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PLA2R1 is a potent regulator of lung-cell senescence in COPD, with JAK/STAT signaling 

as a major effector. Pharmacological inhibition of JAK1/2 attenuates PLA2R1-induced lung 

alterations in murine models. Targeting JAK1/2 may represent a promising therapeutic 

approach for COPD. 
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Abstract  

Rationale. Cell senescence is a key process in age-associated dysfunction and diseases, 

notably chronic obstructive pulmonary disease (COPD). We previously identified 

phospholipase A2-receptor 1 (PLA2R1) as a positive regulator of cell senescence acting via 

JAK/STAT signaling. Its role in pathology, however, remains unknown. Here, we assessed 

PLA2R1-induced senescence in COPD and lung emphysema pathogenesis. 

Methods. Assessment of cell senescence in lungs and cultured lung cells from patients with 

COPD and controls subjected to PLA2R1 knock-down, PLA2R1 gene transduction and 

treatment with the JAK1/2 inhibitor ruxolitinib. To assess whether PLA2R1 upregulation 

caused lung lesions, we developed transgenic mice overexpressing PLA2R1 (PLA2R1-TG) 

and intratracheally injected wild-type mice with a lentiviral vector carrying the PLA2R1 gene 

(LV-PLA2R1 mice). 

Measurements and Results. We found that PLA2R1 was overexpressed in various cell 

types exhibiting senescence characteristics in COPD lungs. PLA2R1 knockdown extended 

the population doubling capacity of these cells and inhibited their proinflammatory 

senescence-associated secretory phenotype (SASP). PLA2R1-mediated cell senescence in 

COPD was largely reversed by treatment with the potent JAK1/2 inhibitor ruxolitinib. Five 

month-old PLA2R1-TG mice exhibited lung-cell senescence and developed lung emphysema 

and lung fibrosis together with pulmonary hypertension. Treatment with ruxolitinib induced 

reversal of lung emphysema and fibrosis. LV-PLA2R1-treated mice developed lung 

emphysema within four weeks, and this was markedly attenuated by concomitant ruxolitinib 

treatment.  

Conclusion. Our data support a major role for PLA2R1 activation in driving lung-cell 

senescence and lung alterations in COPD. Targeting JAK1/2 may represent a promising 

therapeutic approach for COPD. 
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Introduction 

Exaggerated lung-cell senescence is now emerging as a key pathogenic factor in several 

chronic respiratory diseases [1], notably chronic obstructive pulmonary disease (COPD), a 

major cause of morbidity and mortality in most countries for which no curative treatment is 

available [2-4]. COPD is characterized by slowly progressive airflow obstruction and 

emphysema due to lung parenchyma destruction developing in association with chronic lung 

inflammation [5]. We previously reported that a characteristic feature of COPD is the 

accumulation of senescent cells in the lung, which limits the potential for tissue renewal and 

contributes to chronic inflammation through the senescence-associated secretory phenotype 

(SASP) [4, 6, 7]. In COPD, exaggerated lung-cell senescence may result from a combination 

of replicative cell senescence due to telomere shortening and of premature cell senescence 

caused by various stress stimuli such as oxidative stress and inflammatory mediators [8-10]. These 

processes engage a DNA damage response with p53-dependent upregulation of the cyclin-

dependent-kinase inhibitor p21 and expression of p16INK4A [10, 11]. 

A causal relationship between cell senescence and the lung manifestations of COPD 

is now supported by several studies. Some cases of familial lung emphysema are related to a 

loss-of-function mutation in the telomerase TERT gene and are therefore classified as 

telomere disorders [12]. Moreover, individuals with short telomeres experience an 

accelerated decline in lung function [13]. In mouse models, interventions that delay or 

inhibit cell senescence protect against cigarette smoke-induced lung emphysema, bronchial 

remodeling, and inflammation [14, 15]; whereas accelerated lung-cell senescence promotes 

some of the lung alterations seen in COPD [7]. Consequently, there is an urgent need for 

identifying molecular pathways that are relevant to the lung-cell senescence program in 

COPD and that could be targeted pharmacologically. 



 

In previous studies, we identified phospholipase-A2-receptor-1 (PLA2R) as a crucial 

regulator of both replicative- and stress-induced cell senescence [16]. PLA2R1, a 

transmembrane protein belonging to the C-type lectin receptor superfamily and the mannose 

receptor family, binds a few secreted phospholipase-A2s (sPLA2s), various collagen types, 

and carbohydrate [17]. Recent studies by our groups indicate that an important function of 

PLA2R1 is related to its prosenescent effect, which seems to be sPLA2-independent [18] and 

involves the JAK/STAT signaling pathway [19-23].  

Here, we explored the potential importance of PLA2R1 and JAK/STAT signaling in 

lung-cell senescence and COPD. We observed that PLA2R1 overexpression was a major 

mechanism leading to lung-cell senescence in COPD and that lung PLA2R1 overexpression 

in mice induced lung-cell senescence and lung alterations, including lung emphysema, lung 

fibrosis, and pulmonary hypertension. Treatment with the JAK1/2 inhibitor ruxolitinib 

delayed the senescence process in cells from patients with COPD, inhibited the SASP, and 

attenuated the pathological lung alterations resulting from PLA2R1 overexpression in mice. 

Targeting PLA2R1 and/or the JAK/STAT pathway may represent a new therapeutic strategy 

for inhibiting lung-cell senescence in COPD.  



 

METHODS 

 

Patients and controls 

The study was approved by the institutional review board of the Henri Mondor 

Teaching Hospital, Créteil, France. All patients and controls signed an informed consent 

document before study inclusion. 

Lung tissue samples were obtained from 46 patients who underwent lung resection 

surgery at the Institut Mutualiste Montsouris, Paris, France. Among them, 23 had COPD and 

23 were control smokers matched to the COPD patients on age and sex (Table 1). Inclusion 

criteria for the patients with COPD were an at least 10 pack-year smoking history and a ratio 

of forced expiratory volume in 1 second (FEV1) over forced vital capacity (FVC) <70%. The 

controls had to have a smoking history greater than 5 pack-years; an FEV1/FVC ratio greater 

than 70%; and no evidence of chronic cardiovascular, hepatic, or renal disease.  

 

Animal studies 

Adult male mice (C57Bl/6j) were used according to institutional guidelines, which 

complied with national and international regulations (agreement #94-28245). Pulmonary 

arterial hypertension, lung emphysema, and lung tissue analysis were performed according 

to the standard techniques detailed in the online supplement.  

The online supplement provides details of the studies performed on lung samples and 

cultured cells from patients and controls, on animal studies, and on the statistical analysis.  



 

RESULTS 

PLA2R1 is overexpressed in lungs and derived cultured cells from patients with COPD 

To investigate PLA2R1 expression and lung-cell senescence in COPD, we studied lung 

tissues from 23 patients with COPD and 23 controls, as well as derived lung cells from a 

subset of 8 patients and 10 controls (Supplementary Tables S1 and S2). Compared to control 

lungs, lungs from patients with COPD had higher protein levels of PLA2R1, p21, and p16 

(Fig. 1a). Immunofluorescence studies of lungs from patients with COPD revealed 

prominent PLA2R1 staining in pulmonary vascular endothelial cells (P-ECs), pulmonary-

artery smooth muscle cells (PA-SMCs), and alveolar epithelial type II cells (AECs), all of 

which also stained for p16 (Fig. 1b,c and supplemental Fig.1) and for the DNA damage 

markers p-H2AX and 53BP1 (Fig. 2a,b). In contrast, PLA2R1 immunofluorescence was 

weak in lungs from controls. PLA2R1 mRNA levels were also higher in cultured PA-SMCs 

and P-ECs from patients with COPD, which exhibited early-onset cell senescence 

manifesting as fewer population doublings (PDLs) and higher -galactosidase-positive cell 

counts compared to those from controls (Fig. 3a, b). PLA2R1 mRNA levels increased in 

both PA-SMCs and P-ECs from patients and controls during repeated passages (Fig. 3a, b). 

 

Downregulation of PLA2R1 inhibits cell senescence in COPD 

To investigate the effect of PLA2R1 knockdown on cellular senescence in COPD, we 

infected cultured PA-SMCs with a retroviral vector encoding an shRNA that targeted 

PLA2R1 (shPLA2R1) [16]. PLA2R1 mRNA levels were decreased by about 80% in cells 

stably infected with the shPLA2R1-encoding vector, compared to cells infected with the 

control vector (Supplementary Fig. 2). PLA2R1 knockdown consistently decreased the 

number of -galactosidase-positive cells and increased the PDL to a greater extent in cells 

from patients with COPD (9-fold increase) than in those from controls (2-fold increase) (Fig. 



 

4a, b). In addition, p16 and p21 protein levels were decreased in cells from both patients 

with COPD and controls (Fig. 4c). PLA2R1 knockdown reduced the levels of the SASP 

components tested, notably in cells from patients with COPD, which released large amounts 

of IL-8, IL-6, and PAI-1 (Fig. 4d). 

To better assess the effect of PLA2R1 knockdown on cell senescence in COPD, we 

then compared the effects of PLA2R1 versus p53 knockdown in PA-SMCs from a subset of 

5 patients and 5 controls. Compared to cells infected with the vector encoding shPLA2R1, 

cells infected with the shp53 vector exhibited a similar PDL increase and a similar decrease 

in the percentage of -galactosidase-positive cells (Supplementary Fig. 3a). The levels of 

p16 and p21 proteins and of SASP components were reduced to a similar extent by both 

vectors (Supplementary Figs. 3b, c).  

 

JAK inhibition by ruxolitinib reverts PLA2R1-induced cell senescence 

To explore the potential role for JAK1/2 on PLA2R1-induced cell senescence in 

primary lung-cell cultures, we examined the effect of ectopic PLA2R1 expression on cell 

senescence by using a retroviral vector encoding the PLA2R1 gene [19]. PA-SMCs from 

controls with less than 55% of -galactosidase-positive cells were used. 

Immunofluorescence studies revealed that cells transduced with the retroviral vector and 

positive for PLA2R1 stained also for phosphorylated JAK2 and STAT3 (Fig. 5a). These 

cells became rapidly senescent, as shown by strong p16 immunofluorescence and -

galactosidase staining activity and an inability to divide, with a low PDL and weak 

proliferating cell nuclear antigen staining (Fig. 5b, c). Cells infected with the control vector 

were not stained for p-JAK2 and p-STAT3 (Fig. 5a). We then investigated whether 

inhibition of JAK2 by the potent JAK1/2 inhibitor ruxolitinib altered PLA2R1-induced cell 

senescence. In cells undergoing cell senescence induced by PLA2R1 gene transduction, 



 

ruxolitinib treatment almost fully inhibited the response, increasing the PDL, decreasing the 

percentage of -galactosidase-positive cells, and returning the levels of the p16 and PCNA 

staining and of the SASP components IL-8, IL-6, and PAI-1 to basal values (Fig. 5 b, c, d).  

 

Treatment with ruxolitinib attenuates cell senescence and suppresses the SASP in cells 

from patients with COPD 

We then investigated the link between PLA2R1 expression, cell senescence, and 

JAK/STAT in lungs and cells from patients with COPD. Immunofluorescence studies 

revealed strong PLA2R1 and JAK2 staining that co-localized in various cell types from 

COPD lungs, contrasting with weak JAK2 staining in control lungs (Fig. 6a). Strong 

immunostaining for p-STAT3 was also found in lungs from patients with COPD (Fig. 6b). 

JAK1 staining was undetectable. Ruxolitinib treatment of PA-SMCs from patients with 

COPD and controls increased the PDL and decreased the percentage of -galactosidase-

positive cells, although these effects were weaker than those produced by PLA2R1 

knockdown (Fig. 6c). Strikingly, ruxolitinib potently suppressed the SASP of senescent cells 

from patients with COPD, as shown by decreases in the release of IL-8, IL-6, and PAI-1, which 

returned to the basal levels measured in cells from controls (Fig. 6d). 

 

PLA2R1 overexpression in transgenic mice induces lung-cell senescence and structural 

lung alterations, which can be reversed by ruxolitinib 

To assess whether lung overexpression of PLA2R1 replicated some of the lung 

alterations seen in COPD, we generated transgenic mice that constitutively expressed the 

human PLA2R1 gene (PLA2R1-TG mice). Five-month-old PLA2R1-TG mice displayed an 

apparently normal phenotype but overexpressed lung hPLA2R1 and p16 protein compared to 

control mice (Fig. 7a). Lungs from PLA2R1-TG mice exhibited strong PLA2R1 and p16 



 

immunofluorescence (Fig. 7a) with increased lung mRNA levels of the JAK/STAT target 

genes Tap1, Socs1, and Irf7 (Fig. 7b). These changes were associated with diffuse lung 

emphysema, as quantified by the mean distance separating alveolar septa (mean linear 

intercept) (Fig. 7c); and with fibrotic lung lesions, as quantified by the Ashcroft score of red 

Sirius-stained lung sections (Fig. 7d) and by lung mRNA levels of collagens-1 A1, A2, 

collagen-3 A1, actin alpha 2 (ACTA2), and fibronectin (Fig. 7e). Lung fibrosis in PLA2R1-

TG mice was also illustrated by increases in Masson trichrome staining (Fig. 7d) and in 

vimentin and fibroblast-specific protein (FSP) immunostaining (Supplemental Fig. 4. a,b). 

PLA2R1-TG mice also developed pulmonary hypertension, with increases in right 

ventricular systolic pressure, right heart hypertrophy, and pulmonary vessel muscularization 

(Supplemental Fig. 5). Other abnormalities consisted of increased lung levels of IL-6, MCP-

1, IL-1β, and PAI-1 in lungs from PLA2R1-TG mice but not in control mice (Fig. 7f). We 

then investigated the effect of ruxolitinib treatment in a dose of 75 mg/kg/day for 15 

consecutive days. This short-term ruxolitinib treatment reduced lung emphysema and 

fibrosis parameters, inducing marked reductions in lung p16 protein, JAK/STAT target 

genes, and SASP members (Fig. 7a, b, c, d, e, f). 

 

Ruxolitinib treatment prevents lung-cell senescence and lung alterations induced by 

intratracheal delivery of the PLA2R1 gene 

To further investigate the effect of ruxolitinib on lung alterations induced by PLA2R1 

overexpression, we studied mice injected intratracheally with a lentiviral vector encoding the 

murine PLA2R1 gene (LV-PLA2R1) and given concomitant continuous ruxolitinib treatment 

(75 mg/kg/day). Preparatory experiments performed with a lentiviral vector encoding the 

reporter mCherry gene under the control of the CMV promoter (LV-mCherry) revealed that 

approximately 15% of lung cells were transduced by this procedure including alveolar 



 

epithelial cells (supplemental Fig 6). Gene transfer was efficient, as shown by diffuse 

PLA2R1 staining activity throughout the lung structures four weeks after LV-PLA2R1 

injection (Fig. 8a). At this time, the mice exhibited marked increases in lung mRNA levels of 

PLA2R1, p21, and of the JAK/STAT target genes Tap1, Socs1, and Irf7 (Fig. 8b and 

supplemental Fig. 7a), as well as in lung p21 and p16 protein levels compared to mice 

injected with the control vector (LV-ncRNA) (Fig. 8c). Most importantly, LV-PLA2R1 mice 

developed lung emphysema (Fig. 8d), increases in the right ventricular systolic pressure and 

hypertrophy index, and pulmonary vessel remodeling (supplemental Fig. 7b, c, d). 

Ruxolitinib treatment started at the time of LV-PLA2R1 administration markedly reduced the 

development of lung emphysema and pulmonary vascular remodeling (Fig. 8d and 

supplemental Fig. 7b, c, d), while also decreasing JAK/STAT downstream genes and p21 

mRNA levels (Fig. 8b and supplemental Fig. 7a) and p21 and p16 protein levels (Fig 8c). No 

consistent changes were seen in lung cytokine levels four weeks after LV-PLA2R1 injection.  



 

DISCUSSION 

Our data support a major role for PLA2R1 activation in driving lung-cell senescence 

and lung alterations in COPD. Here, we showed that PLA2R1 overexpression was strongly 

involved in the exaggerated lung-cell senescence seen in COPD and that PLA2R1 

overexpression in mice induced lung-cell senescence and pathology. JAK2 activation 

emerged as an important downstream event to PLA2R1 signaling, notably as a SASP 

activator. The JAK1/2 inhibitor ruxolitinib delayed the senescence process, inhibiting the 

SASP in cells from patients with COPD, and also attenuated the pathological lung alterations 

resulting from PLA2R1 overexpression in mice. Thus, targeting PLA2R1 and/or the JAK2 

pathway may represent a new therapeutic strategy for counteracting lung-cell senescence in 

COPD. 

The potential role for PLA2R1 in pathology remains poorly understood. Until 

recently, efforts focused on the ability of PLA2R1 to bind soluble PLA2s, which catalyze 

phospholipid hydrolysis and generate inflammatory lipid mediators [17]. However, the 

physiological consequences of soluble PLA2s binding to PLA2R1 remain unclear [24], and 

accumulating evidence now supports an intrinsic role for PLA2R1 in several pathologic 

conditions [20]. We have reported that PLA2R1 can act as a tumor suppressor and that its 

decreased expression in various cancers promotes tumor progression [20, 21], or can 

promote some progeroid hallmarks [22]. Structure-function studies and chemical inhibition 

of shPLA2-related signaling pathways revealed that the ability of PLA2R1 to exert its tumor 

suppressive effect was independent of sPLA2 [18]. Here, we provide evidence for a new 

pathogenic role for PLA2R1 due to PLA2R1 overexpression in the lung in the context of 

COPD. 

PLA2R1 was overexpressed in several cell types from lungs from COPD patients but 

was only very weakly expressed in lungs from controls. PLA2R1-stained cells were 



 

senescent, as they also stained for p16, a major onco-suppressor expressed in senescent cells 

[25], and for 53BP1 and -H2AX, two well established DNA damage markers. The 

prominent and intrinsic role for PLA2R1 in the senescence process in COPD was further 

demonstrated by the ability of its knockdown to delay cell senescence in primary cultured 

cells from patients with COPD, independently of the pathologic environment. We previously 

showed that cells from patients with COPD, compared to control cells, were characterized by 

a marked reduction in their PDL and by the release of various inflammatory factors and 

cytokines as part of the SASP [6, 7]. We show here that PLA2R1 inactivation not only 

markedly improved the PDL, but also completely suppressed the SASP. 

An interesting point is that PLA2R1 knockdown was almost as potent as p53 

neutralization in inhibiting cell senescence and suppressing the SASP in cells from patients 

with COPD. That cell senescence was p53-dependent in COPD was not surprising, given 

that DNA damage and telomere dysfunction, both of which engage the p53 pathway, are 

among the main processes responsible for cell senescence in COPD [8, 26, 27]. Moreover, 

our previous studies suggest that p53 may be downstream of PLA2R1 [16]. Previous studies 

from our groups also showed that PLA2R1 activated the JAK2 pathway and that this 

activation mediated at least part of the prosenescent effect of PLA2R1 [19]. Indeed, we 

showed that inhibition of JAK/STAT signaling by genetic or pharmacological tools reverted 

PLA2R1 effects [19], whereas inhibition by ruxolitinib phenocopied PLA2R1 loss, delaying 

senescence and improving premature aging [22, 23]. Our present results are consistent with 

this finding since lungs from patients with COPD that stained for PLA2R1 also stained 

strongly for JAK2 and p-STAT3. A JAK-STAT increase was previously reported in lungs 

from patients with COPD, although its role was not investigated [28]. The JAK2 pathway 

has been associated with oncogenic effects, but its potential pathogenic role in COPD 

remained unclear. Here, we found that cells transduced with the PLA2R1 gene and 



 

undergoing senescence became positive for Phospho-JAK2 and phospho-STAT3. Moreover, 

pharmacological inhibition of JAK2 with ruxolitinib fully reversed the induction of cell 

senescence induced by in vitro PLA2R1 transduction. These results indicate that one major 

mechanism responsible for JAK/STAT activation in COPD is linked to the senescence 

process driven by PLA2R1.  

Previous studies established that JAK activation mediated the SASP in senescent 

cells from adipose tissue during aging [29]. JAK1/2 inhibitors reduced inflammation and 

alleviated frailty in aged mice [29]. Similarly, our results support a major effect of the 

JAK/STAT pathway in promoting the SASP in senescent cells. Moreover, ruxolitinib 

treatment reversed PLA2R1-induced cell senescence and slightly but significantly delayed 

the onset of cell senescence in cells from patients with COPD. It is unlikely that the ability of 

ruxolitinib to decrease cell senescence was due to inhibition of the SASP. Indeed, in 

previous work by our groups, selectively suppressing the inflammatory arm of the SASP, for 

instance via NF-B inactivation, did not affect lung-cell senescence in COPD [7]. Our 

results thus indicate that the JAK2 pathway mediates part of the prosenescent effects of 

PLA2R1 in COPD, with prominent blunting of the SASP by inhibition of the pathway. 

However, it is likely that not all the effects of PLA2R1 are mediated via JAK/STAT and also 

that some of the effects of JAK/STAT inhibition on cell senescence may rely on mechanisms 

beyond PLA2R1 activation. 

To assess whether PLA2R1-induced cell senescence played a causal role in COPD, 

we developed mice overexpressing PLA2R1. Although these mice had an apparently normal 

phenotype, they developed major lung alterations consisting in emphysema and fibrotic 

lesions at a young age, concomitantly with the accumulation of senescent lung cells stained 

for both p16 and PLA2R1, increased expression of lung JAK/STAT target genes, and 

increased expression of SASP members. These mice also developed pulmonary 



 

hypertension, a finding consistent with the reported association between pulmonary 

hypertension and the development of lung emphysema in mouse models [30]. Taken 

together, these results in mice show that, even in young mice, PLA2R1 pathway activation is 

sufficient to drive cell senescence with the concomitant development of lung emphysema 

and fibrosis. These findings are consistent with recent evidence of a pathogenic role for 

senescent cells in a murine lung-fibrosis model [31] and with the accumulation of senescent 

cells in lungs from patients with idiopathic lung fibrosis [32, 33]. The pathogenic role for 

lung-cell senescence in mediating either lung fibrosis or lung emphysema is further 

illustrated by reports of lung fibrosis, lung emphysema, or both in individuals carrying a 

mutation in the telomerase TERT gene [14, 34]. The mechanisms that may favor 

development of lung emphysema, lung fibrosis, or both in response to cell senescence, still 

remain unclarified although it is likely that different senescent cell types drive these different 

phenotypes. Consistent with this, we found that mice injected intratracheally with a lentiviral 

vector encoding PLA2R1 rapidly developed severe lung emphysema and some degree of 

pulmonary hypertension, but without significant lung fibrosis. It is therefore possible that the 

relatively small number of transduced cells, although sufficient to induce lung emphysema, 

was probably insufficient to induce lung fibrosis as seen with PLA2R1-TG mice.   

In the PLA2R1- TG mouse model, short-term ruxolitinib treatment markedly 

diminished the lung fibrotic and emphysema lesions, the lung p16 levels, SASP members, 

and JAK/STAT downstream gene expression. Moreover, in mice injected intratracheally 

with the LV-PLA2R1 vector, ruxolitinib treatment started at the time of lentiviral 

administration prevented lung-cell senescence and lung emphysema development. These 

results are consistent with an inhibitory effect of ruxolitinib on PLA2R1-induced lung-cell 

senescence, either by a direct effect or by an effect mediated by inhibition of the SASP. 

Inhibitors of the JAK/STAT pathways may have complex actions since they have also been 



 

shown to inhibit TGF- signaling in lung cells. Our results therefore do not allow to draw 

definitive conclusions about the mechanism of action of ruxolitinib, and further studies are 

needed to assess the potential protective effects of this drug on lung alterations in other 

models.    

Taken together, our findings support a causal role for PLA2R1 activation-induced cell 

senescence in lung pathology and support the view that targeting the PLA2R1-JAK2 

pathway represents a therapeutic option for inhibiting cell senescence or eliminating the SASP in 

patients with COPD. In contrast to interventions targeting major senescence pathways such 

as the p53 pathway, targeting PLA2R1 and/or the JAK pathway should not drastically 

impact tumor development. Anti-JAK agents are currently used to treat cancer and were 

recently found to reprogram the SASP in senescent tumor cells, an effect that contributes to 

improve their antitumor effect. Further studies are needed to evaluate the potential of this 

approach as a new therapeutic option in COPD.  
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Figure legends 

 

Figure 1: Analysis of lung samples from patients with COPD and controls. (a) Protein 

levels of PLA2R1, p21 and p16 measured in the lungs of 23 patients with COPD and 23 

controls. Graphs represent individual values with the mean; representative immunoblots are 

shown on the right. *P<0.05, **P<0.01 compared with values from controls by two-tailed 

unpaired Student’s t test. (b) From left to right, representative micrographs of lung tissue 

from patients with COPD and controls showing immunofluorescence of PLA2R1 (white) in 

endothelial cells identified by CD31 (red), pulmonary artery smooth muscle cells identified 

by α-SMA (red), and alveolar type II cells identified by MUC1 (red). Elastin 

autofluorescence (green). Nuclei were labeled with DAPI (blue). (c) Representative 

micrographs of PLA2R1-positive vascular cells and alveolar epithelial type II cells also 

stained for p16.  

 

Figure 2:  Co-localization of PLA2R1 and DNA damage markers in lung from patients 

with COPD and controls. (a) Representative micrographs of PLA2R1-positive alveolar 

epithelial type II cells (left panel) and vascular cells (right panel) also stained for 53BP1 

(red). (b) Similar representation showing PLA2R1-positive cells also stained for p-gH2AX 

(red). The zoom areas are indicated by squares.  

 

Figure 3: Analysis of primary PA-SMCs (a) and P-ECs (b) isolated from pulmonary 

arteries of patients with COPD and controls. From left to right, cumulative PDL, 

percentage of β-Gal-positive cells, and PLA2R1 mRNA levels shown at the corresponding 

cell passage in cultured (a) PA-SMCs (n=7 in each group) and (b) P-ECs (n=8 in each 

group) from patients with COPD and controls. Values are means±SEM or individual values 



 

with the mean. *P<0.05, ***P<0.001 vs. control cells, two-way ANOVA with Bonferroni’s 

multiple comparisons test. Representative photographs of cultured β-Gal-stained PA-SMCs 

(a) and P-ECs (b) at the indicated cell passages.  

 

Figure 4: Effect of PLA2R1 knockdown on senescence of PA-SMCs from patients with 

COPD and controls. Cells were infected with a retroviral vector encoding an shRNA that 

targeted PLA2R1 (shPLA2R1) or with a control vector (shControl) then subjected to 

successive cell passages. (a) Graphs showing the mean±SEM of PDL at successive cell 

passages of PA-SMCs from 10 controls and 6 patients with COPD. PDLs at passage 6 are 

shown as individual values with the mean. (b) Graph showing the percentage of β-Gal-

positive cells at passage 6, with representative photographs of β-Gal stained cells. (c) Graphs 

showing the cell protein levels of p16 and p21 (individual values with the mean) with 

representative immunoblots in PA-SMCs from 7 controls and 5 COPD patients at passage 6. 

a, b, c, **P<0.01, ***P<0.001, two-way ANOVA with Bonferroni’s multiple comparisons 

test (d) Protein levels of IL-8, IL-6, and PAI-1 in PA-SMC-conditioned media at passage 6. 

Data are shown as median (interquartile range) of 5 (COPD patients) to 10 (controls) values 

per group. Bars represent extreme values. *P<0.05, Kruskal-Wallis and Dunn tests.  

 

Figure 5: Effect of ectopic PLA2R1 expression on senescence of PA-SMCs treated with 

the JAK1/2 inhibitor ruxolitinib or its vehicle. PA-SMCs were infected with a retrovirus 

encoding the human PLA2R1 gene (PLA2R1 virus) or with a control vector then subjected to 

successive passages in the presence of ruxolitinib (0.5 µM) or its vehicle. (a) Representative 

micrographs of cells co-stained for PLA2R1 (red) and for phosphorylated JAK2 (p-JAK2) or 

STAT3 (p-STAT3) (green). (b) Cells stained for PLA2R1 (red) were positive for p16 and 

negative for PCNA (yellow) when treated with the vehicle but not when treated with 



 

ruxolitinib. (c) Graphs showing the mean±SEM of cumulative PDLs of cells infected with 

the Control vector or with the PLA2R1 virus and treated with vehicle or ruxolitinib (0.5µM) 

n=5 in each group. Graph showing the percentage of β-Gal-positive cells at passage 8, with 

representative photographs of β-Gal stained cells (right panel). 
#P<0.05, 

##P<0.01 

comparaison values from vehicle vs ruxolitinib, *P<0.05, **P<0.01 comparaison values 

from Control vector vs PLA2R1 virus, one-tailed Student’s paired t-test. (d) Protein levels of 

IL-8, IL-6, and PAI-1 in conditioned media from the indicated cultures at passage 8. Data are 

shown as median (interquartile range) of 5 values per group. Bars represent extreme values. 

*P<0.05, Kruskal-Wallis followed by Wilcoxon test.  

 

Figure 6: Effects of treatment with ruxolitinib on senescence of cultured PA-SMCs 

from patients with COPD and controls. (a) Representative micrographs of lung tissue 

from patients with COPD and controls showing immunofluorescent of JAK2 (red) and 

PLA2R1 (white) in pulmonary vessels and alveoli. Elastin autofluorescence (green). Nuclei 

were labeled with DAPI (blue). (b) Representative micrographs showing phospho-STAT3 

positive cells (brown) in vessels and alveoli. (c) Effect of continuous ruxolitinib treatment on 

senescence of PA-SMCs from patients with COPD (n=8) and controls (n=5) as assessed by 

the number of PDLs and the percentage of β-Gal-positive cells at passage 6. Typical cells 

stained for β-Gal are shown on the right. *P<0.05, **P<0.01, ***P<0.001, two-way 

ANOVA with Bonferroni’s multiple comparisons test. (d) Protein levels of IL-8, IL-6, and 

PAI-1 in conditioned media of cells from patients with COPD and controls treated with 

ruxolitinib or its vehicle. Data are shown as the median (interquartile range) of 5 values per 

group. Bars represent extreme values. **P<0.01, ***P<0.001 compared with control, two-

tailed Mann Whitney test.  

 



 

Figure 7: Lung characteristics of transgenic mice constitutively expressing the human 

PLA2R1 gene (PLA2R1-TG) and their littermates (NTG) subjected to 15 days of 

ruxolitinib treatment. (a) Lung protein levels of PLA2R1 and p16 in PLA2R1-TG (n=16) 

and NTG (n=15) mice treated with ruxolitinib (75 mg/kg/day) or its vehicle, with their 

representative immunoblots below. Representative micrographs of lung tissue from PLA2R1-

TG and NTG showing co-localization of PLA2R1 (white) and p16 (red) in pulmonary 

vessels and alveoli shown on the right (b) Lung mRNA levels of the JAK2 signaling target 

genes Tap1, Socs1, and Irf7 in each condition. (c) Lung emphysema as assessed by 

measurement of the mean linear intercept (MLI) and (d) lung fibrosis as assessed by the 

modified Ashcroft score. Representative images of lungs from the four groups of mice 

stained with Masson’s trichrome (top and middle panels, in blue) and with Sirius Red 

(bottom panel, in red). (e) Lung mRNA levels of collagens 1A1 and A2 (Col1A1, Col1A2), 

collagen 3A1 (Col3A1), actin alpha 2 (ACTA2), and fibronectin and (f) lung protein levels 

of IL-6,, MCP-1, IL-1β and PAI-1. *P<0.05, **P<0.01 ***P<0.001. Two-way ANOVA 

with Bonferroni’s multiple comparisons test.  

 

Figure 8: Lung characteristics of mice subjected to intratracheal injection of a 

lentivirus encoding murine Pla2r1 gene (LV-PLA2R1) and concomitantly treated with 

ruxolitinib. Mice treated with the LV-PLA2R1 or a control vector (LV-ncRNA) and 

simultaneously treated with ruxolitinib (75 mg/kg/day) or vehicle were studied 30 days after 

the injection. (a) Representative micrographs showing PLA2R1 immunofluorescence (red) in 

mouse lung sections. (b) Lung mRNA levels of PLA2R1 and of the JAK2 signaling target 

genes Tap1, Socs1, and Irf7. (c) Lung protein levels of p21 and p16 with representative 

immunoblots in the indicated groups (d) Lung emphysema as assessed by measurement of 

the mean linear intercept (MLI) in hematoxylin and eosin-stained lung sections. *P<0.05, 



 

**P<0.01 ***P<0.001. Student’s t-test; two-way ANOVA with Bonferroni’s multiple 

comparisons test.  

 

  

Online supplementary figures 

 

Supplemental Figure 1: Distribution of PLA2R1 immunofluorescence activity in lungs 

from patients with COPD and controls. Representative micrographs of lung tissue from 3 

patients with COPD and 3 controls showing PLA2R1 expression (white), and merge with 

elastin autofluorescence (green) and nuclear DAPI staining (blue). The zoom area is 

indicated by a square.  

  

Supplemental Figure 2:  PLA2R1 mRNA levels measured in cells stably infected with the 

shPLA2R1-encoding retroviral vector, compared to cells infected with the control vector. 

***P<0.001 for comparison between groups, Student’s t-test  

 

Supplemental Figure 3: Comparison between inactivation of PLA2R1 and p53 in cells 

from patients with COPD and controls. Cells from patients with COPD (n=5) and controls 

(n=5) were infected either with a retroviral vector encoding an shRNA that targeted PLA2R1 

(shPLA2R1) or p53 (shp53) or with a control vector encoding a scramble sequence 

(shControl). The cells were then subjected to successive passages. (a, b) Graphs showing 

cumulative numbers of PDLs, percentage of β-Gal-positive cells, and p16 and p21 protein 

levels as assessed by Western blotting, all determined at passage 6 are shown as individual 

values with the mean. Representative immunoblots are shown on the right. *P<0.05, 

**P<0.01, ***P<0.001 vs. shControl, two-way ANOVA with Bonferroni’s multiple 



 

comparisons test. (c) Protein levels of IL-8, IL-6, and PAI-1 in PA-SMC-conditioned media 

at passage 6. Data are shown as median (interquartile range) of 5 values per group. Bars 

represent extreme values. There were no significant differences between values recorded in 

cells treated with the shPLA2R1 or the shp53 vectors. *P<0.05, **P<0.01 vs. shControl one-

tailed Mann Whitney test.  

 

Supplemental Figure 4: Lung vimentin and fibroblast-specific protein (FSP) 

immunostaining in PLA2R1TG mice and littermate controls subjected to 15 days of 

treatment with ruxolitinib or vehicle. (a) Representative micrographs showing lung 

sections stained for vimentin (red), a lung alveolar fibroblast 

t marker, in PLA2R1-TG and control mice treated with ruxolitinib or vehicle. Elastin 

autofluorescence (green); the nuclei were stained with DAPI (blue). (b) Representative 

micrographs showing lung sections stained for fibroblast-specific protein (FSP, brown), a 

lung alveolar fibroblast marker, in the same groups of mice.  

 

Supplemental Figure 5: Pulmonary hemodynamic parameters in PLA2R1TG and 

littermate control (NTG) mice subjected to 15 days of treatment with ruxolitinib or 

vehicle. (a) Right ventricular systolic pressure (RVSP) (b) Right ventricular hypertrophy 

index (Fulton’s index) (c) Muscularization of pulmonary vessels (percent of muscularized 

vessels over the total number of pulmonary vessels) and representative images of pulmonary 

vessels. Graphs represent individual values with the mean±SEM. **P<0.01, ***P<0.001 for 

comparisons between groups as indicated. Unpaired Student’s t-test and two-way ANOVA 

with Bonferroni’s multiple comparisons test.  

 

Supplemental figure 6. Identification of lentivirus-transduced cells in the mouse lung.   



 

A lentiviral vector encoding the mCherry gene under the control of the CMV promoter (LV-

mCherry) was injected intratracheally to mice (109 TU/ml diluted in DPBS with 5% of 

Lipofectamine 2000) in comparison with vehicle (DPBS with 5% of Lipofectamine 2000). , 

Mice were sacrificed on day 9 post-infection, and lung cryosections were assessed by 

fluorescence microscopy for mCherry reporter gene expression. Green – elastin 

autofluorescence, nuclei were stained with DAPI (blue). Bar – 50µm. 

 

Supplemental Figure 7: Pulmonary hemodynamic parameters in mice subjected to an 

intratracheal injection of a lentivirus encoding the mouse Pla2r1 gene (LV-PLA2R1) 

and concomitantly treated with ruxolitinib. Mice treated with the LV-PLA2R1 or a 

control vector (LV-ncRNA) and simultaneously treated with ruxolitinib (75 mg/kg/day) or 

vehicle were studied 30 days after the injection. (a) Lung mRNA level of p21 (b) Right 

ventricular systolic pressure (RVSP) (c) Right ventricular hypertrophy index (Fulton’s 

index) (d) Muscularization of pulmonary vessels (percent of muscularized vessels over the 

total number of pulmonary vessels) and representative images of pulmonary vessels. Graphs 

represent individual values with the mean±SEM. **P<0.01, ***P<0.001 for comparisons 

between groups as indicated. Student’s t-test and two-way ANOVA with Bonferroni’s 

multiple comparisons test.  

 

 

Supplementary Tables 

 

Supplemental Tables S1 and S2: Clinical features and pathological variables of patients 

with COPD and control smokers. Table S1 describes all patients and controls from whom 



 

lung samples were obtained. Cells were collected from a subset of 8 patients and 10 controls, 

whose characteristics are described in Table S2. 

Abbreviations: FEV1, forced expiratory volume in 1 second; FEV1%, percentage of the 

predicted FEV1 value; FVC, forced vital capacity; FVC%, percentage of the predicted FVC 

value.  

 

Supplemental Table S3: TaqMan Gene Expression assays  
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Figure 1: Analysis of lung samples from patients with COPD and controls

(a) Protein levels of PLA2R1, p21 and p16 measured in the lungs of 23 patients with COPD and 23 controls. Graphs represent

individual values with the mean; representative immunoblots are shown on the right. *P<0.05, **P<0.01 compared with values

from controls by two-tailed unpaired Student’s t test. (b) From left to right, representative micrographs of lung tissue from patients

with COPD and controls showing immunofluorescence of PLA2R1 (white) in endothelial cells identified by CD31 (red), pulmonary

artery smooth muscle cells identified by α-SMA (red), and alveolar type II cells identified by MUC1 (red). Elastin autofluorescence

(green). Nuclei were labeled with DAPI (blue). (c) Representative micrographs of PLA2R1-positive vascular cells and alveolar

epithelial type II cells also stained for p16.
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Figure 2. Co-localization of PLA2R1 and DNA damage markers in lung from patients with COPD and controls

(a) Representative micrographs of PLA2R1-positive alveolar epithelial type II cells (left panel) and vascular cells (right panel)

also stained for 53BP1 (red). (b) Similar representation showing PLA2R1-positive cells also stained for p-gH2AX (red). The

zoom areas are indicated by squares.
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Figure 3: Analysis of primary PA-SMCs (a) and P-ECs (b) isolated from pulmonary arteries of patients with COPD and

controls

From left to right, cumulative PDL, percentage of β-Gal-positive cells, and PLA2R1 mRNA levels shown at the corresponding cell

passage in cultured (a) PA-SMCs (n=7 in each group) and (b) P-ECs (n=8 in each group) from patients with COPD and controls.

Values are means±SEM or individual values with the mean. *P<0.05, ***P<0.001 vs. control cells, two-way ANOVA with

Bonferroni’s multiple comparisons test. Representative photographs of cultured β-Gal-stained PA-SMCs (a) and P-ECs (b) at the

indicated cell passages.
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Figure 4: Effect of PLA2R1 knockdown on senescence of PA-SMCs from patients with COPD and controls

Cells were infected with a retroviral vector encoding an shRNA that targeted PLA2R1 (shPLA2R1) or with a control vector

(shControl) then subjected to successive cell passages. (a) Graphs showing the mean±SEM of PDL at successive cell passages of

PA-SMCs from 10 controls and 6 patients with COPD. PDLs at passage 6 are shown as individual values with the mean. (b) Graph

showing the percentage of β-Gal-positive cells at passage 6, with representative photographs of β-Gal stained cells. (c) Graphs

showing the cell protein levels of p16 and p21 (individual values with the mean) with representative immunoblots in PA-SMCs from

7 controls and 5 COPD patients at passage 6. a, b, c, **P<0.01, ***P<0.001, two-way ANOVA with Bonferroni’s multiple

comparisons test (d) Protein levels of IL-8, IL-6, and PAI-1 in PA-SMC-conditioned media at passage 6. Data are shown as median

(interquartile range) of 5 (COPD patients) to 10 (controls) values per group. Bars represent extreme values. *P<0.05, Kruskal-Wallis

and Dunn tests.
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Figure 6: Effects of treatment with ruxolitinib on senescence of cultured PA-SMCs from patients with COPD and controls

(a) Representative micrographs of lung tissue from patients with COPD and controls showing immunofluorescent of JAK2 (red) and

PLA2R1 (white) in pulmonary vessels and alveoli. Elastin autofluorescence (green). Nuclei were labeled with DAPI (blue). (b)

Representative micrographs showing phospho-STAT3 positive cells (brown) in vessels and alveoli. (c) Effect of continuous

ruxolitinib treatment on senescence of PA-SMCs from patients with COPD (n=8) and controls (n=5) as assessed by the number of

PDLs and the percentage of β-Gal-positive cells at passage 6. Typical cells stained for β-Gal are shown on the right. *P<0.05,

**P<0.01, ***P<0.001, two-way ANOVA with Bonferroni’s multiple comparisons test. (d) Protein levels of IL-8, IL-6, and PAI-1 in

conditioned media of cells from patients with COPD and controls treated with ruxolitinib or its vehicle. Data are shown as the median

(interquartile range) of 5 values per group. Bars represent extreme values. **P<0.01, ***P<0.001 compared with control, two-tailed

Mann Whitney test.
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Figure 7: Lung characteristics of transgenic mice constitutively expressing the human PLA2R1 gene (PLA2R1-TG) and

their littermates (NTG) subjected to 15 days of ruxolitinib treatment

(a) Lung protein levels of PLA2R1 and p16 in PLA2R1-TG (n=16) and NTG (n=15) mice treated with ruxolitinib (75 mg/kg/day) or its

vehicle, with their representative immunoblots below. Representative micrographs of lung tissue from PLA2R1-TG and NTG

showing co-localization of PLA2R1 (white) and p16 (red) in pulmonary vessels and alveoli shown on the right (b) Lung mRNA levels

of the JAK2 signaling target genes Tap1, Socs1, and Irf7 in each condition. (c) Lung emphysema as assessed by measurement of

the mean linear intercept (MLI) and (d) lung fibrosis as assessed by the modified Ashcroft score. Representative images of lungs

from the four groups of mice stained with Masson’s trichrome (top and middle panels, in blue) and with Sirius Red (bottom panel, in

red). (e) Lung mRNA levels of collagens 1A1 and A2 (Col1A1, Col1A2), collagen 3A1 (Col3A1), actin alpha 2 (ACTA2), and

fibronectin and (f) lung protein levels of IL-6,, MCP-1, IL-1β and PAI-1. *P<0.05, **P<0.01 ***P<0.001. Two-way ANOVA with

Bonferroni’s multiple comparisons test.
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Figure 8: Lung characteristics of mice subjected to intratracheal injection of a lentivirus encoding murine Pla2r1 gene (LV-

PLA2R1) and concomitantly treated with ruxolitinib.

Mice treated with the LV-PLA2R1 or a control vector (LV-ncRNA) and simultaneously treated with ruxolitinib (75 mg/kg/day) or

vehicle were studied 30 days after the injection. (a) Representative micrographs showing PLA2R1 immunofluorescence (red) in

mouse lung sections. (b) Lung mRNA levels of PLA2R1 and of the JAK2 signaling target genes Tap1, Socs1, and Irf7. (c) Lung

protein levels of p21 and p16 with representative immunoblots in the indicated groups (d) Lung emphysema as assessed by

measurement of the mean linear intercept (MLI) in hematoxylin and eosin-stained lung sections. *P<0.05, **P<0.01 ***P<0.001.

Student’s t-test; two-way ANOVA with Bonferroni’s multiple comparisons test.
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METHODS 

Study design 

The global objectives of the present study were to demonstrate that PLA2R1 is a major 

player in the process of lung-cell senescence in COPD, to assess JAK/STAT inhibition as a 

strategy to counteract PLA2R1 effects on cell senescence, and then to validate these findings 

in preclinical mouse models. To this end, we first assessed PLA2R1 expression in lungs and 

cells from 23 patients with COPD and 23 controls and investigated whether PLA2R1 

colocalized with senescence and DNA-damage markers. We then evaluated the effects of 

PLA2R1 on replicative cell senescence in several cell types -- pulmonary endothelial cells (P-

ECs) and smooth muscle cells (SMCs) -- from 8 patients with COPD and 10 controls. The 

cells were infected either by retroviral vectors encoding PLA2R1, shRNA against PLA2R1, or 

shRNA against p53; or by control vectors. Because we previously demonstrated that the 

prosenescent effects of PLA2R1 involved JAK2, we then tested whether pharmacological 

JAK1/2 inhibition (by ruxolitinib) induced in vitro inhibition of cell senescence and of the 

senescence-associated secretory phenotype (SASP), using cells transduced with the retroviral 

vector encoding PLA2R1 gene. Finally, we assessed the lung phenotypes of mice expressing 

the human PLA2R1 gene (PLA2R1-TG mice) under the control of the CMV promoter (40 

mice) and of mice injected intratracheally with a mouse PLA2R1-encoding lentiviral vector 

(40 mice), with both mouse models being subjected to in vivo ruxolitinib treatment.  

 

Patients and controls 

The study was approved by the institutional review board of the Henri Mondor 

Teaching Hospital, Créteil, France. All patients and controls signed an informed consent 

document before study inclusion. 



 

 

Lung tissue samples were obtained from 46 patients who underwent lung resection 

surgery at the Institut Mutualiste Montsouris, Paris, France. Among them, 23 had COPD and 

23 were control smokers matched to the COPD patients on age and sex (Table 1). Inclusion 

criteria for the patients with COPD were an at least 10 pack-year smoking history and a ratio 

of forced expiratory volume in 1 second (FEV1) over forced vital capacity (FVC) <70%. The 

controls had to have a smoking history greater than 5 pack-years; an FEV1/FVC ratio greater 

than 70%; and no evidence of chronic cardiovascular, hepatic, or renal disease. None of the 

patients had a history of cancer chemotherapy. Lung tissue samples collected during surgery 

were either immediately immersed in DMEM medium then either used for primary cultures of 

pulmonary artery smooth muscle cells (PA-SMCs) and pulmonary artery endothelial cells 

(PA-ECs) or immediately snap-frozen in liquid nitrogen then stored at -80°C until protein 

extraction. In addition, a fragment of lung tissue was fixed in 4% paraformaldehyde aqueous 

solution (Sigma Aldrich, St Louis, MI) and used for paraffin embedding. Cells were cultured 

from a subset of 8 patients and 10 controls.  

 

Mice 

Adult male mice (C57Bl/6j) were used according to institutional guidelines, which 

complied with national and international regulations. All animal experiments were approved 

by the Institutional Animal Care and Use Committee of the French National Institute of 

Health and Medical Research (INSERM)–Unit 955, Créteil, France. To study the effects of 

PLA2R1 overexpression, we generated mice with constitutive expression of the human 

PLA2R1 gene placed under the control of the CMV promoter. Their wild-type littermates 

served as controls (non transgenic mice, NTG). To investigate the effect of lung PLA2R1 

overexpression, mice were injected intratracheally with a lentiviral vector encoding the 

murine PLA2R1 gene under the control of the CMV promoter (LV-PLA2R1, Vector ID: 



 

 

VB180531-1152skr; VectorBuilder Inc., Chicago, IL) or with a control lentiviral non-coding 

RNA expression vector (LV ncRNA, Vector ID: VB180531-1150skr, VectorBuilder Inc.). 

Each mouse was injected with 50 µL of lentivirus solution (10
9
 TU/ml diluted in DPBS with 

5% of Lipofectamine 2000 (Invitrogen, Carlsbad, CA). In preparatory experiments, we 

identified lung lentivirus-transduced cells by using a lentiviral vector encoding the mCherry 

reporter gene under the control of the CMV promoter (LV-mCherry). To assess the in vivo 

effect of the JAK1/2 inhibitor ruxolitinib, mice were treated with 75 mg/kg/day of ruxolitinib 

or vehicle (5% N,N-Dimethylacetamide, 0.5% methyl cellulose from Sigma-Aldrich) given 

by gavage. Ruxolitinib used for the animal studies was purchased from Clinisciences (Med 

Chem Express, Monmouth Junction, NJ). 

 

Animal studies, lung tissue analysis  

Mice were anesthetized with an intraperitoneal injection of ketamine (60 mg/kg) and 

xylazine (10 mg/kg). Right ventricular systolic pressure (RVSP) was measured as described 

previously. The RV was dissected from the left ventricle (LV) plus septum (LV+S), and these 

dissected samples were weighed to determine the Fulton index (RV/ [LV+S]). The right lung 

was quickly removed and divided into two parts, which were immediately snap-frozen in 

liquid nitrogen then stored at -80°C until total RNA and protein extraction for real-time 

quantitative polymerase chain reaction (RT-qPCR), Western blot, and ELISA. The left lungs 

were fixed by intratracheal infusion of 4% paraformaldehyde aqueous solution (Sigma 

Aldrich) at a transpleural pressure of 30 cmH2O and processed for paraffin embedding. For 

morphometry studies, 5 μm-thick sagittal sections along the greatest axis of the left lung were 

cut in a systematic manner and stained with hematoxylin and eosin. Alveolar and vascular 

morphometry studies were performed by an observer blinded to treatment and genotype, as 

described elsewhere.  



 

 

Lung emphysema was assessed on hematoxylin and eosin sections using the mean-

linear-intercept (MLI) method described by Knudsen L et al [1]. Light microscope fields were 

quantified at an overall magnification of 400, using a 42-point and 21-line grid. We examined 

20 fields/animal using a systematic sampling method from a random starting point. To correct 

area values for shrinkage associated with fixation and paraffin processing, we multiplied them 

by 1.22, as calculated during a previous study.  

Lung fibrosis was evidenced on lung sections stained with Masson’s trichrome (HT15-

1KT, Sigma-Aldrich) and quantified on lung sections stained with Sirius Red (Picro Sirius 

Red Stain Kit, ab150681, Abcam, Cambridge, UK) using the modified Ashcroft scale [2]. 

Briefly, the lungs were scanned microscopically with a 20-fold objective, which allowed the 

evaluation of fine structures while also providing a sufficiently broad view. The entire section 

was examined by inspecting each field in a raster pattern. Areas with dominating tracheal or 

bronchial tissue were omitted. The grades were summarized and divided by the number of 

fields to obtain a fibrotic index for the lung. 

For vascular morphometry, each vessel was categorized as non-muscular (no evidence 

of vessel wall muscularization), partially muscular, or fully muscular. The percentage of 

muscular pulmonary vessels was determined by dividing the sum of partially and fully 

muscular vessels by the total number of vessels in the relevant group of animals, as described 

previously [3].  

To measure the release of cytokines IL-6, MCP-1, IL-1β, and PAI-1 from the lung, we 

used the Quantikine ELISA kit (R&D systems, Minneapolis, MN) according to the 

manufacturer’s instructions. 

 

Cultured cells from patients and controls 



 

 

P-ECs and PA-SMCs were collected from the lung samples of 8 patients with COPD 

and 10 controls and cultured as described previously [4, 5]. The cells were then subjected to 

repeated passages to determine their replicative senescence threshold and population doubling 

level (PDL). At each passage, cells at 80%-90% confluence were counted in a hemocytometer 

using trypan blue. The onset of replicative senescence was defined as cessation of cell 

division, labeling for senescence-associated beta-galactosidase, and cell morphology criteria. 

PDL was computed as follows: PDL = (log10Y – log10X)/log102, where X was the initial 

number of seeded cells and Y the final number of cells [5, 6]. 

To assess the effect of JAK/STAT inhibition by ruxolitinib, cells from patients with 

COPD and controls were continuously cultured in medium containing either vehicle or 

ruxolitinib (0.5 µM). The effects of ruxolitinib on cell senescence were evaluated 

comparatively with those of the vehicle. 

We specifically designed experiments to assess the effects of PLA2R1 inhibition on 

replicative cell senescence. Cells from patients with COPD and controls were infected with 

either a retroviral vector encoding short hairpin RNAs targeting PLA2R1 (shPLA2R1) or a 

control vector (shControl), as previously described [7]. We then compared the effects of 

PLA2R1 knockdown to those of the control vector [8]. The infection protocols were designed 

to infect nearly all the cells, as demonstrated by fluorescence observed with a GFP-expressing 

retroviral vector (not shown). 

In further specific experiments, cells from patients were infected with a retroviral vector 

encoding human PLA2R1 (PLA2R1 virus) or with a control vector as previously described [7, 

8]. We then compared the effects of PLA2R1 overexpression to those of the control vector. In 

these experiments, cells were continuously cultured in a medium containing either vehicle or 

the JAK1/2 inhibitor ruxolitinib (0.5 µM).  



 

 

For analysis of cultured cells at early and late passages, cells were placed in reduced 

media containing 0.2% FBS for 24 h for P-ECs or 48 h for PA-SMCs, as previously described 

[4, 5]. Then, the cells were collected for further RNA and proteins analysis and to determine 

the percentage of betagalactose-positive cells. The conditioned media were collected and 

used to quantify IL-8, IL-6, and PAI-1 using Quantikine ELISA kits (R&D systems, 

Minneapolis, MN) according to the manufacturer’s instructions. 

Senescence-associated beta-galactosidase staining 

At each passage, cells at 60% confluence were fixed with 2% formaldehyde and 0.2% 

glutaraldehyde for 10 minutes. Then, the cells were washed with PBS and stained in a titrated 

pH6 solution containing 40 mM citric acid, 150 mM NaCl, 2 mM MgCl2, 5 mM potassium 

ferrocyanide, and 1 mg/mL X-Gal. 

 

Immunofluorescence 

For immunofluorescence, cells were fixed for 10 minutes in methanol. Paraffin-

embedded sections of lung were deparaffinized using xylene and a graded series of ethanol 

dilutions then processed for epitope retrieval using citrate buffer (0.01 M, pH 6; 90°C, 20 

min). For PLA2R1 epitope retrieval, we used NeoUltra retrieval solution (NB-23-00178-4, 

NeoBiotech, Nanterre, France) according to the manufacturer’s instructions. For nuclear 

immunolabeling, tissues were permeabilized with 0.1% Triton X-100 in PBS for 10 minutes. 

Saturation was achieved using Dako antibody diluents with 10% goat serum. For double 

staining, first and second primary antibodies were diluted in Dako antibody diluents with 3% 

goat serum then incubated for 1 hour at 37°C in a humidified chamber. After PBS washes, the 

sections were covered with secondary antibody (mixed with mouse, rabbit, rat, or chicken 

Alexa Fluor
® 

480, Alexa Fluor
® 

555, or Alexa Fluor
® 

660 [Abcam]) for 40 minutes at 37°C in 



 

 

a humidified chamber. After 5 minutes of staining with DAPI, the sections were protected 

with coverslips secured with fluorescent mounting medium. 

Fluorescence was recorded using an Axio Imager M2 imaging microscope (Zeiss, 

Oberkochen, Germany) and analysed on digital photographs using Image J software 

(imagej.nih.gov/ij/).  

 

Immunohistochemistry 

For immunohistochemistry on paraffin-embedded sections, after deparaffinization and 

antigen retrieval, the endogenous peroxidase activity was blocked with 3% H2O2 and 10% 

methanol in PBS for 10 minutes. Permeabilization was done using 0.1% Triton X-100 in PBS 

for 10 minutes. Saturation was achieved by incubation for 30 minutes at 37°C in antibody 

diluent (ref.NB-23-00171-1, NeoBiotech) supplemented with 12% of goat serum. The slides 

were then incubated for 60 minutes at 37°C with primary antibody. The secondary antibody 

consisted of Sav-HRP conjugates. DAB substrate solution was used to reveal the color of the 

antibody staining. Nuclear counterstaining was achieved with methyl green.  

 

Protein extraction and immunoblotting 

Total proteins were extracted using RIPA lysis buffer (10 mM sodium phosphate pH 8, 

150 mM NaCl, 1% sodium deoxycholate, 1% NP40, 0.5% SDS, 1 mM PMSF, 10 mM NaF, 1 

mM sodium orthovanadate, and protease inhibitor cocktail [Roche, Meylan, France]). 

Immunoblots were carried out using the indicated antibodies and detected using an enhanced 

chemiluminescence detection system (GE Healthcare, Little Chalfont, UK). Densitometric 

quantification was normalized for the beta-actin or GAPDH level using GeneTools software 

(Ozyme, Montigny le Bretonneux, France). 

 



 

 

Real-time quantitative PCR (RT-qPCR)  

Total RNA from tissues and cells was extracted with the RNeasy Plus Mini Kit (Qiagen, 

Courtaboeuf, France) according to the manufacturer’s instructions. The RNA concentration 

was assessed using a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Les 

Ulis, France), and RNA integrity was confirmed by electrophoresis. One µg of total RNA was 

used for cDNA synthesis using SuperScript II Reverse Transcriptase (Thermo Fisher 

Scientific). The quantitative PCR was performed in triplicate with TaqMan Probes (TaqMan 

Gene Expression assays, Applied Biosystems, Illkirch, France) and TaqMan Fast Advanced 

Master Mix (Thermo Fisher Scientific) in the QS6, QuantStudio 6 Flex Real-Time PCR 

system (Applied Biosystems, Illkirch, France). All data were analysed using QuantStudio 

Real-Time PCR software (Applied Biosystems). The relative expression level of target genes 

was calculated by the Ct method and normalized to the reference genes 18s and SF3A1.  

The TaqMan Gene Expression assays used for human and mouse cells are described in 

supplemental Table S3. 

 

Materials 

The JAK1/2 inhibitor ruxolitinib used for animal studies was purchased from 

Clinisciences (Med Chem Express).  

The following primary antibodies were used: mouse monoclonal anti-PLA2R1 antibody 

(1:200, ab211490, Abcam); rabbit polyclonal anti-PLA2R1 antibody (1:200, ab194256, 

Abcam); rabbit polyclonal anti-PLA2R1 antibody (1:200, abx129773, ABBEXA); mouse 

monoclonal anti-CDK2A/p16INK4a (p16, ab54210, Abcam), polyclonal rabbit anti-α-smooth 

muscle actin (αSMA) antibody (1:400, ab5694, Abcam), polyclonal rabbit anti-CD31 

(PECAM) antibody (1:20, ab28364, Abcam), monoclonal rabbit anti-MUC1 (1:200, 

ab109185, Abcam antibody); polyclonal rabbit anti-53BP1 antibody (1:200, NB100-304, 



 

 

Novus Biologicals, Littleton, CO); phospho-gamma-H2AX (Ser139) recombinant rabbit 

monoclonal antibody (RM224) (# MA5-33062, RRID AB_2810155, Thermo Fisher 

Scientific); polyclonal mouse anti-proliferating cell nuclear antigen antibody, anti-PCNA 

(1:200, ab29, Abcam); monoclonal mouse anti-JAK1 antibody (1:200; sc-1677, Santa Cruz 

Biotechnology), polyclonal rabbit anti-JAK2 antibody (1:200, sc-294, Santa Cruz 

Biotechnology), goat polyclonal anti-phospho STAT3 (Tyr705) antibody 1:200, sc-7993, 

Santa Cruz Biotechnology); rabbit polyclonal anti-phospho-Jak2 (Tyr1007/1008) antibody 

(1:200, y #3771, Cell Signaling), rabbit anti-vimentin antibody (1:500, ab92547, Abcam), 

rabbit anti-fibroblast-specific protein antibody (1:200, ab27957, Abcam), anti-beta-Actin (β-

Act, A5316, Sigma); GAPDH (sc-25778); anti-CDK2A/p16INK4a (p16, 92803, Cell 

Signaling; p16, PA520379, Thermo Scientific); anti-p21 Waf1/Cip1 (p21, 2946, Cell 

Signaling Technology) 

 

Statistical analysis 

Quantitative variables are expressed as individual values and mean or as median 

(range). Statistical analyses were performed with GraphPad Prism 7 software following the 

guidelines in GraphPad Prism. One-way analysis of variance (ANOVA) or two-way ANOVA 

followed by Bonferroni’s multiple comparisons test were used to compare the means of more 

than two independent groups. Values represented as medians (interquartile range) were 

compared by the nonparametric Kruskal-Wallis test. P values less than 0.05 were considered 

significant. 
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Supplemental Figure 1 

Distribution of PLA2R1 immunofluorescence activity in lungs from patients with COPD and controls 

Representative micrographs of lung tissue from 3 patients with COPD and 3 controls showing PLA2R1 expression (white), and 

merge with elastin autofluorescence (green) and nuclear DAPI staining (blue). The zoom area is indicated by a square.  
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Supplemental Figure 2  
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Supplemental Figure 2:  PLA2R1 mRNA levels measured in cells stably infected with the shPLA2R1-encoding 

retroviral vector, compared to cells infected with the control vector. ***P<0.001 for comparison between groups, 

Student’s t-test 
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Supplemental Figure 3   
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Supplemental Figure 3 

Comparison between inactivation of PLA2R1 and p53 in cells from patients with COPD and controls 

Cells from patients with COPD (n=5) and controls (n=5) were infected either with a retroviral vector encoding an shRNA that 

targeted PLA2R1 (shPLA2R1) or p53 (shp53) or with a control vector encoding a scramble sequence (shControl). The cells were 

then subjected to successive passages. (a, b) Graphs showing cumulative numbers of PDLs, percentage of β-Gal-positive cells, 

and p16 and p21 protein levels as assessed by Western blotting, all determined at passage 6 are shown as individual values with 

the mean. Representative immunoblots are shown on the right. *P<0.05, **P<0.01, ***P<0.001 vs. shControl, two-way ANOVA with 

Bonferroni’s multiple comparisons test. (c) Protein levels of IL-8, IL-6, and PAI-1 in PA-SMC-conditioned media at passage 6. Data 

are shown as median (interquartile range) of 5 values per group. Bars represent extreme values. There were no significant 

differences between values recorded in cells treated with the shPLA2R1 or the shp53 vectors. *P<0.05, **P<0.01 vs. shControl one-

tailed Mann Whitney test. 
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Supplemental Figure 4 

a) 

b) 

vimentin 

elastin 

DAPI 

merge 

NTG  

+ ruxolitinib 

PLA2R1TG  

+ ruxolitinib 

NTG 

+vehicle 

PLA2R1TG 

+vehicle 

50µ 

200µ 

Supplemental Figure 4 

Lung vimentin and fibroblast-specific protein (FSP) immunostaining in PLA2R1TG mice and littermate controls subjected 

to 15 days of treatment with ruxolitinib or vehicle. 

(a) Representative micrographs showing lung sections stained for vimentin (red), a lung alveolar fibroblast marker, in PLA2R1-TG 

and control mice treated with ruxolitinib or vehicle. Elastin autofluorescence (green); the nuclei were stained with DAPI (blue). (b) 

Representative micrographs showing lung sections stained for fibroblast-specific protein (FSP, brown), a lung alveolar fibroblast 

marker, in the same groups of mice.  
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a)   

c) 

Supplemental Figure 5. Pulmonary hemodynamic parameters in PLA2R1TG and littermate control (NTG) mice subjected to 

15 days of treatment with ruxolitinib or vehicle 

(a) Right ventricular systolic pressure (RVSP) (b) Right ventricular hypertrophy index (Fulton’s index) (c) Muscularization of 

pulmonary vessels (percent of muscularized vessels over the total number of pulmonary vessels) and representative images of 

pulmonary vessels. Graphs represent individual values with the mean±SEM. **P<0.01, ***P<0.001 for comparisons between groups 

as indicated. Unpaired Student’s t-test and two-way ANOVA with Bonferroni’s multiple comparisons test. 
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Supplemental figure 6. Identification of lentivirus-transduced cells in the mouse lung.   

A lentiviral vector encoding the mCherry gene under the control of the CMV promoter (LV-mCherry) was 

injected intratracheally to mice (109 TU/ml diluted in DPBS with 5% of Lipofectamine 2000) in comparison 

with vehicle (DPBS with 5% of Lipofectamine 2000). , Mice were sacrificed on day 9 post-infection, and lung 

cryosections were assessed by fluorescence microscopy for mCherry reporter gene expression (red). Green 

– elastin autofluorescence, nuclei were stained with DAPI (blue). Bar – 50µm. 
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Supplemental Figure 6 

Pulmonary hemodynamic parameters in mice subjected to an intratracheal injection of a lentivirus encoding 

the mouse Pla2r1 gene (LV-PLA2R1) and concomitantly treated with ruxolitinib 

Mice treated with the LV-PLA2R1 or a control vector (LV-ncRNA) and simultaneously treated with ruxolitinib (75 

mg/kg/day) or vehicle were studied 30 days after the injection. (a) Lung mRNA level of p21 (b) Right ventricular systolic 

pressure (RVSP) (c) Right ventricular hypertrophy index (Fulton’s index) (d) Muscularization of pulmonary vessels 

(percent of muscularized vessels over the total number of pulmonary vessels) and representative images of pulmonary 

vessels. Graphs represent individual values with the mean±SEM. **P<0.01, ***P<0.001 for comparisons between 

groups as indicated. Student’s t-test and two-way ANOVA with Bonferroni’s multiple comparisons test. 
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Control COPD 

Mean sem Mean sem 

n 10 8 

Age, yr 62,72 ±4,27 64,7 ±2,32 

FEV % 94,38 ±2,73 69,78* ±3,23 

FVC%  101,17 ±1,69 80,67 ±5,97 

FEV/FVC,% 83,85 ±3,30 62,2** ±2,25 

Pack-years 19 ±5,39 52,78* ±6,67 

Table S2 

Control COPD 

Mean sem Mean sem 

n 23 23 

Age, yr 65,17 ±2,60 59,83 ±1,27 

FEV % 92,39 ±2,20 77,78 ±3,43 

FVC% 96,23 ±2,98 88,73 ±5,10 

FEV /FVC, % 82,74 ±1,89 66,05 ±1,13 

Pack-years 25,74 ±4,76 44,76 ±5,23 

Table S1 

Supplemental Tables S1 and S2 

Clinical features and pathological variables of patients with COPD and control smokers. Table S1 describes all patients and controls 

from whom lung samples were obtained. Cells were collected from a subset of 8 patients and 10 controls, whose characteristics are 

described in Table S2. 

Abbreviations: FEV1, forced expiratory volume in 1 second; FEV1%, percentage of the predicted FEV1 value; FVC, forced vital 

capacity; FVC%, percentage of the predicted FVC value. 

 

 



Target Gene Assay ID 

hPLA2R1 Hs01073364_m1 

mPLA2R1 Mm0476896_m1 

p21 Mm04205640_g1 

Tap1  Mm00443188_m1  

SOCS1  Mm00782550_s1  

Irf7  Mm00516793_g1  

Col1a1  Mm00801666_g1  

Col1a2  Mm00483888_m1 

Col3a1  Mm00802300_m1  

Acta2  Mm00725412_s1  

Fibronectin  Mm01256744_m1  

Reference Gene Assay ID 

hSF3A1 Hs01066327_m1  

m18s Mm03928990_g1 

Table S3 : TaqMan Gene Expression assays 


