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Introduction
Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic disease leading to severe alterations in lung func-
tion and gas exchange. The disease is characterized by interstitial expansion of  the extracellular matrix, with 
prominent fibroblastic foci and mild interstitial inflammation. The disease progresses relentlessly, leading to 
death from progressive respiratory failure. The current hypothesis is that IPF is a type of  aberrant and uncon-
trolled wound healing — arising from repeated microinsults of  unknown etiology, to alveolar epithelial cells 
(AECs)  — leading to the recruitment, activation, and proliferation of  mesenchymal cells.

In mammalian tissues, epithelial cell polarity and intercellular adhesion is mediated through the assembly 
of  tight junctions, adherence junctions, and desmosomes. Desmosomes provide strong adhesion between cells 
and are particularly abundant in tissues that are continually subjected to mechanical forces, including heart, 
lung, and epidermis. Desmosomes are composed of  desmosomal cadherins, proteins from the armadillo fam-
ily, and members of  the plakin family (desmoplakin, plectin, periplakin [PPL], envoplakin) (1). PPL acts as a 
cytolinker between intermediate filament scaffolding and the desmosomal plaque. In addition, PPL is capable 
of  interacting with other nondesmosomal proteins at the plasma membrane such as AKT (2), Annexin 9 (3), 
FcγRI (CD64) (4, 5), and melanin concentrating hormone receptor 1 (MCHR1) (6) and modulates their sig-
naling pathway. In the lung, PPL is expressed in both lung proximal and distal airway epithelia (7).

Recent studies support the concept that alterations of  cell junctions may be responsible for loss of  lung 
epithelium integrity, resulting in fibrogenesis. Analysis of  expression profiles in a murine model of  lung 
fibrosis induced by bleomycin showed enrichment in genes associated with cell junction organization and 
cell-substrate junction assembly during both the inflammatory and the fibrotic phases (8). In a genome-
wide association study, Fingerlin et al. identified polymorphisms in the desmoplakin gene, another plakin 
family member, as a potential genetic risk factor in IPF (9, 10). Mechanisms by which cell junctions ensure 
epithelium integrity during fibrogenesis remain poorly understood.

In a previous study, our group identified the presence of  autoantibodies against PPL in the serum and 
the bronchoalveolar lavage fluid (BALF) from approximately 40% of  IPF patients (7). The presence of  
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anti–PPL IgG was associated with increased severity of  IPF. In addition, PPL localization was altered in 
lung AECs from IPF patients. In paraneoplastic pemphigus, an autoimmune disease producing autoanti-
bodies against PPL and envoplakin (11), both bronchial epithelium and alveoli may be affected by the dis-
ease (12). These results suggest that PPL may be a target in lung disease, possibly by altering lung alveolar 
cell adhesion and the integrity of  the alveolar epithelium.

In the present study, we aimed to determine the role of  PPL during lung injury and remodeling in a 
murine model of  lung fibrosis induced by bleomycin. We found that PPL expression was downregulated 
in the whole lung and in AECs after bleomycin-induced injury. Deletion of  Ppl reduced lung fibrosis after 
bleomycin injury by promoting antiinflammatory cytokine expression and profoundly altering cellular sig-
naling in AECs, including STAT3 activation, and TGF-β/smad pathway activation. These results identify 
PPL as a previously unidentified regulator of  the response to injury in the alveolar epithelium.

Results
PPL was downregulated after bleomycin injury. We have previously shown PPL expression in the epithelium 
of  IPF patients (7). Here, we investigated the expression of  PPL in the mouse lung by quantitative PCR 
(qPCR) and Western blot in WT mice in basal condition and 3, 7, and 14 days after intratracheal instilla-
tion of  bleomycin (Figure 1, A and B). At day 3 (D3), there was a significant decrease of  Ppl mRNA levels 
that was sustained at D7 and D14 compared with D0. These results were also observed in PPL protein 
levels by Western blot (Figure 1B). PPL location was assessed by IHC in mouse lungs in basal and 14 days 
after intratracheal instillation of  bleomycin (Figure 1, C–E). In uninjured lung, PPL was detected in the 
alveolar epithelium (Figure 1C). By contrast, on D14, PPL was absent in areas with lung architecture dis-
ruption and remained present in areas with less severe lung injuries (Figure 1D).

To determine the mechanisms involved in the inhibition of  PPL expression in a profibrotic environ-
ment, we cultured murine type 2 epithelial cells (MLE-15 cells) in the presence of  BALF from control or 
IPF patients. Ppl mRNA levels were reduced by 50% in the presence of  IPF BALF, while control BAL had 
no effect (Figure 1F). These data demonstrate that soluble factors present in the alveolar environment in 
the fibrotic lung can regulate PPL expression. We next assessed whether TGF-β1 and PDGF-BB, 2 major 
mediators of  the fibrotic process, act as PPL regulators. Indeed, TGF-β1 and PDGF-BB downregulated Ppl 
mRNA levels in MLE-15 epithelial cells (Figure 1, G and H). Similar results were observed with the treat-
ment of  primary murine type 2 AECs (AEC2) by TGF-β1 (Supplemental Figure 2; supplemental material 
available online with this article; https://doi.org/10.1172/jci.insight.90163DS1). In addition, effects of  
proinflammatory cytokines TNFα and IL-1β on Ppl mRNAs were assessed in AEC2. Ppl mRNA levels 
decreased in response to TNFα and IL-1β in AECs (Supplemental Figure 2, D and E). These results indi-
cate that lung injury is associated with a sustained decrease of  PPL expression that is likely coordinated 
through different mediators present in the alveolar milieu during the fibrotic process.

To better understand the mechanisms leading to the reduced expression of  PPL in AECs, we analyzed 
the promoter region of  the mouse Ppl gene in silico. We identified binding regions for Krüppel-like fac-
tor 5 (Klf5) and early growth response gene 2 (Egr2). We therefore examined the expression of  Klf5 and 
Egr2 mRNA in vitro and in vivo. In vitro in primary lung epithelial cells (Figure 2A) and in MLE-15 cells 
(Supplemental Figure 3A), Klf5 mRNA levels were markedly reduced in the presence of  IPF BALF, while 
control BAL had no effect. By contrast, Egr2 was significantly induced in response to IPF BALF (Figure 2B 
and Supplemental Figure 3B). Likewise, we assessed Klf5 and Egr2 expression in both lung primary epithe-
lial cells and MLE-15 cells in response to TGF-β1. Similarly to IPF BALF, TGF-β1 decreased Klf5 mRNA 
expression and increased Egr2 mRNA expression (Figure 2, A and B and Supplemental Figure 3, A and 
B). In vivo, Klf5 mRNA is decreased as early as 3 days after bleomycin challenge, and that inhibition was 
maintained until D14 (Figure 2C). In contrast, Egr2 mRNA expression was markedly increased 7 days after 
bleomycin injury and further increased at D14 (Figure 2D). To demonstrate the role of  these transcription 
factors in the regulation of  Ppl, KLF5 and EGR2 were overexpressed in MLE-15 cells. KLF5 increased Ppl 
mRNA (Figure 2E), while EGR2 decreased Ppl expression (Figure 2F).

Ppl–/– mice were protected from bleomycin injury. To determine whether inhibition of  PPL expression 
observed in the bleomycin-induced fibrosis played a role in the pathophysiology of  the fibrotic process, we 
used Ppl–/– mice. These mice develop normally and are healthy and fertile at baseline, with normal lung 
morphology, suggesting that PPL does not play a critical role in pulmonary homeostasis in the postnatal 
lung under normal conditions (13).
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In order to assess the role of  PPL during lung injury and repair, we treated Ppl+/+ and Ppl–/– mice 
with intratracheal instillation of  bleomycin. The overall health and survival was monitored, and individual 
weights within each group were measured. In the control groups (saline-treated mice), survival rate and 
body weight were similar in Ppl+/+ and Ppl–/– mice. Most importantly, bleomycin-treated Ppl–/– mice had an 
improved survival compared with Ppl+/+ mice (Figure 3A). This result was supported by rapid weight loss 
that began on D4 after bleomycin treatment for Ppl+/+, whereas weight loss in Ppl–/– mice was delayed and 
less severe (Supplemental Figure 4A). No histological differences were observed between Ppl+/+ and Ppl–/– 
mice at baseline (D0, Figure 3, B, C, G, and H). In contrast, on D14, while lungs from bleomycin-treated 
Ppl+/+ mice had extensive disruption of  lung architecture, Ppl–/– mouse lungs showed less severe lung injury 
(Figure 3, D and E, and Supplemental Figure 4K). Type 1 and type 3 collagen depositions were less exten-
sive in Ppl–/– mice compared with Ppl+/+ mice (Figure 3, I and J, and Supplemental Figure 4, B–E). These 
results were confirmed by biochemical quantification (Sircol assay) in lung homogenates of  each experi-
mental group (Figure 3F). Similarly, collagen and fibronectin content were reduced in Ppl–/– mice compared 

Figure 1. Expression of PPL is decreased after lung injury. (A) qPCR was performed to estimate Ppl mRNA in whole-lung homogenate from Ppl+/+ mice 
at indicated time points after bleomycin instillation and normalized to B2m mRNA. Results are expressed as means ± SEM of 5 animals per group. 
(B) Immunoblotting for PPL was performed on Ppl+/+ lungs on D0, D3, D7, and D14 after bleomycin instillation. Western blot analysis demonstrated a 
marked decrease in PPL protein in Ppl+/+ lungs compared with D0. IHC for PPL (black staining) was performed on mouse lungs on D0 (C) and D14 (D) after 
bleomycin instillation. Arrows indicate PPL staining in lung AECs. Goat isotype is shown in E. (F) MLE-15 cells were exposed to either saline (0.9% NaCl), 
or BALF from control (Ctrl) or (IPF) human patient for 24 hours. Ppl mRNAs were assessed by qPCR and normalized to the β2-microglobulin (B2m) gene. n 
= 5. (G) MLE-15 cells were exposed to either hTGF-β1 (G) or hPDGF-BB (H) for 24 and 48 hours. Ppl mRNAs were assessed by qPCR and normalized to the 
β2-microglobulin (B2m) gene. n = 5. *P < 0.05; **P < 0.01, Mann Whitney U test. Magnification ×40.
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with Ppl+/+ mice, as assessed by Western blot (Figure 3K). Histological findings were consistent with Fn1 
and Col3a1 mRNA levels, both being significantly less induced by bleomycin in Ppl–/– mice compared with 
Ppl+/+ mice (Supplemental Figure 4, F–J). Altogether, these data demonstrate that PPL deletion protected 
mice from bleomycin-induced pulmonary fibrosis.

To determine whether PPL deletion could protect mice from lung fibrosis in a noninflammatory con-
text, Ppl+/+ and Ppl–/– mice received an intratracheal instillation of  control or TGF-β1–expressing adeno-
virus (Ad-Ctrl and Ad–TGF-β1, respectively). In both Ad-Ctrl and Ad–TGF-β1 groups, survival rate and 
body weight were similar in Ppl+/+ and Ppl–/– mice. No histological differences were observed between Ppl+/+ 
and Ppl–/– mice receiving Ad-Ctrl (Figure 4, A and B). By contrast, on D28, while lungs from Ad–TGF-β1–
treated Ppl+/+ mice showed fibroblastic foci in interstitial areas (Figure 4C), lung fibrosis was markedly 
reduced in Ppl–/– mice (Figure 4D). These results were confirmed by Sircol assay in lung homogenates of  
each experimental group (Figure 4E). In addition, mRNA levels of  Col1a1, Col3a1, and Fn1 were signifi-
cantly reduced in Ppl–/– lungs treated by Ad–TGF-β1 (Figure 4F). Altogether, these data demonstrate that 
PPL deletion also protected mice from Ad–TGF-β1–induced pulmonary fibrosis.

TGF-β/Smad signaling was altered in Ppl–/– mice. TGF-β1 is a profibrotic factor overexpressed after bleo-
mycin-induced injury. While Tgfb1 mRNA levels were increased in response to bleomycin treatment in each 
mouse group, Tgfb1 mRNA level was significantly less in Ppl–/– mice compared with Ppl+/+ mice 14 days after 
intratracheal bleomycin (Figure 5A). Free TGF-β1 protein levels were markedly reduced in both BAL and 
lung homogenate from Ppl–/– mice compared with Ppl+/+ mice after bleomycin treatment (Figure 5, B and C).

Activation of  the TGF-β/Smad signaling pathway is a major profibrotic event in lung fibrosis, par-
ticularly after bleomycin injury (14). To determine whether the TGF-β/Smad pathway was altered in 
the absence of  PPL, we assessed Smad2 activation and Smad4 expression in the lung by Western blot. 

Figure 2. Klf5 and Egr2 regulate Ppl gene transcription. MLE-15 cells were exposed to either BALF from control (Ctrl) or (IPF) human patients, or 
saline (0.9% NaCl) or hTGF-β1 for 24 hours and Klf5 (A) and Egr2 (B). mRNAs were assessed by qPCR and normalized to the β2-microglobulin (B2m) 
gene. qPCR was performed to estimate Klf5 (C) and Egr2 (D) mRNA in whole-lung homogenate from Ppl+/+ mice at indicated time points after bleo-
mycin instillation and normalized to B2m mRNA. Results are expressed as means ± SEM of 5 animals per group. Ppl mRNA levels were assessed by 
qPCR and normalized to the B2m gene in MLE-15 cells transfected by plasmids expressing either pCMV-Klf5 (E) or pcDNA3.1-Egr2 (F) for 24 and 48 
hours. n = 5. **P < 0.01; ***P < 0.001, Mann Whitney U test.
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In basal condition, phosphorylated-Smad2/Smad2 (P-Smad2/Smad2) ratio was similar in Ppl–/– and 
Ppl+/+ mice (Figure 5D). In response to bleomycin, the P-Smad2/Smad2 ratio was increased in lung 
tissues from both genotypes, with lower levels detected in Ppl–/– mice, indicating a reduced activation 
of  the canonical TGF-β/Smad pathway in the absence of  PPL (Figure 5D). Smad4 plays a key role in 
Smad signaling by enhancing Smad2 promoter activity (15, 16). Strikingly, immunoblotting showed 
that Smad4 protein expression was severely decreased in Ppl–/– lungs compared with Ppl+/+ lungs in 
both control and bleomycin conditions (Figure 5E). A similar decrease in Smad4 mRNA levels was 
observed in Ppl–/– lungs compared with Ppl+/+ lungs (Figure 5F). These data indicate that the absence 
of  PPL is associated with an inhibition of  bleomycin-induced TGF-β and TGF-β/Smad signaling, 
with a profound inhibition of  Smad4 expression. To determine whether Ppl deficiency alters activation 
of  latent TGF-β1, expression of  both Itgb6 and Itgav was assayed by qPCR in primary lung epithelial 
cells from Ppl–/– and Ppl+/+ in basal conditions and in response to either TGF-β1 or after bleomycin 
exposure. Itgb6 mRNA levels were markedly reduced in Ppl–/– cells at baseline and were felt to be 
induced in response to TGF-β1 or bleomycin compared with Ppl+/+ cells (Figure 5G). By contrast, lung 
epithelial Ppl–/– cells expressed similar levels of  Itgav mRNAs at baseline or in response to treatments 
(Figure 5H). These results indicate that Ppl deficiency alters the TGF-β/Smad signaling through a 
reduction in of  latent TGF-β1 activation.

Figure 3. Ppl–/– mice were protected from bleomycin injury. (A) Kaplan-Meier plot of survival of Ppl+/+ and Ppl–/– mice after bleomycin exposure. Eight-
week-old Ppl+/+ and Ppl–/– mice received an intratracheal instillation of bleomycin or saline (NaCl) at day0. Survival of Ppl–/– mice (n =23) after bleomycin 
was significantly increased compared with controls (n = 40). P < 0.0001 by Log-rank test. (B–E) Lung histology of Ppl+/+ and Ppl–/– mice after bleomycin 
treatment. Lung sections of Ppl+/+ and Ppl–/– mice were prepared at D0, D3, D7, and D14 after bleomycin exposure and stained with H&E to assess lung 
morphology. (F) Soluble collagen content, assessed by Sircol assay in lung homogenates, was decreased in Ppl–/– mice compared with Ppl+/+ mice (n = 10 
mice per group). (G–J) Collagen deposition was assessed by immunostaining for type I collagen (COL1, black staining) on lung sections of Ppl+/+ (G and I) and 
Ppl–/– mice (H and J) prepared at D0 and D14 after bleomycin exposure. The figure is representative of at least 6 individual mice at each time. Magnification 
×20. (K) Immunoblotting for collagen 1 (COL1) and fibronectin (FN) was performed on Ppl+/+ and Ppl–/– lungs on D0, D3, D7, and D14 after bleomycin instil-
lation. Western blot analysis demonstrated a marked decrease in both COL1 and FN proteins in Ppl–/– lungs compared with Ppl+/+. *P < 0.05 vs. (D0, Ppl+/+); 
**P < 0.01 vs. (D0, Ppl+/+); ***P < 0.001 vs. (D0, Ppl+/+); #P < 0.05 vs. (D0, Ppl–/–); ##P < 0.01 vs. (D0, Ppl–/–), Mann Whitney U test.
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αB-crystallin expression was altered in Ppl–/– mice. Recent studies have shown that the small heat shock 
protein αB-crystallin controls the nuclear localization of  Smad4 in AECs and lung fibroblasts, is essen-
tial for the development of  lung fibrosis, and thus is involved in TGF-β signaling (17). We evaluated 
αB-crystallin expression in Ppl–/– and Ppl+/+ mice. In the basal condition, αB-crystallin (Cryab) mRNA 
levels were similar in Ppl–/– and Ppl+/+ mice. In response to bleomycin, Cryab mRNA levels were signifi-
cantly reduced in Ppl–/– mice, compared with Ppl+/+ mice at D7 (Figure 6A). IHC showed that, in normal 
condition, αB-crystallin protein was rarely detected in AECs in both genotypes (Figure 6B). Interestingly, 
αB-crystallin protein location was restricted to the perinuclear area in Ppl–/– lungs, whereas it was mostly 
nuclear in Ppl+/+ mice (Figure 6B). After bleomycin, we observed an increase in αB-crystallin nuclear 
localization in various cell types in Ppl+/+ lungs and, to a lesser extent, in Ppl–/– mice (Figure 6B). To 
determine whether Ppl deletion altered αB-crystallin expression, primary alveolar epithelial type 2 cells 
from Ppl+/+ and Ppl–/– mice were cultured in the absence (Ctrl) or in the presence of  TGF-β1 for 24 hours 
(Figure 6C). At baseline, Cryab mRNA levels were similar in both genotypes. In the presence of  TGF-β1, 
Cryab mRNA levels were markedly increased in Ppl+/+ AEC2s but not in Ppl–/– cells. These data support 
a profound alteration in the TGF-β signaling in AECs in the absence of  PPL, which may contribute sig-
nificantly to the reduced fibrotic process observed in vivo.

Absence of  PPL altered STAT3 activation and promoted Akt activation. Recent data also indicate that 
STAT3 contributes to the development of  lung fibrosis as a regulator of  TGF-β transcriptional activity 
(18). STAT3 and P-STAT3 content in lung homogenates were assessed by Western blot in Ppl+/+ and 
Ppl–/– mice. In normal condition, similar expression of  STAT3 and P-STAT3 was detected in Ppl+/+ 

Figure 4. Lung fibrosis is reduced in Ppl–/– exposed to Ad–TGF-β1. (A–D) Lung histology of Ppl+/+ and Ppl–/– mice after Ad–TGF-β1 exposure. Lung sections of 
Ppl+/+ (A and C) and Ppl–/– (B and D) mice were prepared at D28 after Ad-Ctrl (A and B) or Ad–TGF-β1 (C and D) exposure and stained with H&E to assess lung 
morphology. Magnification ×40. (E) Soluble collagen content, determined by Sircol assay in lung homogenates, was decreased in Ppl–/– mice compared with 
Ppl+/+ mice in response to Ad–TGF-β1 (n = 5 mice per group). (F) qPCR was performed to evaluate Col1a1, Col3a1, and Fn1 mRNAs in whole-lung homogenate 
from Ppl+/+ and Ppl–/– mice after Ad-Ctrl or Ad–TGF-β1 instillation and normalized to B2m mRNA. Results are expressed as means ± SEM of 5 animals per 
group. *P < 0.05 vs. (D0, Ppl+/+); **P < 0.01 vs. (D0, Ppl+/+); #P < 0.05 vs. (D0, Ppl–/–); ##P < 0.01 vs. (D0, Ppl–/–), Mann Whitney U test.
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and Ppl–/– mouse lung (Figure 7A). After bleomycin, P-STAT3 was increased from D3 to D14 in Ppl+/+ 
lungs, whereas only a transient and mild increase on D3 was noted in Ppl–/– lungs (Figure 7A). Immu-
nostaining indicated that P-STAT3 was detected mainly in AECs, with a prominent nuclear staining; 
P-STAT3 immunostaining was decreased in Ppl–/– lungs (Figure 7, B–I). To determine whether Ppl 
deletion altered Stat3 expression, P-STAT3 content was assessed by Western blot in MLE-15 cells 
deleted for the Ppl gene using CRISPR/Cas9 technology and cultured in the absence (Ctrl) or in the 
presence of  TGF-β1 for various times (Figure 7J). At baseline, P-STAT3 was decreased in Ppl–/– MLE-
15 cells. In the presence of  TGF-β1, P-STAT3 levels were markedly increased in Ppl+/+ MLE-15 cells 
but not in Ppl–/– MLE-15 cells. These data indicate that the absence of  PPL is associated with an inhi-
bition of  STAT3 activation, which may have a direct effect on TGF-β expression in this model.

Figure 5. TGF-β signaling was disturbed in Ppl–/– mice. (A) qPCR was performed to evaluate Tgfb1 mRNAs in whole-lung homogenate from Ppl+/+ mice 
after bleomycin instillation and normalized to B2m mRNA. Results are expressed as means ± SEM of 5 animals per group. Free TGF-β1 concentra-
tion was assessed by ELISA in both BALF (B) and lung homogenates (C) of Ppl+/+ and Ppl–/– mice at indicated time points after bleomycin exposure 
in BALF. Data represent means ± SEM. n = 7–9 mice per group. (D) Immunoblotting for Smad2 and P-Smad2 was performed on Ppl+/+ and Ppl–/– lung 
homogenates on D0, D3, D7, and D14 after bleomycin instillation (n = 4). Histograms show a quantitative representation of P-Smad2/Smad2 ratios. (E) 
Immunoblotting for Smad4 was performed on Ppl+/+ and Ppl–/– lung homogenates on D0, D3, D7, and D14 after bleomycin instillation (n = 4). Histograms 
show a quantitative representation of Smad4/TUB ratios. Densitometry results were expressed as arbitrary units. (F) qPCR was performed to evaluate 
Smad4 mRNAs in whole-lung homogenate from Ppl+/+ mice and normalized to B2m mRNA. Results are expressed as means ± SEM of 5 animals per 
group. qPCR was performed to evaluate Itgb6 (G) and Itgav (H) mRNAs in whole-lung homogenate from Ppl+/+ mice and normalized to B2m mRNA. 
Results are expressed as means ± SEM of 5 animals per group. *P < 0.05 vs. (D0, Ppl+/+); **P < 0.01 vs. (D0, Ppl+/+); ***P < 0.001 vs. (D0, Ppl+/+); #P < 
0.05 vs. (D0, Ppl–/–); ###P < 0.001 vs. (D0, Ppl-/-) Mann Whitney U test.
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PPL has been previously shown to interact with and modulate Akt localization and activity (2, 19). We 
measured Akt and P-Akt (S473) expression by Western blot in lung homogenates from naive or bleomycin-
treated Ppl+/+ and Ppl–/– mice. We observed that, in normal condition (D0), P-Akt expression was increased 
in Ppl–/– lungs. After bleomycin, P-Akt expression was further increased in Ppl–/– lungs on D3, compared 
with Ppl+/+ mice (Figure 7K). By D7 and D14, P-Akt levels were similar in both groups.

Deletion of  Ppl promoted an antiinflammatory alveolar environment. To better understand the mechanisms 
involved in reduced fibrosis in the absence of  PPL, we next profiled the inflammatory cell infiltration in 
the lung in Ppl+/+ and Ppl–/– mice after bleomycin treatment (Supplemental Figure 1). Total cell counts were 
similar in Ppl+/+ and Ppl–/– mice after bleomycin treatment (Figure 8A). Flow cytometric analysis showed 
that monocyte and neutrophil recruitment was reduced in Ppl–/– mice compared with Ppl+/+ mice, while 
the resident alveolar macrophage population (CD64+, CD11c+, CD206+) was increased (Figure 8B). No 
change in the inflammatory monocyte population (CD64+, Ly6C+) was observed (Figure 8B). Expression 
of  Arg1 mRNA was reduced in BAL cells from Ppl–/– mice compared with Ppl+/+ mice (Figure 8C). With-
in the resident alveolar macrophage population, a subpopulation of  alternatively activated macrophages, 
characterized by a strong expression of  arginase 1 (Arg1hi cell population) was reduced in Ppl–/– mice after 
bleomycin injury (Figure 8D). Cd206 mRNA levels were similar in both genotypes (Figure 8E).

Next, we investigated the expression of  a panel of  pro- and antiinflammatory mediators in BALF. 
Expression of  CCL21 and CXCL16, two chemokines known to play a role in fibrogenesis (20, 21), 
were significantly reduced in the BALF from Ppl–/– mice as compared with Ppl+/+ mice following bleo-
mycin challenge (Figure 8, F and G). Expression of  other chemokines, including CCL2, CCL8, and 
CCL12, was similar in Ppl+/+ and Ppl–/– mice in normal conditions and after bleomycin challenge 
(Supplemental Figure 5). By contrast, IL-10 and IL-1ra, two antiinflammatory molecules, were readily 
detected in the BALF of  Ppl–/– naive mice, while IL-1ra was reduced and IL-10 was below the limits 
of  detection in Ppl+/+ mice (Figure 8, I and J). After bleomycin treatment, IL-10 was significantly 
increased in the BALF of  Ppl–/– mice compared with Ppl+/+ mice. Interestingly, chemerin, a cytokine 
known to inhibit M2 macrophage polarization (22) and associated with the resolution of  acute inflam-
mation in the lung (23–25), was significantly increased on D3 and D7 in the BALF of  Ppl–/– mice 
compared with Ppl+/+ mice (Figure 8H). Altogether, these data indicate that PPL deletion induced an 

Figure 6. αB-crystallin expression was decreased 
after Ppl deletion. (A) qPCR was performed to esti-
mate Cryab mRNA in whole-lung homogenate from 
Ppl+/+ and Ppl–/– lung homogenates after bleomycin 
instillation and normalized to B2m mRNA. Results 
are expressed as means ± SE of 5 animals per group. 
(B) αB-crystallin expression was assessed by immu-
nostaining in lung sections from Ppl+/+ and Ppl–/– mice 
after bleomycin instillation. This figure is representa-
tive of at least 6 individual mice at each time point. 
Magnification ×40. (C) Cryab mRNA levels were 
estimated by qPCR in primary type 2 AECs from Ppl+/+ 
and Ppl–/– mice in control conditions and in response 
to either bleomycin or TGF-β1 and then normalized to 
B2m mRNA. Results are expressed as means ± SE of 
5 animals per group; Mann Whitney U test. 
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antiinflammatory environment in the lung.
We extended the whole-lung BALF observations and assessed the impact of  the loss of  PPL on AEC 

spontaneous mediator release, with chemerin, IL-10, and IL-1ra being assessed in the supernatant of  primary 
AEC2s from Ppl–/– and Ppl+/+ mice (Figure 9, A–C). Chemerin and IL-10 concentration were increased in 
Ppl–/– supernatants, while IL-1ra concentration was similar in both groups. To confirm these results, mRNA 
levels of  Rarres2, Il10, and Il1ra were assessed by qPCR in MLE-15 cells deleted for the Ppl gene using CRIS-
PR/Cas9 technology (Figure 9, D–F). Rarres2, Il10, and Il1ra mRNAs were increased in Ppl–/– MLE-15 cells 
compared with Ppl+/+ MLE-15 cells. These data indicate that the absence of  PPL disturbs cytokine expression 
in AECs and promotes the expression of  antiinflammatory mediators associated with tissue repair.

Discussion
Our study identifies the regulatory role of  PPL in lung injury and repair. We first demonstrated that PPL 
expression was decreased after bleomycin-induced lung injury through the action of  multiple mediators, 
including TGF-β1, and the coordinated action of  2 transcription factors, Klf5 and Egr2. Deletion of  the 
Ppl gene in mice improved survival and reduced lung fibrosis development after bleomycin-induced injury. 
Notably, Ppl deletion promoted an antiinflammatory alveolar environment linked to profound changes 

Figure 7. Cell signaling was disturbed in Ppl–/– mice. (A) Immunoblotting for STAT3 and P-STAT3 (Tyr705) was performed on Ppl+/+ and Ppl–/– lung homog-
enates at D0, D3, D7, and D14 after bleomycin instillation (n = 4). Histograms show a quantitative representation of P-STAT3/ STAT3 ratios. (B–I) P-STAT3 
expression was assessed by immunostaining in lung sections from Ppl+/+ and Ppl–/– mice after bleomycin instillation. Figure is representative of at least 6 
individual mice at each time. Magnification ×40. (J) Immunoblotting for STAT3 and P-STAT3 (Tyr705) was performed on CRISPR-Cas9 periplakin deleted 
(Ppl–/–) or WT (Ppl+/+) MLE-15 cells exposed to TGF-β1 for 24, 48, or 72 hours. The Western blot is representative for 3 different experiments. Quantitative 
evaluation of the Western blots for each time point is shown. (K) Immunoblotting for AKT and P-AKT (Ser473) was performed on Ppl+/+ and Ppl–/– lung 
homogenates on D0, D3, D7, and D14 after bleomycin instillation (n = 4). Histograms show a quantitative representation of P-Akt/Akt protein ratio.
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in AEC2s, including overexpression of  antiinflammatory cytokines, decreased expression of  profibrotic 
mediators, and altered cell signaling with a reduced response to TGF-β1. Our results point to a role for PPL 
as a controller of  lung inflammation and fibrogenesis and suggest that the early and sustained decrease of  
PPL expression observed during lung injury might be a protective mechanism, allowing for an antiinflam-
matory and prorepair shift in the epithelial cell phenotype.

During the past years, different groups have identified the possible role of  junctional proteins in the 
pathophysiology of  pulmonary fibrosis. In a previous study from our laboratory, Taillé et al. reported that 
PPL was relocated to the apex of  epithelial cells in the remodeled alveolar epithelium cells in IPF patients 
and that PPL was the target of  an autoimmune response (7). Likewise, a genome-wide association study 
associated the desmoplakin gene, another desmosomal protein, with IPF (9). Recently, Mathai et al. identi-
fied desmoplakin sequence variants associated with differential expression of  desmoplakin in the lungs of  

Figure 8. Inflammatory cell recruitment was modified in Ppl–/– mice. (A) Total cell count was determined in BAL from Ppl+/+ and Ppl–/– mice after bleomy-
cin exposure. Changes in BAL cell population for mouse groups are shown. (B) Resident macrophage, monocyte, neutrophil, and inflammatory monocyte 
populations (as defined in Methods) were calculated by flow cytometry for each indicated time point after bleomycin instillation. (C) Arg1 mRNA levels 
were estimated by qPCR in BAL alveolar macrophages from Ppl+/+ and Ppl–/– mice at indicated time points after bleomycin exposure. (D) Percentage of 
Arg1hi expressing cells within the alveolar macrophage population at indicated time points. (E) Cd206 mRNA levels were estimated by qPCR in BAL alveolar 
macrophages from Ppl+/+ and Ppl–/– mice at indicated time points after bleomycin exposure. Proinflammatory CCL21 (F), CXCL16 (G), antiinflammatory 
chemerin (H), IL-10 (I), and IL-1ra (J) cytokine concentration was assessed by ELISA in BALF of Ppl+/+ and Ppl–/– mice at indicated time points after bleomycin 
exposure. Data represent means ± SEM n = 7–9 mice per group. *P < 0.05 vs. (D0, Ppl+/+); **P < 0.01 vs. (D0, Ppl+/+); ***P < 0.001 vs. (D0, Ppl+/+); #P < 0.05 
vs. (D0, Ppl–/–); ##P < 0.01 vs. (D0, Ppl–/–); ###P < 0.001 vs. (D0, Ppl-/-) Mann Whitney U test.
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IPF patients (10). Given the emerging link between desmosomal proteins and IPF, we investigated the 
potential role of  PPL in a murine model of  lung fibrosis induced by bleomycin. We initially hypothesized 
that Ppl–/– mice would present a more severe phenotype following bleomycin, due to a potential loss of  
epithelial integrity and a worsening of  acute lung injury. However, remarkably, Ppl–/– mice had an improved 
survival with reduced subsequent lung fibrosis. Absence of  PPL was not compensated through the altered 
level of  other desmosomal genes or other cell junction components (including envoplakin, desmoplakin, 
involucrin, plectin, and kazrin) (Supplemental Figure 6). These observations suggest that the primary func-
tion of  PPL in the lung is not related to the maintenance of  cell junction but is rather involved in orchestrat-
ing the response to injury. Interestingly, although Ppl–/– mice have a normal dermal layer, mice deficient in 
involucrin, envoplakin, and PPL have a minor defect in epidermal barrier function (26).

To determine the potential signaling pathways associated with PPL and epithelial injury, we profiled the 
promoter region of PPL. Interestingly we identified 2 transcription factors that control PPL expression in the 
lung, Klf5 and Egr2. Klf5 is required for perinatal lung maturation and the expression of many genes essential 
for lung function (27). Inhibition of Klf5 expression has been shown to be a master event in the development of  
skin and lung fibrosis in mice (28). Egr2 is a functionally distinct transcription factor that is both necessary and 
sufficient for TGF-β–induced profibrotic responses, and it is aberrantly expressed in lesional tissue in systemic 
sclerosis and in a murine model of scleroderma (29). Here, we show for the first time to our knowledge that 
TGF-β controls the expression of Ppl through the regulated expression of Klf5 and Egr2. Finally, alveolar type 
2 cells isolated from Ppl–/– mice appeared to be resistant to TGF-β stimulation in vitro. Our results indicate that 
this could be linked to a decreased expression of Smad4, a regulator of the TGF-β canonical pathway, and the 
decreased expression of αB-crystallin, a member of the small heat shock protein family that interacts with inter-
mediate filaments in response to stress (30, 31). In Ppl–/– mice, αB-crystallin expression was reduced, and its 
nuclear localization was delayed. Recently, Bellaye et al. demonstrated that mice deleted for αB-crystallin were 
protected from bleomycin-induced lung fibrosis (17, 32) and that αB-crystallin was capable of interacting with 
Smad4 and facilitated Smad4 nuclear localization and activity. These data suggest that PPL controls the activa-
tion of the TGF-β pathway at different cellular levels, likely through its interaction with intermediate filaments.

The protection against fibrosis development in Ppl–/– mice was associated with a fundamental change 
of  the lung and AEC response to injury, with a blunted inflammatory response, a decrease in inflammatory 
cell recruitment, a change in macrophage phenotype, and the preferential production of  antiinflammatory 
molecules such as IL-10, IL-1ra, and chemerin. Expression of  Tgfb1, a potent mediator of  lung fibrosis, was 
decreased on D14, consistent with reduced collagen content in the lungs of  Ppl–/– mice. Similarly, CCL21 
and CXCL16 were reduced in the BALF from Ppl–/– mice. CCL21 and CXCL16 are two chemokines known 

Figure 9. Spontaneous antiinflammatory cytokine 
expression was increased in AECs from Ppl–/– mice. 
Chemerin (A), IL-10 (B), and IL-1ra (C) levels were 
measured by ELISA in primary type 2 AECs culture 
supernatants after 48 hours of culture from Ppl+/+ 
and Ppl–/– mice. n = 5. Mann Whitney U test. qPCR 
for Rarres2 (D), Il10 (E), and Il1ra (F) mRNA was 
performed on CRISPR-Cas9 periplakin deleted (Ppl–/–) 
or WT (Ppl+/+) MLE-15 cells exposed to TGF-β1 for 24 
hours. n = 5; Mann Whitney U test.
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to play a role in fibrosis either by triggering migratory and proliferative responses in lung fibroblasts (21, 
33) or by promoting fibrocyte recruitment (34, 35). Interestingly, except for CCL21 and CXCL16, no sig-
nificant differences were observed for most inflammatory cytokines we analyzed either at the mRNA levels 
(Tnfa, Il1b, Il6, Cxcl1) (Supplemental Figure 6) or at the protein levels (CCL2, CCL8, CCL12).

Along with having attenuated proinflammatory cytokines in the fibrotic lung, Ppl–/– mice exhibited a 
heightened antiinflammatory environment at baseline and in response to bleomycin. The antiinflammatory 
cytokines IL-10 and IL-1ra were increased in the BAL of Ppl–/– mice in normal conditions. Elevated IL-10 
expression persisted after bleomycin injury in Ppl–/– mice. IL-10 is an immunosuppressive cytokine that inhib-
its the production of  many proinflammatory cytokines (36). IL-10 also has antifibrotic functions, as it reduces 
the production and activation of  TGF-β in the lung (37, 38). In addition, we observed that chemerin was 
significantly increased in Ppl–/– mice. Chemerin has been shown to be involved in various processes associ-
ated with inflammation (39). In the lung, chemerin displays antiinflammatory properties, including reduced 
neutrophil and monocyte recruitment in various models of  lung injury, such as those induced by LPS (25), 
cigarette-smoke (24), and acute viral pneumonia (23). In the current study, we also observed a decrease in neu-
trophil and monocyte recruitment to the lung in parallel with a significant increase of  chemerin in Ppl–/– mice. 
The source of  the antiinflammatory cytokines is both epithelial and nonepithelial. The increase in IL-1ra in 
the Ppl–/– bleomycin–challenged lung is likely not from epithelial cells, as we saw no difference in epithelial 
IL-1ra release in vitro. In contrast, both IL-10 and chemerin were released in spontaneously greater quantities 
from Ppl–/– epithelial cells compared with Ppl+/+ mouse–derived epithelial cells.

Lung injury seen following bleomycin comprises an interstitial edema with an influx of  inflammatory 
and immune cells. In Ppl–/– lungs, monocyte and neutrophil recruitment was decreased, while resident 
macrophage number was increased. Further characterization indicated that macrophages recruited in Ppl–

/– lungs expressed less Arg1 and that the number of  Arg1hi expressing macrophages was reduced in Ppl–/– 
mice. Expression of  Arg1 is a key hallmark of  M2-like or alternatively activated macrophages in mice. M2 
macrophages are increased in pulmonary fibrosis and are associated with fibrosis development (40). Reduc-
tion in Arg1 expression in alternatively activated macrophages might be due to the high levels of  chemerin 
in the BAL. Indeed, in the digestive tract, Lin et al. showed that chemerin did not alter inflammatory cell 
recruitment but decreased the expression of  M2 macrophage-associated genes, including Arg1, following 
dextran sulfate sodium exposure, suggesting an impaired M2 macrophage fate in vivo (22). Collectively, the 
bleomycin-induced increase in chemerin from epithelial cells in Ppl–/– mice may directly modulate newly 
recruited monocytes and/or resident monocyte/macrophages away from the profibrotic M2 macrophage.

Following the antifibrotic phenotype that we observed in the Ppl–/– mice, we also assessed the impact of  
PPL deletion on 2 other signaling pathways associated with inflammation and, more recently, associated 
with fibrosis, Akt, and STAT3. van den Heuvel and colleagues previously showed a possible role for PPL 
as a localization signal in Akt-mediated signaling (2). Interestingly, in the current study, we observed that 
activation of  Akt (P-Akt [Ser473]) was increased in Ppl–/– mice in basal conditions. Therefore, the control 
of  Akt activation might be a major function of  PPL. In cells, endogenous PPL localizes to different cellular 
compartments, including plasma membrane, intermediate filament structures, the nucleus, and mitochon-
dria. In vitro experiments performed with different epithelial cell lines (MCF-7, HeLa) indicate that PPL is 
required for the reorganization of  the keratin intermediate filaments network at the wound edge of  simple 
epithelial cell monolayers and that the absence of  PPL impairs wound closure in vitro (41). Similar data 
have been observed in vitro in squamous cancer cells, where PPL downregulation reduced cellular motility 
and Akt activation (19). Akt activation in Ppl–/– mice might also be due to the binding of  chemerin to its 
main receptor ChemR23, whose activation leads to the upregulation of  the phosphatidylinositol 3-kinase/
Akt signaling pathway and to downregulation of  NF-κB (42).

Our data also indicate that PPL controls STAT3 activation. In Ppl–/– mice, activation of  Stat3 was 
reduced after bleomycin injury during both the inflammatory and fibrotic phase. IHC experiments showed 
a delayed activation of  Stat3 in AECs and less P-Stat3 in fibrotic areas in Ppl–/– mice. Stat3 activation has 
been implicated in the fibrotic lung in patients with IPF and in bleomycin-induced lung fibrosis in mice (18, 
43). Alterations in the inflammatory environment of  the lung in Ppl–/– mice may have caused the decrease 
in STAT3 activation. However, Pedroza et al. showed that C-188-9, a STAT3 inhibitor, decreased lung 
fibrosis through a decrease of  epithelial injury and fibroblast-to-myofibroblast differentiation (18). There-
fore, it would be interesting to see if  PPL expression is altered in bleomycin-challenged mice during STAT3 
inhibition in order to confirm the hierarchy of  this pathway.
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In summary, the present study identified PPL as a master regulator of  the lung response to injury in a 
murine model of  lung fibrosis, modifying numerous pathways associated with epithelial activation and subse-
quent fibrotic responses. Moreover, a thorough understanding of  the signaling pathways directly controlled by 
PPL and the role of  epithelial responses will promote our understanding of  the pathogenesis of  lung fibrosis.

Methods
Animal husbandry and bleomycin administration. Ppl–/– (C57BL/6J) mice were generated as described previ-
ously (13). For genotyping, DNA was purified from the tail of  experimental mice, and PCR was performed 
for Ppl and PGK promoter-specific genes (13). WT (Ppl+/+) mice (Janvier Labs) were used as control mice 
for the experiments. All animals were housed in humidity- and temperature-controlled rooms on a 14:10-
hour light-dark cycle. Mice were allowed food and water ad libitum. There was no serological evidence of  
pulmonary pathogens in sentinel mice maintained within the colony. All experiments were performed with 
adult male mice. On D0, mice were administered 55 μg of  intratracheal bleomycin hydrochloride (Bleomy-
cin Bellon, Aventis) or vehicle (0.9% sterile saline), in a volume of  50 μl. Animals were sacrificed on D0, 
D3, D7, or D14 after instillation.

Ad–TGF-β1–induced lung fibrosis. Ad–TGF-β1 or control virus (Ad-Ctrl) were a gift of  Martin Kolb 
(McMaster University). Mice received 2 × 108 PFU in 50 μl sterile saline intratracheally and were sacrificed 
28 days after instillation.

Tissue preparation, histology, and IHC. Body weight data were collected at the time of  death. Mice were 
first weighed and then killed by an injection of  0.25 ml of  anesthetic (ketamine, xylazine) (Sigma) and 
exsanguinated. Lungs were inflation fixed in 4% paraformaldehyde in PBS (20 mM Tris HCl, pH 7.6, 137 
mM NaCl) at 25 cmH2O before immersion. Lungs were fixed overnight, washed with PBS, dehydrated 
in a series of  alcohols, and embedded in paraffin. Tissue sections were stained with H&E. In addition, 
IHC was performed on tissue sections by a microwave antigen-retrieval technique for PPL, P-Stat3, and 
αB-crystallin. Sections were pretreated with 3% H2O2 in methanol for inactivation of  endogenous peroxidase 
and then blocked in 4% normal horse serum for 2 hours before incubation with the primary antibody over-
night at 4°C. Antibodies used were generated to: PPL (1:500, goat polyclonal, Santa Cruz Biotechnology 
Inc.; sc16754), collagen type 1 (1:200, rabbit polyclonal, Abcam; ab34710), collagen type 3 (1:200, rabbit 
polyclonal, Abcam; ab7778), αB-crystallin (1:500, rabbit polyclonal, Abcam; ab13497), and P-Stat3 (1:500, 
rabbit polyclonal, Cell Signaling Technology; D3A7). After being rinsed, tissue sections were incubated with 
either biotinylated horse anti–goat IgG or biotinylated goat anti–rabbit IgG (7.5 μg/ml; Vector Laborato-
ries) for 30 minutes and detected with an avidin-biotin peroxidase complex detection kit (Vectastain Elite 
ABC kit; Vector Laboratories) using nickel-diaminobenzidine as a substrate. The precipitation reaction was 
enhanced with Tris-cobalt, and the sections were counterstained with 0.1% of  nuclear fast red. All experi-
ments shown are representative of  findings from at least 4 independent experiments.

BALF. After treatment, mice (n = 5/group) were anesthetized and killed as described above. Tracheas 
were cannulated, and five 1-ml aliquots of  0.9% NaCl were flushed into the lungs and withdrawn by syringe 
3 times for each aliquot. The volumes of  recovered BALF from all the groups were similar. After centrifu-
gation, BAL cells were counted using a hemocytometer to determine total BAL cell concentration. BAL 
cells were used for RNA extraction, or — after cytospin — cells were stained to determine differential cell 
counts (Diff-Quik, Dade Behring).

Isolation of  alveolar epithelial type 2 cells. AEC2 were isolated from adult Ppl–/– and Ppl+/+ mouse lung 
with use of  dispase and differential plating, as described previously (44). AEC2 were stimulated for 
24 and/or 48 hours by either human BAL or the following recombinant proteins (10 ng/ml): human 
TGF-β1 (hTGF-β1), hPDGF-BB, hTNFα, and IL-1β (R&D Systems).

MLE-15 cell culture. MLE-15, an immortalized mouse lung epithelial cell line that maintains some mor-
phological and functional characteristics of  AEC2, were cultured in hydrocortisone, insulin, transferrin, 
estradiol and selenium (HITES) medium (45). MLE-15 cells were stimulated for 24 and/or 48 hours by 
either human BAL or the following recombinant proteins (10 ng/ml): hTGF-β1, hPDGF-BB, hTNFα, and 
IL-1β (R&D Systems).

Cell transfection. Cells were transfected with the Lipofectamine 2000 transfection reagent (Invitrogen) 
according to the manufacturer’s protocol. The expression vectors used were the following: pCMV5-Klf5, 
provided by J.A. Whitsett (Cincinnati, Ohio, USA), and pcDNA3-mEgr2 (described in this paper). Mouse 
Egr2 cDNA encoding amino acids 1–470 was cloned by PCR amplification into pcDNA3.1 (Invitrogen). 
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Insertion of  murine Egr2 (mEgr2) into pcDNA3 was confirmed by sequencing.
Ppl gene deletion in MLE-15 cells was done using the Crisp/Cas9 technology. MLE-15 cells were cotrans-

fected with PPL CRISPR/Cas9-KO plasmid (sc 422373, Santa Cruz Biotechnology Inc.) and PPL HDR 
Plasmid (sc 422373-HDR, Santa Cruz Biotechnology Inc.). Cell selection was performed using puromycin (5 
μg/ml) for 2 weeks. Stably deleted cells were maintained in HITES medium containing puromycin.

RNA extraction and reverse transcription PCR. RNA was extracted from whole-lung homogenate of  Ppl–/– 
and Ppl+/+ mice or isolated lung AEC2s or BAL cells of  adult mice with use of  Trizol reagent according to 
the manufacturer’s protocol. qPCR using Sybr Green (Applied BioSystems) was performed with specific 
primer sets (Primer sets in Supplemental Table 1). A probe set for b2-microglobulin (B2m) was used as the 
normalization standard. The PCR and relative quantifications were performed in a real-time PCR system 
(model Fast7500, Applied BioSystems).

Flow cytometry analysis and sorting. BAL cells from mice instilled with either saline solution or bleomy-
cin were fixed and permeabilized using cytofix/cytoperm buffer (R&D Systems). Flow cytometry (Canto 
II, BD Biosciences) was performed on fixed 0.5 × 106 BAL cells, after incubation with 50 μl of  Fc block 
anti–mouse CD16/CD32 (BD Pharmingen) on ice for 15 min, followed by staining with anti-mouse anti-
bodies (Supplemental Table 2) according to manufacturer’s protocols, as well as their isotype controls. 
Biotinylated antibody–antigen complexes were detected using streptavidin conjugated with Brilliant violet 
421 (BioLegend). FACS data were analyzed using Flow Jo 9.5. After gating out debris and neutrophils 
(F480loCD11bhi), monocytes and macrophages were analyzed using a CD64 gate. Resident and recruited 
macrophages were identified as FSChiF4/80hiCD11chiCD11b– and FSCintF480intCD11cintCD11b+Ly6Clo, 
respectively. Inflammatory monocytes were defined as F480loCD11bhiLy6ChiCD11c–. Gating strategy is 
described in Supplemental Figure 1A.

Western blot analysis. Protein expression was quantified by Western blot analysis in whole-lung homog-
enate. Proteins were extracted by addition of  lysis buffer (250 mM NaCl, 50 mM HEPES pH 7.0, 5 mM 
EDTA, 1 mM dithiothreitol [DTT], 0.1% nonidet NP40, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 50 μg/
ml phenylmethylsulfonyl fluoride, 2 mM sodium pyrophosphate, and 1 mM sodium orthovanadate), dilut-
ed in Laemmli buffer, and subjected to SDS-PAGE under reducing condition. Immunostaining was per-
formed with specific antibodies (Supplemental Table 2) according to manufacturer’s protocols.

Quantification of  soluble collagen. For quantification of  total soluble collagen, Sircol assay was performed 
according to manufacturer’s instructions (Biocolor) using the pepsin digestion step described by Lareu et al. 
(46). To minimize background due to the interference of  serum proteins with the Sircol reagent, lungs were 
flushed with PBS before excision to clear blood.

Quantification of  cytokines. Cytokine levels were assayed by enzyme-linked immunosorbent assays in 
either BALF, total lung homogenates, or conditioned media from primary AEC culture. ELISAs were per-
formed for the following mouse proteins: IL-10 (DY417, R&D Systems), Chemerin (DY2325, R&D Sys-
tems), IL-1ra (DY480, R&D Systems), TGF-β1 (both free and total content in the absence or presence of  
acid activation respectively; DY1679, R&D Systems), CCL21 (DY457, R&D Systems), CXCL16 (DY503, 
R&D Systems), IL-16 (DY1727, R&D Systems), CCL2 (DY479, R&D Systems), CCL12 (DY428, R&D 
Systems), and CXCL1 (DY453, R&D Systems).

Statistics. A Mann Whitney test was used to determine the levels of difference between groups. Values for 
all measurements are expressed as means ± SE, and P values for significance are indicated for each experiment.

Study approval. All animal experiments were performed in accordance with national guidelines and 
were approved by the local ethics committee, Comité d’éthique animale Paris Nord. Human BAL samples 
were obtained after BAL was performed for a diagnostic purpose and when enough material was available, 
with standard procedures (47). IPF was diagnosed according to ATS/ERS/JRS/ALAT criteria, including 
histopathological features of  usual interstitial pneumonia (48). The control group included patients with-
out CT-scan evidence of  interstitial lung disease (IL-D) who required a bronchoscopy for the diagnosis of  
lung nodule (n = 3), suspicion of  hemoptysis (n = 2). This study was approved by the local ethics committee 
(CPP Ile de France 1, no. 0811760).
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