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Take home message 

hCMA1 that released from mast induces macrophages to release TNF- in the lung and 

promotes the pathogenesis of COPD. hCMA1 may be a novel therapeutic target in COPD. 

 

Running title: CMA1-dependent COPD 

Word count: 4,098 Max 3,000.  



 

Abstract 

Background. COPD is the third leading cause of death worldwide. Cigarette smoke (CS)-

induced chronic inflammation inducing airway remodelling, emphysema and impaired lung 

function is the primary cause. Effective therapies are urgently needed. Human chymase-1 

(hCMA1) and it’s ortholog mCMA1/mouse mast cell (MC) protease-5 (mMCP5) are 

exocytosed from activated MCs and have adverse roles in numerous disorders, but their role 

in COPD is unknown. 

Methods. We evaluated hCMA1 levels in lung tissues of COPD patients. We used mmcp5-

deficient (
–/–

) mice to evaluate this proteases’ role and potential for therapeutic targeting in 

CS-induced experimental COPD. We also used ex vivo/in vitro studies to define mechanisms. 

Results. The levels of hCMA1 mRNA and CMA1
+
 MCs were increased in lung tissues from 

severe compared to early/mild COPD patients, non-COPD smokers and healthy controls. 

Degranulated MC numbers and mMCP5 protein were increased in lung tissues of wild-type 

(WT) mice with experimental COPD. mmcp5
–/–

 mice were protected against CS-induced 

inflammation and macrophage accumulation, airway remodelling, emphysema and impaired 

lung function in experimental COPD. CS extract challenge of co-cultures of MCs from WT 

but not mmcp5
–/–

 mice with WT lung macrophages increased in TNF- release. It also caused 

the release of CMA1 from human MCs, and recombinant hCMA-1 induced TNF- release 

from human macrophages. Treatment with CMA1 inhibitor potently suppressed these 

hallmark features of experimental COPD. 

Conclusion. CMA1/mMCP5 promotes the pathogenesis of COPD, in part, by inducing TNF-

 expression and release from lung macrophages. Inhibiting hCMA1 may be a novel 

treatment for COPD. 
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Introduction 

Chronic obstructive pulmonary disease (COPD) affects >300 million people globally [1]. 

Cigarette smoke (CS)-induced chronic inflammation is the major cause, however, air 

pollution, bushfire smoke, and genetic factors contribute [2]. Pulmonary inflammation in 

COPD is characterised by increased neutrophils, macrophages, lymphocytes and mast cells 

(MCs). These changes lead to small airway remodelling and alveolar destruction and 

emphysema [3], airflow limitation, impaired lung function and severe breathing difficulties 

often leading to death [4]. Current treatments aim to reduce symptoms and do not halt or 

reverse the progression of COPD. A deeper understanding of pathogenesis will enable the 

identification of new therapeutic targets, and the development of new therapies. 

MCs are potent multifunctional immune cells that reside in the lung and other organs. 

MC-committed progenitors are generated in the bone marrow and foetal liver.  They reach 

their target organs via the circulation where they complete their differentiation and 

maturation [5]. MCs are major contributors to innate and acquired immunity [5], and are 

first-line responders to insults like CS [6]. MC secretory granules contain pre-formed 

mediators, including tryptases and chymases that have potent immune bioactivities. Exposure 

to foreign particles induce MCs to degranulate and release their pre-formed pro-inflammatory 

mediators [7]. We previously demonstrated adverse roles for MCs and their granule tryptases 

in the pathogenesis of CS-induced experimental COPD [8-11]. Another prominent protease 

in human (h)MCs is chymase-1 (hCMA1, GenBank GeneID 1215) [12]. The Human and 

Mouse Genome Consortia concluded mouse MC protease (mMCP)5 (mMCP5, Gene ID 

17226) is the ortholog of hCMA1 [13], even though mouse MCs express additional related 

proteases [14]. Furthermore, mCMA1/mMCP-5 is packaged in granules of mMCs with 

heparin proteoglycans and mouse carboxypeptidase-A3 (mCPA3), as is hCMA1 in hMCs. 



 

Mouse and human CMA1 have important roles in numerous inflammatory disorders, 

including cardiovascular and pulmonary diseases [15]. hCMA1 can mediate the conversion 

of angiotensin (Ang)-I to Ang-II, and inhibiting Ang-II reduces blood pressure and protects 

against cardiovascular and metabolic disorders [15]. Increased numbers of MCs occur in the 

lung fluids and tissues of COPD patients [16]. hCMA1
+
 MCs are increased in the lungs of 

severe (Global Initiative for Chronic Obstructive Lung Disease [GOLD] IV) COPD patients 

[17]. Inhibiting mouse chymases reduced pulmonary hypertension and fibrosis in an 

experimental model of lung injury [18]. Nevertheless, the roles of mouse and human CMA1 

in COPD is unknown.  

We show that hCMA1 transcripts and CMA1
+
 MCs are increased in bronchial 

biopsies and lung tissues from COPD patients compared to controls. We demonstrate that our 

mmcp5-deficient (
–/–

) mice are protected against the development of CS-induced 

experimental COPD. We also show that CS extract (CSE) induces mMCP5/CMA1 release 

from MCs that promotes macrophage lung accumulation and tumour necrosis factor (TNF)- 

production from mouse and human cells. Pharmacological inhibition of mCMA1/mMCP5 

suppressed the hallmark features of experimental COPD suggesting that targeting hCMA1 

may be therapeutically beneficial. 

 

Methods 

Detailed descriptions are as previously described and in the online supplement [3, 8, 10-12, 

19-25] 

 

Results  

Chymase 1 (CMA1) mRNA levels are increased in the lungs of COPD 

patients 



 

To define the role of hCMA1 in COPD, we first assessed its mRNA levels in bronchial 

biopsies from mild COPD patients (GOLD I-II), non-COPD smokers, and non-smoking 

healthy controls in an existing dataset (GSE8545) [26]. Levels were not significantly 

different between groups (figure 1a). However, in another microarray dataset (GSE5058) [27] 

hCMA1 mRNA levels were significantly increased in severe COPD patients (GOLD III-IV) 

compared to both non-COPD smokers (P=0.011) and healthy controls (P=0.049, figure 1b). 

To confirm the association with severe rather than mild COPD, we next assessed levels in 

lung biopsies from lung healthy and non-COPD smoker controls and mild (GOLD I-II) and 

severe (III-IV) COPD patients in another larger validation dataset (GSE37147) [28]. hCMA1 

mRNA levels were again not different in mild but were significantly increased in severe 

COPD patients compared to controls (P=0.017, figure 1c). hCMA1 mRNA levels were 

significantly increased in lung tissues from severe COPD patients (combined GSE38974 and 

GSE69818), there was no difference between GOLD III and IV (figure 1d).  

 

MCs and CMA1
+
 MCs are increased in the lungs of COPD patients 

MC gene signatures derived from single cell (sc)RNA-seq analysis [29, 30] were enriched in 

COPD lung tissue compared to healthy control subjects and reached significance in GOLD 

stage 4 subjects (p=0.04, Supplementary table 2). Previous data suggests that this reflects 

more MCs in asthmatic bronchial biopsy tissue than in healthy control tissue [29]. There was 

also a significant correlation between the enrichment scores for these scRNA-seq MC 

signatures and CMA1 expression according to GOLD stage (figure 1e). 

To validate the increases in CMA1 expression in lung tissue, we measured its’ 

transcript levels in lung samples by qPCR. We found that CMA1 mRNA levels were 

significantly increased in lung samples from COPD GOLD stage II-IV patients compared to 

never smokers (figure 1f and Supplementary table 3). Several previous studies showed that 



 

hCMA1
+
 MCs are increased in lungs from COPD patients compared to healthy donors [17, 

31]. Notably, we confirmed this by immunohistochemistry and showed that CMA1
+
 MCs 

were significantly increased in lung tissues from COPD patients (figure 1g) compared to 

lung healthy controls (figure 1h). 

 

Degranulated MCs and mMCP5 protein are increased in the lungs in CS-

induced experimental COPD 

We next used our well-established nose-only CS-induced experimental model of COPD to 

examine the role of mCMA1/mMCP5 in pathogenesis [3, 8-11, 21]. Lungs were collected 

from wild-type (WT) C57BL/6 mice after 8 weeks of CS exposure, when the major hallmark 

features of human COPD (chronic airway inflammation, airway remodelling/fibrosis, 

emphysema-like alveolar enlargement, impaired lung function) have developed. The levels of 

CS exposure are representative of a pack-a-day human smoker. Lung sections were stained 

with chloroacetate esterase to detect activated MCs that had degranulated (figure 2a). MC 

numbers were substantially increased (>3-fold) after 8 weeks of CS exposure compared to 

normal air-exposed controls (figure 2a and b). These MCs showed more degranulation when 

exposed to CS (figure 2c). MCs were localised in the lung parenchyma of control mice, but 

these cells (degranulated MCs) were located close to blood vessels and airways in 

experimental COPD (Supplementary figure 1). The levels of mCMA1/mMCP5 gene 

(Supplementary figure 2a) and protein (figure 2d and e) were significantly increased in the 

lungs in experimental COPD. CS exposure increased mMCP5
+
 and mMCP6

+
 MCs in the 

lungs in experimental COPD, with greater increases in mMCP5
+
 MCs (figure 2f–h). These 

cells also shifted from the parenchyma to connective tissues close to blood vessels and 

airways after 8 weeks CS exposure. There are 5 chymase paralogs in mice and mcpt is the 

gene name for mMCPs. The sequence for mcpt3 does not exist, and so we assessed the 



 

expression of the others (mcpt1/2/4) in the lungs in experimental COPD. CS exposure 

increased mcpt1 mRNA transcript levels but did not change those of mcpt2 and mcpt4 

(supplementary figure 2b–d). mcpt5 gene expression was also increased in mouse livers 

after 8 weeks of CS exposure but mmcpt2 and 4 levels were unchanged (Supplementary 

figure 2e–g). 

 

Generation of mmcp5
–/–

 C57BL/6 mice 

Transgenic mmcp5
–/–

 mice were generated by replacing intron 2 and exon 3 of the mmcp5 

gene with the Neo
r
 gene [12]. We further characterised these mice by showing that the exon 3 

DNA fragment of the mmcp5 gene in mmcp5
–/–

 mice was larger than in WT mice due to the 

insertion of the Neo
r
 gene (figure 3a). We also showed that mMCP5 protein was detectable 

in lung extracts from WT but not mmcp5
–/–

 mice by immunoblot (figure 3b and 

Supplementary figure 3a). We also isolated and cultured mBMMCs from WT and mmcp5
–/–

 

mice and confirmed their identity with chloroacetate esterase staining (figure 3c). mBMMCs 

from WT but not mmcp5
–/–

 mice, contained mMCP5 protein (figure 3d). Furthermore, 

mMCP5 protein was detected in mBMMC lysates from WT but not mmcp5
–/–

 mice (figure 3e 

and Supplementary figure 3b).  

 

mmcp5
–/–

 mice have reduced pulmonary macrophages in experimental COPD  

We next assessed pathogenesis in the lungs in WT compared to mmcp5
–/–

mice exposed to CS 

for 8 weeks. BALF was collected and total and differential leukocyte counts determined. WT 

mice had increased numbers of total leukocytes in experimental COPD compared to normal 

air-exposed controls. In contrast, mmcp5
–/–

 mice had significantly reduced total leukocytes 

compared to WT mice with experimental COPD, although numbers were still higher than air-

exposed WT and mmcp5
–/–

 controls (figure 4a). Differential counts showed that macrophages, 



 

neutrophils and lymphocytes were the predominant cells and were increased in the airways of 

WT mice with experimental COPD. The reduced total leukocytes in the BALF of CS-

exposed mmcp5
–/–

 mice was due primarily to reduced numbers of macrophages (~50%) with 

no change in other leukocytes. We previously showed that macrophages are critical in 

experimental COPD pathogenesis and their depletion suppressed disease development [8]. 

We also found that MC numbers were increased in the lungs from WT and mmcp5
–/–

 mice 

but were not different between the two strains (Supplementary figure 4). 

 

mmcp5
–/–

 mice have reduced pulmonary TNF- protein levels in experimental 

COPD  

We next assessed the mRNA levels of key pathogenic cytokines and chemokines in mouse 

lungs using RT-qPCR. Tnfa mRNA levels were significantly increased in the lungs of WT 

mice with experimental COPD compared to normal air-exposed controls (figure 4b). In 

contrast, CS- and air-exposed mmcp5
–/–

 mice had substantially lower levels of Tnfa mRNA 

that were below baseline expression in air-exposed WT mice. In contrast, lung Cxcl1 mRNA 

levels were significantly increased and similar between WT and mmcp5
–/–

 mice after 8 weeks 

of CS exposure (figure 4c). CS exposure did not change the mRNA expression of other 

factors important in COPD, MC responses and macrophage recruitment; transforming growth 

factor- (Tgfb1), Il33, Ccl2 and Il12 in the lungs of WT or mmcp5
–/–

 mice (figure 4d-g). We 

also determined TNF- protein levels by ELISA. CS exposure-induced increased TNF-

protein levels in the lungs of WT and mmcp5
–/–

 mice compared to air-exposed controls 

(figure 4h). However, the levels were significantly reduced in CS-exposed mmcp5
–/–

 

compared to WT mice. 

 

mmcp5
–/–

 mice have reduced small airway remodelling in experimental COPD 



 

Small airway remodelling is a major intractable feature of COPD. To explore the role of 

mMCP5 in this process, lung sections from WT and mmcp5
–/–

 mice were stained with 

Masson’s trichrome to evaluate histochemically small airways collagen deposition (figure 

5a). Collagen deposition was significantly increased around small airways in WT mice with 

experimental COPD compared to normal air-exposed controls (figure 5b). In contrast, 

mmcp5
–/–

 mice were completely protected against airway fibrosis with levels comparable to 

baseline in air-exposed controls. CS exposure resulted in epithelial cell thickening in small 

airways from WT mice (figure 5c). However, the absence of mMCP5 protected against 

epithelial thickening after 8 weeks of CS exposure (figure 5d). CS exposure increased mucus 

cells around the airways, but the numbers were not different between WT and mmcp5
–/–

 mice 

(Supplementary figure 5). 

 

mmcp5
–/–

 mice have reduced emphysema in experimental COPD 

Emphysema is another major intractable feature and critical disease issue in COPD. To assess 

the role of mMCP5 alveolar diameter was measured to assess emphysema-like enlargement 

in WT and mmcp5
–/–

 mice (figure 5e). Eight weeks of CS exposure increased alveolar 

diameter in WT mice (figure 5f). In contrast, mmcp5
–/–

 mice were completely protected 

against CS-induced alveolar enlargement with significantly lower airspace diameter 

compared to CS-exposed WT mice, with levels similar to baseline in air-exposed controls. 

Matrix metalloproteinases (MMPs) regulate ECM degradation that contributes to airway 

remodelling and emphysema in COPD [32]. CS exposure increased pro- and active-MMP9 

proteins in WT mouse lungs that was absent in mmcp5
–/–

 mice (figure 5g–i). 

 

mmcp5
–/–

 mice are protected against impaired lung function in experimental 

COPD 



 

We next assessed whether the combined effects of reduced pathogenic features affected lung 

function in mmcp5
–/–

 mice. Lung function, in terms of transpulmonary resistance (figure 6a), 

lung volume (figure 6b) and dynamic compliance (figure 6c) were all increased in WT mice 

with experimental COPD compared to air-exposed controls. These changes were completely 

inhibited in mmcp5
–/–

 mice after CS exposure and were at baseline levels in air-exposed 

controls. We also measured static lung compliance to assess lung elasticity using pressure-

volume loops (figure 6d). Static lung compliance was increased in WT mice with 

experimental COPD and was comparatively decreased in CS-exposed mmcp5
–/–

 mice. 

 

mMCP5 promotes MC-induced macrophage production of TNF- with CSE 

challenge 

We then assessed how mCMA1/mMCP5 contributes to experimental COPD pathogenesis. 

mmcp5
–/–

 mice had reduced lung TNF- mRNA and protein levels after 8 weeks of CS 

exposure (figure 4). Although MCs can transiently express TNF- macrophages are the 

main cellular source in the lung[33]. TNF-has major roles in COPD pathogenesis, and 

inhibiting its receptors reduces inflammation and emphysema in an experimental model of 

CS-induced COPD [34]. To further define how MCs and mCMA1/mMCP5 promotes TNF- 

production in COPD, we generated mouse bone marrow-derived MCs (mBMMCs) from 

naïve WT and mmcp5
–/–

mice (figure 3a). Ex vivo differentiated mBMMCs from WT mice 

contained mMCP5 protein, whereas those from mmcp5
–/–

 mice did not (Figure 3d–e), further 

confirming the genotype data (figure 3a).  

Exposure of macrophages to 5% CSE causes the secretion of TNF- protein, but this 

concentration does not affect MC viability [35]. We, therefore, chose this concentration of 

CSE for our studies. To identify the optimal timepoint for CSE exposure of mBMMCs, lung 

macrophages (Raw246.7) were co-cultured with or without WT mBMMCs over a 6-48h 



 

time-course of 5% CSE challenge. TNF- protein levels were measured in lysates by ELISA 

(Supplementary figure 6). Macrophages secreted more TNF- protein (p=0.071) when co-

cultured with WT mBMMCs after 12h of 5% CSE challenge, with a significant increase and 

peak after 24h (figure 7a). TNF-levels were not changed at early (6h) or later (48h) time 

points. We, therefore, selected 24h as the optimal time point. Macrophages and mBMMCs 

from WT and mmcp5
–/–

 mice were co-cultured with or without 5% CSE challenge for 24h, 

and TNF-proteins were measured in lysates by ELISA. Macrophages co-cultured with 

mBMMCs from WT mice and exposed to CSE released substantially increased levels (2-fold) 

of TNF- compared to media exposure (figure 7b). In contrast, co-cultures with mBMMCs 

from mmcp5
–/–

 mice exposed to CSE did not produce increased TNF- relative to media-

treated controls with levels substantially reduced compared to WT mBMMCs. 

mCMA1/mMCP5 is, therefore, critical for TNF- production by macrophages in response to 

CS. We also found that CSE-induced TNF-protein was reduced in cell supernatants after 

co-culture with BMMCs from mmcp5
–/–

 mice (figure 7c).  

To further define the role mMCP5 in COPD, we assessed the responses of primary 

alveolar macrophages (Supplementary figure 7) from WT and mmcp5
–/–

 mice challenged 

with CSE. TNF- protein levels were significantly increased in macrophages from both WT 

and mmcp5
–/–

 mice after challenge (figure 7d). Then WT alveolar macrophages were co-

cultured with BMMCs from WT and mmcp5
–/–

 mice with or without CSE. CSE induced 

TNF-  protein responses in macrophages co-cultured with WT but not mmcp5
–/–

 BMMCs 

(figure 7e). 

CSE challenge also increased CMA1 protein levels in human MCs (figure 7f) cell 

supernatant (figure 7g). Furthermore, recombinant hCMA1 protein increased TNF gene 

expression (figure 7h) and protein levels in supernatants of human macrophages (figure 7i). 



 

These findings confirmed the mechanism whereby CS induced CMA1 release from MCs that 

increased TNF production by macrophages (figure 7g). 

 

Therapeutic inhibition of CMA1 in mice reduces inflammation, small airway 

remodelling, emphysema and impaired lung function in experimental COPD 

BMMCs from WT mice were co-cultured with macrophages. Cell were challenged with 5% 

CSE and treated with CMA1 inhibitor. Substantial increases in CSE-induced TNF protein 

levels in cell lysates were completely inhibited with CMA1 inhibitor treatment (figure 8a). 

We then treated mice with a CMA1 inhibitor between 6-8 weeks of CS exposure to test the 

therapeutic potential. The CMA1 inhibitor had potent effects and suppressed all of the 

hallmark features of experimental COPD. Treatment suppressed chronic airway inflammation 

and reduced total leukocytes, predominantly macrophages, neutrophils and lymphocytes in 

BALF after 8 weeks CS exposure (figure 8b-e). Treatment also almost completely 

suppressed airway fibrosis and collagen deposition around the small airways (figure 8f and 

g) and emphysema-like alveolar enlargement (figure 8h and i) back to baseline in air-

exposed controls in both cases. Treatment also prevented decreases in lung function in terms 

of lung volume, dynamic compliance and static lung compliance (figure 8j–l) again back to 

baseline levels in air-exposed controls. 

 

Discussion 

We show for the first time that MC-derived CMA1/mMCP5 contributes to COPD 

pathogenesis. hCMA1 mRNA is expressed at higher levels and CMA1
+
 MCs are increased in 

the lungs of COPD patients. Lung mCMA1/mMCP5 protein, MCs and mMCP5
+
 MCs are 

increased in experimental COPD. We developed mmcp5
–/–

 mice and showed that mMCP5 

has a prominent deleterious role in experimental COPD. mmcp5 deficiency protects against 



 

pulmonary inflammation, airway remodelling, emphysema, and impaired lung function in 

experimental COPD. Notably, treatment with a CMA1 inhibitor potently suppressed these 

hallmark features of experimental COPD. Finally, we define the mechanism whereby CS 

induces CMA1 release that in turn induces TNF- secretion from macrophages.  

COPD is a progressive disease, and CS-induced inflammation is a primary driver of 

pathogenesis. MCs have potent effects on immunity through degranulation and secretion of 

potent mediators; chymases, tryptases and others. They have important roles in lung disorders, 

particularly asthma, and we now show in COPD. We are the first to show increased hCMA1 

mRNA expression in lung biopsies from severe COPD patients, indicating that it is 

associated with increased disease severity. Previous studies showed that hCMA1
+
 MCs are 

increased in COPD lungs compared to healthy donors [17, 31]. Some reported that they are 

resident around blood vessels [17], whereas others showed that they were mainly located 

around airway smooth muscle in COPD lungs [31]. 

We found that degranulated MCs were also increased in the lungs of WT mice with 

CS-induced experimental COPD, confirming that pulmonary MC are activated. We also 

found increased mMCP5 protein levels in experimental COPD lungs, in line with increased 

hCMA1 mRNA levels and CMA1
+
 MCs in patient lungs. We also found that CMA1

+
 MCs 

were in the parenchyma in controls but around blood vessels and airways in experimental 

COPD. 

Using mmcp5
–/–

 C57BL/6 mice, we demonstrate critical roles for mMCP5 in 

experimental COPD through driving pulmonary macrophage and TNF- responses. We 

previously showed that mmcp5
–/–

 mice have reduced pathology in experimental arthritis [12], 

supporting our current findings that mMCP5 regulates MC-dependent inflammation. MCs 

express a diverse array of pro- and anti-inflammatory responses. Our previous studies 

revealed that MCs have potent pro-inflammatory activity in response to particulate insults. 



 

Mice deficient in other MC proteases (e.g. mMCP6 homologue of human tryptase-, and 

Prss31 homologue of human tryptase-) were partially protected from inflammation and 

small airway remodelling in experimental CS-induced COPD [9]. However, other studies 

show that MCs can suppress inflammation in other contexts [36]. MCs protect mice against 

bacterial and viral infection and Mycoplasma pulmonis-induced pneumonia, and infected 

MC-deficient mice die due to a lack of protective immunity [37]. 

We confirmed that lung TNF- mRNA expression and protein levels are increased in 

CS-induced experimental COPD and show critical roles for mMCP5 in driving these 

responses using mmcp5
–/–

 mice. Previous studies show TNF- protein was increased in 

macrophages after CSE challenge [38]. In this study, TNF- protein levels were also 

increased in co-cultured macrophages after CSE challenge. We also show that this TNF- 

protein release from macrophages was increased after co-culture with MCs from WT but not 

mmcp5
–/–

 mice when exposed to CSE. TNF-is an important pro-inflammatory cytokine in 

COPD with critical roles in inflammatory cell recruitment and tissue remodelling [39]. TNF-

 mRNA and protein levels are increased in COPD patients, and macrophages are the 

primary lung cell source [33]. Together these findings provide strong evidence that mMCP5 

regulates TNF- production from macrophages in experimental COPD. Further studies are 

needed to define the molecular mechanisms involved and the contributions of other myeloid 

cells. 

The reduction in inflammatory responses in mmcp
–/–

 mice resulted in the complete 

inhibition of airway fibrosis and emphysema. Further studies need to deduce how mMCP5 

promotes these effects. h/mCMA1 and h/mCPA3 are stored in the secretory granules of MCs 

in a 1:1 ratio. This is because pro-mCMA1/pro-mMCP5 forms a binary complex in the 

endoplasmic reticulum of MCs. Thus, target disruption of the mmcp5 gene adversely impacts 



 

the levels of mCPA3 in murine MCs [12]. It is therefore possible that mMCP5 participates 

indirectly in experimental COPD by reducing mCPA3 protein levels in pulmonary MCs. 

Previous studies demonstrated that MCs increase collagen production by inducing 

lung fibroblast proliferation [40] leading to small airway remodelling in COPD [9]. We 

previously showed that ischemia-reperfusion injury of skeletal muscle is reduced in mmcp5
–/–

 

compared to WT mice, further supporting prominent roles for CMA1/mMCP5 in connective 

tissue remodelling [41]. TNF- contributes to lung remodelling and tissue repair and induces 

collagen synthesis [42]. The lack of TNF- in mmcp5
–/–

 mice prevents collagen deposition 

around the small airways. However, mMCP5 also regulates the expression and processing of 

certain matrix metalloprotease (MMPs) zymogens that control the deposition and cleavage of 

collagen and other remodelling proteins. mMCP5 has similar functional roles in inducing 

tissue damage in the skin. Tight junctions are decreased in mmcp5
–/–

 mice in an experimental 

model of thermal skin injury compared to WT mice [43]. MMPs also contribute to tissue 

destruction in the lungs by cleaving structural proteins leading to emphysema [32]. We 

previously showed that compound 48/80-induced MC degranulation results in an increase of 

MMP-9 protein in the peritoneal cavity of WT mice, but this is reduced in mmcp5
–/– 

mice 

[12]. In this study, we also found CS-induced increases in pro- and active MMP9 protein in 

WT mice that was prevented by the absence of mMCP5. These data suggest that mMCP5 

contributes to MMP activation to induce fibrosis and emphysema and its inhibition may 

protect against these pathogenic features.  

Lung function measurements are used to identify structural and functional changes in 

COPD patients. We established that increased transpulmonary resistance, lung volume and 

compliance occur in experimental COPD [3]. mmcp5
–/–

 mice were protected against CS-

induced transpulmonary resistance and compliance, which further confirm protection against 

small airway remodelling and emphysema, respectively. Increased lung volumes are 



 

associated with emphysema that result from the destruction of alveolar walls [44]. 

Transpulmonary resistance is a measure of airway and lung constriction. Small airway 

remodelling and alveolar wall thickening increase transpulmonary resistance [45]. Dynamic 

compliance is a measure of airways and parenchyma elasticity and lung distention during 

breathing [46]. Static compliance reflects the elasticity of the parenchyma [47].  

Previous studies show that the CMA1 inhibitor (RO5066852) reduced atherosclerotic 

plaque progression [48], but the effect of this inhibitor has not been tested in lung diseases. 

We are the first to show that this pharmaceutical CMA1 inhibitor potently reduces 

inflammation, small airway remodelling, emphysema and improved lung function in an 

experimental model of CS-induced COPD in mice. We also show that this CMA1 inhibitor 

reduces MCs induced TNF protein after CSE challenge, indicating CMA1 is a potential 

therapeutic target and that inhibitors could be a potential treatment for COPD. 

Tryptases are serine proteinases. Tetramer-forming hTryptase- and membrane 

hTryptase- are the most abundant in hMCs [49]. We previously showed that TNF- protein 

levels were increased in lysates of bone marrow-derived macrophages exposed to 

recombinant hTryptase- [8]. We also showed that mmcp6
–/–

mice had reduced airway 

inflammation and lung Tnfa mRNA levels compared to WT mice in CS-induced 

experimental COPD [8]. Furthermore, Prss31
–/– 

mice had significantly reduced CS-induced 

airway inflammation and remodelling [9].  

Collectively, this and previous studies show that several MC granule proteases have 

potent adverse effects in driving disease. It is important to define which are more significant 

in a particular disease and develop specific inhibitors against them as therapies. It may be 

necessary to suppress multiple proteases, which could be achieved with either combination 

therapies, inhibitors of MC degranulation or modifying the serglycin proteoglycans needed to 

maintain MC proteases in active conformations in order to function. These issues should be 



 

elucidated in future studies. Nevertheless, we show potent effects of specifically inhibiting 

mCMA1/mMCP5 in the suppression of the hallmark features of experimental COPD. We 

show that CS increases MC numbers and degranulation to release mMCP5. mMCP5 then 

induces macrophages to release TNF- in the lung, leading to inflammation, airway 

remodelling, emphysema and impaired lung function in COPD (figure 7j). Inhibiting 

mMCP5 levels and activity reduces lung inflammation, airway remodelling, emphysema and 

impaired lung function. Inhibiting hCMA1 may be a new therapeutic option for COPD. 
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Figure legends 

FIGURE 1. Chymase 1 (CMA1) mRNA levels, mast cells (MCs) and CMA1
+
 MCs are 

increased in the lungs of COPD patients. a) Human (h)CMA1 mRNA levels in bronchial 

biopsies from lung healthy controls (n=18), non-COPD smokers (n=18) and mild GOLD I-II 

COPD patients (n=18 for each group) in an existing microarray dataset (GSE8545). b) 

hCMA1 mRNA levels were measured in bronchial biopsies from lung healthy controls (n=12), 

non-COPD smokers (n=12) and severe GOLD III-IV COPD patients (n=15) in another 

existing microarray dataset (GSE5058). c) hCMA1 mRNA levels were measured in bronchial 

biopsies from lung healthy controls (n=73), non-COPD smokers (n=100), and mild GOLD I-

II (n=67) and severe GOLD III-IV (n=15) COPD patients in another existing microarray 

dataset (GSE37147). d) hCMA1 mRNA transcript levels in two combined datasets 

(GSE38974 and GSE69818) from lung tissues from controls (n=9), COPD patients with 

GOLD I (n=12), II (n=26), III (n=7) and IV (n=19). e) Correlation between hCMA1 and MC 

signatures in combined single cell RNA-sequencing data (GSE38974 and GSE69818) from 

lung tissues from COPD patients with GOLD I (n=16), II (n=49), III (n=9) and IV (n=19). f) 

hCMA1 mRNA transcript levels in lung tissues from never smokers (n=26), smokers without 

COPD (n=34) and COPD patients with GOLD II-IV (n=40) by qPCR. g) Human lung 

sections from healthy controls (n=6) and COPD patients (n=6) were stained with CMA1 by 

immunohistochemistry (sale bar=100m in both 20x and 40x magnifications), h) and CMA1
+
 

mast cells were enumerated. Results are mean  SEM. Statistical differences were 

determined using one-way ANOVA with Bonferroni post-test.  

 

FIGURE 2. Mast cell (MC) numbers and mMCP5 proteins are increased in the lungs in 

experimental COPD. Mice were exposed to 8 weeks of cigarette smoke (CS), controls were 

exposed to normal air. a) Lung tissues were collected and stained with chloroacetate esterase 



 

to identify degranulating MCs. Images were taken using light microscopy (left, low 

magnification, scale bar: 100m; right, high magnification, scale bar: 20m, black arrows 

indicate MCs, and red arrows indicated MC degranulation). b) Total MC numbers and c) 

percentage of degranulated MCs were enumerated in the whole lung sections stained with 

chloroacetate esterase. d) Total proteins were extracted from mouse lungs and mMCP5 

protein was detected by immunoblot analysis. e) Fold change of densitometry of mMCP5 

normalised to -actin. f) Mouse lung sections stained with mMCP5 (green), mMCP6 (red) 

and nuclei stained with DAPI (blue) in experimental COPD by immunofluorescence. g) 

mMCP5
+
 and h) mMCP6

+
 MCs were enumerated. n=4-6. Results are mean  SEM. 

Statistical differences were determined with student t-test. *P<0.05. 

 

FIGURE 3. Genotyping and mMCP5 protein assessment of mmcp5
–/–

 mice. a) Genomic 

DNA was obtained from the tails of wild type (WT) and mmcp5
–/–

 C57BL/6 mice, and a 

previously described PCR approach was used to genotype the mice. b) Lung proteins were 

extracted from WT and mmcp5
–/–

 mice and mMCP5 protein was detected by immunoblot. 

Bone marrow derived mast cells (mBMMCs) were generated from WT and mmcp5
–/–

 mice. c) 

Some mBMMCs were cytospun onto histology slides and stained with chloroacetate esterase 

(scale bar: 200 m; insert shows the expanded image of indicated region, scale bar: 50 m). 

d) Other mBMMCs were stained with anti-mMCP5 antibody to evaluate their 

immunohistochemistry (scale bar: 200 m; rectangle indicates high magnification area, scale 

bar: 50 m). e) mBMMC lysates were extracted from WT and mmcp5
–/–

 mice and mMCP5 

protein was detected using SDS-PAGE immunoblot. 

 

FIGURE 4. Targeted disruption of the mmcp5 gene protects against cigarette smoke 

(CS)-induced inflammation in experimental COPD. WT and mmcp5
–/–

 mice were exposed 



 

to CS or normal air for 8 weeks. a) Differential inflammatory cell counts in bronchoalveolar 

lavage fluid. Relative mRNA levels that encode b) Tnfa, c) Cxcl1, d) Tgfb1, e) Il33, f) Ccl2 

and g) Il12 to Hprt in mouse lungs by RT-qPCR. h) TNF- protein levels were measured in 

mouse lungs by ELISA. n=5–6. Results are mean  SEM. Statistical differences were 

determined using one-way ANOVA with Bonferroni post-test. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001 compared to normal air-exposed controls. #P<0.05, ##P<0.01, 

###P<0.001, ####P<0.0001 compared to CS-exposed WT mice. 

 

FIGURE 5. mmcp5 disruption protects against cigarette smoke (CS)-induced small 

airway remodelling, emphysema-like alveolar enlargement and reduced MMP protein 

in experimental COPD. WT and mmcp5
–/–

 mice were exposed to CS or normal air for 8 

weeks. a) Collagen deposition around small airways in lung sections was assessed using 

Masson’s Trichrome histochemistry (blue colour indicates collagen, scale bar: 50m; inserts 

show expanded image of indicate region; scale bar: 15m). b) Quantification of collagen area 

around the small airways normalised to the perimeter of the basement membrane. c) Mouse 

lung sections were stained with haematoxylin and eosin (H&E) (scale bar: 50m; inserts 

show expanded image of indicate region; scale bar: 15m), and d) quantification of epithelial 

thickness in the small airways normalised to the perimeter of the basement membrane. e) 

Mouse lung sections were stained with H&E (scale bar: 200m) and f) emphysema-like 

alveolar enlargement was measured by assessment of alveolar diameter. n=5-6. g) Total 

proteins were extracted from the lungs and pro- and active MMP9 were detected by 

immunoblot. Fold change of densitometry of h) pro- and i) active MMP9 normalised to -

actin. n=4-6. Results are the mean  SEM. Statistical differences were determined using one-

way ANOVA with Bonferroni post-test. *P<0.05, **P<0.01 compared to normal air-exposed 

controls. #P<0.05, ##P<0.01, ###P<0.005 compared to CS-exposed WT mice. 



 

 

FIGURE 6. mmcp5 disruption protects against cigarette smoke (CS)-induced impaired 

lung function in experimental COPD. WT and mmcp5
–/–

 mice were exposed to CS or 

normal air for 8 weeks. Lung function was measured in terms of a) transpulmonary resistance, 

b) lung volume, c) dynamic compliance and d) static lung compliance from pressure-volume 

loops. n=5-6. Results are the mean  SEM. Statistical differences were determined using one-

way ANOVA with Bonferroni post-test. *P<0.05, ***P<0.001 compared to normal air-

exposed controls. #P<0.05 compared to CS-exposed WT mice. 

 

FIGURE 7. Cigarette smoke induces CMA1 release from mast cells (MCs) that induces 

macrophage secretion of TNF-. a) mBMMCs from WT mice were co-cultured with 

mouse macrophages (RAW264.7) and exposed to 5% CSE for 6, 12, 24 or 48h. TNF-

protein levels were measured in cell lysates. mBMMCs from WT and mmcp5
–/–

 mice were 

co-cultured with mouse macrophages and exposed to 5% CSE for 24h. TNF-protein levels 

were measured in b) cell lysates and c) supernatants. n=3-6. d) Alveolar macrophages were 

isolated from WT and mmcp5
–/–

 mice with or without 5% CSE stimulation and TNF- 

protein levels measured in cell lysates. e) Alveolar macrophages from WT mice were co-

cultured with mBMMCs from WT and mmcp5
–/–

 mice with or without 24h 5% CSE 

stimulation and TNF- protein levels were measured in cell lysates. Human MCs (HMC-1) 

were challenged with 5% CSE or media for 24h and CMA1 protein was measured in f) cell 

lysates and g) supernatants by ELSIA, n=5-6. Human macrophages (THP-1 differentiated 

macrophage cell line) were challenged with recombinant human (h)CMA1 protein for 24h. h) 

TNF gene expression in cells by qPCR i) TNF protein levels in supernatant by ELISA. j) 

Pathway of MC CMA1/mMCP5 contribution to COPD. CS exposure increases MC numbers 

and degranulation to release CMA1/mMCP5 in the lungs. mMCP5 induces macrophage to 



 

release TNF- that leads to lung inflammation, small airway remodelling and empyema in 

COPD. Results are mean  SEM. Statistical differences were determined using one-way 

ANOVA with Bonferroni post-test. *P<0.05, **P<0.01, ****P<0.001 compared to non-CSE 

exposed control WT cells. #P<0.05 compared to CSE-exposed mBMMCs from WT mice. 

 

FIGURE 8. CMA1 inhibitor suppresses the hallmark features of experimental COPD. 

a) Bone marrow derived mast cells were challenged with cigarette smoke extract or media 

and treated with or without CMA1 inhibitor, TNF levels were assessed in cell lysates. WT 

mice were exposed to cigarette smoke (CS) for 8 weeks, controls were exposed to normal air. 

Some mice were treated with CMA1 inhibitor intranasally (i.n) from week 6 to 8 of CS 

exposure and vehicle-treated controls received an equal volume of PBS. b) Total leukocytes, 

c) macrophages, d) neutrophils and e) lymphocytes in bronchoalveolar lavage fluid (BALF). 

f) mouse lungs were stained with Sirius Red and Fast Green for collagen (scale bar =50m) 

and g) collagen deposition around small airways was normalised to the perimeter of basement 

membrane. h) Mouse lung sections were stained with H&E (scale bar =50m) and i) alveolar 

diameter was determined using mean linear intercept. Mouse lung function in terms of j) lung 

volume, k) dynamic compliance and l) static lung compliance from pressure-volume loops. 

n=8. Results are mean  SEM. Statical differences were determined using one-way ANOVA 

with Bonferroni post-test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 compared to air-

exposed controls. #P<0.05, ##P<0.01 compared to vehicle-treated CS-exposed controls. 
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Supplementary methods 

Ethics statement 

All experimental protocols were approved by Sydney Local Health District Animal Welfare 

Committee (2019/022 and 2019/037) and the Animal Ethics Committee of the University of 

Newcastle (A-2012-220). 

 

Human samples and mRNA levels in microarrays 

The levels of hCMA1 mRNA transcripts were assessed using existing microarray datasets 

through Gene Expression Omnibus (GEO). The data were analysed with Array Studio 

software (Omicsoft Corporation, Research Triagnel Park, NC, USA), applying a general 

linear model adjusting for age and gender. The Benjamini–Hochberg method was used for P 

value adjustment [1-3]. To produce the GSE8545 dataset, bronchial (airway) biopsies were 

obtained from 18 non-smoking controls, 18 smokers without COPD and 18 smokers with 

mild GOLD I–II COPD (forced expiratory volume in 1 second [FEV1] 50%-80%) classified 

according to GLOD criteria [4]. To produce the GSE5058 dataset, bronchial biopsies were 

obtained from 12 non-smoking controls, 12 smokers without COPD and 15 severe COPD 

patients with GOLD III-IV (FEV1< 50%) disease [5, 6]. For both these datasets, transcript 

levels were determined using Affymetrix Human Genome U133 Plus 2.0 Arrays. To produce 

the GSE37147 dataset, bronchial brushings were obtained from 73 lung healthy subjects, 100 

smokers without COPD, 67 mild GOLD I-II COPD and 15 severe GOLD III-IV COPD 

patients, mRNA expression was profiled using Affymetrix Human Gene 1.0 ST Arrays [7]. 

hCMA1 mRNA expression was mined in each of these datasets.  

To assess hCMA1 mRNA expression in COPD patients with different GOLD stages 

we combined two microarray datasets (GSE38974 and GSE69818). For GSE38974, lung 

tissues were collected from controls (n=9), COPD patients with GOLD I (n=7), II (n=9) and 



 

IV (n=10), and mRNA expression was profiled using Agilent-014850 Whole Huma Genome 

microarray Affymetrix Human Gene 1.0 ST Arrays [8]. For GSE69818, lung tissues were 

obtained from COPD patients with GOLD I (n=5), II (n=17), III (n=7) and IV (n=9), and 

mRNA expression was profiled using Affymetrix Human Genome U133 Plus 2.0 Arrays [9]. 

 

Single cell (sc)RNA-sequencing analysis of total and CMA1
+
 human MCs  

We then assessed whether existing scRNA-seq data could be used to provide additional 

confirmation of increases in MCs and CMA1
+
 MCs in COPD. We used existing scRNA-seq 

MC signatures as a measure of absolute MC numbers in asthma bronchial biopsies [10] and 

nasal polyps [11] and validated this data in a distinct cohort of asthma patients [12]. This 

showed that there was a good correlation between these scRNA-seq signatures and absolute 

MC numbers measured using anti-MC tryptase antibody (AA1) in bronchial biopsies 

(r=0.660, Supplementary table 1) and that this relationship was absent in sputum (not 

shown). The enrichment score for unstimulated MC signatures also correlated with sub-

mucosal (r=0.326) MC numbers. The MC4 single cell signature from Dwyer et al. [11] 

correlated extremely well with sub-mucosal (r=0.756) MCs. The IL-4 stimulated signature 

also showed reasonable correlation with sub-mucosal (r=0.440) MC numbers. These 

signatures were used to identify MCs in COPD datasets.  

These data indicate that scRNA-seq signatures are reasonable surrogates for MC 

counts in bronchial biopsies but not in other airway compartments such as sputum. We used 

therefore used the Jiang et al. [10] and Dwyer et al. [11] scRNA-seq signatures to examine 

enrichment in COPD lung datasets according to GOLD staging as they gave a reasonable 

reflection of MC numbers. MC signatures correlated with COPD disease severity and was 

highest for GOLD stage 4 (p=0.04 in GSE69818, Supplementary table 2). The correlation 

did not reach the significance in GSE38974 dataset due to smaller sample size.  



 

 

hCMA1 mRNA transcript levels by qPCR 

hCMA1 mRNA transcript levels were assessed in lung tissues from healthy controls (n=27), 

smokers without COPD (n=34) and COPD patients with GOLD II (n=38), III–IV (n=3) by 

qPCR (Supplementary table 3). 

 

Immunohistochemistry 

Surgically resected lung tissue from current smokers with COPD (COPD-CS, n=6) (Ethics 

ID: H0012374) and normal controls (NC, n=6) (Ethics ID: H00-50110) (James Hogg Lung 

Registry, the University of British Columbia) with donor characteristics into new 

Supplementary table 4. Tissues were cut at 3µm from paraffin-embedded blocks. Sections 

were incubated with CMA1 antibody (1:00 dilution, ab2377, Abcam, Australia) after 

incubation with heat retrieval solution (pH6, S169984, Dako, Victoria, Australia) in a 

decloaking chamber (110 °C, 15 mins), followed by peroxidase-conjugated polymer 

backbone that carries secondary antibody (EnVision™ detection systems, K5007, Dako, 

Victoria, Australia. Slides were incubated with DAB and images taken with a Leica camera 

and microscope (ICC50W, DM500) at 20x and 40x magnification brightfield. 

For slides with mouse bone marrow derived mast cells (mBMMCs), they were 

incubated with citrate buffer (10 mM citric acid, 0.05% Tween-20, pH 6.0, 100 C, 35 min) 

for antigen retrieval and blocked with 5% bovine serum albumin (Sigma-Aldrich, room 

temperature, 1 h). Slides were then incubated with 0.3% hydrogen peroxide (room 

temperature, 15 min) to block endogenous peroxidase. Anti-mMCP5-specific antibody in 

rabbits using a peptide approach was used as previously described [13]. Slides were 

incubated with mMCP5 antibody (1:1,000, 4C overnight), and an anti-rabbit horseradish 

peroxidase-conjugated secondary antibody (R&D Systems) with visualisation by incubation 



 

with Diaminobenzidine (DAB, DAKO, Agilent, US, room temperature, 8 min). 

Haematoxylin was used as a counterstain. Images were taken using an Axio Imager M2 

microscope (Zeiss) as previously described [14]. 

 

mmcp5
–/–

 mice and genotyping 

We created mmcp5
–/–

 mice on a C57BL/6 genetic background where the 5’ to 3’ region of 

exon 3 in the mmcp5 gene was disrupted by inserting the Neo
r
 gene [13]. For genotyping, 

DNA was extracted from WT and mmcp5
–/–

 mice using MyTaq
TM

 Extract-PCR kits (BIO-

21126, Bioline) according to the manufacturer’s instruction. Genotyping was achieved using 

PCR of genomic DNA (1 g) and primers (5’-TCACTTGTCGGGATCTAC-3’ and 5’-

GGTTAGCTTGGCTTTTCTC-3’) designed to amplify exon 3 of the mmcp5 gene. Cycling 

of PCR was 30 cycles of 94 C (1 min) for denaturation, 51 C (1 min) for annealing step and 

72 C (2 min) for extension with a T100 PCR Thermal Cycler (Bio-rad). The DNA fragments 

of mmcp5 from WT and mmcp5
–/–

 mice were approximately 1 kb and 1.5 kb, respectively 

[13]. PCR products were separated at 100 V for 35 min using 1% agarose gel electrophoresis 

and visualised with a ChemiDoc MP system (Bio-Rad, Hercules, CA, USA). 

 

CS-induced experimental COPD 

Six-8 week old female WT and mmcp5
–/–

 mice were exposed to the smoke of 12 3R4F 

cigarettes (University of Kentucky) using a custom-designed nose-only system, twice daily 

with 90 min rest in between, 5 times per week for 8 weeks as we have extensively described 

previously [14-25], including to study the role and potential for targeting of MCs [16, 17]. 

These exposures are equivalent to a pack-a-day human smoker [26, 27]. Age- and sex-

matched control mice breathed normal air for the same time periods. All mice were 



 

maintained under pathogen-free conditions. They were housed in the animal facility at the 

Australian BioResources, Centenary Institute and the University of Newcastle.  

Some mice were treated intranasally (i.n) with 30 mg/kg of the CMA1 inhibitor 

RO5066852-000-006 (Roche, Australia) at least 2 hours before CS exposure, 5 days per week 

from week 6-8 of 8 weeks CS exposure. Control mice were vehicle treated with an equal 

volume of PBS. 

 

MC staining 

Mouse lungs were perfused, inflated, formalin fixed, and sectioned at 3 m thickness. WT 

and mmcp5
–/–

 mBMMCs [13, 28] were collected on histological slides after cytospin (300 xg, 

10 min) [29, 30]. Both mouse lung sections and cell slides were stained with chloroacetate 

esterase, and the number of MCs were counted per mouse lung section [16, 31].  

To quantify MCs, >50 images per lung section were taken using a light microscope 

(40x magnification), and MCs were enumerated. Five serial sections from each mouse lung 

were cut and stained with chloroacetate esterase to identify the location of degranulating MCs 

in the lungs. 

 

mBMMCs generation 

Bone marrow cells were collected from femurs and tibias of WT and mmcp5
–/–

 mice, and 

mBMMCs were generated as described previously [13]. Bone marrow cells were flushed 

with RPMI-1640 media and centrifuged (112 xg, 4C, 10 min). Cells were then cultured in 

RPMI-1640 media supplemented with mouse recombinant interleukin (IL)-3 (R&D system), 

10% fetal bovine serum, 2 mM L-glutamine, 0.1 mM non-essential amino acids, 100 U/ml 

penicillin and 100 g streptomycin. Suspended cells were transferred to new flasks and fresh 

media added each week and 4-week mBMMCs were used in our studies. Total proteins were 



 

extracted from mBMMCs lysates for SDS-PAGE immunoblot studies. Single cell suspension 

of other mBMMCs were prepared and separated by cytospin (300 xg, 10 min) for 

immunohistochemistry staining. 

 

Protein extraction 

For mouse lungs, tissues were homogenised in radioimmunoprecipitation assay (RIPA) 

buffer (R0278, Sigma-Aldrich, Macquarie Park, NSW, Australia) supplemented with 

PhosSTOP phosphatase inhibitor and complete protease inhibitor cocktails using a 

TissueLyser II (Qiagen, Hiden, Germany). For cells, lysates were obtained by scratching 

plates after adding RIPA buffer (100 L). Total protein concentrations of mouse lungs or cell 

lysates were determined using BCA protein assay kits (Pierce Biotechnology, Thermo Fisher 

Scientific, Waltham, MA, USA) [32, 33]. 

 

Immunoblotting 

Proteins were separated by SDS-PAGE and transferred to PVDF membranes [32, 34]. Blots 

were stained with mMCP5 (1: 1,000, NBP2-75441, Novus Biologicals, USA), MMP9 (1: 

4,000, ab38898, Abcam, UK) or -actin (1:10,000, ab8226, Abcam, Cambridge, UK, 4 C, 

overnight) antibodies, and were incubated with anti-rabbit or anti-mouse secondary antibody 

(R&D system, Minneapolis, MN, USA, room temperature, 2h). Supersignal West Femto 

substrate (34095, ThermoFisher, USA) was used to detect proteins and images were taken 

with a ChemiDoc MP system (Bio-Rad, Hercules, CA, USA). Densitometry of proteins was 

measured using Image J (NIH, USA) and normalised to the density of control protein (-

actin). Values are presented as fold change of experimental groups compared to controls. 

 

Immunofluorescence 



 

Mouse lung sections were blocked (5% BSA, room temperature, 1h) and stained with anti-

mouse CMA1 antibody (1:100, NBP2-75441, Novus Biologicals, 4C, overnight), followed 

by anti-rabbit Alexa Fluor 488 secondary antibody (1:100, ab150077, Abcam, Australia, 

room temperature, 2h). Slides were stained with mMCP6 antibody (1:50, MAB3736, R&D 

Systems, 4C, overnight) and incubated with anti-rat Alexa Fluor 594 secondary antibody 

(1:100, A-21209, ThermoFisher Scientific, room temperature, 2h). Slides were stained with 

DAPI for nuclei and images were taken using an Axio Imager M2 microscope (Zeiss). 

 

BALF 

BALF was obtained from mouse lungs by washing twice with 500 l Hank’s balanced salt 

solution (Sigma-Aldrich). Total cells were incubated with red cell lysis buffer (on ice, 5 min) 

and collected after centrifugation (125 xg, 4C, 10 min). Cell were then transferred on 

histological slides by cytospin (300 xg, room temperature, 10 min). Slides were stained with 

May-Grunwald-Giemsa. Total cell numbers in BALF were determined using Trypan blue 

exclusion staining and a hemocytometer. and differential cell counts were enumerated using 

light microscopy [29, 35, 36].  

 

RNA extraction and real-time quantitative (q)PCR 

RNA was extracted from homogenised mouse lungs and livers using TRIzol
TM

 reagent 

(Invitrogen, Thermo Fisher Scientific) according to the manufacturer’s instructions and 

concentrations of RNA was measured using a NanoDrop One
C
 (ThermoFisher Scientific) [33, 

34]. RNA (1,000 ng) was reverse transcribed using reverse transcriptase (Bioscript, Bioline, 

London, UK) by RT-PCR. The primers for quantitative real-time PCR (qPCR) are provided 

in Supplementary table 5 and the products were detected with SYBR reagents by qPCR 

(Bio-rad).  



 

 

ELISA 

TNF- protein concentrations were determined in homogenised mouse lung tissues, cell 

lysates or supernatants by ELISA using a Duoset ELISA Development Systems (R&D 

systems, MN, USA) according to the manufacturer’s instructions. Human CMA1 proteins 

were determined in cell lysates and supernatants using a hCMA1 ELISA kit (Cat# 

EKU03185, Biomatik, Canada) according to the manufacturer’s instructions. The target 

proteins were normalised to total proteins [14, 23, 37].  

 

Airway remodelling 

Mouse lungs were perfused, inflated, formalin fixed and sectioned at 3–4 μm thickness. 

Slides were deparaffinised by serial passage twice in xylene and followed by a graded 

ethanol series. Slides were stained with Masson trichome for collagen. At least 6 small 

airways were randomly selected in each mouse lung and collagen deposition (blue colour) 

around the small airways was normalised to perimeter of airways. Slides were stained 

haematoxylin and eosin (H&E) for epithelial cell enlargement. Six small airways were 

randomly selected in each mouse lung and epithelial cell size in the small airways was 

normalised to the perimeter of the airways. Lung sections were stained with periodic acid-

Schiff (PAS) for mucus, and the numbers of PAS-positive cells per 100 μm length of airways 

were enumerated [29]. The images were taken by a light microscope and evaluated by Image 

J as previously described [14, 17, 30].  

 

Emphysema-like alveolar enlargement 



 

Other mouse lung slides were stained with haematoxylin and eosin. Emphysema-like alveolar 

enlargements was assessed in lung parenchyma (exclude airways and blood vessels) using the 

mean linear intercept technique as previously described [14, 16, 17, 19, 30, 38]. 

 

Lung function 

Mice were anaesthetised with a mix of xylazine (2 mg/ml) and ketamine (40 mg/ml), and 

cannulas were inserted into mouse tracheas by tracheostomy. Cannulas were connected to 

flexiVent apparatus (Legacy System; SCIREQ, Montreal, Canada). Lung functions in terms 

of transpulmonary resistance, lung volume, dynamic compliance and static lung compliance 

were assessed as previously described [14, 16, 17, 29, 30, 38, 39]. 

 

mBMMC and macrophage co-culture 

Mouse macrophages (RAW264.5 cells, ATCC, TIB-71) were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum 10 mM 

HEPES and 2mM L-glutamine. Alveolar macrophages were isolated from the BALF of WT 

or mmcp5
–/– 

mice [40]. BALF was collected through 10 PBS washes (1ml each) via a canula 

inserted into the trachea, and centrifugated (300 xg, 10 mins, 4C). Resulting cells were 

incubated with red blood cell lysis buffer for 20 mins and then cultured in RPMI media (10% 

fetal bovine serum and penicillin/streptomycin) for 4h. Non-adherent cells were removed and 

alveolar macrophages were collected. The purity of macrophages was 92.4% of total cells 

(Supplementary figure 7) that was confirmed by flow cytometry. 

Macrophages (1x10
5
 cells/well) were seeded into 6-well plates for 24h. mBMMCs 

(1x10
6
 cells/well) from WT and mmcp5

–/–
 mice were added to wells containing macrophages 

and co-cultured (37 C, 24h). CS from one cigarette was bubbled through 10 ml DMEM 

media to produce 100% CSE, and 5% CSE was prepared by dilution [41]. Co-cultured cells 



 

were then exposed to 5% CSE and control cells were exposed to equal volumes of media 

only. Some cells were treated with 1M CMA1 inhibitor compound RO5066852-000-006 

(Roche, Australia) and control cells received an equal volume of culture media. Cell lysates 

or supernatant were collected after 6, 12, 24 and 48h of exposure for ELISA. 

 

Flow cytometry 

To assess the purity of alveolar macrophages, single cells were obtained from BALF from 

WT or mmcp5
–/– 

mice and cultured in RPMI media for 4h. Cells were exposed to FC block 

and stained with DAPI for live/dead cells. The cells were stained with CD45 (AF700, BD 

Biosciences), F4/80 (APC, BD Biosciences) and SiglecF (BV421, BD Biosciences) and 

CD45
+
F4/80

+
siglecF

+
 macrophages were enumerated using a BD LSRFortessa (BD 

Biosciences). Data were analysed using FlowJO software (BD Biosciences) as described 

previously [34]. 

     

Human cell culture 

Human MCs (HMC-1) were cultured in DMEM containing 10% fetal bovine serum, 10mM 

HEAPs, 2.5 mM L-glutamine and 1.2 mM -thioglycerol. Cells (10
5
) were seeded in a 24-

well plate and some cells were challenged with 5% CSE for 24h. Control cells vehicle-

challenged with an equal volume of culture media. Cell lysates were collected for ELISA.  

Human monocytes (THP-1 cell line) were cultured in RPMI-1640 media containing 

10% fetal calf serum, 2mM L-glutamine, 100nM penicillin/streptomycin. Cells were treated 

with 50 ng/ml phorbol 12 myristate 13 acetate (P8139, Sigma-aldrich) for 72h to differentiate 

monocytes into macrophages as previously described [42]. Macrophages were then 

challenged with recombinant hCMA1 protein (2.1g/ml, C8118, Sigma-aldrich) and control 



 

cells were challenged with an equal volume of cell media for 24h. RNA was extracted from 

the cells for qPCR, and cell supernatants were collected for ELISA. 

 

Statistics 

Results are presented as mean  standard error of the mean (SEM) from mouse samples 

(n=6–8) from duplicate or triplicate experiments. Cell culture experiments were conducted in 

triplicated each time and were repeated at least three independent times. Comparisons 

between 2 groups were made using a Student’s t-test, non-parametric test of Mann-Whitney 

U test or Fisher’s exact test.  Multiple comparisons (>2 groups) were made using one-way 

ANOVA with Bonferroni post-test using GraphPad Prism Software version 7 (San Diego, 

CA, USA). A P value <0.05 was considered significantly different.  
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Supplementary table 1. Mast cell (MC) signatures in single cell RNA-sequencing data 

correlated with MC numbers. 

 

Sub-mucosal mast cells 

(AA1+ cells/mm
2
) 

Sputum mast cell 

(%) 

Sputum mast cell 

(cell #) 

scRNA-seq Mast cell 

(Nawijn) [10] 
0.660 -0.436 -0.416 

Unstimulated Mast cell 

signature 
0.326 0.250 0.269 

    DWYER_IL4STIM_MC 0.440 -0.354 -0.325 

DWYER_MC1 -0.034 -0.401 -0.389 

DWYER_MC2 0.278 -0.535 -0.543 

DWYER_MC3 -0.141 -0.400 -0.417 

DWYER_MC4 0.756 -0.376 -0.339 

 



 

Supplementary table 2. Mast cell signatures in single cell RNA-sequencing data increase 

with COPD severity 

 
 

   

Dwyer_IL4STI

M_MC 
Dwyer_MC2 Dwyer_MC4 JIANG MC 

  

GOLD 

Stage rho p value rho p value rho p value rho p value 

Lung GSE38974 

Normal 

(n=9) 0.43 0.25 -0.45 0.23 0.22 0.58 0.52 0.16 

1 (n=5) -0.5 0.45 -0.9 0.08 0.3 0.68 -0.3 0.68 

2 (n=8) -0.19 0.66 -0.02 0.98 -0.43 0.3 -0.29 0.5 

4 (n=10) 0.44 0.2 0.67 0.04* 0.53 0.12 0.41 0.25 

Lung GSE69818 

1 (n=11) -0.24 0.49 0.2 0.56 0.28 0.4 0.07 0.84 

2 (n=41) 0.36 0.02* 0.01 0.93 0.12 0.44 0.21 0.19 

3 (n=9) -0.18 0.64 0.2 0.61 0.17 0.68 0.45 0.23 

4 (n=9) 0.68 0.05* 0.3 0.44 0.35 0.36 0.72 0.04* 

  



 

Supplementary table 3. Patient characteristics for mRNA analysis (by qRT-PCR) (n = 100) 

 

 

 

 

 

 

 

 

 

 

Never 

smokers 

 

Smokers without 

COPD 

 

COPD          

GOLD II-IV 

 

 Number 26 34 40 

Age (years) 65 (56-71) 61 (55-70) 65 (57-69) 

Sex (male/female) 12/14 20/14 30/10 

BMI 26 (23-28) 25 (21-28) 24 (21-29) 

Smoking    

 Current/ex-smoker NA 20/14
#
 25/15

#
 

 Pack-years NA 28 (15-42)
*
 42 (35-54)

*†
 

Lung function    

 FEV1 post (L) 2.8 (2.3-3.1) 2.6 (2.1-3.2) 1.9 (1.5-2.2)
*†

 

 FEV1 post (% predicted) 97 (91-112) 94 (91-110) 63 (52-73)
*†

 

 FEV1/FVC post 78 (73-83) 75 (71-79) 54 (42-57)
*†

 

 DLCO (% predicted) 88 (79-104) 84 (69-99) 58 (46-79)
*†

 

 KCO (% predicted) 95 (92-114) 95 (78-107) 73 (57-105)
*†

 

Medication    

 ICS (yes/no) 4/22
#
 2/32

#
 22/18

#
 

 OCS (yes/no) 0/26
#
 2/32

#
 10/30

#
 

 SABA (yes/no) 0/26
#
 2/32

#
 10/30

#
 

 LABA (yes/no) 2/24
#
 2/32

#
 22/18

#
 

 SAMA (yes/no) 0/26
#
 2/32

#
 9/31

#
 

 LAMA (yes/no) 0/26
#
 2/32

#
 18/22

#
 

FEV1 (forced expiratory volume in 1 second); FVC (forced vital capacity); DLCO (diffusing 

capacity of the lungs for carbon monoxide); ICS (inhaled corticosteroids); OCS (oral 

corticosteroids); SABA (short acting β2-agonists); LABA (long acting β2-agonists); SAMA 

(short acting muscarinic antagonists); LAMA (long-acting muscarinic antagonists); NA (not 

applicable). Data are presented as median (IQR). Mann-Whitney U test: 
* 

P < 0.05 versus 

never smokers,
 † 

P < 0.05 versus smokers without COPD. Fisher’s exact test: 
#
 P<0.01



 

Supplementary table 4. Patient characteristics for mast cell immunohistochemistry 

Groups HC COPD-CS 

Subjects 6 6 

GOLD I/ II NA 2/4 

Sex (F/M) 3/3 4/2 

Age (median, range) 45, 35-63 65, 59-78 

Smoking pack-years (mean ± SD) NA 31.40 ± 18.02 

FEV1/FVC% Post BD (mean ± SD) NA 67.23 ± 2.996 

FEF 25-75% (L/sec) Post BD (mean ± SD)  NA 36.00 ± 8.155 

Abbreviations: HC- healthy normal control; COPD-CS, COPD current smoker; FEV1/FVC % 

Post BD- forced expiration / forced vital capacity% post bronchodilator; FEF 25-75% (L/sec) 

Post BD- forced expiratory flow at 25-75% post bronchodilator.



 

Supplementary table 5. Mouse RT-qPCR primers for transcript analyses 

 

Gene  Forward sequence Reverse sequence 
Tnfa TCTGTCTACTGAACTTCGGGGTGA TTGTCTTTGAGATCCATGCCGTT 

Cxcl1 GCTGGGATTCACCTCAAGAA CTTGGGGACACCTTTTAGCA 

Tgfb1 CCCGAAGCGGACTACTATGCTA GGTAACGCCAGGAATTGTTGCTAT 

Il33 CCTCCCTGAGTACATACAATGACC GTAGTAGCACCTGGTCTTGCTCTT 

Ccl2 GCTACAAGAGGATCACCAGCAG GTCTGGACCCATTCCTTCTTGG 

Il12 CAATCACGCTACCTCCTCTTTT CAGCAGTGCAGGAATAATGTTTC 

Hprt AGGCCAGACTTTGTTGGATTTGAA CAACTTGCGCTCATCTTAGGCTTT 

mcpt1 AAAAACAGCATACATGGGAG CATATGCAGAGATTCTGGTG 

mcpt2 CAATAG GACAAGGAGATTCTG TAATAGGAGATTCGGGTGAAG 

mcpt4 CACTGTAGTGGAAGAGAAATC GAGGAATTACATTCACAGAGG 

mcpt5 GTATACAAGGGAGACTCTGG CAGAGTTAATTCTCCCTCAAG 



 

Supplementary figure legends 

 

Supplementary figure 1. Mast cell (MC) localisation in experimental COPD. Mice were 

exposed to CS for 8 weeks to induce experimental COPD, control mice breathed normal air. 

Lungs were collected for histology and stained with chloroacetate esterase to identify 

degranulating MCs. BV=blood vessel; AW=airway. Scale bar=200m. rectangle indicated 

expanded image, scale bar=20m. The images were representative of 6 mice per group.



 

 

Supplementary figure 2. Mouse chymase gene expression in lungs and liver in 

experimental COPD. Mice were exposed to the smoke of 12 cigarettes, 2x per day, 5 days 

per week for 8 weeks, control mice breathed normal room air. a) mcpt5, b) mcpt1, c) mcpt2 

and d) mcpt4 mRNA transcript levels in mouse lungs and e) mcpt2, f) mcp41 and g) mcpt5 

mRNA transcript levels in mouse livers by qPCR. n=8. Results are mean  SEM. Statical 

differences were determined using student t-test. *P<0.05, **P<0.01, compared to air-

exposed controls. 



 

 

Supplementary figure 3. Immunoblots of mMCP5 and -actin in Figure 3b and Figure 

3e. Immunoblots were probed with anti-mMCP5 antibody. The same blots were washed and 

then re-probed with anti--actin antibody. a) mMCP5 protein in lung tissues from wild type 

(WT) and mmcp5
–/–

 C57BL/6 mice, rectangles indicate the cropped representative image in 

figure 3b. b) mMCP5 protein in bone marrow-derived mast cell lysates from WT and 

mmcp5
–/–

 mice, rectangles indicate the cropped representative image in figure 3e. 

 



 

 

Supplementary figure 4. Mast cell (MC) density was not altered in the lungs after 

chronic cigarette smoke (CS) exposure. WT and mmcp5
–/–

 mice were exposed to CS or 

normal air for 8 weeks. a) Mouse lung sections were stained with chloroacetate esterase for 

MCs. b) MCs were enumerated in the whole lung sections. Scale bar: 50 m. n=4-6. Results 

are mean  SEM. Statistical differences were determined with one-way ANOVA with 

Bonferroni post-test. *P<0.05 compared to air-exposed controls



 

 

Supplementary figure 5: Mucus cells are increased in the lungs of WT and mmcp5
–/–

 

mice after chronic cigarette smoke (CS) exposure. WT and mmcp5
–/–

 mice were exposed 

to CS or normal air for 8 weeks. a) Mouse lung sections were stain with periodic acid-schiff 

for mucus cells. b) Mucus secreting cells numbers were normalised to 100m length of 

basement membrane in airways. Scale bar: 50 m. n=4-6. Results are mean  SEM. 

Statistical differences were determined with one-way ANOVA with Bonferroni post-test. 

*P<0.05 compared to normal air-exposed controls. 

 



 

 

Supplementary figure 6. Cell culture experiment workflow. Bone marrow cells were 

isolated from WT or mmcp5
–/–

 mice and bone marrow derived mast cells (mBMMCs) were 

differentiated and purified by culturing in media supplemented with recombinant mouse IL-3 

(rIL-3). Macrophages (Raw264.5) cells were seeded on plates for 24h, and co-cultured with 

mBMMCs. CS extract (CSE, 5%) or control media were added to the cells, and TNF-was 

measured in lysates by ELISA.



 

 

Supplementary figure 7. Gating strategy for murine alveolar macrophages. Cells were 

collected from mouse BALF and cultured in RPMI media for 4h. Adhesive cells were 

collected and stained with CD45 and F4/80 to assess macrophage purity. CD45+F4/80+ cells 

were enumerated by flow cytometry.  

 


