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Highlights 
 

 B-cells contribute to the pathogenesis of fibrosis, but little is known regarding the role 

of B-cell activating factor (BAFF), a pivotal cytokine for B-cell activation, in fibrosis. 

 

  BAFF levels are elevated in bronchoalveolar lavages of patients with idiopathic 

pulmonary fibrosis and in bleomycin-induced lung fibrosis. 

 

 Genetic ablation of BAFF or BAFF neutralization by a soluble receptor significantly 

attenuates pulmonary fibrosis and IL-1β levels in bleomycin-induced lung fibrosis. 

 

 Bleomycin-induced BAFF expression and lung fibrosis are IL-1β- and IL-17A-

dependent. 

 

 BAFF is required for rIL-17A-induced lung fibrosis and elevated IL-17A secretion by 

CD3
+
 T cells from murine fibrotic lungs. 
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ABSTRACT 

Idiopathic pulmonary fibrosis (IPF) is a progressive devastating, yet untreatable fibrotic 

disease of unknown origin. We investigated the contribution of the B-cell activating factor 

(BAFF), a TNF family member recently implicated in the regulation of pathogenic IL-17-

producing cells in autoimmune diseases. The contribution of BAFF was assessed in a murine 

model of lung fibrosis induced by airway administered bleomycin.We show that murine 

BAFF levels were strongly increased in the bronchoalveolar space and lungs after bleomycin 

exposure.We identified Gr1
+
 neutrophils as an important source of BAFF upon BLM induced 

lung inflammation and fibrosis. Genetic ablation of BAFF or BAFF neutralization by a 

soluble receptor significantly attenuated pulmonary fibrosis and IL-1β levels. We further 

demonstrate that bleomycin-induced BAFF expression and lung fibrosis were IL-1β and IL-

17A dependent.  BAFF was required for rIL-17A-induced lung fibrosis and augmented IL-

17A production by CD3
+ 

T cells from murine fibrotic lungs ex vivo.Finally we report elevated 

levels of BAFF in bronchoalveolar lavages from IPF patients.Our data therefore support a role 

for BAFF in the establishment of pulmonary fibrosis and a crosstalk between IL-1, BAFF 

and IL-17A.  

Keywords: BAFF, pulmonary fibrosis, IL-1β, IL-17, systemic sclerosis, autoimmunity, 

bleomycin 
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1. Introduction 

Fibrosis is a devastating untreatable feature of numerous human diseases, including chronic 

heart, kidney or liver insufficiency, idiopathic pulmonary fibrosis(IPF)[1]and autoimmune 

diseases such as systemic sclerosis (SSc)[2]or primary Sjögren’s syndrome (pSS)[3]. IPF is a 

progressive, chronic and irreversible interstitial lung disease of unknown etiology that is 

usually lethal[1]. A growing body of evidence suggests that the disease process is initiated 

through alveolar epithelial cell microinjuries that lead to a persistent immuno-inflammatory 

phase with production of cytokines, chemokines and growth factors responsible for the 

expansion of fibroblast and myofibroblast populations[4]leading to dysregulated tissue 

repair[5]and parenchyma destruction[6,7].These fibroblastic foci secrete exaggerated amounts 

of extracellular matrix components that destroy the lung parenchyma[6,7]. Many forms of the 

disease are believed to be induced, at least initially by a strong inflammatory 

response[4]andrecent workshops on research future directions in IPF recommended to 

promote studies,among six critical areas, on the role of inflammation and immunity in fibrotic 

diseases[8,9]. To date, no therapy has been clearly shown to prolong IPF patient survival. In 

systemic sclerosis (SSc)fibrosis[10,11], a skin fibrotic disease often associated with 

pulmonary fibrosis, levels of the tumor necrosis factor (TNF) family members B cell 

activating factor (BAFF; also known as TNFSF13B, BLyS or TALL1) correlate with disease 

progression[12–14].Recently, Xue et al, showed that plasma concentrations of BAFF were 

significantly greater in IPF than control patients and that increased BAFF levelswere 

associated with diminished survival[15].Many important advances have been generated 

using mouse models of IPF. Using the bleomycin (BLM)-induced pulmonary fibrosis model, 

we previously reported that pulmonary inflammation and fibrosis are mediated by secretion of 

the pro-inflammatory and pro-fibrotic cytokine IL-1β through Nlrp3 inflammasome 
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activationand IL-1R1/MyD88 signaling[16–18].We also identified the existence of an early 

IL-1-IL-23-IL-17A axis in pulmonary inflammation leading to late fibrosis in this model[19] 

and IL-17-producing Th17 cells were shown to be a critical mediator of BLM and/or IL-1β-

mediated pulmonary fibrosis[7,20,21]. 

Here we hypothesized that BAFF and/or the proliferation-inducing ligand (APRIL, 

TNFSF13) couldbe involved in the physiopathology of pulmonary fibrosis.BAFF and APRIL 

are produced by innate immune cells[22]such as neutrophils[23], macrophages, monocytes, 

dendritic cells (DCs) or follicular DCs[24], but also T cells[25] , B cells[26]or non-

hematopoietic cells such as fibroblast-like synoviocytes from patients with rheumatoid 

arthritis[27] or salivary gland and conjunctival epithelial cells from patients with Sjögren’s 

syndrome[28,29]. Receptors for BAFF and APRIL are mainly expressed by B cells but also 

by T cells, monocytes or DCs, indicating that the role of BAFF and APRIL extends beyond 

that of B cell biology[22]. An excess of BAFF may lead to development of autoimmune 

disorders in mice and humans[30–32].  

Here wereportthe first evidence of a critical role of BAFF in experimental pulmonary fibrosis 

in mice. Strong overexpression of BAFF was induced in both bronchoalveolar space and lung 

after bleomycin exposure in this model. Genetic ablation of BAFF or neutralization of BAFF 

by a soluble receptor significantly attenuated the experimental pulmonary fibrosis.We 

identified Gr1
+
 neutrophils as an important source of BAFF upon BLM-induced lung 

inflammation and fibrosis. We show that rIL-17A-induced fibrosis is dependent on BAFF and 

that BAFF amplifies IL-17-production by T cells from mouse fibrotic lungs. Finally, we 

report for the first time increased BAFF levels in the bronchoalveolar lavages of IPF patients. 

Our data therefore support a role for BAFF in the establishment of pulmonary fibrosis and a 

crosstalk between IL-1, BAFF and IL-17A.  
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2. Material and methods  

2.1 Mice 

BAFF-/-[33], IL-1R1-/- [34], IL-17A-/- and IL-17RA-/- [35] backcrossed 10 times on the 

wild-type C57BL/6 genetic background were used. Mice were bred in our animal facility 

(CNRS, Orleans). Six to ten weeks used animals were kept in sterile isolated ventilated cages. 

All animal experiments complied with the French Government’s ethical and animal 

experiment regulations. 

 

2.2 Treatments 

Bleomycin sulfate (5 mg/kg; Bellon Laboratories), rBAFF, rIL1β or rIL-17A (1µg/mice, 

once at day 0) in saline or saline alone, were given through the airways by nasal instillation in 

a volume of 40 μl under light ketamine-xylasine anesthesia. The BAFF-R-Ig (provided by Dr 

Anne Davidson, The Feinstein Institute for Medical Research, Manhasset, NY) or control 

isotype IgG2a (eBiosciences) were injected at 5mg/kg i.p. at the time of BLM administration 

(or 3 days later) and every 3 days until the mice were sacrificed.  

 

2.3 Bronchoalveolar Lavage Fluid (BALF), cell count and determination 

BALF, cell count and determination were performed as previously described[17]. 

 

2.4 Lung homogenization and total lung collagen measurements 
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Lungs were homogenized as described [19]. Aliquots of lung homogenate (50 μl) were 

then assayed for lung collagen levels and compared with a standard curve prepared from 

bovine skin using the Sircol collagen dye binding assay according to the manufacturer’s 

instructions (Biocolor Ltd.). 

 

2.5 Mediator quantification by ELISA 

Levels of BAFF, IL-1β, IL-17A, latent TGF-β1, TIMP-1, IL-6 and IL-23 p19 were 

determined using ELISA assay kits (all from R&D Systems), according to manufacturer’s 

instructions.  

 

2.6 RT-qPCR 

Total RNA extracted were reverse transcribed using iScript™ cDNA synthesis kit 

(BioRad) according to the manufacturer’s instructions. Real-time quantitative PCR were 

performed in a total volume of 20 μl with a SensiMix Plus SYBR® (Quantace) in Rotor-

Gene™ 6000 real-time PCR machine (Corbett Life Science®) using the gene-specific primers 

for Baff, April, Col1a1, Col1a2, Col3a1 and Gapdh. Gapdh was used as a control. 

Amplification products were detected as an increased fluorescent SYBR Green signal during 

the amplification cycles. The relative expression of target transcript PCR products was 

determined using the ΔΔCt method[36]. 

 

2.7 Histology 

After BAL and lung perfusion, the large lobe was fixed in 4% buffered formaldehyde for 

standard microscopic analysis. Sections (3 μm) were stained with Chromotrope Aniline Blue 

as described previously[16]. The severity of the morphological changes (infiltration by 
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neutrophils and mononuclear cells, destruction and thickening of the alveolar septae and 

fibrosis) were assessed semi quantitatively using a score of 0–5 by 2 independent observers.  

 

2.8 Reagents and cell culture 

For ex vivo cell culture, lung cells were isolated through a cell strainer (70 µM), washed, 

and plated at 5x10
5
 cells per well of a 96well plate. Cells were stimulated with 1 μg/ml of 

antiCD3ε antibody or 5µg/mL of anti-IgM antibody (eBioscience) and 1, 10, 25, 50 or 100 

ng/mL of recombinant murine BAFF or 100ng/mL of rIL17A or rIL1β (R&D Systems). 

 

2.9 FACS sorting of lung cells and qPCR analysis  

For cell sorting experiments, mice were administrated with 5mg/kg of BLM and sacrificed 

after 7 days. Lung cells were isolated through a cell strainer (70µM), washed and then labeled 

with anti-CD115 (clone AFS98), anti-CD3 (clone 17A2), anti-CD19 (clone eBio1D3) and 

anti-Gr1 (clone RB6-8C5) antibodies (eBiosciences) and sorted with FACS Aria II. Cell 

purity was checked by flow cytometry analysis for each marker. Total RNA was extracted 

and reverse-transcribed and Baff mRNA expression was evaluated by qPCR. Expression of 

Gapdh was used for normalization. Relative expression was normalized to Baff expression in 

CD19
+
 cells (cells having the lower Baff expression level). 

 

2.10 Patients and control subjects 

The study was approved by the Institutional Review Board of the French learned society 

for respiratory medicine-Société de Pneumologie de Langue Française-N° 2012-016 (Bichat 

hospital, Paris) ; written informed consent was obtained from the participants to the study 

(Biocollection DC 2010-1216, CHU Tours); clinical charts and functional records were 

collected on a standardized and anonymous collection form. Bronchoalveolar lavage was 
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performed as previously described[37].  Briefly, BALF of 10 patients with stable idiopathic 

pulmonary fibrotic (IPF), 5 patients with exacerbated IPF and 15 patients explored for 

hemopoietic spittle without identified respiratory disease (control) was collected. Patients 

with symptoms of acute infections or malignancies were excluded. All participants gave their 

written consent. BALF was collected after lavage with 150ml of physiological serum and 

wascentrifugated 10min1500t/min at 4°C then aliquoted in the 30 min following the lavage 

and 2ml of lavage supernatant were kept for collection at -80°C. 

 

2.11 Statistics 

Statistical evaluation of differences between the experimental groups was determined 

by non-parametric Mann-Whitney test using Prism software. P values of <0.05 were 

considered statistically significant. 

 

3. Results 

3.1Bleomycin-treated mice have exacerbated BAFF expression in lungs and BALF 

In order to investigate the contribution of BAFF in idiopathic pulmonary fibrosis (IPF), we 

used the bleomycin (BLM) model of lung injury and fibrosis in mice[16]. BLM instillation 

resulted in an increase of BAFF mRNA in the lungs compared with saline-treated littermates, 

which started after 1 day, peaked at day 7 and returned to basal levels at day 14 (Fig. 1a), 

while APRIL mRNA levels were not modified (Supplementary Fig. S1). At the protein level, 

a significant increase of BAFF in lung homogenates started after 1 day and increased with 

time until day 14 (Fig. 1b). BAFF protein upregulation was even higher in the BALF than in 

lung homogenates with a 10-fold increase of BAFF compared with saline-treated littermates 

after 4 days (Fig. 1c). Expression of BAFF protein in BALF was concomitant to the 

recruitment of neutrophils, which were highest at days 1 and 7, but were still elevated at days 
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10 and 14 (Fig. 1d), lymphocytes present at days 7, 10 and 14 (Fig. 1e) andmacrophages (Fig. 

1f) into the bronchoalveolar space. Therefore, our data indicate that a rapid and marked 

induction of BAFF after BLM administration precedes lung fibrosis. 

 

 

3.2 Neutrophils are the major source of BAFF upon BLM-induced injury  

In order to identify BAFF-producing cells in the airways upon lung injury, lung cells from 

BLM-treated mice were collected at day 7, labeled with anti-CD115, anti-CD3, anti-CD19 

and anti-Gr1 antibodies and sorted by FACS. CD115, the receptor for macrophage colony 

stimulating factor (M-CSF)is expressed by monocytes and macrophages whereas CD3, CD19 

and Gr1 are markers of T cells, B cells and neutrophils, respectively. BAFF mRNA 

expression was evaluated by qPCR. Surprisingly, Gr1
+
 neutrophilsexpress abundantBAFF 

mRNA in response to BLM-induced injury, and toa lesser extent CD115
+
monocytes,while 

CD3
+
 or CD19

+
lymphocytes express little BAFF (Fig. 2).Therefore, the cellular sourceof 

BAFF in lung at day 7 in response to BLM-induced injury is mainly inflammatory neutrophils 

and monocytes, rather than infiltrating T or B lymphocytes, although strong lymphocyte 

recruitment is observed.  

 

3.3 Reduced BLM-induced lung fibrosis in BAFF-deficient mice 

In order to investigate whether BAFF plays an important role in lung fibrosis, we evaluated 

the effect of BLM in BAFF-deficient (BAFF-/-) mice. On day 14 after BLM administration, 

BAFF-/- mice showed a significant reduction of total collagen and IL-1β in the lungs 

compared to C57BL/6 wild-type (WT) mice (Fig. 3a and b). Tissue inhibitor of matrix 

metalloproteases-1 (TIMP-1), a marker of evolution towards fibrosis, was significantly lower 

in BAFF-/- mice compared to BLM-treated WTmice (Fig. 3c). Since TGF-β1 is essential in 
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the development of pulmonary fibrosis, TGF-β1 levels were analyzed in BALF and lung 

homogenates. Latent TGF-β1 levels were significantly lower in BALF and lungs of BAFF-/- 

compared with BLM-treatedWT mice (Fig. 3d and e). Histological analysis of the lungs 

revealed that BAFF-/- mice presented reduced tissue injury, cellular infiltration, collagen 

deposition and fibrosis in comparison with BLM-treatedwild-typemice (Fig. 3f and g). 

Moreover, bodyweight loss was stabilized in BAFF-/- mice after 3 days whereas wild-type 

mice continued to lose weight until day 14 after BLM exposure(Fig. 3h). Thus, the data 

strongly suggest thatBAFF contributes to BLM-induced pulmonary IL-1β, TGF-β1 and 

TIMP-1 production and lung fibrosis. 

 

3.4 Neutralization of BAFF reduces BLM-induced lung fibrosis in mice 

With a therapeutic perspective regarding diseases as yet untreatable such as IPFand systemic 

sclerosis, we next investigated whether BAFF neutralization could prevent lung fibrosis in the 

BLM model. First, we treatedWT mice with BAFF-R-Ig or isotype control (IgG2a) both at 

5mg/kg i.p., every third day, starting at day 0 after BLM challenge. BAFF neutralization with 

BAFF-R-Ig significantly reduced the BLM-induced overexpression of col1a1, col1a2 and 

col3a1 mRNA in the lungs (Fig. 4a). Total collagen contents were also significantly decreased 

in the lungs of BLM mice treated with BAFF-R-Ig, compared to saline-treated littermates, at 

7 days (Fig. 4b) and 14 days (Fig. 4c) after BLM administration. Interestingly, BLM exposure 

induced an increase in pulmonary IL-1β levels that were also significantly reduced in lungs 

from BAFF-R-Ig treated mice (Fig. 4d). Histological analysis of the lungs revealed that 

BAFF-R-Ig treated, BLM-exposed mice had reduced cellular infiltration, collagen deposition 

and fibrosis (Fig. 4e andf), associated with a partial recovery of bodyweight after 3 days (Fig. 

4g). Second, in order to evaluate a therapeutic potential of BAFF-R-Ig, we administrated 

BAFF-R-Ig or control IgG2a, starting only 3 days after BLM exposure. Bothtotal collagen 
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content and fibrosis scores were significantly decreased in the lungs of mice, when treated 

with BAFF-R-Ig 3 days after BLM challenge, as compared to mice treated with isotype 

control, similar to the effect seen when BAFF-R-Ig treatment was started on day 0 (Fig. 4h 

andi). Therefore, the data obtained with BAFF neutralization demonstrated a 

significantreduction of lung collagen deposition, IL-1β production, body-weight loss and lung 

fibrosis upon BLM exposure. 

 

3.5 BAFF expression depends on IL-1β and IL-17A pathways 

IL-1β and IL-17A are critical mediators of pulmonary fibrosis through IL-1 receptor 1 (IL-

1R1) and IL-17RA signaling, respectively[16,38]. In the BLM model, IL-1β and IL-17A are 

expressed early and mediate late fibrosis[19,38]. We investigated whether IL-1β and IL-17A 

may regulate BAFF expression by using IL-1R1-/-, IL-17A-/- and IL-17RA-/- mice. As 

previously reported, collagen lung deposition and TGF-β1 levels in lungs were significantly 

reduced in IL-1R1-/-, IL-17A-/- and IL-17RA-/- mice on day 14 post BLM exposure (Fig. 5a-

d),confirming the fact that IL-1β and IL-17A are major effectors of pulmonary fibrosis in the 

BLM model. Interestingly, BAFF levels were significantly reduced in both lung homogenates 

and BALF of mice deficient for IL-1R1, IL-17A or IL-17RA, indicating that BAFF 

expression is dependent on early IL-1β and IL-17 release (Fig. 5e and f). Indeed, exogenous 

administration of rIL-1β or rIL-17A induced the local release of BAFF in the lung (Fig. 5g). 

Altogether, these data demonstrate that BAFF expression is dependent on IL-1β and IL-17A 

pathways and suggest a pathogenic involvement of IL-1β, IL-17A and BAFF in BLM-

induced lung fibrosis. 
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3.6 Lung fibrosis triggered by IL-17A is reduced in BAFF-deficient mice  

To further investigate the crosstalk between IL-1β, IL-17A and BAFF pathways, we next 

evaluated the effect of exogenous administration of rIL-1, rIL-17A or rBAFF, both in wild-

type and BAFF-deficient mice. Total collagen in the BALF and lungs was significantly 

increased by instillation of rIL-17A or rIL-1 (Fig. 6a and b), although less than after 

BLMexposure. Interestingly, the effect of rIL-17A on collagen induction was abolished in 

BAFF-deficient mice (Fig. 6a and b), but not that of rIL-1Administration ofrIL-1β or rIL-

17A enhanced latent TGF-1 levels in the BALFs (Fig. 6c). The direct administration of 

exogenous soluble rBAFF had no effect on collagen expression or on latent TGF-1 levels 

(Fig. 6a and c) suggesting a role for cell-associated BAFF. These results indicate that, IL-

17A-induced pulmonary fibrosis is dependent on BAFF pathway, while IL-1-induced lung 

fibrosis is not, and that BAFF acts downstream of IL-17A.  

 

3.7 BAFF amplifies IL-17 production by T lymphocytes from fibrotic lungs 

In order to investigate the role of BAFF in the establishment of pulmonary fibrosis after 

BLM-induced injury, we isolated cells from lung homogenates, 7 days after BLM or NaCl 

instillation and cultured them ex vivo. Pulmonary cells from BLM-treated mice presenteda 

significant increase in BAFF expression in comparison to NaCl-treated mice 

(Fig.7a).Addition of rIL-1β or rIL-17Ahad no significant effect on BAFF expression. 

Stimulation of the isolated cells with anti-CD3 or anti-IgM antibodies,in the presence or 

absence of rIL-1βor rIL-17A, had no significant effect on BAFF release by pulmonary cells 

from BLM-treated mice, confirming that T and B lymphocytes recruited to the lungs are not 

the main source of BAFF (Fig. 7a). Ex vivo stimulation of pulmonary cells from BLM-, but 

not from NaCl-treated mice with anti-CD3 antibodies triggered a strong IL-17 production, 

confirming that BLM induces the recruitment of IL-17A producing T lymphocytes into the 
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lungs (Fig. 7b). Interestingly, rBAFFdose-dependently increased IL-17A production by 

pulmonary, anti-CD3 activatedT lymphocytes (Fig. 7b). These results suggest that IL-17A 

producing T lymphocytes recruited into the lung are able to respond to local BAFF produced 

after BLM-induced injury, augmentingIL-17A expression. Similarly,IL-6 release was 

increased in the presence of rBAFF, indicating that local BAFF may augment the production 

of IL-6 by infiltrating pulmonary T lymphocytes (Fig. 7c). Moreover, restimulation with anti-

CD3 antibodies increased TGF-β1 expression, indicating that T cells produce TGF-β1 in 

fibrotic mice. However, rBAFF did not potentiate TGF-β1 production by pulmonary T cells 

from BLM treated mice(Fig. 7d).In contrast, pulmonary cells isolated from mice seven 7 days 

after BLM instillation did not present detectable IL-1after restimulation with anti-CD3 or 

anti-IgM antibodies, in the presence or absence of rBAFF suggesting that T and B 

lymphocytes recruited in lungs after BLM, do not produce IL-1(not shown). In 

summary,our results indicate that BAFF is not produced by T or B lymphocytes from fibrotic 

lungs, and demonstrate that exogenous BAFF potentiates IL-17A and IL-6 but not TGF-β1 

release by T lymphocytes recruited to the lungs. 

 

3.8  Increased BAFF levels in the bronchoalveolar lavage of fibrotic patients 

To assess the functional relevance of the key role of BAFF in experimental fibrosis, BAFF 

and APRIL levels were measured in bronchoalveolar lavage fluid (BALF) of 7 patients with 

stable idiopathic pulmonary fibrosis (IPF), 5 patients with acute IPF exacerbation, and 7 

control patients with no identified respiratory disease. BAFF levels were significantly 

increased in BALF from patients with stable or exacerbated IPF as compared with controls 

(Fig. 8a) whereas APRIL was undetectable (data not shown). The pro-inflammatory cytokines 

IL-1β (Fig. 8b) and IL-6 (Fig. 8c)were only slightly detected and not modified in 

bronchoalveolar lavage in patients, in contrast to the chemokine CCL2/MCP-1,which was 
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greatly increased in IPF patients (Fig. 8d) as previously reported[38, 39]. Thus, IPF and IPF 

exacerbations were associated with increased levels of BAFF, but not APRIL, in the BALF 

corroborating our results in mice showing that BAFF is a key player in the establishment of 

experimental pulmonary fibrosis. 

 

4. Discussion 

For the first time, our study presents evidence that BAFF is a critical mediator in experimental 

pulmonary fibrosis. We show that BAFF but not APRIL is strongly induced in 

bronchoalveolar spaces and lungs in the bleomycin induced pulmonary fibrosis model, in an 

IL-1β- and IL-17A-dependent manner. BAFF expression was rapidly upregulated during 

acute inflammation and strongly increased during the development of fibrosis.Importantly, we 

report that BAFF deficiency or BAFF neutralization using soluble receptors reduces the 

development of pulmonary fibrosis, thus demonstrating that BAFF plays a critical role in the 

establishment of experimental lung fibrosis.In particular, BAFF deficiency reduced the 

production of TGF-1, an essential pro-fibrotic factor, and collagen deposition. 

We identified Gr1
+
 infiltrating neutrophils as an important source of BAFF in mouse fibrotic 

lungs.Human neutrophils were shown to release biologically active BAFF after in vitro 

incubation with G-CSF[39]. BAFF is produced by tissue infiltrating human neutrophils or 

bone marrow neutrophils in several diseases[23,40–44].  BAFF secreted by inflammatory 

neutrophils has been implicated in B-cell, but not in T-cell, responses in humans.  

The expression of BAFF by infiltrating cells from BLM-injured lungs was not increased after 

in vitrorestimulation with anti-CD3 antibodies or anti-IgM confirming that BAFF is not 

produced byinfiltrating pulmonary T or B lymphocytes. Since non-hematopoietic cells were 

shown to produce BAFF during pathogenic conditions, we cannot exclude that epithelial cells 

or fibroblasts may produce BAFF protein in response to lung injury. Nevertheless, BAFF 
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expression preceded fibroblast accumulation and lung fibrosissuggesting that fibroblasts are 

not responsible for the early high BAFF production, although they may contribute to the 

sustained high BAFF levels on day 14 to 21, whenneutrophils may be less important. 

We investigated the relationship between BAFF and IL-1βand showed that IL-1βcould 

regulate BAFF expression. Moreover, BAFF isalso involved in the regulation of IL-1β 

production,as demonstrated by the decrease of IL-1βpulmonary levels in bleomycin-

challenged mice treated with BAFF-R-Ig or in mice genetically deficient for BAFF. Toour 

knowledge, it is the first time the interaction between IL-1βand BAFF pathways was reported. 

Analyzing the link between IL-17A and BAFF, wereport that IL-17A or IL-17RA gene 

disruption resulted in a marked decrease of BAFF secretion in the bleomycin-induced model 

of fibrosis.Local administration of rIL-1βor rIL-17A, revealeda crosstalk between IL-1β,IL-

17A and BAFF. We show that rIL-17A-induced lung fibrosis is dependent on the presence of 

BAFF,indicating that BAFF is downstream of rIL-17A. In contrast, BAFF-dependent and 

BAFF-independent pathways may exist in IL-1-induced fibrosis.Fibrotic pulmonary cells 

restimulated with anti-CD3 or anti-IgM antibodies did not produce IL-1 even in presence of 

rBAFF.Administration of solubleBAFF did not induce the expression of the fibrotic markers 

collagen and TGF-1,suggesting that soluble BAFF alone is not pro-fibrotic, and requires 

other cytokines that could, for example, recruit BAFF-responsive cells in the lungs, or 

because it is unable to stimulate some of the BAFF receptors, such as TACI, that may 

preferentially respond to membrane-boundBAFF[45]. Interestingly, we show that addition of 

BAFF amplifies anti-CD3-induced production ofIL-17A by pulmonary T cellsfrom fibrotic 

lungs. BAFF-related induction of Th17 cells could be related to the amplification by BAFF of 

the secretion of IL-6, a pivotal cytokine for Th17 polarization[46], as  shown previously by 

our group[47,48] and others.. Our work shows for the first time that BAFF is a critical 

mediator in experimental pulmonary fibrosis, through activation of IL-17 producing 
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cells.BAFF was recently shown to contribute to pathogenic Th17 cell responses and increased 

IL-17A expression in autoimmune animal models[49–51]. Previous studies have shown a role 

of B cells in liver fibrosis[52]and BLM-induced pulmonary fibrosis[53].Thus, we propose the 

schematic diagram illustrating the IL-1β-IL-17A-BAFF crosstalk after BLM-induced lung 

injurypresented in Fig. 9. 

In addition, we showed that BAFF but not APRIL expression was markedly increased in the 

alveolar space of stable and exacerbated IPFpatients. These results indicate that BAFF 

expression is associated with the fibrotic state in human disease. BAFF expression 

wasslightlyenhanced during IPF exacerbation characterized by a reactivation of the 

inflammatory responses and followed by lung scarring and sometimes by patient’s death. Our 

resultsare in line with therecent study describing a correlation between IPF, circulating B 

lymphocyte differentiation and elevated BAFF levels in plasma, in which patients with higher 

BAFF plasma levels presented a reduced survival[15].  

 

5. Conclusions 

Our study demonstrates that BAFF is a critical mediator in experimental pulmonary fibrosis 

and supports a link between IL-1β, BAFF and IL-17A in the establishment of the disease in 

mice, with BAFF serving as an amplifier of IL-17-production by T lymphocytes from injured 

fibrotic lungs. The key role of BAFF in the experimental lung fibrotic model and the 

enhanced BAFF expression in the airways of IPF patients suggest the role of BAFF asa 

critical player in the establishment of human pulmonary fibrosis. 
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Figures Legends 

 

Fig. 1 BAFF production after bleomycin (BLM)-induced lung injury in mice. Mice were 

challenged with BLM (5mg/kg) or saline solution instillation and sacrificed after 1, 4, 7, 10, 

14 or 21 days. BAFF mRNA expression was measured in lungs by qRT-PCR (A). Expression 

of GAPDH was used for normalization. Relative expression was normalized to BAFF 

expression in the lungs of NaCl-treated mice. BAFF levels were measured in lungs 

homogenates (B) and BALF (C) by ELISA. Neutrophils (D) lymphocytes (E) and 

macrophages (F) numbers were evaluated in BALF. One of two independent experiments is 

shown and data are expressed as mean values ± SEM (n=5 mice per group; *p<0.05, 

**p<0.01 using a Mann-Whitney test). 

Fig. 2 Strong overexpression of BAFF in neutrophils in BLM-induced Lung Fibrosis. 

Lung cells purified from mice 7 days after BLM (5mg/kg) instillation were labeled with anti-

CD115, anti-CD3, anti-CD19 and anti-Gr1 antibodies and individual cell populations sorted 

by FACS. BAFF mRNA expression was evaluated by qPCR on each sorted cell population. 

Expression of GAPDH was used for normalization. Relative expression was normalized to 

BAFF expression in CD19
+
 cells. One of two independent experiments is shown and data are 

expressed as mean values ± SEM.” 

 

Fig. 3 BLM-induced lung fibrosis is reduced in BAFF deficient mice. B6 and BAFF-/- mice 

were sacrificed 14 days after BLM challenge (5mg/kg). Lung collagen (A), lung IL-1β (B), 

lung TIMP-1 (C), BALF latent TGF-β1 (D) and lung latent TGF-β1 (E) levels were evaluated 
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by the Sircol assay and ELISA. Fibrosis score (F) was evaluated from histology sections (G). 

(Chromotrope aniline blue staining. Magnification x50 and x200). Body weight loss was 

evaluated at different time points after BLM instillation (H). One of two independent 

experiments is shown and data are expressed as mean values ± SEM (n=4 mice per group; 

*p<0.05, **p<0.01 using a Mann-Whitney test). 

 

Fig. 4 Neutralization of BAFF prevents BLM-induced lung fibrosis in mice. B6 mice 

challenged with BLM (5mg/kg) were treated with BAFF-R-Ig (5mg/kg i.p., every 3 days) and 

sacrificed after 7 or 14 days. Col1a1, Col1a2 and Col3a1 mRNA levels in lungs were 

measured 7 days after BLM challenge by qRT-PCR (A). Lung collagen was evaluated 7 (B) 

and 14 (C) days after BLM-challenge by the Sircol assay. IL-1β was measured by ELISA in 

lung homogenates (D). Fibrosis score (F) was evaluated from histology sections (E). 

(Chromotrope aniline blue staining. Magnification x50 and x200). Body weight loss was 

evaluated at different time points after BLM instillation (G). Mice were treated with isotype 

control (IgG2a) or BAFF-R-Ig (both at 5mg/kg i.p., every 3 days) starting at day 0 or day 3 

after BLM challenge. Lung collagen (H) and fibrosis score (I) was evaluated 14 days after 

BLM-challenge. One of two independent experiments is shown and data are expressed as 

mean values ± SEM (n=4 mice per group; *p<0.05, **p<0.01 using a Mann-Whitney test). 

Fig. 5 BAFF expression depends on IL-1β and IL-17A.B6, IL-1R1-/-, IL-17A-/- and IL-

17RA-/- mice were sacrificed 14 days after BLM challenge (5mg/kg). Lung collagen (A) and 

lung latent TGF-β1 (D) levels were evaluated by the Sircol assay and ELISA. Fibrosis score 

(C) was evaluated from histology sections (B). (Chromotrope aniline blue staining. 

Magnification x50 and x200).BAFF levels were measured in BALF (E) and lung 

homogenates (F) by ELISA. B6 mice were sacrificed 14 days after BLM (5mg/kg), rIL1β or 

rIL-17A (1µg/mice) instillations and lung BAFF levels were evaluated by ELISA (G). One of 
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two independent experiments is shown and data are expressed as mean values ± SEM (n=4 

mice per group; *p<0.05, **p<0.01 using a Mann-Whitney test). 

Fig. 6 IL-17-induced lung fibrosis is reduced in BAFF-deficient mice. B6 and BAFF-/- mice 

were sacrificed 14 days after BLM (5mg/kg), rBAFF, rIL1β or rIL-17A (1µg/mice) 

instillations. BALF (A) and lung (B) collagen and BALF latent TGF-β1 (C) levels were 

evaluated by the Sircol assay and ELISA. Data are expressed as mean values ± SEM (n=4 

mice per group; *p<0.05, **p<0.01 and ***p<0.001 using a Mann-Whitney test). 

Fig. 7 BAFF amplifies IL-17 production by T lymphocytes from fibrotic lungs.Lung cells 

were isolated from BLM or NaCl treated mice 7 days after instillation and restimulated in 

vitro with anti-IgM antibodies (5µg/mL) or with anti-CD3 antibodies (1μg/ml) in the presence 

or absence of murine rIL-1β or rIL-17A (100ng/mL each) and BAFF content was evaluated in 

the supernatant at 72h of stimulation (A). Lung cells were restimulated in vitro with anti-CD3 

antibodies (1μg/ml) in the presence or absence of different concentrations of murine 

recombinant BAFF (rBAFF) and IL-17A (B), IL-6 (C) and TGF-β1 (D) production was 

evaluated at 72h of stimulation. One of two independent experiments is shown and data are 

expressed as mean values ± SEM (n=4 mice per group; *p<0.05, **p<0.01 using a Mann-

Whitney test). 

Fig. 8 Increased BAFF levels in BALF from IPF patients. BALF of 7 patients with stable 

idiopathic pulmonary fibrosis (IPF), 5 patients with acute IPF exacerbation and 7 control 

patients with no identified respiratory disease were assayed for BAFF (A), IL-1β (B), IL-6 

(C) or CCL2/MCP-1 (D) by ELISA. (One of two independent experiments is shown; 

*p<0.05, **p<0.01 using a Mann-Whitney test). 

Fig. 9 Schematic diagram illustrating the IL-1β-IL-17A-BAFF crosstalk after BLM-induced 

lung injury. Upon bleomycin-induced damage, lung epithelial cells release danger signals 
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[17,18], triggering maturation and secretion of IL-1by alveolar macrophages, monocytes 

and/or dendritic cells[14]; IL-1βand a first wave of IL-17A produced by innate T 

lymphocytes[19] at the early phase of the fibrotic process, trigger BAFF expression, 

essentially by inflammatory neutrophils present early in lung tissues and bronchoalveolar 

space; increased local concentrations of BAFF in turn activate the Th17 lymphocytes 

recruited locally to secrete a second wave of IL-17. In addition, BAFF also increases IL-1β 

production by an amplification loop. BAFF is also capable to activate B lymphocytes, 

promoting their survival and differentiation leading to autoantibody and proinflammatory 

cytokine secretion, which might contributeto the pathogenesis of lung fibrosis induced by 

BLM exposure deserves further investigations. BAFF also activates other lung infiltrating 

cells to produce TGF-1, an essential pro-fibrotic factor which promotes transformation of 

epithelial cells and resident fibroblasts into myofibroblasts leading to excessive remodeling 

and fibrosis. 

Supplementary Fig. S1 APRIL mRNA expression in lung was unchanged after BLM 

challenge. Mice were challenged with BLM (5mg/kg) or saline solution instillation and 

sacrificed after 1, 4, 7 or 14 days. APRIL mRNA expression was measured in lungs by qRT-

PCR. Expression of GAPDH was used for normalization. Relative expression was normalized 

to APRIL expression in the lungs of NaCl-treated mice. One of two independent experiments 

is shown and data are expressed as mean values ± SEM (n=4 mice per group). 
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