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Abstract  

Bronchiolitis obliterans syndrome (BOS) is a major complication after lung transplantation (LTx). 

BOS is characterized by massive peribronchial fibrosis, leading to air trapping induced pulmonary 

dysfunction. Cathepsin B, a lysosomal cysteine-protease, was shown to enforce fibrotic pathways 

in several diseases. However, the relevance of Cathepsin B in BOS progression has not yet been 

addressed. The aim of the study was to elucidate the function of Cathepsin B in BOS pathogenesis.  

 We determined Cathepsin B levels in BAL fluid and lung tissue from healthy donors (HD) 

and BOS LTx patients. Furthermore, Cathepsin B activity was assessed via a FRET-based assay and 

protein expression was determined using Western blotting, ELISA, and immunostaining. To 

investigate the impact of Cathepsin B in the pathophysiology of BOS, we used an in-vivo orthotopic 

left-LTx mouse model. Mechanistic studies were performed in-vitro using macrophage and 

fibroblast cell lines. 

 We found a significant increase of Cathepsin B activity in BALF and lung tissue from BOS 

patients, as well as in our murine model of lymphocytic bronchiolitis (LB). Moreover, Cathepsin B 

activity was associated with an increased biosynthesis of collagen, and negatively affected lung 

function. Interestingly, we observed that Cathepsin B was mainly expressed in macrophages that 

infiltrated areas characterized by a massive accumulation of collagen deposition. Mechanistically, 

macrophage-derived Cathepsin B contributed to TGF-β1-dependent activation of fibroblasts, and 

its inhibition reversed the phenotype.  

 Infiltrating macrophages release active Cathepsin B promoting fibroblast-activation and 

subsequent collagen deposition, driving BOS. Cathepsin B represents a promising therapeutic 

target to prevent the progression of BOS.  

 



Keywords: lung transplantation; bronchiolitis obliterans syndrome; fibrosis; macrophages: 

fibroblasts; Cathepsin B, collagen  



Introduction  

Patients with severe end-stage lung disease rely on lung transplantation (LTx) as the only promising 

therapeutic intervention *1+. Long-term outcomes are affected by high incidence of bronchiolitis 

obliterans syndrome (BOS) *2, 3+. Histological evidences have defined BOS with a severe 

mononuclear infiltration of airways *4+, vessels and septum *5+, associated with fibrosis *6+, that 

contribute to a decline in FEV1 *7+. However, the main triggers for BOS development have not yet 

been identified. Epithelial-mesenchymal transition (EMT) plays a key-role in the fibro-proliferative 

process *8+, deriving from the self-perpetuating activation of fibroblasts, and massive release of 

collagen. Collagen deposition results in peri-bronchiolar fibrosis and declined in pulmonary 

functions *9+.  Transforming growth factor-beta-1 (TGF-β1) is a well-described pro-fibrotic factor, 

which is released in the extracellular space bound to a latency-associated protein (LAP) that 

prevents its immediate activation *10+. Dissociation and activation depend on different triggers  

*11+. Active TGF-β1 binds to its receptor, and downstream signaling results in the regulation of pro-

fibrotic genes, including collagen. Cathepsin B (CatB), a cysteine-protease, whose activity is 

negatively regulated by Cystatin-C (CysC) *12+ was shown to implement TGF-β1 signaling *13+, and 

significantly increased in bleomycin-induced lung fibrosis *14+ and in liver fibrosis *15+. Lung tissue 

from BOS patients revealed increased levels of TGF-β1 *16+. In this study, we investigated targets 

that are crucial in the pathogenesis of BOS. We found a direct association between CatB activity 

and the increase of pro-collagen-1a1 in human BOS as well as in mouse LB samples. Prevention of 

BOS development after LTx in mice lacking CatB illustrates the importance of our findings. 

Interestingly, infiltrating pro-inflammatory macrophages were the major source of CatB that 

mechanistically contributed to the TGF-β1-dependent activation of fibroblasts. In summary, our 

study is the first that shows CatB as promoter of BOS progression, and mechanistically interrogates 



the role of CatB in its pathogenesis. This data supports the consideration of CatB inhibitors as a 

potential therapy for the treatment of BOS in LTx patients.   



Methods 

See online supplement for additional details. 

 

Human Subjects 

Human studies were approved by the local ethics committees. Two cohorts of LTx patients were 

studied. Frozen human BALF samples and lung tissue from Munich-cohort (Ludwig-Maximilian 

University, protocol 333-10), and BOS stage-3 lung tissue from France-cohort (protocol N8CO-08-

003, ID RCB 2008-A00485-50).  

BALF samples were retrospectively collected from our bioarchive, where they were stored 

longitudinally. In total 20 consecutive stable LTx patients, who did not develop CLAD until the 

preparation of the manuscript (and at least after 5 years from BAL collection), and 22 consecutive 

BOS patients were considered. BALF samples analyzed for the BOS-0, BOS-1, BOS-2, and BOS-3 

group correspond to the same 22 BOS patients with serial samples along with post-Tx time and 

disease-stage (for a total number of n=20 for BOS-0, n=13 for BOS-1, n=13 for BOS-2 and n=20 for 

BOS-3).  

BOS stages and relative BALF samples were grouped according to the % decline in FEV 1 values of 

baseline: they were grouped in BOS-0 patients if they were stable at the time of BAL collection, 

but developed later BOS-1 or higher; in BOS-1 when the FEV1 value was between 66-80%; in BOS-2 

when the FEV1 value was between 51-65%; and in BOS-3 when the FEV1 value was ≤50% [1, 2]. 

Stable LTx patients did not develop CLAD for at least 5 years from the time the BAL sample was 

collected.  Patients with infection as cause for lung function decline were not included in the 

study. Acute cellular rejection>A1 was not present in any of the BOS samples at the time of BAL 

collection. 



We selected patients solely according to lung function analysis and not on differential BAL cell 

count. Stable LTx patients with high percentage (%) number of BALF neutrophils, and low % 

number of BALF macrophages, were completely asymptomatic, and remained stable over a long 

period of time (> 5 years) from the BAL collection. 

BALF samples were collected from patients affected by lung fibrosis (LF) which includes idiopathic 

pulmonary fibrosis (IPF) and non-IPF patients; patients affected by chronic obstructive pulmonary 

disease (COPD), cystic fibrosis (CF) and pulmonary hypertension (PH).  A more detailed description 

of the clinical assessment in LTx patients was previously described by Kneidinger et al. [17].  

Human lung tissue 

Paraffin-embedded lung tissue sections were obtained from two sources. The control group used 

in this study was provided by our BioArchive (CPC, Munich) and derived from healthy parts of 

lungs from non-transplanted donors, that we called “Healthy donors, HD” lung tissue. The “BOS” 

lung tissue was provided by the Hospital Marie-Lannelongue, Le Plessis-Robinson, France, and 

derived from BOS-stage 3 lung tissue. Detailed information is provided in the Supplemental Figure 

1f. 

 

Procollagen1a1 levels in frozen human BALF: Procollagen1a1 levels were measured via an 

enzyme-linked immunosorbent assay 

Cathepsin B activity and protein levels in BALF, cell medium, and in paraffin -embedded lung 

tissue: Cathepsin B activity was measured via a FRET-probe based activity assay. Cathepsin B 

protein-level in BALF were measured using Western blotting. Cathepsin B tissue expression was 

measured using immunohistochemistry and immunofluorescence stainings.  



 

Animal experiments  

Animal experiments were approved by the local government of upper Bavaria, Germany (project 

55.2-1-54-2532.120.2015). Male C57BL/6, HLA (C57BL/6-Tg (HLA-A2.1)1Enge/J) were used as 

donor of left lobes, and Ctsb–/– (B6;129-Ctsbtm1Jde/J) and C57BL/6 as recipient mice.  

Orthotopic left lung mouse transplantation: The surgery was performed as previously described 

*18+ . 

Left-lung function: Mice were anesthetized with a mixture of medetomidine (1 mg/kg), midazolam 

(0.05 mg/kg), and fentanyl (0.02 mg/kg), then intubated and connected to a Minivent -ventilation 

system (120 breaths/min, volume of 300μl). The chest was opened, and the right bronchus was 

clamped. Then, mice left lung function was measured via FlexiVent system (Scireq) (tidal volume of 

3.5 ml/kg, frequency of 150 breaths/min). Airway compliance, resistance, tissue elastance and 

inspiratory capacity were measured via SnapShot, Prime-8 and Quick-prime wave perturbations. 

Three readings per animal were taken.  

BAL collection: BAL collection was performed as previously described *18+. BAL was centrifuged 

and BAL supernatant, BAL fluid (BALF) was stored at -80°C for further analysis. In this study we 

used all the 83 available BALF (1 ml) samples that were collected from 20 Stable LTx patients, as 

well as 22 BOS patients at different stages of the disease (providing BALF samples of n=20 for BOS-

0, n=13 for BOS-1, n=13 for BOS-2 and n=20 for BOS-3).  

Tissue inflammation and collagen: Inflammation and collagen were analyzed via Masson´s 

trichrome staining (see online supplement) and CAST analysis.  

Gal3+ and CatB+ cells quantification was performed by considering 20 random images (20x 

objective) (FOV), and then counting the actual number of cells detectable. Values were normalized 

to the total area. 



CAST: A computer assisted stereological toolbox (newCAST, Visiopharm) and an Olympus BX51-

light microscope were used for the quantification of inflammation and collagen. The software 

selects 35 random fields of view across multiple lung sections using the 40x objective. The area of 

collagen deposition or inflammation is then calculated in each FOV, determined by the number of 

points hitting the area (Pcollagen). In addition, however, intercepts of lines with the basement 

membrane of airways and blood vessels is then recorded (Iairway+vessel), meaning the volume of 

collagen or inflammation is normalized to the surface area of the basal membrane across the lung 

using the formula   V/S = ∑Pcollagen x L(p) / ∑Iairway+vessel, where L(p) is the line length per point. This 

normalization to basement membrane surface area prevents over or underestimation of the 

results”.  

Immunohistochemistry staining of human and mouse lung tissue:  see online supplement 

In vitro experiments: A macrophage and a fibroblast cell-line were used for simulating the 

mechanism of chronic rejection in-vitro. See online supplement. 

Statistics: Data represent mean ± SEM. For the comparison between 2 groups, the statistical 

significance was evaluated by a non-parametric t-test (Mann-Whitney); for the comparison 

between more than 2 groups (except those including BOS grades), the statistical significance was 

evaluated by one-way ANOVA followed by a Kruskal-Wallis post-test or followed by a Tukey’s 

multiple -test. Furthermore, for the comparison between Stable LTx patients and BOS grades, the 

stable group was compared to each BOS group via a non-parametric t-test (Mann-Whitney), 

because Stable LTx patient group is independent from BOS group. The values at the different BOS 

grades (not independent of each other) were compared with the others, with a Mixed effects 

model analysis followed by a Tukey’s multiple comparisons test, which takes into account the fact 

that not all samples for each patients have been collected at each time-point. Median values are 

showed. Differences were considered to be statistically significant at P < 0.05.  



Results 

Cathepsin B levels are increased in human BOS  

Patients with BOS are characterized by marked tissue-collagen deposition that negatively affects 

long-term functional outcomes *19, 20+. Pro-collagen-1a1 is a well-described marker of fibroblast 

activation *21-23+. Therefore, we measured soluble pro-collagen-1a1 levels in bronchoalveolar 

lavage fluid (BALF) using an enzyme-linked immunosorbent assay (ELISA). 

BALF samples were retrospectively collected from our bioarchive, and a total number of 20 Stable 

LTx patients and 22 BOS patients were analyzed. When comparing the median value of BALF 

samples from Stable LTx patients (S), who did not develop signs of chronic lung allograft 

dysfunction during the entire study, with the median value of BALF at each stage of the disease in 

BOS patients (BOS 0-3), who showed a significant decline of FEV1%, but no a persistent change in 

total lung capacity (TLC %) and in BALF total protein amount (Suppl. Fig 1a-e, Munich cohort), we 

found a large increase of newly formed pro-collagen-1a1 in BALF from BOS patients (7.4 fold 

change, P= 0.0003) (Figure 1a). Pro-collagen-1a1 levels were already high at stage-1 of the disease 

(655.02 pg/ml in BOS-1 vs 98.8 pg/ml in S, P= 0.0009), and stage-2 of the disease (425.31 pg/ml in 

BOS-2 vs 98.8 pg/ml in S, P=0.029), and peaked at stage-3 (1081.74 pg/ml in BOS-3 vs 98.8 in S, P= 

0.0048) (Figure 1b) when compared with stable LTx patients. No significant differences were found 

between the BOS groups after using a Mixed effects model analysis followed by a Tukey’s multiple 

comparisons test. Furthermore, pro-collagen-1a1 levels negatively correlated with FEV1 % after LTx 

(P= 0.0018) (Figure 1c). These results suggest specific up-regulation of fibroblast activation in lungs 

of patients along the progression of BOS. Because CysC, an endogenous regulator of the activity of 

CatB, was shown to prevent excessive proliferation and activation of fibroblasts in injured lungs 

*24+ and in cancer cells *25+ we determined CysC levels in explanted human lungs via 

immunostaining. In comparison to healthy donors (HD), lung tissue from BOS stage-3 patients 



(Suppl. Fig 1f, France Cohort) showed a remarkable decrease in CysC expression (35.3 positive 

cells/20 FOV in S, vs 14.3 positive cells/20 FOV in BOS-3, P= 0,011) (Suppl. Fig 2a-b) in 

macrophages (Suppl. Fig 2c). CatB was already reported to be notably increased in lung fibrosis 

*14+, and in liver fibrosis *15+. We therefore hypothesized that the activity of CatB in BALF from 

BOS patients is dysregulated as a consequence of decreased levels of CysC. We indeed observed a 

substantial increase of CatB activity in BOS patients (16.62ng/ml in BOS vs 2.69 ng/ml in S, P= 

0.0001) (Figure 1d), starting already at early stage of deterioration in allograft function (BOS-0)  

(16.9 ng/ml in BOS-0 vs 2.69 ng/ml in S, P<0.0001) compared to Stable LTx patients (Figure 1e). No 

significant differences were found between the BOS groups after using a mixed effects model 

analysis followed by a Tukey’s multiple comparisons test. Remarkably, CatB expression was also 

significantly increased in BALF and in lung tissue of BOS patients (Figure 1h-k). 

Moreover, CatB activity negatively correlated with FEV1 % values from baselines after LTx, similarly 

to pro-collagen-1a1 levels (P= 0.014) (Figure 1f). Interestingly, a more in-depth investigation of 

CatB activity revealed a substantial increase in patients previously diagnosed for lung fibrosis (LF) 

(53.9 ng/ml in BOS vs 7.3 ng/ml in, P= 0.0047) (Suppl. Fig 2d), but not for other lung diseases 

(Suppl. Fig 2e). Notably, BOS patients diagnosed for LF showed decreased CysC levels in BALF 

samples compared with patients without signs of BOS (23.3 ng/ml in BOS vs 81.57 ng/ml in, P= 

0.0048) (Suppl. Fig 2f). This increase was not observed in patients with “Other lung disease” (51.7 

ng/ml in BOS vs 68.3 ng/ml in S, P=0.6) (Suppl. Fig 2g). Moreover, CatB activity corresponded to 

the release of pro-collagen-1a1 in BALF from BOS patients, and correlated with disease progression 

(Figure 1g). Taken together, these results suggest that CatB activity is crucial for collagen 

expression and represents a key player in the progression of BOS. These findings were confirmed in 

two different cohorts of BOS patients (Munich and France cohort, Suppl. Fig 1a, f). 

 



Infiltrating macrophages are the main source of Cathepsin B during BOS development 

Since the influx of T, B cells, and macrophages has been observed in areas surrounding airways and 

vessels in the allografts, we investigated the expression of CatB in those cells. Using lung tissue 

from LTx patients as well as from our mouse model of LB that clearly shows pathological changes 

of human BOS *18+, we identified enhanced macrophages number localizing to areas surrounding 

the airways and vessels as the main source of CatB (Figure 2a). Despite some neutrophils showed a 

weak CatB expression, T and B cells did not show any (Suppl. Fig 4a-c). Quantitative analysis of 

lung tissue from LB mice at 2 months revealed a large increase of infiltrating macrophages (324 

macrophages/FOV in LB mice vs 97 macrophages/FOV in Ctrl mice; P= 0.0079) (Figure 2b, c), and of 

CatB-positive cells (110 CatB positive cells/FOV in LB mice, vs 5 CatB positive cells/FOV in Ctrl mice; 

P= 0.04) (Figure 2d) compared with control mice. Interestingly, only infiltrating macrophages that 

were negative for HLA.A2, expressed CatB, suggesting that recipient-derived macrophages are the 

main source of CatB in LB (Figure 2e). Strikingly, in accordance with our previous findings (Suppl. 

Fig. 2c), three different single-cell transcriptome analyses *26-28+ of lung tissue, explanted from IPF 

patients at the time of LTx, showed an increase of CatB expression in macrophages (Suppl. Fig.3a-

b), mainly in lung fibrosis (LF) patients. These findings strongly suggest that monocyte-derived 

macrophages are the main cell type expressing CatB in human and mouse lungs during the 

development of BOS.  

 

Cathepsin B expression increases during the development of BOS in an orthotopic murine model 

of LB  

To determine the contribution of CatB during disease progression, we analyzed the time-

dependent expression of CatB in the orthotopic left LTx murine model. Left lungs from wildtype 

(B6) and HLA-A2–knock-in (HLA) mice were orthotopically transplanted into B6 mice and analyzed 



at day 7, 14, and 28 after LTx (Figure 3a). We could demonstrate a time-dependent increase of 

inflammation and collagen deposition in areas surrounding airways, vessels and alveolar septum in 

the mismatched LTx mice reminiscent of human LB (Figure 3b, c). Consistent with human data 

(Figure 1d, e) we observed an increase of CatB expression in lung tissue and BALF of LB mice 

already after 14 days (Figure 3d-f). As we found human and here mouse CatB expression being 

positively associated with collagen deposition and disease progression, we analyzed the expression 

of ECM components critical for BOS progression. Collagen1a1 expression was increased in LB lung 

tissue after 14 days (Figure 3e). Fibronectin-1 (FN1), required for collagen matrix assembly and 

important in fibrosis *29+, similar to CatB and collagen 1a, was also increased after 14 days in LB 

mice (Figure 3e, f). These results suggest a positive functional association between CatB expression 

and the biosynthesis of lung pro-fibrotic markers during BOS development. 

 

Cathepsin B deficiency protects lung grafts from collagen deposition in LB  

To elucidate whether CatB deficiency affects collagen deposition during the progression of LB, we 

investigated transplanted HLA.A2 lungs (Ctrl) into wild-type (B6) or Ctsb-/- mice and evaluated LB 

development after 28 days (Figure 4a). The control (Ctrl) is the left lung from non-transplanted 

HLA.A2 mice, for which the lung function has been measured after clamping the right bronchus, as 

for the transplanted mice. Strikingly, genetic deletion of CatB in recipient mice efficiently protected 

the allograft from LB progression. Allograft from CatB-deficient mice demonstrated improved lung 

compliance (0.017 ml/cmH2O in Ctsb-/- mice, vs 0.0069 ml/cmH2O in BOS mice; P= 0.011), and 

higher inspiratory lung capacity (0.31 ml in Ctsb-/- mice, vs 0.13 ml in BOS mice, P=0.017) in 

comparison to LB mice. Nevertheless, we observed no differences in the lung function between 

non-transplanted CatB-deficient and WT mice. Furthermore, Ctsb-/-allografts were protected from 

a large increase in airway resistance (1.5 cmH2O/ml in Ctsb-/- mice, vs 9.39 cmH2O/ml in LB mice, 



P= 0.029), and tissue elastance (57.55 ml/cmH2O in Ctsb-/- mice, vs 124.6 ml/cmH2O in LB mice, P= 

0.026) usually observed in LB development (Figure 4b). In support, left lungs from Ctsb-/- showed 

mild signs of fibrosis in peribronchial areas (Figure 4c) and all over the lung tissue (Figure 4d), 

compared to the LB mice. Furthermore, Ctsb-/- mice revealed reduced septal collagen and 

inflammation (Figure 4e, f). Most importantly, genetic deletion of CatB did not affect macrophage 

infiltration into the lung (Figure 4g, h), indicating that the absence of CatB has only a direct impact 

on macrophage function after LTx. Taken together, these data demonstrate that a mismatched 

transplantation induced aberrant collagen deposition and lung dysfunction in-vivo via CatB, that 

are prevented in Ctsb-/- mice. 

 

Macrophage-derived Cathepsin B promotes fibroblast activation  

CatB-positive macrophages significantly increased in areas affected by fibrosis. To better address 

the molecular function of CatB, we stimulated macrophages towards a pro-inflammatory, M1, or 

anti-inflammatory, M2 phenotype in-vitro (Figure 5a). M1, but not M2-polarized macrophages 

showed a significant increase of CatB gene expression after 24h of stimulation (Figure 5b). 

Similarly, CatB activity showed a substantial increase in the medium of M1-macrophages (Figure 

5c). Likewise, in our murine LB model, CatB expression was observed in M1-macrophages but not 

in M2-macrophages (Figure 5d). Interestingly, M1 macrophage-cytokines were previously shown 

increased into the BALF of BOS patients *30+. We furthermore investigated the polarization of 

macrophages in our mouse model of LTx, by staining and quantifying the left lung tissue for NOS2 

(M1 marker) and CD206 (M2 marker). Importantly, M1 and M2 -macrophage numbers increased in 

our model of LB, 2 months after LTx, when compared to control mice (46 NOS2+ cells in LB mice, 

vs 25 NOS2+ cells in Ctrl mice, P= 0.2) (Suppl. Fig 5 a, b), and (53 CD206+ cells in LB mice, vs. 28 

CD206+ cells in Ctrl mice, P=0.16) (Suppl. Fig 5 c, d). Since macrophages represent the main 



source of TGF-β1 *31+ we analyzed the expression of Tgfb1 and confirmed a significant increase in 

M1-polarized macrophages (Figure 5e). Interestingly, pre-treatment of M1 macrophages with a 

CatB-specific inhibitor (CA074) (Figure 5f), resulted in the impaired processing of pro-TGF-β1 

(Figure 5g). To further confirm the direct involvement of CatB in fibrosis, we treated fibroblasts 

with M1-derived cell medium. Strikingly, fibroblasts showed a significant increase of TGF -β1 

signaling activation, mediated by CatB activation (Figure 5h). Taken all together, our data 

demonstrates that increased activity of pro-inflammatory macrophage-derived CatB, resulted in 

the activation of fibroblasts driving BOS progression.   



Discussion  

Differently from all other proteases, Cathespin B (CatB) is able to act as exopeptidase and as 

endopeptidase, and exerts its activity under acidic and neutral pH conditions *32+. Its activity is 

broad, targeting highly similar substrates *33+. CatB expression was shown to be associated with 

many fibrotic diseases *13-15+, however its contribution has not yet investigated in the contest of 

BOS. Therefore, we investigated the impact of CatB to the progression of BOS. For the first time, 

we demonstrated that 1) CatB activity and expression are increased in BOS patients; 2) this 

negatively correlates with lung function; 3) infiltrating, recipient-derived macrophages are the 

main source of CatB; 4) CatB activity leads to collagen production and 5) resulted in a TGF-β1-

dependent activation of fibroblasts.  

Although histological features of BOS are defined during the later stages of disease, the main 

triggers that promote BOS development have not been identified. One of the major reasons for 

this scientific gap is the limitation of human samples for research and the lack of a reproducible 

animal model of BOS combined to the technical challenges of LTx. Translational studies are 

restricted to BALF and peripheral blood. Surveillance bronchoscopy, including BAL and 

transbronchial biopsy (TBB) collection, is part of the routine follow up in our center. Lung tissue 

collected by TBB was however not routinely stored in our bioarchive, making it impossible for us to 

directly compare BAL and TBB at each given time-point. Only lung tissue samples from patients at a 

very late stage of the disease could be used in this study, limiting histological investigations at early 

time-points. This limitation makes it difficult to investigate early events that can trigger disease 

progression. Here, we used BALF samples that were collected at different stages of the disease 

(BOS 0-3). This, coupled with our LTx mouse model of LB, enabled us to identify potential drivers of 

the disease.  



We demonstrated a substantial increase of CatB activity in the BALF of BOS patients, starting 

already at BOS stage-0. In accordance with our finding, Kasabova et al. showed a marked increase 

of CatB activity in BALF samples of mice, during the acute phase of bleomycin -induced fibrosis, 

prompting the involvement of CatB in fibrosis *13+. Additionally, the expression of CatB increased 

over the disease progression in BOS patients and in our mouse model of LB. This observation is 

comparable to previous studies performed in samples from patients and mice suffering from 

advanced liver fibrosis *15+. In order to understand the role of CatB, we first investigated the main 

source in BOS. One hallmark of BOS is the influx of macrophages *32+ into the allograft, in areas 

surrounding the airways and vessels *2+. Vasiljeva et al. demonstrated infiltrating macrophages 

being the source of CatB, which promoted tumor invasiveness, suggesting CatB as a main player in 

tumor progression *34+. Similarly, we showed that recipient monocyte-derived macrophages, that 

were infiltrating areas affected by collagen deposition, were the main source of CatB in BOS 

patients as well as in LB mice. Furthermore, we were able to characterize the subclass of CatB-

producing macrophages being predominantly pro-inflammatory macrophages, which we could 

confirm in-vivo in the lungs of LB mice.  

Previous studies demonstrated that LB lung tissue was characterized by a marked increase of 

infiltrating cells in fibrotic areas, surrounding distal airways *8+ vessels and alveolar space *5, 19+. 

The most striking finding in our study is the observation of significant changes in disease -related 

factors in a time-dependent manner. Here, we showed that CatB activity as well as pro-collagen 

levels in BALF negatively correlated with the lung function in patients after transplantation. 

Interestingly, the increase of CatB activity was positively associated with the increased collagen 

levels detected in BALF. The increased levels of pro-collagen 1a1 were already reported as a result 

of fibroblast proliferation of alveolar epithelial cells *35+ as well as in the BALF of patients with 

interstitial lung disease *36+. We found that the increase of CatB activity occurs at an early stage of 



BOS disease (BOS stage 0), which is associated with an early increase of pro-collagen 1a1 synthesis 

(BOS stage 1). Thus, our finding in BOS patients may have additional implications in the context of 

biomarkers for the early diagnosis of BOS development. Strikingly, CatB-deficiency resulted in 

reduced collagen production, protecting the graft against the development of LB. We could 

definitively demonstrate that the exclusive lack of CatB was sufficient to prevent LB development. 

The microsurgery of LTx represents the major challenge in the experimental number of mice used 

in this study. However, the homogeneity of our readouts offered a clear and convincing 

understanding of the phenotype.  

Molecularly, we could successfully demonstrate the role of CatB in regulating TGF -β1 signaling in 

fibroblasts leading to the progression of BOS. Previously, the increase of TGF-β1 levels was 

reported in the BALF from RAS patients, which was associated with a pro-fibrotic phenotype 

(reduced E-cadherin expression and an increased expression of α-SMA proteins) in RAS lung tissue 

*37+. In agreement with our findings, a previous study revealed that the increased levels of TGF-β1 

were associated with the development of OB, and was also showed that the elevated expression of 

TGF-β1 preceded the development of OB *16+. These findings suggest that BOS and RAS lung tissue 

might share some common molecular features, likely in association with distinct pathways, which 

lead to different histological findings and clinical symptoms. The association of CatB in TGF -β1 

driven activation of fibroblasts was reported in-vitro studies using fibroblasts from IPF patients 

*13+ . Although, CatB expression in kidney epithelial cells was shown to negatively regulate TGF -β1 

signaling, the authors already pointed to a cell-type, and disease state specific function of CatB 

*38+. When we addressed the role of macrophage-derived-CatB in BOS, we found that CatB was 

necessary to activate latent TGF-β1, and pro-inflammatory macrophages were the main source of 

CatB and of TGF-β1. Similar to a recent study, we demonstrated that pro-inflammatory 

macrophages induced fibroblast activation *39+. Furthermore, BOS patients have shown high 



incidence of bacterial infection, described as source of LPS *40+ and of IFNγ *41+, that together 

could promote macrophage differentiation towards a pro-inflammatory phenotype in BOS. 

Strikingly, in-vitro inhibition of CatB activity resulted in the prevention of fibroblast activation. This 

finding already suggests CatB inhibition as a therapeutic target in the treatment of BOS. Based on a 

detailed analysis of CatB activity in our cohorts as well as in independent single cell analysis *26-

28+, we demonstrated a clear association between decreased levels of CysC and increased CatB 

activity in patients with a history of pulmonary fibrosis. We believe that there is a high systemic 

bioavailability of CatB in those patients which, associated with an increased recruitment of pro -

inflammatory CatB+ macrophages in the graft after LTx, results in an increase in CatB activity in 

BALF. Consistently, the association of CatB expression and fibrotic diseases has been widely 

investigated. Previous studies reported a significant increase of CatB in lung *13+ as well as in liver 

fibrosis *15+. Analysis of a larger number of BALF samples from patients with other underlying lung 

diseases other than LF will be crucial to validate the significance of CatB activity in the specific of 

underlying LF.  In the light of the increasing demand of personalized medicine, future follow -ups in 

a larger cohort would be needed to consider the usage of a CatB inhibitor as BOS therapy in LTx 

patients with a history of lung fibrosis.  

In conclusion, based on our findings in human as well as in mice, this study clearly demonstrates a 

crucial role of macrophage-released CatB in the TGF-β1-mediated biosynthesis of collagen by 

fibroblasts already at early stages of the disease, suggesting CatB as early marker of BOS 

progression. We would like strongly suggest CatB as a novel potential therapeutic target in the 

treatment of BOS.   



Figure legends 

 

Figure Legend 1 

Cathepsin B and Collagen expression increase in bronchiolitis obliterans syndrome 

a, b) Quantification of secreted pro-collagen 1a1 via ELISA in bronchoalveolar lavage fluid (BALF), 

from Stable LTx patients (n=15), who never developed signs of bronchiolitis obliterans syndrome, 

and from BOS patients, who developed bronchiolitis obliterans syndrome. BALF was collected at 

different stages of the disease, according to the rate of FEV1 % decline, into BOS-0 (n=5); BOS-1 

(n=13); BOS-2 (n=13); BOS-3 (n=15); c) Linear correlation between pro-collagen 1a1 secreted in 

BALF and FEV1 % of Stable LTx and BOS patients; BOS-0 patients are excluded for the analysis cause 

of no change in  FEV1 % ; d, e) Quantification of Cathepsin B (CatB) activity in human BALF via a 

FRET-probe based activity assay adding 10μM of Z-Arg-Arg-AMC substrate to the reaction buffer. 

CatB concentration was measured with serial dilutions of CatB recombinant protein; BALF was 

collected at different stages of the disease, according to the % decline in FEV1 %  values of 

baseline, into BOS-0 (n=20); BOS-1 (n=11); BOS-2 (n=12); BOS-3 (n=20); f) Linear correlation 

between CatB activity and its related FEV1% value; g) Evaluation of CatB and pro-collagen 1a1 

expression over BOS progression (+/- SEM); h, i) Representative Western blots of human BALF 

samples from Stable LTx and BOS patients. Pro-forms and mature forms of CatB were determined 

and quantified according to the expected molecular weight. j) Representative histological sections 

of bronchiolar and alveolar epithelium are shown at low (scale bar of 500µm) and high (scale bar 

of 100µm) magnification to illustrate the different expression and localization of CatB (top panel). 

Paraffin-embedded lung tissue was obtained from healthy donors (HD) and from BOS stage-3 

patients; k) Representative pictures of human lung tissue stained for inflammation and for collagen 



via Masson trichrome staining. Bar graphs represent mean values +/ - SD. Statistical significance 

was assessed using Mann-Whitney U test (*P< 0.05; **P< 0.005; ***P< 0.0001) (a, b, d, e, I). 

 

Figure legend 2 

Cathepsin B is expressed in macrophages infiltrating airway-surrounding areas during BOS  

a) Representative immunofluorescence staining of Cathepsin B (red), and of macrophage, Galectin 

3 (green) in human lung tissue from healthy donors (HD) and BOS stage-3 patients (scale bar of 50 

µm), b) Representative immunofluorescence staining of Cathepsin B (red) and of macrophage, 

Galectin-3 (green) (scale bar of 50 µm) 2 months after LTx in left lungs from B6→B6 (n= 4) and 

HLA→B6 (n= 4); c) Quantification of Galectin-3 positive cells in 20 randomly selected fields of view 

(FOV); d) Quantification of Cathepsin B positive cells in 20 randomly selected fields of view; e) 

Representative immunofluorescence staining of Cathepsin B (green) and left lung donor -derived 

antigen, HLA.A2 (red) in lung tissue from HLA→ B6, 2 months after LTx. Values were normalized to 

the total area. Violin plots represent mean values. Statistical significance was assessed using Mann-

Whitney U test (*P< 0.05; **P< 0.005) (c, d). 

 

Figure legend 3 

Cathepsin B expression in an orthotopic murine model of LB  

a) Experimental design of a time-course orthotopic murine left lung transplantation (LTx) model; b) 

Representative pictures of murine lung tissue stained for inflammation and for collagen via Masson 

trichrome staining (scale bar of 200µm); c) Quantification of collagen and inflammation in lung 

tissue was performed via a computer-assisted stereology analysis (CAST) around airways, vessels, 

and septal area. Values are represented as mean values, and expressed as volume on surface 



(µm3/µm2); d) Representative immunofluorescence staining of Cathepsin B in lung tissue (scale 

bar of 50µm); e) Representative western blots of Cathepsin B, collagen 1 and fibronectin 1 (FN1) 

expression in lung tissue lysate, and f) in BALF. Equal amount of total protein was loaded for lung 

tissue analysis (15 µg), and equal volume was loaded for BALF analysis. Pro-forms and mature 

forms of Cathepsin B were detected according to the molecular weight.  

 

Figure legend 4 

Genetic deletion of Cathepsin B protects lung grafts from LB  

a) Experimental design of orthotopic left lung transplantation (LTx) in CatB knock-out mice (Ctsb-/-

). Left lungs from non-transplanted HLA.A2 mice were used as control (Ctrl), for which the lung 

function has been measured after clamping the right bronchus, as for the transplanted mice. b) In-

vivo measurements of left lung function via Flexivent, 28 days after LTx. Right bronchi were 

clamped during the entire time of lung function measurements. Measurements were normalized 

to the body weight of the recipient mouse; c) Evaluation of inflammation and collagen deposition 

was determined via Masson trichrome staining of left lung tissue, 28 days after LTx. Representative 

pictures are shown for each group, at low magnification (1000µm, left panel), and high 

magnification (100 µm, right panel); d-f) Quantification of inflammation and collagen of left lung 

tissue, in areas surrounding airways, vessel and septum, was performed via computer -assisted 

stereology (CAST); g) Quantification of macrophages in left lung tissue at 28 days after LTx via 

computer-assisted stereology (CAST). Representative pictures of macrophage immunostaining, 

positive for Galectin-3 (scale bar of 50µm); h) Quantification of macrophage in left lung tissue. 

Violin plots represent mean values =/- SD. Statistical significance was assessed using one-way 

ANOVA, Kruskal Wallis (*P< 0.05; **P< 0.005; ***P< 0.0003; ****P< 0.0001). 



Figure legend 5 

Cathepsin B contributes to fibroblast activation via TGF-β1ß -maturation 

a) Experimental design of macrophage (Raw264.7) differentiation with IFN-γ (20 ng/ml) and LPS (1 

µg/ml), IL-4 (20 ng/ml) or medium alone. Macrophage cell supernatant was used to analyze 

Cathepsin B (CatB) activity, active TGF-β1 levels, and for further treatment of fibroblasts (MEF). 

Macrophage cell lysate was used for gene expression analysis; b) gene expression analysis of 

murine CatB in macrophages at different times of differentiation; c) quantification of CatB activity 

in cell supernatant via FRET-based activity assay; d) Representative immunofluorescence staining 

of CatB (green) and NOS2 (red) expression (upper panel), and of CatB (red) and CD206 (green) 

(lower panel), in a murine model of LB(scale bar of 10µm); e) Gene expression analysis of murine 

tgfb1 in macrophages at different times of differentiation; f) Quantification of CatB activity in cell 

supernatant of macrophage-pretreated with CA074 (10µM), or DMSO, and stimulated for 24h or 

48h with IFN-γ (20 ng/ml) and LPS (1 µg/ml) via FRET-based activity assay; g) Quantification of 

active TGF-β1 in cell supernatant of macrophage-pretreated with CA074 (10µM), or DMSO, and 

stimulated for 24h and 48h with IFN-γ (20 ng/ml) and LPS (1 µg/ml) via ELISA; h) Quantification of 

pSMAD3 signal in MEF cells after 30 minutes of stimulation with macrophage-conditioned medium 

(CM) via Western blot. Macrophages were pre-treated with CA074 (10µM) or DMSO, then 

stimulated for 24h with IFN-γ (20 ng/ml) and LPS (1 µg/ml). Cell supernatant was collected, 

centrifuged and add to starved fibroblasts (n=2, N=3). Western blot signals were normalized to β-

actin, and internal controls. Violin plots represent mean values +/ - SD. Statistical significance was 

assessed using\One-way ANOVA, Kruskal Wallis (b, c, e., f, g) and Turkey´s multiple test (h) (*P< 

0.05; **P< 0.005; ***P< 0.0003; ****P< 0.0001).  
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Supplemental Information 

Cathepsin B promotes collagen biosynthesis driving Bronchiolitis Obliterans Syndrome  

Carmela Morrone, Natalia F. Smirnova, Aicha Jeridi, Nikolaus Kneidinger, Christine Hollauer, Jonas 

Christian Schupp, Naftali Kaminski, Dieter Jenne, Oliver Eickelberg, and Ali Önder Yildirim. 

 

Material and Method 

Human patient descriptions 

All patients in our center undergo routinely body plethysmography at every visit as part of the 

structured follow-up. In this context, we recently published a detailed description of our entire 

bilateral lung transplant cohort, with a focus on physiological phenotypes, such as air 

entrapment (hyperinflation) and restriction (rigidity) and their combination (mixed)[1] . In the 

current analysis only patients with a definite BOS phenotype were selected. BOS was defined as 

an isolated obstructive phenotype (FEV1/FVC ratio <0.70, i.e. without a concomitant and 

persistent decrease of total lung capacity (TLC) (TLC/TLCbaseline <90%)) and without persistent 

radiologic pulmonary opacities, which is in line with previous and current consensus definitions 

[2, 3] .  

Human BAL collection 

https://pubmed.ncbi.nlm.nih.gov/?term=Schupp+JC&cauthor_id=31412723
https://pubmed.ncbi.nlm.nih.gov/?term=Schupp+JC&cauthor_id=31412723
https://pubmed.ncbi.nlm.nih.gov/?term=Kaminski+N&cauthor_id=31412723


 

BAL collection was performed with the fiberoptic bronchoscope by specialized clinical 

personnel. A total volume of 100 ml of saline solution was instilled, and the sample was then 

retracted. The volume of retrieved BAL was recorded. The BAL sample was centrifuged and BAL 

pellet was separated from the BAL fluid (BALF). BAL pellet was used for BAL cell differential 

counts, while BALF was pooled in aliquots for routine analysis, and frozen at -80°C for molecular 

analysis [4]. BAL collection from stable BOS-3 patients was not routinely performed, since 

bronchoscopy in patients with end-stage BOS is associated with risks, and indication was set 

very carefully. BALF from BOS-0 were taken as part of surveillance bronchoscopy, 6 or 12 

months after transplantation. We routinely performed bronchoscopy on Stable LTx patients at 

3, 6 and 12 months and at later time points, to rule out infection or suspicious of allograft 

dysfunction. Patients were clinically defined stable if no infection or rejection was diagnosed 

and remained stable for over 5 years from the time of BAL collection. Patients undergo 

bronchoscopy if a clinically relevant lung function decline is noticed (e.g. BOS-2→ BOS-3) as 

indicated by the treating physician for differential diagnostics. Samples were only used for 

current analysis if other reasons than chronic rejection were excluded. 

All BALFs that were used in this study were collected and stored from 2004 until 2014. For the 

following analysis, we selected patients with clear evidence of BOS, and patients with stable LTx 

from our bio-archive. 

Orthotopic left lung transplantation mouse model  



 

The mouse model used in this study, as previously reported [5], is a model of lymphocytic 

bronchiolitis (LB). This model clearly shows pathological changes similar to human BOS, 

including peribronchial mononuclear cell infiltration, ECM deposition in areas surrounding 

airways, selective loss of club cells, immune follicle formation, bronchiolar epithelial cell 

dysplasia, and epithelial undulation [6]. Our mouse model has a strong resemblance to the pre-

obliterative phenotype, but lacks parenchymal fibrosis, characteristic of the restrictive 

phenotype [7]. Since LB is considered a precursor of OB in BOS [8, 9] our model is useful to get 

insights into the initiation of BOS development. 

Immunohistochemistry  

Sections were deparaffinized, and rehydrated with PBS-Tween 20 (0.1%), PBS-T, for 10 min. 

Endogenous peroxidases were quenched by incubation in 3% H2O2 (30%, H1009, Sigma Aldrich) 

in PBS for 10 min. After washing with PBS-T, avidin solution (Avidin/Biotin Blocking Kit, SP-2001; 

Vector Laboratories) was added and incubated for 15 min, followed by washing with PBS-T; 

biotin solution was added for 15 min, and washed again; sections were blocked with PBSA (BSA 

3% in PBS), and incubated overnight at 4°C with the primary antibody. After washing in PBS-T, 

visualization was performed by incubating sections with HRP-conjugated secondary antibody 

for 30 min at room temperature followed by the addition of the substrate (ImmPACT DAB 

Peroxidase (HRP) Substrate, SK-4105; Vector Laboratories). After counterstaining with 

Hematoxylin, dehydration and mounting, the sections were scanned using the Axio Imager 

(Imager.M2, Zeiss).  



 

Double immunofluorescence  

Double immunofluorescence was performed as previously described [10]. The following 

primary antibodies were used in our study: anti-Gal3 (1:100, sc-20157), anti-Cystatin-C (1:200, 

ab109508), anti-cathepsin B (1:200, ab58802), anti-Ly6G (biolegend 127602), anti-CD45R 

(labome clone RA3-SB2), anti-HLA.A2 (1:200, ab52922), anti-CD206 (1:200, 18704 1-AP), anti-

NOS2 (1:50, sc-8310), anti-CD45R (1:50, Labome clone RA3-SB2), anti-CD3 (1:100, Abcam clone 

SP7). 

In vitro experiments  

RAW264.7 cells were cultured with 10% FBS and 1% Pen/Strep supplemented medium, seeded 

at 1,5x 105 in 12 well-plates, and treated depending on the experimental setup. For conditioned 

medium (CM) preparation, RAW264.7 cells were starved for 18h (1% FBS), then pretreated for 

1h with CA074 (10µM, Sigma C5732) or DMSO, and stimulated with IFNg (20ng/ml) and LPS 

(1μg/ml), or IL4 (20ng/ml), and TGF-β1 receptor-2 inhibitor (SB431542, 10 µM). For CM assay, 

CM was centrifuged at 300g x 5min at RT, and supernatant was applied on MEF cells, mouse 

embryonic fibroblasts, previously seeded at 5x 105 cells in 6 well-plates, and starved for 18 h. 

Fibroblast activation was evaluated after 30 min. 

ELISA measurements:  

Active TGF-β1 was detected in RAW264.7 CM via an ELISA kit (Bosterbio EK0515). 100μl of 

medium was used for each experimental condition.  



 

Pro-collagen 1a1 detection in human BALF was performed via an ELISA kit (R&D Systems 

DY6220-05). Same volume of BALF (50 μl) samples was used.  

Cystatin C detection in human BALF was performed via an ELISA kit (R&D System DSCTC0). 

Same volume of BALF (50 μl) was used. 

FRET-based activity assay: Cathepsin-B activity in BALF and CM was measured fluorometrically 

(emission: 450 nm) using a specific Z-Arg-Arg-7-amido-4-methylcoumarin hydrochloride (10µM 

C429 Sigma Aldrich) substrate in 50 mM Tris, 150 mM NaCl, 0.01% Tween-20 (pH 5). 

Western blot: The total protein concentration of cell, lung tissue and BALF in RIPA lysis buffer 

(50 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.5% (w/v) deoxycholic acid, 0.1% (w/v) SDS, 0.5% (v/v) 

Nonidet P-40, pH 8.0) has been determined by Pierce™ BCA. Proteins were separated on 12% 

SDS-PAGE under denaturizing conditions, then transferred to PVDF membranes. Membranes 

were blocked with 1× Roti®block (Carl Roth) or 5% Milk, and incubated at 4 °C with primary 

antibodies directed against CatB (1:400 ab58802) and (1:500 MAB965 R&D System); phospho-

smad-3 (1:1000, cell signaling 9520); collagen 1 (1:000, Rockland 600-401-103); fibronectin-1 

(1:1000, abcam ab-2413) and β-actin (1:4000, Sigma-Aldrich A3854). The following secondary 

antibodies were used: anti-rabbit IgG-HRP (1:3000, 7074P2 New England Biolabs), and anti-

mouse (1:3000, NA931V GE Healthcare). 

RNA isolation and gene expression analysis: RNA from cells was isolated using the peqGOLD 

total RNA kit (Peqlab). Reverse transcription was performed using Applied Biosystem kit. Gene 

expression was analyzed using Platinum™ SYBR™ Green qPCR SuperMix-UDG (Thermo Fisher) 



 

on a StepOnePlus 96 well RealTime PCR System (Applied Biosystems) and specific primer 

(Mouse hprt3: Fwd TCC TCC TCA GAC CGC TTT T, Rv CCTGGTTCATCATCGCTAATC; Mouse hprt2: 

Fwd CCT AAG ATG AGC GCA AGT TGA A, Rv CCA CAG GAC TAG AAC ACC TGC TAA; Mouse ctsb: 

Fwd AGCCATTTCTGACCGAACCT, TGGTAAGCAGCCTACATGAGAA; Mouse tgfβ1: Fwd TGA CGT 

CAC TGG AGT TGT AGT TGT ACG, GGT TCA TGT CAT GGA TGG TGC) 

 

Supplementary Figures 

Supplementary Figure 1 

Demographics of patients involved in the study 

a) Description of patients considered this study: BALF samples from healthy and BOS patients at 

different stages of the disease. BOS grade scoring was based on the analysis of the forced 

expiratory volume in 1 second percentage (FEV1%) at the time of BALF collection. COPD is for 

chronic obstructive pulmonary disease, LF for lung fibrosis which includes idiopathic pulmonary 

fibrosis (IPF) and non-IPF patients, CF is for cystic fibrosis, PH is for pulmonary hypertension, 

DLTx is for double lung transplantation; LDH is for lactate dehydrogenase; b) Analysis of the 

forced expiratory volume in 1 second decline (FEV1 %) in healthy and BOS patients used in this 

study; c) Analysis of total lung capacity percentage (TLC %) in healthy and BOS patients 

considered in this study; d) Quantification of alveolar macrophage percentage detected in BALF 

from healthy and BOS patients considered in this study; e) Quantification of human BALF total 



 

protein, from healthy patients (H), who never developed signs of bronchiolitis obliterans 

syndrome, and from BOS patients, who developed bronchiolitis obliterans syndrome. BALF was 

collected at different stages of the disease, according to the rate of FEV1 % decline, into BOS-0 

(n=20); BOS-1 (n=13); BOS-2 (n=13); BOS3 (n=20); f) Description of BOS explanted lungs from 

re-transplanted patients considered in this study. PAH is for pulmonary arterial hypertension, 

IPD is for idiopathic pulmonary fibrosis, nd is for not-defined, SLTx is for single lung 

transplantation, DLTx is for double lung transplantation, M is for male; F is for female. Violin 

plots represent mean values. Statistical significance was assessed using Mann-Whitney U test 

(*P< 0.05; **P< 0.005; **P< 0.0001) (b, c), and one-way ANOVA (d, e).  

 

Supplementary Figure 2 

Cathepsin B activity increases in bronchoalveolar lavage fluid of BOS patients that were 

showing signs of lung fibrosis before LTx. 

a) Representative immunofluorescence staining of Cystatin-C (CysC) in human lung tissue, from 

Healthy donors (HD) and BOS stage-3 patients (scale bar of 50µm); b) Quantification of CysC-

positive cells in 20 fields of view (FOV) in human lung tissue; c) Representative 

immunofluorescence staining of Cystatin-C (red) and macrophage marker, Galectin 3 (green) in 

Healthy human lung tissue after LTx; d) Quantification of Cathepsin B (CatB) activity in human 

BALF from patients affected by lung fibrosis (LF), and  e) in other underlying diseases (COPD, 

cystic fibrosis, CF, and pulmonary hypertension, PH) in healthy and BOS patients. CatB activity 



 

was determined via a FRET-probe based activity assay in healthy and BOS patients; f) 

Quantification of Cystatin-C levels in human BALF was determined via ELISA and analyzed in 

healthy and BOS patients affected by lung fibrosis (LF), and g) in patients affected by other lung 

diseases (COPD, cystic fibrosis, CF, and pulmonary hypertension, PH). Violin plots represent 

mean values. Statistical significance was assessed using Mann-Whitney U test (*P< 0.05; **P< 

0.005; ***P< 0.0001) (b, d, f), and one-way ANOVA (e).  

 

Supplementary Figure 3 

Macrophages are the main source of Cathepsin B in human explanted lung tissue from IPF 

patients. 

UMAPs of mesenchymal cells labelled by cell type, disease status, and gene of interest (CTSB). 

Boxplot graphs represent the gene expression level of CTSB in the macrophage (M)/alveolar 

macrophage (AM)/ B cell (B)/ T cell (T)/ Natural killer cell (NK) population depending on the 

disease state. a) Combined t-distributed stochastic neighbor embedding (T-SNE) of 312,928 

lung cells from 32 IPF and 28 control indicates cell types including a large central grouping of 

macrophage/ monocytes/ B cells/Natural killer (NK)/T cells [11]; b) Combined t-distributed 

stochastic neighbor embedding (t-SNE) analysis of single-cell RNA-sequencing of 70000 single-

cell suspensions from 3 non-fibrotic control and 6 IPF lungs [12]; c) Combined t-distributed 

stochastic neighbor embedding (t-SNE) analysis of 114,396 cells identified in 31 distinct cell 



 

types. Single-cell suspensions from peripheral lung tissue removed at the time of lung 

transplant surgery from patients with IPF (n=12) and no fibrotic control (n=10) [13]. 

 

Supplementary Figure 4 

T and B cells do not express Cathepsin B in BOS  

Left lungs from HLA-A2–knockin (HLA) mice on a B6 background (HLA) were orthotopically 

transplanted into B6 recipient mice and analyzed 2 months after LTx (HLA→B6, n= 4). a) 

Representative immunofluorescence staining of Cathepsin B (red), and neutrophils, Ly6G-

positive (green) in murine BOS lung tissue, 2 months after LTx (scale bar of 50 µm); b) 

Representative immunofluorescence staining of Cathepsin B (red) and T-cell marker, CD3 

(green) in murine BOS lung tissue, and c) B-cell marker, CD45R (green) in murine BOS lung 

tissue. 

 

Supplementary Figure 5 

Macrophage-polarization in the mouse model of LTx  

a) Representative immunohistochemistry staining of M1-macrophages, stained for NOS2, (scale 

bar of 50µm); b) relative quantification via CAST system of NOS2+ cells in the left lung graft of 

LTx mice, 2 months after LTx; c) Representative immunohistochemistry staining of M2-

macrophages stained for CD206 (scale bar of 50µm) and d) relative quantification via CAST 



 

system of CD206+ cells in the left lung graft of LTx mice, 2 months after LTx.  Violin plots 

represent mean values. Statistical significance was assessed using Mann-Whitney U test. 
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