BLM treatment, to decrease to basal levels at day 28 (Figures 1A, B). These data were confirmed by qPCR analysis that demonstrated a significant upregulation of Ptx3 expression at day 14 and its gradual decrease thereafter (Figure 1C).




Figure 1 | PTX3 expression is induced in BLM-induced lung fibrosis. PTX3 expression in the lungs of C57BL/6 wild type mice treated with bleomycin (BLM) and sacrificed at day 0, 14, 21, and 28 after treatment was detected by immunohistochemistry (A) and quantified by scoring the immunostaining (B) or by qPCR (C). N = 5–8 mice/group; scale bar = 200 µm; *P < 0.05, **p < 0.01.





PTX3 Exerts a Protective Role in Lung Fibrosis

Previous observations had shown a potential role of PTX3 as a protective factor in different pathological settings in the lungs (21). On this basis, we evaluated the impact of PTX3 overexpression during the onset and progression of the fibrotic process in the lungs by taking advantage of a transgenic Tie2-PTX3 murine model. In this model the overexpression of the human PTX3 gene (Supplementary Figure S2) is driven by the endothelial-specific Tie2 promoter, leading to the stromal accumulation of high levels of the PTX3 protein in all tissues, including the lungs, without any significant impact on normal development of organs and tissues (32, 34). Wild type (WT) and transgenic Tie2-PTX3 mice were treated intratracheal with BLM and the progression of lung fibrosis was investigated. As shown in Figures 2A, B, quantification of fibrotic/collagen positive areas after trichrome staining of lung sections revealed an increase of fibrotic tissue in WT animals from day 14 to day 21, with a partial regression at day 28. When compared to WT mice, fibrotic areas were significantly reduced in Tie2-PTX3 mice at all the time points investigated, close to the levels measured in untreated animals. Accordingly, the levels of hydroxyproline, a marker for the presence of collagen in the ECM, were significantly higher in WT lungs when compared with those measured in Tie2-PTX3 animals (Figure 2C).




Figure 2 | Stromal PTX3 overexpression prevents lung fibrosis in BLM-treated mice. Fibrosis in lungs of wild type (WT) and transgenic Tie2-PTX3 mice treated with bleomycin (BLM) was determined by Masson’s trichrome staining (A), subsequent quantification of fibrotic area (B), and quantification of hydroxyproline in lungs extracts (C). N = 5–8 mice/group; scale bar = 200 µm; *P < 0.05, **p < 0.01, ***p < 0.001.



Further characterization of BLM-treated lungs showed a significant increase of areas with alpha-smooth muscle actin (αSMA+) positive fibroblasts in WT mice when compared with Tie2-PTX3 animals (Figures 3A, B). Related to this fibroblastic reaction, upregulation of the expression of Col1a1, Col1a2, and Col3a1 collagen subunits and of the αSMA-encoding Acta2 gene was detected by qPCR in the lungs of WT but not of Tie2-PTX3 mice (Figure 3C). In addition, foci of angiogenesis, represented by CD31+ endothelial cells, were detectable in the fibrotic areas of BLM-treated mice with no apparent difference between WT and Tie2-PTX3 groups (Supplementary Figure S3).




Figure 3 | Stromal PTX3 overexpression reduces fibroblast activation in BLM-induced lung fibrosis. (A) Immunohistochemical analysis of αSMA expression in the lungs of wild type (WT) and transgenic Tie2-PTX3 mice treated with bleomycin (BLM). For each image, the boxed area is shown at higher magnification in the right panel. Scale bar = 100 µm; scale bar of magnified images = 200 µm. (B) Score quantification of the αSMA immunostaining. αSMA immuno-reactivity in perivascular and peri-bronchiolar areas was excluded from the quantification. (C) qPCR analysis on lung extracts for the expression of collagen subunits and Acta2 mRNA. N = 5–8 mice/group; *P < 0.05, **p < 0.01, ***p < 0.001.



The inflammatory infiltrate plays a pivotal role during the response to tissue damage that drives fibrosis (7, 8). In order to quantify the overall immune infiltrate in BLM-treated lungs, CD45 immunostaining was performed on samples from the different groups. As shown in Figure 4A, a vast CD45+ cell infiltrate was detected in WT lungs, while a significant reduction of CD45+ cells was observed in Tie2-PTX3 lungs at all the time points investigated. These observations are in line with the limited fibrotic response occurring in Tie2-PTX3 animals. Accordingly, in keeping with the pivotal role played by macrophages in BLM-induced fibrosis (7), IBA1+ macrophages were widely present in fibrotic WT lungs throughout the whole experimental period and consistently reduced in Tie2-PTX3 lungs that showed a detectable macrophagic infiltrate only ad day 14 (Figure 4B). In addition, a further characterization of the immune infiltrate at the time points considered demonstrate that CD3+ lymphocytes increase in both WT and Tie2-PTX3 at day 14 after treatment, to decrease more rapidly in PTX3 overexpressing animals in respect to controls (Supplementary Figure S4A). Finally, very few Ly6G+ neutrophils were present in the lungs of treated mice, with no significant differences between the WT and Tie2-PTX3 animals (Supplementary Figure S4B).




Figure 4 | Stromal PTX3 overexpression prevents immune infiltration in BLM-induced lung fibrosis. CD45 (A) and IBA1 (B) levels in the lungs of wild type (WT) and transgenic Tie2-PTX3 mice treated with bleomycin (BLM) were assessed by immunohistochemistry and quantified by scoring the immunostaining. N = 5–8 mice/group; scale bar = 100 µm (A), 200 µm (B); *P < 0.05; **p < 0.01.



Together, these data indicate that PTX3 overexpression exerts a protective impact on BLM-induced fibrosis in transgenic Tie2-PTX3 mice. These findings, together with the observation that a significant upregulation of PTX3 expression occurs in WT animals during BLM-induced fibrosis (see above), prompted us to assess the role, if any, of endogenous PTX3 on this process. To this aim, we took advantage from genetically deficient Ptx3−/− mice that lack endogenous PTX3 expression in all organs, including lungs, and are characterized by a normal pre and post-natal development with no signs of inherited pathological conditions with the exception of subfertility in female animals (31). On the other hand, these mice may show different responses under defined experimental conditions characterized by the involvement of the innate immune arm [reviewed in (23, 35, 36)]. BLM was administered intratracheal to Ptx3 null mice and lung fibrosis was followed in parallel to that occurring in WT and Tie2-PTX3 animals. As shown in Figure 5A, BLM treatment caused a dramatic decrease of the lifespan of Ptx3−/− mice, with 4 out of 8 mice dying at day 14 and no survival occurring at day 21after treatment. At variance, no animal death was observed for BLM-treated WT and Tie2-PTX3 mice. Accordingly, trichrome staining of the lung sections and quantification of fibrotic areas confirmed a significant increase of fibrotic/scar tissue at day 14 in PTX3−/− mice when compared to WT and Tie2-PTX3 animals (Figures 5B, C).




Figure 5 | Ptx3 knockdown increases the deposition of fibrotic tissue and a rapid animal death in BLM-induced lung fibrosis. (A) Kaplan-Meier survival curve of wild type (WT) and transgenic Tie2-PTX3 and Ptx3−/− (KO) mice treated with bleomycin (BLM). Masson’s trichrome staining (B) and quantification of the fibrotic area (C) performed on lungs at day 0 and day 14 after treatment. N = 5–8 mice/group; scale bar = 100 µm; *P <0 .05, ***p < 0.001.






Discussion

Hyper-proliferating fibroblasts/myofibroblasts and augmented deposition of ECM are typical features of IPF and the main cause of lung architecture alterations underlying the loss of respiratory function (6). This is paralleled by an inflammatory response whose contribution to IPF has long been debated (37) and in some cases remains controversial (38, 39). For instance, treatment of IPF patients with steroids reduces inflammation in the lung but does not improve survival nor clinical outcome (40, 41), and a clinical trial based on immune-suppression was discontinued due to increased hospitalization and death (42).

PTX3 is a component of the humoral arm of the innate immunity. Even though its expression in human tissues is usually associated with inflammation, both pro-inflammatory and inflammation-limiting properties have been reported in preclinical models of disease, and a possible dual role has been unveiled in physiological and pathological settings (35, 43, 44). On one side, PTX3 generally exhibits protective antibody-like functions and promotes tissue repair via matrix remodeling and modulation of the inflammatory response. On the other hand, potential damaging effects have been ascribed to PTX3 due to its capacity to induce endothelial dysfunction (45), exacerbated complement activation and inflammation (44, 46, 47).

In inflammatory/injury settings, neutrophils are among the first leukocytes to be recruited. Once activated, they secrete their content of “ready to release” PTX3 that partially remains associated with neutrophil extracellular traps (NETs) (48, 49). On the other hand, PTX3 locally released by activated leukocytes may impair leukocyte rolling on endothelium, thus attenuating the recruitment of neutrophils, regulating inflammation, and reducing tissue damage in murine models of acute lung injury, pleurisy, and mesenteric inflammation (50).

Under physiological conditions, the expression levels of PTX3 are low in the lungs of healthy mice and can be modulated depending on the severity and duration of the damaging agent (31, 51–53). In this study we investigated the expression of PTX3 in a BLM-induced murine model of lung fibrosis with the aim to define its role in this pathological context.

In keeping with previous observations in preclinical models of lung fibrosis and in lung tissue from IPF patients (54), PTX3 expression rapidly increases in the lungs of BLM-treated animals both at mRNA and protein levels. This upregulation is transient, reaches a peak at 14 days after treatment to decrease to physiological levels thereafter. Thus, PTX3 upregulation represents an early event in response to the fibrotic insult, unable to restrain and control the onset of BLM-induced fibrosis in the lungs, that continues till day 28 after treatment.

Two distinct experimental approaches pointed to a protective role for PTX3 in this model of PF. In a first set of experiments, PTX3 overexpression in transgenic Tie2-PTX3 animals, which results in the accumulation of PTX3 in the lung stroma (32), was able to limit the formation of fibrotic tissue in the lungs, with reduced activation of fibroblasts and ECM deposition. Moreover, the infiltration of immune CD45+ cells was reduced in Tie2-PTX3 lungs that showed a dramatic decrease in infiltrating IBA1+ macrophages when compared to WT animals, with moderate or no major differences in infiltrating neutrophils and T lymphocytes at the experimental points investigated. These observations are in line with the critical regulatory activities exerted by macrophages during all the steps of fibrosis onset and repair (55, 56). The protective effect of PTX3 on lung fibrosis was confirmed in a second set of experiments performed on Ptx3−/− animals in which PTX3 deficiency caused an increased deposition of fibrotic tissue and a rapid animal death following BLM administration.

Even though the molecular mechanisms at the basis of this impact of PTX3 on PF remain to be elucidated, previous experimental evidences suggest that its accumulation in the pulmonary stroma may modulate different biological processes, including the recruitment of immune cells (50, 57, 58) and fibroblast activation (22, 36). This occurs via the interaction of PTX3 with growth factors, complement components, the haemostatic system and the fibrinolytic cascade. Indeed, PTX3 can bind to fibroblast growth factors (FGFs) and impair the FGF/FGF receptor system (22, 24) which plays a relevant role in fibrosis (59) as well as in immune cell recruitment (33, 60). In vitro, the interaction of PTX3 with FcγRI has been shown to favor the differentiation of human and murine monocytes into fibrocytes, fibroblast-like cells expressing both haematopoietic and stromal cell markers frequently found in fibrotic lesions (54, 61). In the same context, the serum amyloid P component (SAP) was shown to play a fibrocyte-inhibitory activity stronger than PTX3 (54), and injections of SAP inhibited fibrosis in various mouse models of the disease (62, 63). Interestingly, SAP expression was almost absent in fibrotic areas, while PTX3 was widespread, thus suggesting that relative levels of SAP and PTX3 may have a significant role in fibrocyte differentiation at fibrotic sites (54).

In the acute lung injury, a strong activation of the innate immune system in the lungs is accompanied by the expression of PTX3. This pathological context is characterized by infiltration of neutrophils and increased production of nitric oxide and of tissue factor. It has been suggested that high levels of PTX3 activate the local innate immune system and play a protective role against lung insults (21, 51). Accordingly, Ptx3−/− mice are more susceptible to tissue damage after exposure to LPS (28). In addition, PTX3 can interact with fibrin and plasminogen under acidic conditions in damaged/inflamed tissues, fostering the remodeling of the fibrin-rich matrix and tissue repair (64).

Overall, in this study we have reported the observational results of the effect of endogenous PTX3 modulation on lung fibrosis onset and phenotype. Intravenous or intraperitoneal treatment with recombinant PTX3 has resulted in beneficial outcomes in various experimental models of inflammatory diseases (25, 31, 48, 65–67). Thus, in a therapeutic perspective, it will be of importance to assess the effect of recombinant PTX3 to prevent fibrosis in BLM-treated mice. Our results and these future studies will pave the way for the characterization of the molecular players modulated by PTX3 in PF and for the design of PTX3-derived approaches to be used for the treatment of PF patients.
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