
    

ABSTRACT 

TISCH, LOGAN JAMES. The Role of Protease-Activated Receptor-2 in Multi-Walled Carbon 

Nanotube-Induced Exacerbation of Allergic Lung Disease. (Under the direction of Dr. James C. 

Bonner). 

Inhaled environmental pollutants are increasingly recognized as key contributors to the 

development and worsening of allergic lung diseases such as asthma. Among these pollutants, 

engineered nanomaterials (ENMs), such as multi-walled carbon nanotubes (MWCNTs), pose a 

unique toxicological challenge due to their ability to penetrate deep into lung tissue and persist in 

the pulmonary environment. Co-exposure to MWCNTs and common allergens, such as house dust 

mite (HDM) extract, can significantly worsen key features of allergic lung disease in mice, 

including eosinophilic inflammation, mucus production, and airway fibrosis. However, the 

molecular mechanisms behind these exacerbated effects are poorly understood. This dissertation 

examines the role of the protease-activated receptor-2 (PAR2), a G-protein-coupled receptor 

expressed in various lung cell types, in mediating allergic lung responses to MWCNTs. Both 

endogenous and exogenous proteases activate PAR2 and have been linked to several lung diseases, 

such as allergic asthma and pulmonary fibrosis. However, its exact function in various lung 

diseases remains controversial due to conflicting results in animal studies. To fill this knowledge 

gap, a series of studies was performed using complementary genetic and pharmacological 

methods. First, a PAR2-mutant mouse model with a truncated, nonfunctional receptor was used to 

compare the functionality of a mouse model with a partial gene deletion (PAR2-mutant) to a 

complete PAR2 knockout (KO) mouse model co-exposed to MWCNTs and HDM extract. 

Compared to wild-type (WT) mice, PAR2-mutant mice exhibited significantly less airway fibrosis, 

despite similar levels of eosinophilic inflammation, suggesting that PAR2 plays a specific role in 

pulmonary fibrosis in this context. These results extend previous work done with complete PAR2 

KO mice and highlight how receptor structure and signaling bias influence disease outcomes. In a 



    

subsequent study, PAR2 was pharmacologically blocked using the monoclonal antibody SAM-11 

immediately before co-exposure to HDM extract and MWCNTs. Inhibition of canonical PAR2 

signaling resulted in reduced airway fibrosis, demonstrating that canonical PAR2 signaling 

contributes to fibrotic remodeling in allergic lung disease. Importantly, SAM-11 also significantly 

reduced eosinophilic inflammation and airway mucus hyperproduction, indicating a role for PAR2 

in the broader allergic response. To understand the cellular mechanisms behind PAR2-dependent 

fibrosis, experiments used both in vitro and in vivo models to examine macrophage polarization 

and fibroblast activation. Bone marrow-derived macrophages (BMDMs) and murine ex vivo 

alveolar macrophages (mexAMs) from WT and PAR2 KO mice were exposed to IL-4 and IL-13 

for 24 hours to mimic a Th2-dominant environment, followed by a MWCNT exposure. Intact 

PAR2 signaling functionally promoted M2 macrophage polarization and enhanced the expression 

of profibrotic markers, including arginase-1 (Arg-1). Conditioned media from treated 

macrophages triggered fibroblast activation, leading to collagen gene expression, suggesting that 

PAR2 plays a role in macrophage-driven fibrosis. In vivo studies using myeloid-specific PAR2 

KO mice revealed that PAR2 signaling in innate immune cells is a central driver of allergic lung 

pathology. Namely, PAR2 deletion significantly reduced MWCNT and HDM-induced airway 

collagen deposition and mucus hypersecretion, thereby establishing macrophage PAR2 as a critical 

link between environmental exposures and structural remodeling of the lung. 

Overall, these studies identify PAR2 as a central regulator of allergic lung disease during 

exacerbation by environmental allergens and inhaled nanoparticles. The impact of PAR2 on 

eosinophilic inflammation and mucus hypersecretion was highly model-dependent, with genetic 

disruption producing limited effects, while antibody-mediated blockade of canonical signaling 

markedly reduced these features. Ex vivo and in vivo experiments further revealed that PAR2-



    

dependent polarization of infiltrating macrophages serves as a key mechanistic link between 

nanomaterial exposure, fibroblast activation, and collagen deposition. These findings underscore 

the complexity of PAR2 biology, as different modes of activation or inhibition can bias signaling 

toward distinct downstream pathways with pathogenic or protective outcomes. Collectively, this 

work clarifies inconsistencies in the PAR2 literature, defines its role in macrophage-driven 

remodeling, and supports PAR2 as a promising therapeutic target for mitigating allergic lung 

disease in individuals exposed to airborne pollutants.  
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CHAPTER 1 

 

Introduction 

 

Allergic Asthma  

Allergic asthma is a chronic respiratory disease caused by genetic predisposition and 

environmental exposure to allergens, affecting over 339 million people worldwide (Global Asthma 

Network., 2018). Over the past decade, the prevalence of asthma has continued to increase, raising 

public health concerns about this chronic disease (Hartert et al., 2000). Allergic asthma often 

begins in childhood and is strongly associated with T helper 2 (Th2)-driven immune responses, 

which are also seen in various other allergic conditions such as atopic dermatitis and allergic 

rhinitis (Hammad et al., 2021).  

 Environmental exposures are a significant factor in the onset and progression of allergic 

asthma. Early-life encounters with allergens such as house dust mite (HDM), pollen, cockroach, 

or animal dander are key triggers that can sensitize the immune system and initiate disease 

development. In some cases, new allergen exposures encountered later in life can also trigger 

asthma symptoms (Hammad et al., 2021). The immune response in asthma results in hallmark 

pathological features such as mucus hypersecretion, airway wall remodeling, and eosinophilic 

infiltration, all of which contribute to recurrent symptoms and disease exacerbation (Hammad et 

al., 2021). In addition to environmental factors, genetic predisposition plays a key role in 

determining the susceptibility and progression of asthma. Epidemiological studies show that 

children of asthmatic parents have a significantly higher risk of developing the disease, with 

recurrence rates of approximately 25% for children with one affected parent and up to 50% for 

children with two affected parents (Mims et al., 2015). This familial association suggests that 

heritable genomic factors contribute to disease risk. Indeed, variations in genes regulating immune 
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system function, airway mucosal biology, lung function, and disease progression have all been 

associated with increased asthma susceptibility (Yan et al., 2021; Moffatt et al., 2010). Genome-

wide association studies have suggested that genetic predisposition for asthma development is 

partially associated with airway epithelial barrier dysfunction (Hellings & Steelant, 2020). To date, 

over 100 genes have been linked to asthma; however, genetic association does not necessarily 

imply a direct causal relationship with disease development (Moffatt et al., 2010; Kulkarni et al., 

2022). Overall, the development and progression of allergic asthma results from a complex 

interaction between environmental exposures and genetic predisposition. Both factors are 

necessary for disease onset, with environmental allergens acting as triggers in genetically 

susceptible individuals, ultimately leading to chronic airway inflammation and remodeling, which 

are characteristic of asthma. 

 Despite advances in asthma management, current therapies primarily focus on controlling 

acute symptoms such as bronchospasms, often through inhaled b2-agonists like albuterol or 

corticosteroids. These treatments can provide effective relief of airway constriction, but do not 

address the underlying chronic inflammation, airway remodeling, or fibrosis that drive long-term 

disease progression in allergic asthma. The lack of therapies targeting the fundamental mechanisms 

of allergic lung disease underscores the critical need for research focused on the cellular and 

molecular drivers of allergic asthma in the context of environmental exposures.  

 

The Etiology of Allergic Asthma 

Asthma is a complex disease with different phenotypes and endotypes, reflected by patient-specific 

differences in age of onset, risk factors, severity, and treatment response (Kaur et al., 2019; 

Hammad et al., 2021). However, allergic asthma is regarded as type 2-high asthma and is 
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associated with Th2 cell responses and the type 2 cytokines that accompany these effector cells 

(Thio et al., 2023). When allergens are recognized, allergen-specific CD4+ Th2 cells produce type 

2 cytokines interleukin (IL)-4, IL-5, IL-9, and IL-13. These cytokines drive key features of allergic 

asthma, including airway eosinophilia, mucus cell metaplasia, and the production of 

immunoglobulin E (IgE) by B cells (Hammad et al., 2021; Lambrecht et al., 2025). In severe 

allergic asthma, chronic inflammation contributes to airway remodeling marked by goblet cell 

hyperplasia and collagen deposition, further driving disease persistence and severity (Hammad et 

al., 2021). The process of allergic sensitization starts with innate immune activation upon allergen 

exposure. Damaged or stressed epithelial cells or activated macrophages release damage-

associated molecular patterns (DAMPs), such as granulocyte-macrophage colony-stimulating 

factor (GM-CSF), IL-33, and serum amyloid A1, serving as early alarm signals to the immune 

system (Hammad et al., 2021; Lambrecht et al., 2025). These DAMPs activate pattern recognition 

receptors (PRRs) such as toll-like receptors (TLRs), nucleotide-binding oligomerization domain 

(NOD)-like receptors (NLRs), and protease-activated receptors (PARs), leading to the production 

of immune modulatory cytokines and chemokines (Janeway et al., 2002). Critical cytokines during 

this phase include IL-33, thymic stromal lymphopoietin (TSLP), and IL-25, which work with 

chemokines such as monocyte chemokine proteins (MCPs), eotaxins, and other C-C chemokines 

to orchestrate the recruitment and activation of immune cells such as dendritic cells and 

macrophages to improve type 2 immunity (Lambrecht et al., 2019; Ji et al., 2023). Activated 

dendritic cells help facilitate allergen sensitization by capturing allergens, processing them into 

small peptides, and selectively presenting these peptides to T cell receptors of naµve CD4+ T cells 

via histocompatibility complex (MHC) class II in the draining lymph nodes (Xie et al., 2024). 

Following dendritic cell presentation of the allergen antigen to naµve CD4+ T cells, T cells 



    4 

differentiate into Th2 effector cells (Agache et al., 2021; Lambrecht et al., 2025). This adaptive 

immune response is reinforced by innate type 2 immune cells, including basophils, eosinophils, 

mast cells, and alveolar macrophages, which release additional cytokines, chemokines, and 

mediators that contribute to airway inflammation and tissue remodeling. Collectively, the interplay 

between resident lung cell signaling, PRR activation, and subsequent innate and adaptive immune 

responses drive allergic asthma pathogenesis (Figure 1).  

 

Mediators of Allergic Asthma 

Following differentiation and expansion in lung-draining lymph nodes, Th2 cells function locally 

by promoting B cell differentiation into antibody-secreting plasma cells.  This process is driven by 

Th2 cytokines IL-4 and IL-13, which stimulate class-switch recombination in B cells to produce 

IgE. IgE plays a central role in the sensitization phase of allergic asthma by binding to high-affinity 

FcRI on mast cells and basophils (Gould et al., 2008; Hammad et al., 2021). Upon subsequent 

allergen exposure, crosslinking of receptor-bound IgE triggers these cells to degranulate and 

release a variety of mediators, such as histamine, tryptase, and chymase. Also, produced are lipid 

mediators (e.g., prostaglandins and leukotrienes) and Th2-associated cytokines, which contribute 

to the early-phase allergic response characterized by increased vascular permeability, smooth 

muscle contraction, and cellular recruitment to the airways (Carter et al., 2011). A critical Th2 

cytokine during allergic sensitization is IL-9 generated from Th2 cells. Originally recognized as a 

factor in promoting T cell growth, the influence of IL-9 goes beyond supporting T cell expansion. 

The formation of mucus-producing goblet cells in the airway mucosa is stimulated by IL-9 (Gohal 

et al., 2024). Importantly, an increase in mucus production can lead to airway obstruction and 

increase asthma symptoms. Additionally, IL-9 drives mast cell recruitment into the airways as well 
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as their survival, proliferation, and enhances their responsiveness to allergens (Hammand & 

Lambrecht, 2021). Upon encountering an allergen, mast cells show increased degranulation and 

release of histamine that stimulates goblet cell hyperplasia and mucus hypersecretion, a hallmark 

of allergic asthma that contributes to airway obstruction (Hammand & Lambrecht, 2021).  

In parallel with mast cell activation, eosinophilic infiltration into the lung is another 

important feature of allergic asthma. This process is orchestrated by IL-5, a key Th2 cytokine that 

promotes eosinophil differentiation, survival, and recruitment. IL-5 is a potent stimulator of 

eosinophil production in the bone marrow and its migration into the airways and other tissues 

(Gohal et al., 2024). In asthma, increased levels of IL-5 promote the accumulation of eosinophils 

in the airway walls and contribute to airway inflammation (Gohal et al., 2024). Once in the lungs, 

activated eosinophils release cytotoxic granule proteins such as major basic protein (MBP) and 

eosinophil peroxidase (EPX), along with other Th2 proinflammatory cytokines (Possa et al., 2013). 

These mediators contribute to persistent inflammation and tissue damage within the airways. Over 

time, the persistent presence of eosinophils exacerbates injury to epithelial cells and fibroblasts, 

maintaining and promoting the cycle of inflammation and tissue remodeling (Canas et al., 2018). 

Eosinophils, under the influence of IL-5, can also contribute to mucus production and secretion in 

the airways (Gohal et al., 2024). Additionally, eosinophils secrete profibrotic factors such as 

transforming growth factor-beta (TGF-ɓ), which trigger subsequent remodeling processes, 

including thickening of smooth muscle, goblet cell metaplasia, and extracellular matrix deposition 

(Kanda et al., 2020). 

Airway remodeling, particularly the deposition of extracellular matrix (ECM) proteins, 

represents a long-term effect of chronic inflammation in allergic asthma. Key structural changes, 

such as basement membrane thickening and submucosal fibrosis, contribute to airflow restriction 
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and decreased lung function. Fibroblasts are the main effector cells in structural changes to airways 

through the production of collagen. Research has demonstrated that subepithelial fibrosis is 

proportional to disease severity and duration (Xie et al., 2024). Fibroblasts are activated in 

asthmatic lungs by cytokines and growth factors, leading to differentiation into myofibroblasts. 

This process is facilitated by signaling molecules such as TGF-ɓ, platelet-derived growth factor 

(PDGF), and IL-13, which are produced by Th2 cells, eosinophils, and alternatively activated 

macrophages (Hough et al., 2020; Savin et al., 2023). Myofibroblasts deposit high levels of type I 

and III collagen, leading to subepithelial fibrosis and the stiffening of the airway wall, resulting in 

permanent airway obstruction (Hough et al., 2020). Beyond fibroblast activation and ECM 

deposition, smooth muscle cells contribute to airway remodeling. Smooth muscle cells are the 

primary structural cells present in the bronchial airways. During airway inflammation, airway 

smooth muscle cells undergo continuous proliferation and hypertrophy (Joubert et al., 2005; Xie 

et al., 2024). 

 

Exacerbating Factors of Asthma 

Asthma is punctuated by recurring exacerbations of symptoms (National Heart, Lung, and Blood 

Institute, 2006). Asthma exacerbation is described as a phase of progressive increases in asthma 

symptoms and/or a decrease in lung function (Rothe et al., 2023). Exacerbations occur across the 

spectrum of disease severity, though individuals with inadequate symptom control or more severe 

disease are particularly prone to more frequent and intense exacerbation episodes (Jain et al., 2019; 

Kraft et al., 2021). Importantly, exacerbations are a driver of asthma-related morbidity, contribute 

to progressive loss of lung function, and negatively affect health-related quality of life (Sundh et 

al., 2017). Data from the National Heart, Lung, and Blood Instituteôs Severe Asthma Research 
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Program showed that the proportion of individuals with three or more exacerbations per year was 

5% in the mild asthma, 13% in the moderate asthma, and 54% in the severe asthma, highlighting 

the link between exacerbations and disease severity (Moore et al., 2007). The most common 

triggers of allergic asthma exacerbation are respiratory infections, particularly those caused by 

human rhinoviruses, which synergize with allergic inflammation to worsen airway obstruction 

(Nicholson et al., 1993; Martin et al., 2001). Beyond infections, environmental exposures act as 

potent exacerbating factors. Both natural sources, such as wildfire smoke, and anthropogenic 

sources, such as diesel exhaust and industrial particulates, introduce reactive pollutants into the 

lungs. These exposures amplify oxidative stress, epithelial injury, and vascular leakage, thereby 

compounding airway hyperresponsiveness. Substantial evidence indicates that people with asthma 

are at increased risk of exacerbations when exposed to ozone, nitrogen dioxide, sulfur dioxide, 

particulate matter (PM), and various occupational airborne hazards (Samoli et al., 2011; Castillo 

et al., 2017). With regards to air pollution PM, epidemiological studies show that ultrafine PM 

(¢0.1 mm) is most significantly associated with asthma (Baldacci et al., 2015). Mechanistically, 

PM2.5 extracts can acutely exacerbate allergic lung inflammation in an inflammasome-dependent 

manner via the TLR2/NF-kB/NLRP3 pathway, illustrating how pollutants reinforce immune 

dysregulation (Dai et al., 2020). In parallel to the allergic airway microenvironment already 

consisting of Th2 cytokines, it becomes further inflamed by pollutant or infection-induced 

cytokine release, which worsens tissue injury and airflow constriction (Hammad & Lambrecht, 

2021; Thio & Chang, 2023). Thus, asthma exacerbations represent the convergence of intrinsic 

immune dysregulation with external insults. Viral infections, air pollutants, and occupational 

exposures magnify the underlying allergic airway pathology. While the roles of respiratory 

infections and conventional air pollutants are well described, little is known about the impact of 
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engineered nanomaterials (ENMs) on asthma exacerbation. Given their increasing presence in 

occupational and environmental settings, it is critical to evaluate whether ENMs behave as novel 

exacerbating factors in allergic asthma.   

 

Engineered Nanoparticles  

Engineered nanomaterials (ENMs) represent an emerging class of particulates that can exacerbate 

allergic airway inflammation in experimental animal models and, potentially, in humans with 

asthma. ENMs are intentionally designed advanced materials with at least one dimension less than 

or equal to 100 nm (Auffan et al., 2009). The diversity of ENMs includes metal and metal oxide 

nanoparticles (NPs) (TiO2, ZnO, Au, NiO, SiO2), silica NPs, and carbon NPs such as fullerenes, 

carbon nanofibers, and carbon nanotubes (CNTs) (Tisch et al., 2025). ENMs may interact with 

biological systems in unique ways to produce toxicity since their chemical or physical properties 

differ substantially from bulk materials of the same composition (Nel et al., 2006). Subsequently, 

these diverse physicochemical characteristics produce varying molecular, cellular, or 

pathophysiological aspects of allergen-induced lung disease. Producing conflicting reports that 

show either exacerbation or suppression of allergen-induced lung disease, this may be due to a 

variety of experimental factors, including dosing methodology, timing of ENM vs allergen 

exposure, and rodent species/strain, just to name a few. For example, ovalbumin (OVA)-sensitized 

mice exposed to TiO2 showed decreased asthma endpoints such as eosinophil numbers, airway 

mucus production, and airway hyperresponsiveness (AHR) (Rossi et al., 2010). While SiO2 NPs 

delivered by intranasal instillation in OVA-induced allergic mice increased AHR, airway 

inflammation, and mucus secretion (Ko et al., 2020). 
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Among ENMs, multi-walled carbon nanotubes (MWCNTs) are of particular concern due 

to widespread industrial use, unique physicochemical properties, and potential for airborne 

exposure (Card et al., 2008). MWCNTs are produced by chemical vapor deposition to form 

concentric cylinders of graphene, typically ranging from 10 to 100 nm (Iijima., 1991; Duke et al., 

2018). These characteristics make MWCNTs useful in applications including catalysts, coatings, 

electronics, batteries, and as additives to polymers and composites (Cha et al., 2013). However, 

occupational exposure studies have reported airborne concentrations as high as 1050 mg/m3 during 

secondary manufacturing processes, such as packaging and bagging, while background levels in 

manufacturing plants range from 0.002 to 24.9 mg/m3. For context, the World Health Organization 

recommends that 24-hour average PM2.5 concentrations should not exceed 5 mg/m3 (Lee et al., 

2010; Dahm et al., 2012). Due to their nanoscale size and tendency to become airborne, MWCNTs 

are readily inhaled, with the lungs serving as the primary target organ for toxicological effects 

(Ryman-Rasmussen et al., 2009). Ryman-Rasmussen and colleagues were the first to show that 

inhalation of MWCNTs enhanced the development of airway fibrosis with increased platelet-

derived growth factor (PDGF)-AA expression in the OVA mouse model of asthma (Ryman-

Rasmussen et al., 2009). Since this research, numerous epidemiological studies have demonstrated 

positive correlations between exposure to carbon-based PM and exacerbations of various 

respiratory diseases, including respiratory infections, asthma, and chronic obstructive pulmonary 

disease (COPD) (Jacquemin et al., 2015; Doiron et al., 2019). For example, intratracheal 

instillation of MWCNTs enhanced eosinophilic inflammation and mucous cell metaplasia in mice 

during OVA-induced allergic lung disease (Inoue et al., 2009). This same study also showed that 

MWCNTs increased the proliferation of OVA-specific T cells in vitro, suggesting that MWCNTs 

influence adaptive immune responses during exacerbation of allergic lung disease (Inoue et al., 
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2009). The more clinically relevant HDM extract allergen model of asthma has also been used to 

investigate ENM exacerbation of asthma. Mice exposed to HDM extract and MWCNTs showed 

that IgG1, influx of macrophages, eosinophils, and neutrophils, production of collagen, mucus 

production, levels of IL-13 and eotaxin, were dose dependent on exposure to MWCNTs (Ronzani 

et al., 2014). Similarly, co-exposure to MWCNTs and HDM extract exacerbated eosinophilic lung 

inflammation, airway fibrosis, mucous cell metaplasia, and serum IgE levels (Ihrie et al., 2021). 

Therefore, MWCNTs, being relatively well-characterized and compositionally consistent, are a 

suitable model ENM for investigating particle-mediated exacerbation of allergic lung disease. 

 

Protease-Activated Receptor-2 in Lung Pathology  

The protease-activated receptor 2 (PAR2) is a G protein-coupled receptor (GPCR) belonging to 

the family of PRRs that detect DAMPs during the early immune response to allergens. PAR2 is 

highly expressed in the lungs, where it plays a key role in sensing and responding to the 

extracellular proteolytic environment (Janeway et al., 2002; Cocks et al., 2001). Various cell types 

in the lungs express PAR2, including monocytes, leukocytes, and fibroblasts (Cocks et al., 2001; 

Miike et al., 2001). PAR2 activation has diverse effects depending on the cell type and the 

proteases present in the tissue microenvironment. Endogenous serine and cysteine proteases, such 

as tryptase, trypsin, neutrophil elastase, and mast cell tryptase, released during lung injury, cleave 

and activate PAR2, initiating downstream signaling (Chakraborty et al., 2013; Rallabhandi et al., 

2008; Molino et al., 1997). Similarly, allergen-derived proteases found in HDM extract, including 

Der p1, Der p3, and Der p9, can proteolytically activate PAR2 (Sun et al., 2001; Asokananthan et 

al., 2002). Host immune cells can also produce proteases that activate PAR2, leading to GPCR-

mediated intracellular signaling events such as the recruitment of inflammatory cells and activation 
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of fibroblasts (Vergnolle 1999; Frungieri et al., 2002). Mechanistically, protease cleavage of the 

PAR2 extracellular N-terminus exposes a peptide-tethered ligand that binds to conserved receptor 

domains on PAR2, triggering conformational changes and G-protein coupling (Heuberger et al., 

2019). Activation of distinct Ga subunits initiates downstream pathways, including calcium influx 

through Gaq, increased cAMP levels via Gas, enhanced Rho-Kinase activity mediated by Ga12/13, 

recruitment of b-arrestin-1 and b-arrestin-2, and ERK1/2 phosphorylation, ultimately leading to 

PAR2 internalization and degradation (Reches & Piran, 2024; B¿hm et al., 1996) (Figure 2). 

Notably, PAR2 contains multiple cleavage sites with protease-specific binding preferences, 

enabling the same receptor to mediate distinct cellular responses depending on the activating 

protease and location of protease cleavage (Heuberger et al., 2019). PAR2 ócanonicalô signaling 

results in G-protein signaling, b-arrestin pathway signaling involving ligand-regulated scaffolds, 

and transactivation of a variety of receptors and other signaling constituents through extra- or 

intracellular crosstalk (Gieseler et al., 2013). As an alternative, PAR2 can be activated via proteases 

by a ónon-canonicalô mechanism involving cleavage at a site distinct from the canonical tethered 

ligand motif (Gieseler et al., 2013). Importantly, these non-canonical tethered ligands dock with 

the receptor to drive distinct biased signaling pathways. To add to the complexity of PAR2, there 

is evidence indicating that other PARs can transactivate PAR2. In a study using human pulmonary 

artery endothelial cells, the protective effect of PAR1 agonist activity in endothelial barrier 

function and survival in mice required the formation of a heterodimer with PAR2 (Chen et al., 

1994). Additionally, studies on melanoma cells indicated that stimulation of cell motility by 

thrombin requires not only PAR1 activation but also the simultaneous activation of PAR2 (Shi et 

al., 2004) (Figure 3). Beyond PAR2ôs transactivation capacity with other PARs, the receptor can 

mediate transactivation of non-GPCRs via extracellular release of GPCR agonists, by intracellular 
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mechanisms along signaling pathways, and receptor trafficking (Gieseler et al., 2013). Indeed, 

PAR2 activation has been shown to deliver intracellular signals that crosstalk with TLR4 signaling 

pathways. Specifically, PAR2 activation and TLR4 activation via lipopolysaccharides (LPS) 

synergistically enhance inflammatory signaling in airway epithelial cells (Rallabhandi et al., 

2008). 

PAR2 has emerged as a mediator of several respiratory diseases, including allergic asthma, 

pulmonary fibrosis, and COPD (Wygrecka et al., 2001; Rayees et al., 2020). The first evidence 

suggesting a role for PAR2 in asthma came from studies showing proinflammatory effects of 

PAR2-mediated airway epithelial cell activation (Vliagoftis et al., 2000). Direct evidence came 

when using PAR2 knockout mice displayed decreased eosinophilic airway inflammation and 

airway hyperresponsiveness (Schmidlin et al., 2002). Since these findings, PAR2 has been 

established as a key regulator of the lung Th2 microenvironment, driving hallmark features of 

allergic lung disease, including eosinophilia, airway fibrosis, and mucous metaplasia (Gandhia et 

al., 2022; Miike et al., 2001; Lin et al., 2015; Harker et al., 2023). For example, PAR2 deficiency 

attenuates bleomycin-induced pulmonary fibrosis, while PAR2-activating proteases promote 

fibroblast migration and extracellular matrix production (Lin et al., 2015). Pharmacological 

inhibition of PAR2 also decreases airway hyperresponsiveness (AHR) and inflammation in OVA-

challenged mice (Asaduzzaman et al., 2015).  Although PAR2 is largely implicated in pathogenic 

airway responses, evidence also suggests it can have protective roles under certain conditions. For 

instance, one study showed that PAR2 activation prior to pollen allergen exposure decreased 

allergen-mediated bronchoconstriction, eosinophil infiltration, and AHR (DôAgostino et al., 2007). 

This dual role of PAR2 in airways adds to the complexity of the receptor. Together, these studies 
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highlight PAR2 as a context-dependent regulator of airway immunity, functioning as both a 

promoter and modulator of inflammation and remodeling in allergic lung disease.  

 

Macrophages in Allergic Asthma 

Macrophages play a crucial role in the development of allergic asthma, acting as key regulators of 

inflammation, tissue remodeling, and fibrosis in the lung. As one of the first innate immune cell 

types to encounter inhaled allergens or particles, pulmonary macrophages express PRRs to detect 

PAMPs and DAMPs (Cheng et al., 2021). Pulmonary macrophage populations divide into alveolar 

macrophages (AMs), residing in the airways, and interstitial macrophages (IMs), located within 

the lung parenchymal tissue (Byrne et al., 2016). Studies have indicated that AMs arise from 

embryonic yolk sac erythromyeloid progenitors and are long-lived, self-renewing cells (Epelman 

et al., 2014). This subset of pulmonary macrophages is crucial for maintaining airway homeostasis 

and immune tolerance (Byrne et al., 2016; Chen et al., 2021). In contrast, IMs are primarily 

monocyte-derived cells originating from bone marrow hematopoietic stem cells and substantially 

contribute to wound responses in the lungs (Misharin et al., 2013). This is evident in studies 

showing that deletion of monocyte-derived macrophages recruited to the lungs can alleviate 

fibrosis (Misharin et al., 2017). Pulmonary macrophages can influence disease progression by 

integrating signals from the immune system and local tissue microenvironment, as well as 

producing cytokines, growth factors, and proteases (You et al., 2020; Rath et al., 2014; Wynn et 

al., 2010; Kim et al., 2010). For example, airway epithelia repair relies heavily on macrophage-

derived molecules to drive tissue repair. Following lung injury, AMs promote epithelial 

proliferation by producing Wnt ligands (Hung et al., 2019). The complex microenvironment of the 

lung generates numerous signals that control macrophage transcriptional programs, thereby 
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influencing their phenotype and function. Traditionally, macrophages are categorized into two 

major polarization states that determine effector function. Classically activated (M1) macrophages 

exhibit proinflammatory and antimicrobial activity through secretion of IL-1ɓ, TNF-a, IL-6, and 

interferons. M1 macrophage polarization is typically driven by TLR agonists such as LPS or 

cytokines such as IFN-g, which activate transcription factors including NF-kB, IRF5, AP-1, and 

STAT1 (Arora et al., 2018; Rath et al., 2014). In contrast, alternatively activated macrophages (M2) 

are induced by IL-4, IL-13, and IL-10, through the activation of transcription factors such as 

STAT6, IRF4, and PPARg (Arora et al., 2018; Rath et al., 2014). In addition to cytokine signaling, 

macrophage metabolism is tightly coupled to polarization state. For example, glutamine is 

essential for M2 polarization, whereas M1 macrophages are glutamine-independent (Jha et al., 

2015). Similarly, fatty acid uptake and metabolism via lipoprotein lipase and mitochondrial 

oxidative phosphorylation are required for M2 development and activation, whereas M1 

macrophages rely primarily on glycolysis (Murray, 2017). This metabolic and functional plasticity 

allows macrophages to amplify airway inflammation (M1) or promote tissue repair and airway 

remodeling (M2) (Rath et al., 2014; Wynn et al., 2010). However, pulmonary macrophage 

phenotype extends beyond the simple M1/M2 paradigm. M2 macrophages can be further 

subdivided into M2a-d subsets, shaped by microenvironmental cues, and in turn, these 

macrophages reciprocally shape the lung environment (Puttur et al., 2019). As a result, multiple 

macrophage phenotypes can coexist in the lung at any given time. 

Growing evidence underscores the pathogenic role of M2 macrophages in allergic lung 

disease and fibrosis. For example, studies have demonstrated reduced pulmonary fibrosis in mice 

treated with the M2 macrophage inhibitor serum amyloid P or in IL-4-deficient mice (Murray et 

al., 2010; Migliaccio et al., 2008). In allergic asthma, M2 macrophages are often enriched in the 
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airways and contribute to pathology by secreting profibrotic mediators such as arginase-1 (Arg-1) 

(Krane, 2008; Morris, 2007). Arg-1 is a crucial component of arginine metabolism in mice, 

catalyzing the hydrolysis of arginine to ornithine, a precursor molecule required for collagen 

synthesis (Krane, 2008; Byrne et al., 2016). In vivo, Arg-1 is highly expressed in murine 

macrophages and is regulated by Th2 cytokines such as IL-4 and IL-13 (Hesse et al., 2001). 

Importantly, Arg-1 competes with the enzyme nitric oxide synthase (iNOS), expressed by M1 

macrophages, and therefore serves as a marker for the M2 phenotype (Hese et al., 2001). Elevated 

Arg-1 has been reported in bleomycin-induced pulmonary fibrosis (Kitowska et al., 2008) and in 

alveolar macrophages of patients with idiopathic pulmonary fibrosis (Mora et al., 2006), linking 

its activity to both experimental and clinical lung fibrosis. Beyond Arg-1, M2 macrophages secrete 

cytokines and growth factors that attract, promote survival, and stimulate the migration of 

fibroblasts, including PDGF-mediated pathways (Partida-Zavala et al., 2018). Notably, 

environmental exposures can directly skew macrophage polarization toward an M2 phenotype. 

For example, engineered nanomaterials such as MWCNTs have been shown to promote profibrotic 

M2 macrophage polarization (Boyles et al., 2015; Dong et al., 2018). In agreement, in vivo 

experiments using MWCNTs significantly activated macrophages, enhanced the TGF-ɓ1/Smad2 

signaling pathway, which resulted in increased collagen deposition and progression of pulmonary 

fibrosis (Wang et al., 2013). Together, these findings establish M2 macrophages as central drivers 

of airway inflammation and fibrotic remodeling. Their ability to integrate environmental cues with 

profibrotic signaling pathways positions macrophages as a key cellular target for therapeutic 

strategies aimed at mitigating the progression and exacerbation of allergic lung disease. 
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General Conclusions 

Allergic asthma is highly complex, influenced by genetic and environmental factors, and driven 

by multiple mechanisms. Continued research is needed to further define the key mechanisms 

driving allergic asthma. This is particularly relevant in the context of environmental exposures that 

may exacerbate disease severity. Inhaled engineered nanomaterials, such as MWCNTs, represent 

an emerging class of air toxicants capable of altering immune responses and worsening 

pathological features of asthma. Among potential molecular mediators, PAR2 stands out as a 

promising target for investigation given its role in regulating inflammatory, allergic, and fibrotic 

processes in the lung. By increasing our understanding of how PAR2 signaling influences disease 

mechanisms, this research will help identify novel avenues for therapeutic intervention and risk 

mitigation. The work described in this dissertation further explores how MWCNT exposure 

influences allergic lung disease, clarifies the role of PAR2 in these processes, and offers new 

insights into how environmental toxicants interact with immune regulation in allergic asthma. 

 

General Research Hypothesis 

Elucidating the mechanisms underlying the exacerbation of allergic asthma and the associated 

pathological features of allergic lung disease is the central focus of this dissertation. To address 

this, I employed a murine co-exposure model combining allergen challenge with inhaled 

engineered nanoparticles, such as MWCNTs, which have been shown to worsen disease outcomes. 

Using this model, I investigated how PAR2 influences key features of allergic asthma, including 

eosinophilic inflammation, mucus hypersecretion, and collagen deposition, by comparing 

responses in PAR2-mutant, PAR2 KO, and wild-type mice. I further examined the effects of 

pharmacological inhibition of PAR2 using the monoclonal antibody SAM-11 to determine whether 
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targeted blockade could attenuate disease severity. Finally, I explored how MWCNT exposure 

affects macrophage polarization in an allergic environment and how PAR2-dependent macrophage 

activation may drive Th2-skewed immune responses and promote fibrotic remodeling. Taken 

together, these studies are designed to address a unifying research question: how does PAR2 

signaling contribute to the immune and structural changes that underlie nanoparticle-induced 

exacerbation of allergic asthma? I hypothesize that PAR2 signaling is essential for the 

amplification of allergic lung disease in the presence of inhaled MWCNTs, and that this occurs, in 

part, through macrophage-mediated promotion of a Th2-dominant immune response and 

profibrotic tissue remodeling.  
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Figure 1: Interaction of ENMs and allergens that could mediate innate and adaptive responses 

involved in the exacerbation of allergic lung disease. Created in BioRender. Tisch, L. (2025) 

https://BioRender.com/24yoe6z. 

https://biorender.com/24yoe6z
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Figure 2: PAR2-mediated downstream signal transduction pathways. Upon ligand binding, Ga 

dissociates from Gb/g subunits and initiates diverse signaling cascades that regulate several 

cellular responses. Depending on the ligand, PAR2 couples to specific Ga subtypes (Gaq/11, 

Ga12/13, or Gai/o), activating downstream signaling messengers and inducing various physiological 

effects. Phospholipase C-b (PLC-b), Ras homolog family member a (RhoA), Ras homolog-

guanine nucleotide exchange factors (Rho-GEFs), Rac-mediated MAPKs (ERK1/2), 

phosphatidylinositol 3-kinase (PI3K), protein kinase B (Akt), and Src (ERK1/2). Created in 

BioRender. Tisch, L. (2025) https://BioRender.com/6ixwbvj 

https://biorender.com/6ixwbvj
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Figure 3: Mechanisms of PAR2 signaling. PAR2 canonical signaling is limited by proteases such 

as trypsin and thrombin, which cleave PAR2 at canonical cleavage sites, unmasking the tethered 

ligand domain, which binds to the second extracellular loop of the cleaved receptor. (A) Canonical 

activation is often coupled to multiple G protein-dependent and ɓ-arrestin-dependent signaling 

pathways. (B) Non-canonical or biased mechanisms of PAR2 signaling. Proteases such as elastase, 

MMP1, and APC cleave PAR2 at sites distinct from the canonical cleavage site. Cleavage may 

unmask a new tethered ligand that could interact with domains in the cleaved receptor, leading to 

the activation of unique and biased signaling pathways. (C) Proteolytic cleavage of PAR2ôs N 

terminus can transactivate or coactivate other PARs or GCPRs via homo- or heterodimerization.  

Created in BioRender. Tisch, L. (2025) https://BioRender.com/090zela  

https://biorender.com/090zela
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ABSTRACT 

Background: Pulmonary exposure to multi-walled carbon nanotubes (MWCNTs) induces potent 

pro-inflammatory and pro-fibrotic responses in mouse models of allergic lung disease. We recently 

reported that MWCNTs exacerbated components of house dust mite (HDM)-induced allergic lung 

disease, including eosinophilic inflammation, mucous cell metaplasia, and airway fibrosis. 

Protease-activated receptor 2 (PAR2) plays a significant role in the development of various 

respiratory diseases, including asthma and pulmonary fibrosis. However, studies investigating the 

function of PAR2 in allergic lung disease have produced variable results. To further define the role 

of PAR2 in pulmonary pathology, we investigated the effects of MWCNTs on HDM-induced 

allergic lung disease in PAR2-mutant mice. 

Methods: The PAR2-mutant mice used were previously generated by replacing a 1.8-kb region of 

the PAR2 coding sequence with a neomycin resistance gene, which did not entirely delete the gene. 

Wild-type (WT) male C57BL/6J mice and PAR2-mutant male mice were exposed to a vehicle 

solution, MWCNTs, HDM extract, or both via oropharyngeal aspiration 6 times over 3 weeks. 

Bronchoalveolar lavage fluid (BALF) was collected to measure changes in inflammatory cells, 

total protein, and lactate dehydrogenase (LDH). Lung protein and mRNA were assayed for pro-

inflammatory and profibrotic mediators, and formalin-fixed lung sections were evaluated for 

histopathology.  

Results:  In WT and PAR2-mutant mice, co-exposure to MWCNTs and HDM extract significantly 

increased eosinophilic lung inflammation, mucous cell metaplasia, increased BALF cellularity, 

BALF total protein, and LDH levels. These results were not significantly different between 

genotypes. Additionally, MWCNTs and HDM extract co-exposure significantly increased airway 

fibrosis in WT and PAR2-mutant mice, characterized by increased airway collagen deposition and 
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Col1a1 mRNA expression. Quantitative morphometry revealed a significant decrease in airway 

fibrosis in PAR2-mutant mice compared to WT mice, accompanied by reduced Col1a1 mRNA as 

detected by PCR. Despite this reduction, the pro-fibrotic mediator arginase 1 (Arg-1) protein and 

mRNA levels were significantly upregulated in PAR2-mutant mice.  

Conclusion: Our study demonstrates that PAR2 mediates airway fibrosis but does not influence 

eosinophilic lung inflammation or mucous cell metaplasia caused by co-exposure to MWCNTs 

and HDM allergen.  

Key words: allergens, nanoparticles, allergic lung disease, asthma, PAR2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    36 

INTRODUCTION 

Allergic asthma is a respiratory disease caused by genetic predisposition and environmental 

exposure to allergens, that affects over 300 million people globally. Over the past decade, asthma 

prevalence has risen, heightening concerns about this chronic disease.1 Research has increasingly 

focused on the exacerbation of asthma, as environmental factors can amplify the pathological 

features of allergic lung disease and worsen debilitating symptoms such as bronchoconstriction. 

For example, acute viral and bacterial respiratory infections are known to exacerbate allergic 

asthma.2,3 Additionally, inhalation of airborne particles, including ultrafine particulate matter from 

natural or anthropogenic sources, can lead to prolonged asthma exacerbation.4,5 Studies using 

murine models with house dust mite (HDM) extracts from Dermatophagoides pteronyssinus have 

shown that inhaled particles worsen allergic lung disease by increasing eosinophilic inflammation, 

mucous cell metaplasia, and airway fibrosis.6 Therefore, inhaled particles are a major 

environmental factor contributing to increased severity and exacerbation of allergic lung disease.  

 Engineered nanomaterials (ENMs) are a significant concern to human pulmonary health 

due to their small size (10 ï 100nm) and ability to infiltrate deep within the lungs when inhaled.7 

Multi-walled carbon nanotubes (MWCNTs), a type of ENM, possess unique physicochemical 

properties, such as high tensile strength and surface functionalization, making them an attractive 

material for diverse applications, including industrial coatings, light-weight composites, and 

electronics.8 The toxicity of MWCNTs is in part due to their fiber-like structure which promotes 

deep penetration of the lung and subpleural tissues following inhalation with subsequent activation 

of innate immune cells such as macrophages, leading to lung injury.9,10 Additionally, inhalation of 

MWCNTs alone induces systemic immunosuppression and causes interstitial fibrosis in the lungs 

of mice, potentially mediated by upregulation of TGF-b1 production.11 Recent studies examining 
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experimental animal models of allergic asthma have revealed that pulmonary exposure to 

MWCNTs, in combination with HDM allergens, exacerbates airway inflammation, fibrosis, and 

the production of pro-inflammatory cytokines, thus exacerbating allergic lung disease.6,12-14 While 

MWCNT inhalation alters and exacerbates the allergic immune response to allergens, the 

mechanisms by which these particles enhance allergen-induced lung disease are not well 

understood.  

 The protease-activated receptor 2 (PAR2) is a cell surface G-protein-coupled receptor 

(GPCR) expressed by various lung cell types, including bronchial and alveolar epithelial cells, 

resident alveolar macrophages, and fibroblasts. PAR2 plays a crucial role in sensing the 

extracellular proteolytic environment.15,16 Endogenous serine and cysteine proteases such as 

tryptase, trypsin, factor VIIa, factor Xa, and elastase, released or generated during lung injury, 

cleave PAR2, leading to receptor activation and downstream signaling.17,18 Furthermore, PAR2 

can be proteolytically activated by the proteases found in HDM, such as Der p1, Der p3, and Der 

p9.19,20 These proteases cleave the receptor within the extracellular N-terminus, exposing a 

peptide-tethered ligand domain that binds to conserved regions on PAR2, activating the 

receptor.21,22 This interaction triggers conformational changes and alters the receptorôs affinity for 

intracellular G proteins, mediating downstream receptor signaling. Importantly, PAR2 contains 

multiple N-terminal cleavage sites with preferential protease binding, leading to protease-specific 

cellular responses via the same receptor.22 The prevalence and multifaceted role of PAR2 in the 

lung microenvironment implicate it in the pathogenesis of various respiratory diseases, including 

chronic obstructive pulmonary disease (COPD), pulmonary fibrosis, and asthma.23 The complex 

nature of PAR2 has made it challenging to elucidate its precise role in the pathogenesis of various 

inflammatory and immune diseases.  
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 Studies on PAR2 in mice have produced variable results regarding its role in the 

pathogenesis of allergic lung diseases. Our group previously examined the role of PAR2 in the 

exacerbation of HDM-induced allergic lung disease by MWCNTs using PAR2 knockout (KO) 

mice, a complete gene deletion of the receptor.6 We found that co-exposure to MWCNTs and HDM 

extract synergistically increased eosinophil numbers in bronchoalveolar lavage fluid (BALF) with 

no significant differences between wild-type (WT) and PAR2 KO mice. Interestingly, mice 

exposed to MWCNTs or HDM extract alone showed no discernable differences in collagen 

deposition. However, quantitative morphometry of trichome-positive histopathological lung 

sections revealed that co-exposure to MWCNTs and HDM extract significantly increased collagen 

deposition around airways and pulmonary blood vessels, with WT mice developing significantly 

more airway fibrosis than PAR2 KO mice.6 This data suggests that PAR2 activation contributes to 

pulmonary fibrosis development but does not mediate the exacerbation of HDM-induced 

eosinophilic lung inflammation by MWCNTs. In contrast, previous research has indicated that 

PAR2 may regulate cellular motility and airway inflammation. For example, the administration of 

PAR2 agonist peptides has been reported to reduce lipopolysaccharide (LPS)-stimulated 

neutrophilia in murine airways, suggesting an anti-inflammatory mechanism for PAR2.24 

However, it has also been reported that administering a PAR2-blocking peptide before allergen 

exposure inhibits airway hyper-responsiveness and inflammation, suggesting that PAR2 signaling 

mediates the immune response in allergic asthma.25  Additionally, the role of PAR2 in airway 

fibrosis has been debated. For instance, PAR2 deficiency achieved by a homozygous null mutation 

in the Par2 gene, which reduces the 8 kb gene to a 5 kb gene, did not affect bleomycin-induced 

lung fibrosis.26,27 In contrast, mice with complete gene deletion of PAR2 showed significantly 
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reduced bleomycin-induced pulmonary fibrosis.28 These differences in the fibrotic response to 

bleomycin may be attributed to incomplete versus complete gene deletion.  

 The effects of PAR2 on airway inflammation and the pathogenesis of allergic lung disease 

remain unclear. Conflicting evidence suggests that PAR2 activation may either promote or protect 

against the development of allergic lung disease and associated airway fibrosis. We propose these 

discrepancies can be attributed to variations in PAR2 activation sites or by differences in PAR2-

deficient models. As mentioned previously, PAR2 can induce protease-specific cellular responses 

depending on the site of protease cleavage.22,29 It has also been shown that receptor functionality 

can persist in incomplete knockout models.29,30 In the current study, we evaluated the exacerbation 

of HDM-induced allergic lung disease by MWCNTs in a genetically modified PAR2-mutant 

mouse model. We hypothesized that the PAR2-mutant mice in this study would exhibit different 

pathological responses in the exacerbation of HDM-induced allergic lung disease by MWCNTs 

compared to our previous work with PAR2 KO mice generated by total gene deletion.6,21 Similar 

to our previous findings with PAR2 KO mice, our results in the present study show that MWCNTs 

exacerbated HDM-induced eosinophilic lung inflammation in both WT and PAR2-mutant mice to 

the same extent, yet PAR2-mutant mice exhibited significantly reduced trichrome-positive 

collagen surrounding airways as well as reduced lung Col1a1 mRNA compared to WT mice after 

co-exposure to MWCNTs and HDM extract. However, unlike our previous observations with 

PAR2 KO mice, the reduced airway collagen in the PAR2-mutant mice was accompanied by 

increased mRNA and protein expression of arginase-1 (Arg-1). In complete PAR2 KO mice, we 

previously showed that both airway collagen and Arg-1 were significantly decreased.6 Therefore, 

both the current study using PAR2-mutant mice and our previous work with PAR2 KO mice 

support a role for PAR2 in mediating airway fibrogenesis during allergic lung disease. However, 



    40 

the differential expression of Arg-1 in PAR2-mutant mice in this study compared with PAR2 KO 

mice in our previous work demonstrates some variability in PAR2-deficient mouse models that 

could shed light on conflicting findings in PAR2-related pulmonary research. 
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MATERIALS AND METHODS 

House dust mite (HDM) extract 

HDM extract from Dermatophagoides pteronyssinus was purchased from Greer Laboratories Inc. 

(Lenoir, NC). Lyophilized HDM extract was dissolved in Dulbeccoôs phosphate-buffered saline 

(DPBS) to achieve a stock total HDM extract protein concentration of 1 mg/mL, with a total yield 

of 4.57 mg, as measured by Bradford assay. The HDM extract [item #XPB91D3A2.5; lot #390991] 

contained 1610 endotoxin units (EU), measured by amoebocyte lysate test, according to the 

manufacturer. Stock solution was further diluted in DPBS to achieve the necessary working 

concentrations for dosing.  

 

Multi-walled carbon nanotubes (MWCNTs) 

MWCNTs (NC7000) were purchased from Nanocyl, Inc. (Sambreville, Belgium) and have been 

thoroughly characterized previously.31 MWCNTs were suspended in DPBS (Sigma, St. Louis, 

MO) to achieve a stock concentration of 3.3 mg/mL. The prepared stock of MWCNTs suspension 

was sonicated in a cup horn sonicator (Q500, Qsonica, Newtown, CT) for 10 minutes at 60 amps. 

The stock solution was diluted with DPBS to achieve a working dosing concentration of 0.25 

mg/mL. Mice were dosed with MWCNTs via oropharyngeal aspiration (OPA) in the presence or 

absence of HDM extract.  

 

Mice 

WT male C57BL/6J mice and PAR2-mutant male mice (8-12 weeks) were used for this study.32 

The PAR2-mutant mice were originally generated at the R.W. Johnson Pharmaceutical Research 

Institute, Spring House, PA. Dr. Antoniak established a colony after receiving PAR2-mutant mice 



    42 

from Dr. Nigel Mackman (University of North Carolina at Chapel Hill). The WT and PAR2-mutant 

mice were bred as cousin lines to reduce unnecessary euthanasia of heterozygote PAR2-mutant 

mice. A schematic illustration of the targeting vector used to generate the PAR2-mutant mice is 

shown in Fig. 1A, which results in a higher mobility shift in the PAR2 gene but not a complete 

gene deletion. Briefly, a 1.8-kb HindIII-SalI region that covers part of intron 1 and exon 2 was 

deleted and replaced with a neomycin-resistance gene.32 These mice have previously been shown 

to have reduced lung inflammation induced by influenza, reduced cardiac ischemia/reperfusion 

injury, and reduced renal fibrosis following unilateral ureteric obstruction.33-35 In these previous 

studies, the mice are referred to as PAR2-deficient or PAR2-/- mice. We refer to these mice as 

ñPAR2-mutantò in the current study since they possess a partial gene deletion, which differentiates 

them from PAR2 KO mice that possess a complete gene deletion.6 Genotyping of all mice used in 

this study is shown in Supplementary File 1. In contrast to the PAR2-mutant mice, which have 

an incomplete gene deletion, Fig. 1B illustrates the targeting vector used to generate PAR2 KO 

mice (B6.Cg-F2rl1tm1Mslb/J) from the Jackson Laboratory (Bar Harbor, ME) we previously 

investigated.6 These PAR2 KO mice have a total deletion of the PAR2 gene as shown by PCR 

genotyping (Fig. 1B).  

 

Animal Care 

Mice were housed in an AAALAC (Association for Assessment and Accreditation of Laboratory 

Animal Care) accredited animal facility. All animal procedures were approved by the NC State 

University Institutional Animal Care and Committee (IACUC). Mice were housed in five per cage 

according to their respective treatment groups and genotypes- vehicle control (WT), vehicle 
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control (PAR2-mutant), MWCNTs (WT), MWCNT (PAR2-mutant), HDM extract (WT), HDM 

extract (PAR2-mutant), MWCNTs + HDM (WT), MWCNTs + HDM (PAR2-mutant). 

 

Exposure of mice to MWCNTs and HDM extract 

Exposure procedures consisted of three sessions in the sensitization phase (days 1, 3, 5) and the 

challenge phase (days 15, 17, 19). Mice were exposed by OPA to 50 mL of the following treatments: 

vehicle solution control, MWCNTs, HDM extract, or both. Treatments were prepared in a vehicle 

solution consisting of DPBS and were vortexed immediately before delivery to mice under 

isoflurane anesthesia. WT and PAR2-mutant mice were exposed to vehicle control or 0.5 mg/mouse 

HDM extract (0.02 mg/kg) per dosing session with or without 12.5 mg of MWCNTs (0.5 mg/kg). 

Total doses of 0.12 mg/kg HDM extract and 3 mg/kg MWCNTs were delivered throughout the 

sensitization period.  

 

Necropsy and tissue collection.  

Necropsy was performed on day 22 for sample collection. Mice were euthanized with an 

intraperitoneal injection of pentobarbital. Bronchoalveolar lavage fluid (BALF) was collected 

from each mouse by cannulating the trachea and conducting lavages of the lungs with 0.5 mL of 

chilled DPBS two times. BALF was utilized to analyze protein, lactate dehydrogenase LDH, and 

cytokines/chemokines. For histopathology, the left lung lobe was fixed in neutral buffered formalin 

(VWR, Radnor, PA) for 24 hours, then transferred to 70% ethanol for a week before being 

embedded in paraffin. A right superior lung lobe was stored in RNAlater (Fisher Scientific, 

Waltham, MA) at -80̄C for mRNA analysis. The right medial and inferior lung lobes were snap-

frozen in liquid nitrogen and stored at -80̄C for protein analysis. 



    44 

 

Analyses of BALF  

Total BALF cell counts were performed using a hemacytometer. For differential cell counts, 100 

mL of BALF was centrifuged onto glass slides using a Cytospin 4 centrifuge (ThermoFisher, 

Waltham, MA). Slides were then fixed and stained with the Diff-Quik stain set (Epredia, 

Kalamazoo, MI). Cell differentials were quantified by counting 500 cells per slide using an 

Olympus light microscope BX41 (Center Valley, PA) to determine relative numbers of 

macrophages, neutrophils, eosinophils, and lymphocytes. 

 

Cytokine analysis in BALF  

To measure cytokines in BALF, DuoSet enzyme-linked immunosorbent assay (ELISA) kits (R&D 

Systems, Minneapolis, MN) were used according to the manufacturer's protocol to quantify protein 

levels of cytokines C-X-C motif chemokine ligand 1 (CXCL1) and CC motif chemokine ligand 11 

(CCL11) from BALF. BALF cytokine absorbances were measured using the Multiskan EX 

microplate spectrophotometer (ThermoFisher, Waltham, MA). Measured absorbances were then 

used to calculate cytokine concentrations using GraphPad Prism, version 10.0 (La Jolla, CA).  

 

Cytotoxicity and total protein in BALF 

LDH activity in BALF was measured as an indicator for pulmonary cytotoxicity with the Pierce 

LDH Cytotoxicity Assay Kit (ThermoFisher, Waltham, MA), according to the manufacturer's 

instructions. The Pierce BCA Protein Assay Kit (ThermoFisher) was used to determine the total 

protein concentration in BALF. 
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qRT-PCR 

Applied Biosystems high-capacity cDNA reverse transcription kit (ThermoFisher Scientific, 

Waltham, MA) was used to generate cDNA from the mRNA isolated from the right lung lobe using 

Quick-RNATM MiniPrep (Zymo Research, Irvine, CA) according to the manufacturer's 

instructions. The FastStart Universal Probe Master (Rox) (Roche, Basel, Switzerland) was used to 

run Taqman qPCR on the Applied Biosystems QuantStudio3 Real-Time PCR System Thermal 

Cycling Block (ABI, Foster City, CA) to determine the comparative CT (DDCT) fold change 

expression of specific mRNAs (Col1a1, Arg1, Muc5ac, Ccl-11) normalized to b2 microglobulin 

B2M as the endogenous control. qRT-PCR primers were purchased from ThermoFisher Scientific 

(Col1a1, #Mm00801666_g1; Arg1, #Mm00475988_m1; Muc5ac, #Mm01276718_m1; Ccl-11, 

#Mm00441238_m1; B2M, #Mm00437762_m1). 

 

Immunoblotting 

Whole lung lysate was prepared from snap-frozen right lung lobes. Frozen samples were digested 

using lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-

100, 1 mM Na3VO4, 1 x HaltTM Protease Inhibitor Cocktail, in DPBS). Samples were digested 

using a Mini Bead Mill Homogenizer (VWR International). The protein concentration of the 

supernatant was determined using the Pierce BCA Protein Assay Kit (ThermoFisher Scientific, 

Waltham, MA). Samples were loaded onto a Mini-PROTEAN TGX 4-15% SDS-PAGE gel (Bio-

Rad Laboratories Inc., Hercules, CA), separated by electrophoresis and transferred onto PVDF 

membranes. Membranes were blocked and incubated in mouse primary antibodies purchased from 

Cell Signaling Technology (phosphorylated STAT6 at Tyr640, #56554S; STAT6, #5397S; 

Arginase-1, #93668S; and ‍-actin, #4967L). Following primary antibody incubation, membranes 
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were incubated with horseradish peroxidase-conjugated (HRP) secondary anti-rabbit antibody 

(Cell Signaling Technology, Danvers, MA). Enhanced chemiluminescence (ECL) Prime Western 

Blotting Detection Reagent (Cytiva, Marlborough, MA) was used to facilitate HRP-induced 

chemiluminescence according to the manufacturer's instructions. Resulting signals were captured 

using Amersham Imager 680 (GE Life Sciences, Marlborough, MA), and semi-quantitative 

densitometry was performed using ImageQuant software (GE Life Sciences, Marlborough, MA).  

 

Histopathology 

The left lung was cut into three cross sections, which were embedded in paraffin, and 5-micron 

histologic sections were mounted on charged glass slides. Sections were stained with Masson's 

trichrome for collagen deposition or Alcian blue/periodic acid-Schiff (AB/PAS) for mucus 

production. 

 

Quantitative morphometry of airway fibrosis and mucous cell metaplasia 

Based on Massonôs trichrome-stained slides, airway fibrosis was assessed by measuring the 

collagen layer's thickness surrounding the airways using an area/perimeter ratio method, as 

described previously.6,36 Approximately 10 airways per lung cross-sections per mouse (3 cross-

sections per mouse, resulting in a total of 30 photomicrographs per mouse) that fit our criteria 

(circular airways that fit in the field of view) were photographed at 100Ĭ magnification using an 

Olympus BX41 light microscope (Center Valley, PA). To determine the area/perimeter ratio, round 

to oval-shaped airways under 500 Ĭ 500 ɛm (HĬW) were imaged at 100Ĭ. The lasso tool in Adobe 

Photoshop CS5 was used to surround trichrome-positive collagen around the airways, giving the 

outer area, and to surround the basement membrane, giving the inner area and circumference 
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(perimeter). The difference between the outer and inner area was divided by the circumference, 

which gave the area/perimeter ratio. All measurements were performed in a blinded manner. 

Mucous cell metaplasia and airway mucus production were assessed by imaging all airways under 

approximately 500 Ĭ 500 ɛm (HĬW) in each AB/PAS-stained sample and quantifying the area of 

positive staining in ImageJ (National Institutes of Health) as a percent area.  

 

Statistical analysis. One-way ANOVA with Tukey's post hoc test or Student's t-test was used to 

evaluate differences between treatment groups (GraphPad Prism, version 10.0, La Jolla, CA). Two-

way ANOVA with Tukey's post hoc test was utilized to evaluate differences among treatment and 

sex groups. All data represent the mean  SEM of four to five animal replicates.   
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RESULTS 

Pulmonary co-exposure to MWCNTs and HDM extract increases lung inflammation and 

results in eosinophilic infiltration 

Using the sensitization and challenge protocol illustrated in Fig. 2A, male C57BL/6J WT and 

PAR2-mutant mice were exposed by OPA 6 times over 3 weeks. Treatment groups included 50 mL 

of DPBS solution as the vehicle control, 12.5 mg of MWCNTs (0.5 mg/kg), 0.5 mg of HDM extract 

(0.02 mg/kg), or a combination of MWCNTs and HDM per dosing session as described in the 

Materials and Methods section. Analysis of BALF showed that co-exposure of MWCNTs and 

HDM extract significantly increased the total number of cells, which was similar between WT and 

PAR2-mutant mice (Fig. 2D). Accordingly, MWCNT and HDM co-exposure significantly 

increased total protein and LDH in BALF with no observable differences between WT and PAR2-

mutant mice (Fig. 2B and C). Cytospins slides of mouse BALF cells demonstrated that MWCNTs 

and HDM extract co-exposure initiated a substantial increase in eosinophils compared to either 

MWCNT or HDM extract alone (Fig. 2E). Differential cell counting of BALF cells confirmed that 

mice co-exposed with MWCNTs and HDM extract were the only treatment group that exhibited a 

significant increase in eosinophil numbers (Fig. 2G). On the other hand, MWCNT and HDM co-

exposure significantly decreased macrophage numbers in WT and PAR2-mutant BALF (Fig. 2F), 

primarily due to increased infiltrating eosinophils. Additionally, there were no significant 

differences in the numbers of neutrophils in BALF between genotypes or treatment groups (Fig. 

2H). These data demonstrated that co-exposure with MWCNT and HDM extract significantly 

increases eosinophil infiltration within the lungs of mice compared to either treatment alone. 

Additionally, no differences were observed between genotypes, suggesting that the mutation of 
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PAR2 did not significantly contribute to inflammatory cell recruitment following MWCNT and 

HDM extract exposure.  

 

PAR2 contributes to the exacerbation of airway fibrosis induced by co-exposure to MWCNTs 

and HDM extract 

Pulmonary fibrosis in the lungs of exposed mice was evaluated by quantitative morphometry of 

Massonôs trichrome-staining airway collagen using the area-perimeter ratio method described in 

the Materials and Methods section. While no observable differences were seen between genotypes 

from groups exposed to either HDM extract or MWCNTs alone, PAR2-mutant mice displayed a 

significant increase in trichrome-positive collagen around airways in the lungs of treated mice 

compared to the vehicle control group (Fig. 3A). Additionally, co-exposure to MWCNTs and 

HDM extract further increased trichrome-positive collagen in both WT and PAR2-mutant mice 

compared to either HDM extract or MWCNTs alone (Fig. 3A). Quantitative morphometry of 

trichrome-positive airway collagen revealed a significant increase in airway fibrosis in WT mice 

co-exposed to both MWCNTs and HDM extract when compared to PAR2-mutant mice (Fig. 3B). 

AB-PAS staining was performed on lung tissues to detect mucous cell metaplasia in the lungs of 

mice. Photomicrographs of AB-PAS-stained lung sections showed significantly increased AB-PAS 

staining indicative of mucous cell metaplasia in mice co-exposed to MWCNTs and HDM extract 

(Fig. 4A). However, quantitative morphometry revealed that there were no significant differences 

between WT and PAR2-mutant mice (Fig. 4B). Together these results indicate that PAR2 is 

required for increased airway fibrosis but not mucous cell metaplasia that is associated with 

MWCNTS and HDM extract induced pathology. 
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Co-exposure to MWCNTs and HDM extract upregulates signaling components of the 

immune response  

Next, we assessed the effects of MWCNTs and HDM extract on the inflammatory and fibrotic 

responses in the lungs of WT and PAR2-mutant mice by ELISA and qRT-PCR. Lung BALF from 

treated mice revealed that the neutrophil chemokine CXCL1 was significantly upregulated in WT 

mice exposed to HDM extract alone or in combination with MWCNTs compared to the vehicle 

control (Fig. 5A). The observed response in WT mice was significantly greater compared to PAR2-

mutant mice (Fig. 5A). Additionally, there were no significant differences in treatment groups or 

genotypes for the eosinophil chemotactic CCL11 (Fig. 5B). qRT-PCR analysis revealed 

significantly increased Col1a1 mRNA levels after co-exposure to MWCNT and HDM extract 

groups for both genotypes, yet there were no significant differences in MWCNT or HDM extract 

groups alone (Fig. 6A). PAR2-mutant mice had significantly lower Col1a1 mRNA compared to 

WT mice (Fig. 6A). The mRNA expression of Arg-1, a TH2 molecule and marker of alternatively 

activated macrophages, was also significantly increased in the MWCNT and HDM extract co-

exposure group in WT and PAR2-mutant mice compared to the vehicle control (Fig. 6B). Notably, 

Arg-1 expression was significantly increased in PAR2-mutant versus WT mice upon HDM and 

MWCNT co-exposure (Fig. 6B). The mRNA expression of Ccl11 in WT mice co-exposed to HDM 

extract and MWCNTs increased significantly compared to vehicle and MWCNT control groups. 

There were no statistical differences in Ccl11 mRNA expression in the other treatment groups (Fig. 

6D). The mRNA expression of Muc5ac was not significantly different among treatment groups or 

genotypes (Fig. 6C).  
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PAR2 regulates a TH2 type immune response  

Whole lung lysates were evaluated by Western blot analysis to investigate specific molecular 

mechanisms that contribute to the exacerbation of the lung inflammatory or fibrotic response 

induced by HDM extract and MWCNT co-exposure. Western blots from all animals evaluated are 

shown in Fig. 7A. Uncropped Western blots are shown in Supplementary File 2. Co-exposure to 

MWCNTs with HDM extract increased Arg-1 protein expression in WT and PAR2-mutant mice, 

although expression was markedly elevated in PAR2-mutant mice (Fig. 7A,C). Additionally, 

MWCNT and HDM extract co-exposure increased the phosphorylation of STAT6 in one out of 

four WT mice and three out of five PAR2-mutant mice, while total STAT6 remained relatively 

constant among treatments and genotypes. However, due to animal variation, densitometric 

analysis revealed no significant differences between treatment groups or genotypes for pSTAT6 

expression (Fig. 7B). 
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DISCUSSION 

 Understanding the mechanisms through which inhaled nanoparticles exacerbate allergen-

induced lung disease in experimental animal models is critical to uncovering how such particles 

influence the pathogenesis of asthma in humans. Our group previously demonstrated that 

MWCNTs, in the presence of HDM extract, exacerbate allergen-induced responses by increasing 

serum IgE levels, airway fibrosis, and inducing mucous cell metaplasia.37 Recent work by our 

group using mice with complete PAR2 gene deletion (i.e., PAR2 KO mice) demonstrated that 

PAR2 was not involved in eosinophilic lung inflammation but contributed to airway fibrogenesis.6 

However, the literature presents conflicting findings on the role of PAR2 in allergic lung disease 

and fibrogenesis, with studies using complete and partial knockout models reporting variable 

outcomes.21,26 In the current study, we aimed to clarify these discrepancies by using PAR2-mutant 

mice with a partial gene deletion to investigate the impact of MWCNTs on HDM-induced allergic 

lung disease.  

 In this PAR2-mutant mouse model, we found that MWCNTs significantly exacerbated 

allergic responses induced by HDM, marked by elevated eosinophilic infiltration, LDH, and total 

protein levels in BALF (Fig. 2). Notably, the co-exposure effect occurred despite the use of 

MWCNT and HDM extract doses that individually elicited low immunological responses. This 

finding contrasts with a previous study by Schmidlin and colleagues using complete PAR2 KO 

mice, where a 73% reduction in eosinophil infiltration was observed following ovalbumin 

sensitization.21 However, we previously reported that complete PAR2 KO mice had similar BALF 

eosinophil counts to WT mice.6 Similarly, in the present study, eosinophilic lung inflammation was 

not significantly different between WT and PAR2-mutant mice. Additionally, we observed an 

upregulation of phosphorylated STAT6 in PAR2-mutant mice compared to WT mice co-exposed 
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to MWCNTs and HDM extract (Fig. 7).  STAT6 plays a crucial role in eosinophilic lung 

inflammation. For example, our group's prior research demonstrated that eosinophilic lung 

inflammation induced by MWCNTs and HDM extract was abolished in STAT6-deficient mice.37 

This finding aligns with our prior results, underscoring the critical role of STAT6 in eosinophil 

recruitment to the lungs. While this suggests that PAR2 may not directly mediate eosinophilic 

inflammation, it may influence pathways involved in STAT6 phosphorylation, indicating a more 

complex role for PAR2 in allergic responses. 

Increased mucus production in the lungs is a major contributor to airflow obstruction in 

asthma and is recognized as a critical indicator of airway remodeling and mucous cell 

metaplasia.38,39 Goblet cells within the respiratory epithelium are the primary source of mucus 

secreted into the airway lumen following exposure to allergens.40 In the current study using PAR2-

mutant mice, AB-PAS staining revealed a synergistic increase in mucous cell metaplasia following 

co-exposure to MWCNTs and HDM extract, with no significant differences between WT and 

PAR2-mutant genotypes as confirmed by quantitative morphometry. These findings align with our 

previous results using PAR2 KO mice, where mucous cell metaplasia was similarly increased upon 

co-exposure, again without significant genotype-based variation. Moreover, prior studies have 

shown that stimulating human bronchial epithelial cells with synthetic PAR2 agonist peptides only 

minimally elevated mucus secretion, even at high concentrations.28 This evidence suggests that 

PAR2 is limited in regulating mucus hypersecretion during airway inflammation, regardless of 

receptor manipulation. 

The precise function of PAR2 in inflammatory processes remains unclear, as studies have 

reported both pro- and anti-inflammatory roles depending on the context. For instance, co-

activation of PAR2 and Toll-like receptor 4 (TLR4) by a PAR2 activating peptide and LPS in 
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endothelial cells enhanced NF-əB and IL-6 production, suggesting a synergistic pro-inflammatory 

effect.41 Conversely, the co-activation of PAR2 and TLR4 in peritoneal macrophages induced an 

anti-inflammatory response, attenuating LPS-induced pro-inflammatory cytokines (TNF-a, IL-6, 

IL-12).42 Similarly, PAR2 KO mice show reduced IRF gene activation following LPS exposure.43 

These divergent results may be due to variations in the cellular context, tissue type, and specific 

proteases involved in PAR2 activation.23,44 Although we did not observe reduced eosinophil 

infiltration in PAR2-mutant mice, BALF cytokine analysis revealed a significant reduction in the 

chemokine CXCL1. Animal studies have implicated CXCL1 in the recruitment and activation of 

neutrophils, which can exacerbate tissue injury, particularly in the lungs.45 Dysregulation of 

CXCL1 is also associated with increased severity of allergic lung disease.46 Therefore, the 

downregulation of CXCL1 in PAR2-mutant mice may suggest a potential mechanism by which 

PAR2 influences lung inflammation, offering new insights into its role in the pathogenesis of 

allergic lung disease. 

Although PAR2 may not directly mediate eosinophilic inflammation, the findings from this 

study suggest that PAR2 plays a significant role in airway fibrosis. Our previous research 

demonstrated that total deletion of PAR2 significantly attenuated airway collagen deposition 

stimulated by co-exposure to MWCNTs and HDM extract.6 Similarly, in the present study, 

morphometric analysis of lung tissue sections revealed that WT and PAR2-mutant mice exposed 

to MWCNTs and HDM extract had markedly increased airway collagen compared to vehicle 

controls, yet PAR2-mutant mice had significantly less airway collagen after co-exposure compared 

to WT mice. Additionally, Col1a1 mRNA, a marker of type I collagen, was significantly elevated 

in WT and PAR2-mutant mice under co-exposure conditions and was significantly reduced in 

PAR2-mutant mice compared to WT mice. The reduced airway collagen observed in PAR2-mutant 
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mice in the present study and PAR2 KO mice in our previous work following MWCNT and HDM 

extract co-exposure reinforces the conclusion that PAR2 actively contributes to the development 

of pulmonary fibrosis. It is noteworthy that others have shown that the same PAR2-mutant mice 

used in the present study have been shown to have reduced renal fibrosis following unilateral 

ureteric obstruction.35 In that study, the authors demonstrated that renal fibrosis was mediated 

through a mechanism involving PAR2 transactivation of the EGF receptor and the TGF-b receptor. 

Whether PAR2 mediates lung fibrosis through a similar mechanism remains to be elucidated.  

While the attenuation of airway collagen deposition was observed with both PAR2-mutant 

and PAR2 KO, the present study found that Arg-1 is markedly increased in PAR2-mutant mice 

compared to WT mice. This contrasts with our previous work with PAR2 KO mice, which showed 

that Arg-1 mRNA and protein were significantly decreased in the lungs of PAR2 KO mice 

compared to WT mice.6 Therefore, the complete gene deletion in PAR2 KO mice in our previous 

work versus the mutation of PAR2 in the present work is an important determinant of Arg-1 

regulation. A significant contributor to the progression of collagen deposition and fibrosis is the 

metabolic reprogramming and dysregulation of alveolar epithelial cells, macrophages, fibroblasts, 

and myofibroblasts, which collectively promote collagen synthesis.47 A critical precursor of 

collagen, L-proline, is synthesized from L-arginine by the enzymatic activity of Arg-1. Arg-1 is 

highly expressed in alveolar macrophages from patients with idiopathic pulmonary fibrosis.47,48 

Supporting this notion, inhibition of Arg-1 has been shown to reduce collagen deposition and 

improve outcomes in bleomycin-induced pulmonary fibrosis by suppressing myofibroblast 

activation.49,50 Thus, Arg-1 is often considered a key marker of fibrotic processes.51 In the present 

study, we observed that co-exposure to MWCNTs and HDM extract significantly increased Arg-1 

protein expression in WT and PAR2-mutant mice, as measured by Western blot analysis. However, 
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the increase in Arg-1 protein levels was particularly pronounced in PAR2-mutant mice. Similarly, 

Arg-1 mRNA expression was significantly elevated in WT and PAR2-mutant mice following co-

exposure to HDM and MWCNTs, with PAR2-mutant mice displaying significantly higher Arg-1 

expression than their WT counterparts. These findings further implicate PAR2 in regulating 

fibrotic pathways, mainly through its influence on Arg-1 expression and the associated metabolic 

reprogramming that drives collagen synthesis. 

 In the current and prior studies, differences in the response to MWCNTs and HDM extract 

co-exposure are evident between PAR2-mutant versus complete PAR2 KO mice.6 One possible 

explanation for the differences is the residual PAR2 activity in PAR2-mutant mice. Unlike 

complete knockout models where PAR2 signaling is entirely abrogated, partial deletion of PAR2 

may allow for truncated or modified expression of PAR2, as shown via genotyping in Fig. 1. It has 

been well documented that modified GPCRs possess functionality in agonist binding, receptor 

activation, and interaction with cognate G proteins depending on the genetic alteration.30,52,53 

Considering PAR2 contains numerous activation residues, genetic modification of the receptor 

may change the affinity of a given ligand over another, resulting in biased or altered 

signaling.22,29,54 Therefore, a mutated PAR2 receptor may continue to influence Arg-1 production 

through different signaling pathways compared to total PAR2 knockout models. However, there is 

currently no information on PAR2 protein in the PAR2-mutant mouse model, due in part to the 

lack of reliable PAR2 antibodies for Western blotting. On the other hand, Damiano and colleagues 

reported that the same PAR2-mutant mice used in our current study did not produce any detectable 

Par2 mRNA in the kidney or small intestine as determined by Northern blotting, which suggests 

that these mice would produce no PAR2 protein.32 However, the possibility remains that the Par2 

cDNA used in the Northern blotting experiment in that paper did not recognize any putative 
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mutated Par2 mRNA. Therefore, the identity of Par2 mRNA or PAR2 protein in the PAR2-mutant 

mice remains to be established if indeed they exist at all. Another potential explanation lies in 

genetic compensation mechanisms, in which the partial loss of function for a given receptor 

molecule triggers the upregulation of alternative genes or pathways that compensate for the 

deficiency.47,55 A similar scenario may exist, leading to Arg-1 upregulation in the PAR2-mutant 

mice, a response that does not occur in total PAR2 knockout models because those compensatory 

mechanisms are lost or not activated.  

 Our findings emphasize the complex role of PAR2 in allergic lung disease and fibrogenesis. 

While both PAR2-mutant and PAR2 KO models demonstrate the receptorôs involvement in airway 

fibrosis, significant differences emerge in their regulation of key events, such as the regulation of 

Arg-1 production. Notably, the substantial upregulation of Arg-1 in PAR2-mutant mice, as opposed 

to its downregulation in complete PAR2 knockout models, suggests that residual PAR2 activity 

may influence alternative or compensatory signaling pathways. These results highlight that PAR2 

genetic models share commonalities but also differ in the extent of receptor functionality and 

pathway engagement, leading to variations in disease outcomes. Interestingly, airway fibrosis was 

reduced despite elevated Arg-1 in PAR2-mutant mice, mirroring the effects seen in PAR2 KO mice 

in which Arg-1 is downregulated. This indicates that additional factors beyond Arg-1 contribute to 

fibrogenic outcomes. Understanding these differences is crucial for interpreting experimental data 

and the broader application of PAR2-targeted therapies for allergic lung disease and pulmonary 

fibrosis. Our research has the potential to impact the development of these therapies significantly. 

Future studies investigating the compensatory mechanisms in PAR2-mutant versus knockout 

models may shed light on the full spectrum of PAR2ôs role in lung pathology. 
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CONCLUSION 

This study aimed to elucidate the role and functionality of PAR2 in the exacerbation of 

allergic lung disease and fibrogenesis following co-exposure to MWCNTs and HDM extract using 

a PAR2-mutant mouse model. Our investigation demonstrates that while partial gene deletion of 

PAR2 does not significantly mediate eosinophilic inflammation, it plays an important role in the 

development of airway fibrosis. Notably, we observed that both WT and PAR2-mutant displayed 

increased airway collagen following co-exposure to MWCNTs and HDM extract. However, PAR2-

mutant mice showed significantly less airway collagen deposition and Col1a1 mRNA, yet greater 

Arg-1 mRNA and protein expression than WT mice. The reduced airway fibrosis in PAR2-mutant 

mice is similar to our previous observation of PAR2 KO mice with total gene deletion.6  However, 

increased Arg-1 protein in PAR2-mutant mice in the present study contrasts with our previous 

work with PAR2 KO mice, which displayed reduced Arg-1 expression after co-exposure to 

MWCNTs and HDM extract.6 In summary, our study using PAR2-mutant mice provides further 

evidence for PAR2 as a mediator of airway fibrogenesis during allergic lung disease, yet the 

differential expression of Arg-1 in PAR2-mutant versus PAR2 KO mice highlights potentially 

important differences in a key metabolic enzyme involved in fibrogenesis. 

 

 

 

 

 

 



    59 

ABBREVIATIONS 

PAR2   protease-activated receptor-2 

MWCNT  multi-walled carbon nanotubes 

HDM   house dust mite 

LPS   lipopolysaccharide 

BALF   bronchoalveolar lavage fluid 

LDH   lactate dehydrogenase 

ENM   engineered nanomaterial 

CXCL1  C-X-C motif chemokine ligand 1 

CCL11   C-C motif chemokine ligand 11 (eotaxin) 

ARG-1   arginase-1 

OPA   oropharyngeal aspiration 

STAT-6  signal transducer and activator of transcription 6 

TLR4   toll-like receptor 4 
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Fig. 1. Schematic illustrations showing generation of targeting vectors for (A) PAR2 mutant mice 

used in the current study (adapted from ref. 32). Side panel shows PCR genotyping results from 

WT and PAR2 mutant mice. (B) PAR2 KO mice from Jackson Laboratories (adapted from ref. 21). 

Side panel shows PCR genotyping results from WT and PAR2 KO mice.  
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Fig. 2. Cellularity and biomarkers of lung injury in BALF from mice exposed to HDM extract, 

MWCNTs or both. (A) Illustration of the exposure protocol. (B-D) Total protein, LDH and total 

cell counts in BALF. (E) Cytospin images from BALF showing eosinophilic inflammation after 

co-exposure to MWCNTs and HDM extract. Red arrows indicate macrophages with MWCNT 

inclusions. Black bars = 10 mm. (F-H) Differential cell counts from Cytospins showing 

macrophages, eosinophils and neutrophils. **p<0.01, ***p<0.001, ****p<0.0001 compared to 

vehicle; #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001 compared to MWCNTs; ^p<0.05, ^^p<0.01, 

^^^p<0.001 compared to HDM extract determined by two-way ANOVA with Tukeyôs post-hoc 

test. 
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Fig. 3. Airway fibrosis in the lungs of wildtype (WT) and PAR2-mutant mice exposed to 

MWCNTs in the absence or presence of HDM extract. (A) Representative images of trichrome-

stained lung tissue sections showing blue collagen deposits (arrowheads). Black bars = 100 mm. 

(B) Morphometric quantification of airway collagen using area-perimeter method. ****p<0.0001 

compared to vehicle; ##p<0.01, ####p<0.0001 compared to MWCNT treatment; ^^p<0.01, 

^^^p<0.001 compared to HDM treatment; aap<0.01 between genotypes as determined by two-way 

ANOVA with Tukeyôs post-hoc test. 
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Fig. 4. Mucous cell metaplasia in the lungs of wild-type (WT) and PAR2-mutant mice exposed 

to MWCNTs with or without HDM extract. (A) Representative images of AB-PAS-stained lung 

tissue sections positive for PAS+ mucins stained purple (arrowheads). Arrows indicate 

MWCNTs. Black bars = 100 ɛm. (B) Morphometric quantification of AB-PAS+ airway mucin. 

****p<0.0001 compared to vehicle; ##p<0.01, ####p<0.0001 compared to MWCNT treatment; 

^^^^p<0.0001 compared to HDM treatment, as determined by two-way ANOVA with Tukeyôs 

post-hoc test. 
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Fig. 5. Protein levels of (A) CXCL1 and (B) CCL11 in the BALF of wildtype (WT) and PAR2-

mutant mice exposed to MWCNTs in the absence or presence of HDM extract. *p<0.05, **p<0.01 

compared to vehicle; #p<0.05 compared to MWCNT treatment; aap<0.01, aaaap<0.0001 between 

genotypes as determined by two-way ANOVA with Tukeyôs post-hoc test. 
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Fig. 6. qRT-PCR of biomarkers of airway inflammation and fibrosis in the lungs of wildtype 

(WT) and PAR2-mutant mice exposed to MWCNTs in the absence or presence of HDM extract. 

(A) Col1a1 mRNA. (B) Arg1 mRNA. (C) Muc5ac mRNA. (D) Ccl11 mRNA.  *p<0.05, 

****p<0.0001 compared to vehicle; #p<0.05, ####p<0.0001 compared to MWCNT; ^^^p<0.001 

compared to HDM; aap<0.01 between genotypes as determined by two-way ANOVA with 

Tukeyôs post-hoc test. 
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Fig. 7. (A) Western blots of whole lung lysates from wildtype (WT) and PAR2-mutant (PAR2-mu) 

mice exposed to MWCNTs in the absence or presence of HDM extract. Each lane represents an 

individual animal. (B) Densitometry of p-STAT6 normalized against total STAT6. (C) 

Densitometry of ARG-1 normalized to b-actin. *p<0.05 compared to vehicle; ap<0.05 between 

genotypes as determined by two-way ANOVA with Tukeyôs post-hoc test. 
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ABSTRACT 

Background: Our previous work showed that exposure to multi-walled carbon nanotubes 

(MWCNTs) exacerbates allergic lung disease in mice induced by house dust mite extract (HDME). 

Furthermore, mice genetically deficient in the proteinase-activated receptor 2 (PAR2) exhibited 

reduced airway fibrosis after co-exposure to MWCNTs and HDME. The objective of this study 

was to determine whether inhibition of PAR2 signaling, using the monoclonal antibody SAM-11, 

attenuates the exacerbation of HDME-induced allergic lung disease by MWCNTs.  

Methods: C57BL/6J mice were exposed to MWCNTs in the presence or absence of HDME via 

oropharyngeal aspiration over a 21-day protocol. SAM-11 or isotype control antibodies were 

administered prior to exposure. Bronchoalveolar lavage fluid (BALF) and lung tissue were 

analyzed for markers of allergic inflammation, airway remodeling, and fibrosis.  

Results: SAM-11 treatment significantly reduced airway collagen deposition, eosinophilic 

inflammation, mucous cell metaplasia, and CD3+ T cell lung infiltration induced by co-exposure 

to MWCNT and HDME. SAM-11 treatment also reduced lung mRNA expression of mediators 

involved in allergic lung disease (Col1a, Tgf-b1, Arg-1, Il-33, Muc5b), as well as STAT6 and Arg-

1 protein in lung tissue.  

Conclusion: Inhibition of canonical PAR2 signaling using SAM-11 attenuates multiple features 

of MWCNT-enhanced allergic lung disease with broader efficacy than PAR2-deficient models. 

These findings highlight PAR2 as a viable therapeutic target in allergic lung disease and asthma, 

suggesting that antibody-based blockade is a promising strategy for mitigating allergen and 

particle-induced disease.  

Key Words: multi-walled carbon nanotubes, asthma exacerbation, allergic lung disease, protease-

activated receptor, monoclonal antibody. 
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INTRODUCTION 

The protease-activated receptor 2 (PAR2) is a G-protein-coupled receptor (GPCR) highly 

expressed in the lungs, playing a critical role in sensing and responding to the extracellular 

proteolytic environment [1, 2]. Various cell types in the lung express PAR2, including alveolar 

macrophages, fibroblasts, and pulmonary epithelium [2]. Furthermore, cells infiltrating the lungs 

during injury and tissue repair, such as neutrophils, monocytes, and eosinophils, express PAR2 [3]. 

PAR2 activation has diverse effects depending on the cell type and the nature of the proteases 

within the tissue microenvironment. Endogenous serine proteases, such as tryptase, trypsin, 

neutrophil elastase, and mast cell tryptase released during lung injury, cleave PAR2, leading to 

receptor activation and downstream signaling [4, 5, 6]. PAR2 has emerged as a mediator of several 

respiratory diseases, including asthma, pulmonary fibrosis, and chronic obstructive pulmonary 

disease [7, 8]. During the development of allergic lung disease, PAR2 promotes the establishment 

of a type 2 helper T cell (Th2)-dominant microenvironment characterized by the production of IL-

4, IL-5, and IL-13. This Th2 milieu drives hallmark features of asthma, including eosinophilia, 

airway fibrosis, and mucous metaplasia [9, 10]. Furthermore, PAR2 activation has been linked to 

increased profibrotic mediators and collagen synthesis in the lungs [9, 11, 12], underscoring a key 

role in fibrogenesis.  

Our laboratory has recently reported that PAR2 regulates airway fibrosis in a mouse model 

of asthma exacerbation caused by co-exposure to house dust mite extract (HDME) and multi-

walled carbon nanotubes (MWCNTs) [13, 14]. MWCNTs are an engineered nanomaterial of 

concern for human pulmonary health due to a nano-scale size (10-100 nm), which facilitates deep 

penetration within the lungs upon inhalation [15]. Inhalation of MWCNTs induces the activation 

of innate immune cells, systemic immunosuppression, and lung injury, as well as fibrosis in the 
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lungs of mice [16, 17, 18]. In animal models of asthma, exposure to MWCNTs in combination 

with HDME exacerbates lung inflammation and fibrosis [19, 20, 21]. We discovered that PAR2-

deficient mice exhibit reduced airway fibrosis after co-exposure to MWCNTs and HDME [13, 14]. 

However, PAR2 deficiency did not reduce other aspects of allergic lung disease, including mucous 

cell metaplasia or eosinophilic inflammation.  

 Exploring pharmacological inhibition of PAR2 activation offers an alternative to genetic 

ablation. PAR2 cleavage and activation trigger conformational changes that alter the receptorôs 

affinity for intracellular G proteins, resulting in downstream receptor signaling. PAR2 contains 

multiple N-terminal cleavage sites with protease-specific binding preference, leading to cell-type-

specific responses through the same receptor [7]. Genetic modification of PAR2 may alter protease 

binding affinity or induce biased downstream signaling [22, 23]. Inhibition of canonical PAR2 

signaling with monoclonal antibodies allows for targeted inhibition of receptor activation without 

the broader genetic alterations associated with knockout models. This approach may provide a 

more accurate reflection of therapeutic interventions, offering insights into the context-dependent 

roles of PAR2 signaling during lung pathogenesis.  

The SAM-11 antibody has been used to assess PAR2 function in allergic lung disease in 

mice. For example, SAM-11 administration during or after the development of cockroach extract 

(CE)-induced eosinophilic inflammation and airway hyperresponsiveness (AHR) was reduced, 

suggesting that targeting PAR2 may have therapeutic value for the treatment of asthma [11,24]. 

No studies have examined whether pharmacological inhibition of PAR2 impacts the exacerbation 

of allergic lung disease by environmental agents, which is relevant to the most severe cases of 

asthma. Therefore, we investigated whether blocking PAR2 activation with SAM-11 would reduce 

the exacerbation of HDME-induced allergic lung disease by MWCNTs. 
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MATERIALS AND METHODS 

Animal care 

Male C57BL/6J mice (8-12 weeks) were purchased from The Jackson Laboratory and housed in 

an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-

accredited animal facility. Experimental groups contained 5-6 mice, except for an initial pilot study 

that included 3 mice per group to establish feasibility (data not shown). All animal procedures 

were approved by the North Carolina State University Institutional Animal Care and Use 

Committee (IACUC). 

  

Multi-walled carbon nanotubes (MWCNTs) and House dust mite extract (HDME) 

MWCNTs (NC7000) were purchased from Nanocyl, Inc. and were suspended in DPBS (Sigma) 

to achieve a stock concentration of 1 mg/mL. The physicochemical characteristics of NC7000 are 

listed in Additional File 1.  The MWCNT stock suspension was sonicated in a cup horn sonicator 

(Q500, Qsonica) for 10 minutes at 60 amps and then diluted with DPBS to achieve the necessary 

working concentration for dosing. HDME from Dermatophagoides pteronyssinus was purchased 

from Greer Laboratories Inc. and dissolved in DPBS at 1 mg/mL of HDME protein. The HDME 

[item #XPB91D3A2.5; lot #390991] contained 1,610 endotoxin units (EU).  

 

Exposure of mice to MWCNTs and HDME combined with SAM-11 treatment 

Exposure procedures consisted of three sessions in the sensitization phase (days 1, 3, 5) and three 

sessions in the challenge phase (days 15, 17, 19). Mice (5-6 animals per group) were exposed via 

oropharyngeal aspiration (OPA) to 50 ÕL of vehicle (PBS), MWCNTs, HDME, or a combination 

of MWCNTs and HDME. Prior to this experiment, a pilot experiment was performed using 3 
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animals per group to establish feasibility (data not shown). Each HDME dose was 0.5 Õg/mouse 

(0.02 mg/kg), and each MWCNT dose was 12.5 Õg/mouse (0.5 mg/kg), resulting in total delivered 

doses of 0.12 mg/kg HDME and 3 mg/kg MWCNTs. A low dose of HDME was used intentionally 

in this experiment to demonstrate the synergistic effect of MWCNTs with allergen exposure as a 

model of nanoparticle exacerbation of allergic lung disease. SAM-11 (10 ng per administration per 

mouse in 25 ÕL PBS) was administered immediately before each exposure. A follow-up 

independent experiment was then performed to evaluate nonspecific antibody effects, treatment 

groups included vehicle (DPBS), IgG2a (10 ng per administration per mouse), HDME+MWCNT, 

and IgG2a before HDME+MWCNT treatment. All other dosing and exposure conditions were 

identical to those described above. The IgG2a isotype control data are presented separately. SAM-

11 (#sc-13504) and IgG2a (#sc-3878) were purchased from Santa Cruz Biotechnology Inc. 

 

Necropsy and tissue collection 

Necropsy was performed on day 22 for sample collection. Mice were euthanized with an 

intraperitoneal injection of pentobarbital. Bronchoalveolar lavage fluid (BALF) was collected 

from each mouse by cannulating the trachea and conducting lavages of the lungs with 0.5 mL of 

chilled DPBS two times. BALF was utilized to quantify lung protein, lactate dehydrogenase 

(LDH), and various cytokines and chemokines. Whole blood for serum IgE analysis was collected 

from the jugular veins prior to BALF collection, allowed to coagulate in Serum Separator Tubes, 

then centrifuged to obtain serum. Purified serum was stored at -80̄C for future analysis. For 

histopathology, the left lung lobe was fixed in 10% neutral buffered formalin for 24 hours, then 

transferred to 70% ethanol for one week before being embedded in paraffin and processed further. 

The right superior lung lobe was also stored in RNAlater (Fisher Scientific) at -80̄C for future 
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mRNA analysis. The right medial and inferior lung lobes were collected and stored at -80̄C for 

whole-lung protein analysis. 

 

Analyses of BALF  

The Pierce BCA Protein Assay Kit (ThermoFisher) was used to determine protein concentrations 

in mouse BALF. As an indicator of pulmonary cytotoxicity, LDH activity in BALF was measured 

with the Pierce LDH Cytotoxicity Assay Kit (ThermoFisher). Total BALF cell counts were 

performed using a hemocytometer. For differential cell counts, 100 mL of BALF were centrifuged 

onto glass slides. Slides were then fixed and stained with the Diff-Quik stain set (Epredia). Cell 

differentials were quantified by counting 500 cells per slide using an Olympus light microscope 

BX41 to determine the relative numbers of cells. To measure cytokines in BALF, DuoSet enzyme-

linked immunosorbent assay (ELISA) kits (R&D Systems), were used according to the 

manufacturer's protocol to quantify protein levels of cytokines C-X-C motif chemokine ligand 

(CXCL)-1 and CC motif chemokine ligand (CCL)-11. A mouse IgE ELISA Kit (ThermoFisher) 

was used to measure serum IgE levels. 

 

qRT-PCR 

cDNA was generated from mRNA isolated from the right lung lobe. The FastStart Universal Probe 

Master (Rox) (Roche) was used to run Taqman qPCR on the Applied Biosystems QuantStudio3 

Real-Time PCR System Thermal Cycling Block, fold change expression of specific mRNAs 

(Col1a1, Arg1, Muc5b, Stat6, Tgf-b1, Il-33) were normalized to b2 microglobulin (B2M). 
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Immunoblotting 

Whole lung lysates were prepared from snap-frozen right lung lobes. Samples were lysed in buffer 

with protease and phosphatase inhibitors. Samples were homogenized using a Mini Bead Mill 

Homogenizer. Samples were loaded and ran on a Mini-PROTEAN TGX 4-15% SDS-PAGE gel 

(Bio-Rad Laboratories Inc.), and transferred onto PVDF membranes. Membranes were blocked 

and incubated in mouse primary antibodies purchased from Cell Signaling Technology 

phosphorylated (p)-STAT6 at Tyr640, #56554S; STAT6, #5397S; Arginase-1, #93668S; and ‍-

actin, #4967L). Stained membranes were imaged using Amersham Imager 680 (GE Life Sciences), 

and semi-quantitative densitometry was performed using ImageJ version 2.0.  

 

Quantitative morphometry of airway fibrosis and mucous cell metaplasia 

Airway fibrosis was assessed on Massonôs trichrome-stained slides by morphometric analysis 

using the image processing program developed at the National Institute of Health (NIH), ImageJ 

version 2.0 [25, 26]. This protocol was adapted from Baidoo and colleagues, who used this 

technique to quantify total collagen content in human colon samples [25]. Total collagen 

quantification is the proportion of positive pixels or gray values surrounding the airways. All 

images were acquired at 100x magnification or approximately a 1500x1000 mm (HxW) region 

using an Olympus BX41 light microscope. Mucous cell metaplasia and airway mucus production 

were assessed by imaging all airways in each AB-PAS-stained sample. The airway perimeter was 

manually traced, and AB-PAS+ signal was quantified using the ImageJ Colour Deconvolution 2 

plugin, which separates histological dye layers based on AB-PAS color vectors [13, 19, 27]. Mucin 

density was then normalized to the total airway area within each field to account for variability in 
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airway size between specimens. Following color deconvolution and normalization, images were 

thresholded, converted into grayscale, and analyzed for mean pixel density. 

 

Quantitative scoring of airway inflammation 

Microscope slides with lung tissue sections stained with hematoxylin and eosin (H&E) were 

evaluated for inflammation using a 4x objective (inflammatory cells and thickness of the alveolar 

walls). Inflammation scores were assigned using the following scale: 1 ï normal lung tissue as 

seen in the vehicle control group, 2 ï minimal change, 3 ï mild change, 4 ï moderate change, and 

5 ï marked change. Scoring was performed in a blinded fashion by three independent observers to 

minimize subjectivity and ensure reproducibility [13, 14, 21]. The baseline score was typically 

closer to 2 due to scores given to underinflated regions of lung tissue that reflect some minor 

uncertainty and variability among scorers rather than evidence of pathology in the control lungs.  

 

Quantitative analysis of T and B cell populations 

Following immunohistochemical staining with anti-CD3 and anti-CD20 antibodies, microscope 

slides were evaluated for total numbers of CD3+ T cells and CD20+ B cells, respectively, by 

imaging all airways at 100x magnification or approximately a 1500x1000 mm (HxW) region 

around the airways using an Olympus BX41 light microscope. Image analysis was accomplished 

using the ImageJ program Colour Deconvolution 2 [27]. Following color deconvolution, the image 

threshold was manually adjusted to select for CD3+ or CD20+ cells. The image was then converted 

into grayscale for final analyses through the ñAnalyze Particlesò measurement option. Data was 

presented as either total CD3+ or CD20+ cell numbers.  
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Statistical analysis 

One-way ANOVA with Tukeyôs post hoc test or Studentôs t-test was used to evaluate differences 

between treatment groups (GraphPad Prism, version 10.0). Two-way ANOVA with Tukeyôs post 

hoc test was used to evaluate differences between control and SAM-11 treated mice. All data 

represents the mean ° SEM of 5-6 mice per group from independent experiments. The SAM-11 

and IgG2a antibody treatments were performed in separate experiments, each conducted under 

identical exposure and analysis conditions. 
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RESULTS 

Inhibition of PAR2 reduces allergic lung inflammation induced by MWCNTs and HDME 

Using the protocol depicted in Fig. 1A, mice were exposed to MWCNTs and HDME via OPA over 

a three-week period as described in the Methods. Immediately prior to each treatment, mice were 

given 25 mL of the PAR2 antibody SAM-11 (400 ng/mL); control mice received no antibody. An 

additional experiment addressed the effect of IgG2a treatment on mice co-exposed to MWCNTs 

and HDME. Co-exposure to MWCNTs and HDME elevated total protein, LDH, and total cell 

numbers in the BALF of mice (Fig. 1B,C,D). HDME alone led to a significant increase in total 

cell counts (Fig. 1D). Administration of SAM-11 before each challenge markedly reduced total 

protein, LDH, and total cell numbers in BALF induced by MWCNTs and HDME (Fig. 1B-D). 

Differential cell counts demonstrated that co-exposure to MWCNTs and HDME significantly 

increased eosinophilic infiltration into the lungs of mice (Fig. 1E,G). HDME alone marginally 

increased neutrophils (Fig. 1H). Treatment with SAM-11 significantly reduced both eosinophil 

numbers induced by MWCNTs and HDME, as well as neutrophil numbers induced by HDME 

(Fig. 1G,H). SAM-11 did not reduce the overall numbers of lung macrophages in BALF, although 

the relative numbers of macrophages per 500 cells counted were reduced due to an increase in 

eosinophils (Fig. 1F). IgG2a had no effect on protein, LDH, or cell numbers in BALF (Additional 

File 2).  

 

SAM-11 attenuates lung fibrosis and mucus metaplasia induced by MWCNTs and HDME 

Quantitative histopathological assessment of H&E-stained lung sections demonstrated that co-

exposure to MWCNTs and HDME caused an increase in pulmonary inflammation (Fig. 2A). 

Notably, mice treated with SAM-11 had reduced lung inflammation following exposure to 
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MWCNTs alone or in combination with HDME. However, this reduction was only significant in 

mice receiving MWCNTs (Fig. 2B). Alternatively, IgG2a had no effect on lung inflammation (Fig. 

2C). To assess pulmonary fibrosis, quantitative morphometry was performed on lung sections 

stained with Massonôs trichrome. No differences in airway collagen were observed in groups 

exposed to either MWCNTs or HDME. However, co-exposure to MWCNTs and HDME 

significantly elevated trichrome-positive airway collagen that was confirmed by morphometry 

(Fig. 2D,E). SAM-11 reduced airway collagen levels induced by MWCNT and HDME co-

exposure to collagen levels seen in control animals (Fig. 2E). IgG2a had no effect on airway 

collagen that was increased by MWCNT and HDME (Fig. 2F).  

AB-PAS staining was conducted to assess airway mucus production. Co-exposure to 

MWCNTs and HDME elevated airway mucus production which was reduced by SAM-11 (Fig. 

2G,H). IgG2a had no effect on airway mucus production (Fig. 2I).  

 

SAM-11 attenuates the expression of key genes in MWCNT exacerbated allergic lung disease  

Taqman qRT-PCR showed that co-exposure to MWCNTs and HDME increased mRNA levels of 

fibrotic mediators, including Col1a1, Tgf-ɓ1, and Arg-1 (Fig. 3A-C). SAM-11 significantly 

reduced the profibrotic mRNA expression caused by co-exposure to MWCNTs and HDME (Fig. 

3A-C). SAM-11 also blocked an increase in Muc5b and Il -33 mRNA that was induced by co-

exposure to MWCNTs and HDME (Fig. 3E,F). Notably, Stat6 mRNA levels remained unchanged 

across all treatment groups, including those treated with SAM-11 (Fig. 3D). IgG2a did not 

influence mRNA levels in mice exposed to MWCNTs and HDME (Additional File 3).  
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SAM-11 differentially regulates key signaling proteins involved in allergic lung disease 

Western blot analysis of whole-lung lysates showed that co-exposure to MWCNTs and HDME 

increased phosphorylated STAT-6 and Arg-1 protein compared to mice exposed to vehicle, 

MWCNTs, or HDME alone (Fig. 4A,B,C). Serum and BALF were analyzed by ELISA for IgE 

and the eosinophil chemokine CCL11, respectively (Additional File 4). Serum IgE was 

significantly increased by MWCNT and HDME co-exposure, yet IgE was not affected by SAM-

11. Likewise, IgG2a did not affect serum IgE. MWCNTs, either alone or combined with HDME, 

increased CCL11 in BALF compared to the vehicle but were not affected by SAM-11. CXCL1 in 

BALF was marginally elevated in mice exposed to HDME alone and reduced by SAM-11. 

 

SAM-11 reduces T cells but not B cells in the lungs of mice induced by MWCNT and HDME  

Immunohistochemistry for T cells (CD3+) and B cells (CD20+) showed that MWCNTs or HDME 

increased the number of CD3+ T cells and CD20+ B cells, which were primarily localized around 

blood vessels and airways within the alveolar region of the lungs (Fig. 5A,B). Co-exposure to 

MWCNTs and HDME caused the most significant increases in CD3+ T cells and CD20+ B cells 

(Fig. 5C,D). SAM-11 significantly reduced the number of CD3+ T cells in mice exposed to 

MWCNTs or in combination with HDME (Fig. 5C). However, SAM-11 did not reduce the number 

of CD20+ B cells induced by MWCNT and HDME co-exposure (Fig 5D).  
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DISCUSSION 

This study evaluated the therapeutic potential of a monoclonal antibody (SAM-11) to inhibit PAR2 

activation during the exacerbation of HDME-induced allergic lung disease in mice treated with 

MWCNTs. This experimental model features key aspects of severe asthma, including eosinophilia, 

airway fibrosis, and mucous cell metaplasia [13,14]. We also previously reported that PAR2-

deficient mice exhibit reduced airway fibrosis, yet no reduction in eosinophilia or mucous cell 

metaplasia [13,14]. In the present study, we found that SAM-11 inhibition of PAR2 activation 

significantly attenuated the pathological features of allergic lung disease, including eosinophilia, 

airway fibrosis, and mucous cell metaplasia, during MWCNT and HDME co-exposure (i.e., 

eosinophilia, airway fibrosis, and mucous cell metaplasia). None of these effects were seen with 

IgG2a treatment. Therefore, SAM-11 could serve as an effective treatment for allergic lung 

disease, underscoring the critical role of PAR2 in regulating innate and adaptive immune responses 

in the lung.  

 Our findings highlight significant differences in pathological outcomes between blocking 

PAR2 with a monoclonal antibody and PAR2 gene deletion. While SAM-11 reduced eosinophilic 

lung inflammation induced by MWCNT and HDME co-exposure, we previously reported that 

partial or complete gene deletion of Par2 did not reduce eosinophil numbers in the lungs of mice 

[13, 14]. Additionally, the eosinophil chemokine CCL11 remained elevated in Par2-deficient and 

WT mice, suggesting that PAR2 ablation does not affect upstream chemokine production [13, 14]. 

Interestingly, SAM-11 alone induced CCL11 in BALF, indicating that the decrease in eosinophilia 

was not a result of suppressed CCL11. Instead, the reduced eosinophilia might result from PAR2-

mediated dysregulation of downstream signaling pathways involved in eosinophil activation and 

recruitment. For example, phosphatidylinositol 3-kinase (PI3K) is a key kinase involved in 
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eosinophil trafficking and mice deficient in PI3Kg have reduced eosinophils in BALF after OVA 

challenge, despite having increased levels of IL-5 and CCL11 [28,29]. Moreover, PAR2 promotes 

cell proliferation, migration, and invasion by activating the PI3K/AKT signaling pathway [30, 31, 

32]. Rho-kinase is another effector protein associated with eosinophilic infiltration, and inhibition 

of Rho-kinase reduces eosinophil numbers in BALF from OVA-challenged mice [33, 34, 35]. 

Importantly, canonical PAR2 activation leads to the engagement of multiple G-protein signaling 

cascades, including Ga12/13, which is required for Rho-kinase activation [36, 37, 38]. A SAM-11-

dependent reduction in PAR2 signaling could lead to a decrease in G-protein-mediated signaling 

necessary for Rho-kinase function and subsequent eosinophil activation and infiltration. We also 

observed that SAM-11 decreased CD3+ T cell numbers in the lungs of mice exposed to MWCNTs 

and HDME. Prior studies have shown that PAR2-deficient mice exhibit impaired OVA-induced T 

cell differentiation and reduced cytokine production [39], suggesting that PAR2 deletion could 

impair T cell activation. This suggests that the therapeutic effects of SAM-11 arise from the 

disruption of intracellular signaling downstream of PAR2, rather than from the inhibition of 

upstream eosinophil chemoattractant production.   

 In addition to reducing eosinophilia, SAM-11 inhibited airway fibrosis in mice co-exposed 

to MWCNTs and HDME. We previously reported that either partial or complete deletion of Par2 

attenuated airway fibrosis in this experimental model [13, 14]. Others investigating the 

pharmacological inhibition of PAR2 found similar results. For example, the PAR2 antagonist 

P2pal-18S reduced TGF-b1 and attenuated bleomycin-induced pulmonary fibrosis [40]. The 

efficacy of SAM-11 in reducing airway fibrosis in mice could stem from the advantages of 

antibody-mediated inhibition versus small-molecule PAR2 inhibitors or genetic models. SAM-11 

specifically binds to residues in the extracellular N-terminal domain of PAR2 [41], thereby 



    94 

preventing the generation of activating tethered ligands [42]. Transactivation of PAR2 by other 

PAR receptors is also possible and occurs when the proteolytically revealed tethered ligand of one 

receptor activates an adjacent PAR, such as when PAR1 tethered ligands activate PAR2 in cells 

that express both receptors [43, 44]. Additionally, PAR2 signaling is complex and context-

dependent, with multiple protease activation sites and the ability to allosterically engage diverse 

downstream pathways, including G-protein-coupled or b-arrestin1/2 signaling [45]. For example, 

the PAR2 antagonist GB88 inhibits intracellular calcium release through the Gq/11/PKC signaling, 

leading to anti-inflammatory activity [37]. However, GB88 is an agonist in activating Gi/01, which 

in turn increases pERK1/2, RhoA activity, and MYPT phosphorylation [37]. The complexity of 

PAR2 towards mediating cellular responses through non-canonical signaling could explain the 

greater efficacy of SAM-11 in reducing fibrosis compared to genetic models of PAR2 deletion.  

 Mucus production in the airways is a key pathological feature contributing to airway 

obstruction in individuals with asthma [46]. In the present study we found that SAM-11 reduced 

mucous cell metaplasia in mice co-exposed to MWCNTs and HDME. This finding contrasts with 

our previous work using Par2-deficient mice, where no significant reduction in mucous cell 

metaplasia was observed [13, 14]. These conflicting results suggest that PAR2 may regulate airway 

mucus production through an unknown, non-canonical signaling pathway. Several explanations 

could account for reduced mucous cell metaplasia caused by SAM-11. First, SAM-11-dependent 

PAR2 inhibition could disrupt IgE-mediated activation of mast cells and basophils, thereby 

reducing the release of mediators that promote mucus hypersecretion. Alternatively, SAM-11 

could interfere with downstream signaling necessary for mucus hypersecretion, even though 

systemic IgE levels and B cell infiltration into the lungs remain elevated. We observed maintenance 

of high serum IgE levels despite reduced mucous cell metaplasia, suggesting that the reduction in 
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mucus is not due to suppression of humoral immunity but rather impaired effector cell function 

within the lung microenvironment. In agreement with this, SAM-11 did not reduce B cell 

infiltration in the lungs, reinforcing the notion that PAR2 primarily modulates local tissue 

responses rather than systemic immunity.  

We propose that the therapeutic effects of SAM-11 are primarily due to local inhibition of 

canonical PAR2 signaling within the lungs. PAR2 is highly expressed on resident lung cells, 

including epithelial cells, alveolar macrophages, and fibroblasts [2, 47]. Others demonstrated that 

SAM-11 intranasal delivery to the lungs resulted in binding to cells lining the airways, suggesting 

that local PAR2 blockade is responsible for the reduction of allergic lung disease [11,24]. Notably, 

PAR2 expression is upregulated in the airways of individuals with asthma [48, 49]. In addition to 

endogenous serine proteases such as mast cell tryptase, trypsin, and neutrophil elastase generated 

during lung injury, environmental allergens, including those in HDME, proteolytically activate 

PAR2 [4, 6, 50, 51, 52]. Therefore, SAM-11 might inhibit the proteolytic cleavage of PAR2 by 

HDME proteases.  

Our findings highlight the crucial role of PAR2 in exacerbating allergic lung disease  and 

demonstrate the therapeutic potential of SAM-11 as a strategy for blocking PAR2-mediated 

signaling pathways in allergic lung disease. While inhibition of PAR2 shows promise in mitigating 

allergic lung disease, it is important to acknowledge that PAR2 also plays a role in maintaining 

homeostatic functions within the airways. PAR2 activation has been linked to the regulation of ion 

transport, enhancement of mucus fluidity, and suppression of pro-inflammatory mediators, such as 

TNF-Ŭ [53, 54]. Disruption of these protective functions through chronic PAR2 blockade could 

pose risks, potentially exacerbating airway dysfunction. Nevertheless, in the current study, we did 
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not observe any adverse outcomes following SAM-11-mediated PAR2 inhibition, supporting the 

therapeutic promise of SAM-11 in the context of allergic lung disease. 

Taken together, our findings highlight the pivotal role of PAR2 in the exacerbation of 

allergic lung disease. Using a co-exposure model of MWCNTs and HDME, we replicated features 

of severe allergic asthma, including enhanced eosinophilic inflammation, airway fibrosis, and 

mucus cell metaplasia. The ability of SAM-11 to attenuate multiple features of disease positions it 

as a promising therapeutic candidate. Notably, antibody-based inhibition of PAR2 may overcome 

the limitations associated with earlier small-molecule and peptide-based antagonists. Future 

studies are needed to define the cell-specific contributions of PAR2 signaling during different 

phases of allergic disease, assess the long-term safety and efficacy of SAM-11, and elucidate how 

PAR2 blockade influences airway homeostasis over time. Collectively, these studies will be 

essential for advancing PAR2-targeted strategies toward clinical application in asthma. 
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ABBREVIATIONS 

PAR2   protease-activated receptor-2 

MWCNTs  multi-walled carbon nanotubes 

HDM   house dust mite 

GPCR   G-protein-coupled receptor 

BALF   bronchoalveolar lavage fluid 

LDH   lactate dehydrogenase 

IgE   Immunoglobulin E 

PR3   neutrophil proteinase-3 

CCL11   C-C motif chemokine ligand 11 (eotaxin) 

CXCL1  C-X-C motif chemokine ligand 1 

Arg-1   arginase-1 

OPA   oropharyngeal aspiration 

STAT-6  signal transducer and activator of transcription 6 

TLR4   toll-like receptor 4 

Th2   type 2 helper T cell 

WT   wild type 

OVA   ovalbumin 
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FIGURES: CHAPTER 3 
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Figure 1. The effect of SAM-11 treatment on cellularity and biomarkers of lung injury in BALF 

of mice exposed to HDME, MWCNTs, or both. (A) Illustration of the exposure protocol. (B-D) 

Total protein, LDH, and total cell counts in BALF of mice. (E) Cytospin images from BALF of 

mice treated with or without SAM-11 following co-exposure to MWCNTs and HDME or either 

treatment alone. Black bars= 10 mm. (F-H) Differential cell counts from cytospins showing 

macrophages, eosinophils, and neutrophils. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

compared to vehicle; ###p<0.001, ####p<0.0001 compared to MWCNTs; ^^^p<0.001, ^^^̂p<0.0001 

compared to HDME; aap<0.01, aaap<0.001, aaaap<0.0001 between controls and SAM-11 treated 

mice determined by two-way ANOVA with Tukeyôs post-hoc test. Data are presented as mean ° 

SEM; each data point is an individual mouse. 
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Figure 2. The effect of SAM-11 treatment on allergic lung disease in mice exposed to 

MWCNTs, HDME, or both. (A) Representative images of H&E-stained lung sections. (B,C) 

Inflammation scores were derived from H&E-stained sections from treated mice. Black arrows 

indicate inflammation. (D) Representative images of Massonôs trichrome-stained lung sections 

showing blue-stained collagen (black arrows). (E,F) Quantification of trichrome-positive airway 

collagen. (G) Representative images of AB-PAS-stained lung tissue sections positive for PAS+ 

mucins stained in purple (black arrows). (H,I) Morphometric quantification of AB-PAS+ airway 

mucin. Red arrows indicate MWCNTs. Black bars= 100 mm. *p<0.05, **p<0.01, ***p<0.00, 

****p<0.0001  compared to vehicle; #p<0.05, ####p<0.0001  compared to MWCNT; ^̂ ^p<0.001, 

^^^̂p<0.0001 compared to HDME; ap<0.05, aaaap<0.0001 between control and SAM-11 treated 

mice determined by two-way ANOVA with Tukeyôs post-hoc test. Data are presented as mean ° 

SEM; each data point is an individual mouse. 
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Figure 3. Effects of SAM-11 treatment on mRNA expression of mediators and biomarkers of 

inflammation and fibrosis in the lungs of mice exposed to MWCNTs, HDME, or both. Relative 

mRNA expression of (A) Col1a1, (B) Tgf-b1, (C) Arg-1, (D) Stat6, (E) Il-33, and (F) Muc5b. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to vehicle; #p<0.05, ##p<0.01, ###p<0.001, 

####p<0.0001 compared to MWCNTs; ^^^p<0.001, ^^^̂p<0.0001 compared to HDME; aap<0.01, 

aaaap<0.0001 between controls and SAM-11 treated mice determined by two-way ANOVA with 

Tukeyôs post-hoc test. Data are presented as mean ° SEM; each data point is an individual 

mouse. 
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Figure 4. SAM-11 effects on STAT6 and Arg-1 protein expression in the lungs of mice exposed to 

MWCNTs, HDME, or both. Each lane represents an individual animal. (A) Stat6, p-Stat6, and 

Arg-1 protein levels in whole lung lysates were assessed by Western blot. Each lane represents an 

individual animal. (B) Densitometry of p-STAT6 normalized against total STAT6. (C) 

Densitometry of Arg-1 normalized to b-actin. ***p<0.001, ****p<0.0001 compared to vehicle; 

###p<0.001, ####p<0.0001 compared to MWCNTs; ^^^p<0.001, ^^^̂p<0.0001 compared to HDME; 

ap<0.05, aap<0.01, between controls and SAM-11 treated mice determined by two-way ANOVA 

with Tukeyôs post-hoc test. Data are presented as mean ° SEM; each data point is an individual 

mouse. 
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Figure 5. Effects of SAM-11 treatment on T and B cell lung infiltration. Representative images 

of (A) CD3+ T cells and (B) CD20+ B cells infiltrating the lungs of mice exposed to MWCNTs, 

HDME, or both with or without SAM-11. Black arrows indicate positive stained cells. Red 

arrows indicate MWCNTs. Black bars= 100 mm. Quantification of total cell numbers of (C) 

CD3+ T cells and (D) CD20+ B cells. **p<0.01, ***p<0.001, ****p<0.0001 compared to vehicle; 

###p<0.001, ####p<0.0001 compared to MWCNTs; ^^p<0.01, ^^^p<0.001, ^^^̂p<0.0001 compared 

to HDME; aap<0.01, aaaap<0.0001 between controls and SAM-11 treated mice determined by 

two-way ANOVA with Tukeyôs post-hoc test. Data are presented as mean ° SEM; each data 

point is an individual mouse. 
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ABSTRACT 

Background: Our previous work demonstrated that co-exposure to multi-walled carbon nanotubes 

(MWCNTs) exacerbates allergic lung disease induced by house dust mite (HDM) extract, and that 

mice deficient in protease-activated receptor 2 (PAR2) show less airway fibrosis following co-

exposure. In this study, we examined the role of PAR2 in mediating macrophage polarization in 

the presence of MWCNTs under Th2-like conditions and the subsequent effects on fibroblast 

activation in vitro and collagen deposition in vivo. 

Methods: Bone marrow-derived macrophages (BMDMs), murine ex vivo alveolar macrophages 

(mexAMs), and mouse lung fibroblasts (MLFs) were isolated from wild-type (WT) and PAR2 

knockout (KO) mice. Macrophages were pretreated with IL-4/IL-13 before exposure to MWCNTs, 

and polarization markers were analyzed through flow cytometry and western blot analysis. 

Conditioned media from treated macrophages were applied to MLFs to assess fibroblast activation. 

In vivo, WT and myeloid-specific PAR2 KO mice were co-exposed to MWCNTs and HDM extract 

over 21 days, followed by analysis of bronchoalveolar lavage fluid (BALF) and lung tissue for 

markers of mucous cell metaplasia and airway fibrosis.  

Results: MWCNTs exacerbated IL-4/IL-13-induced M2 polarization, increasing Arg-1 and 

phosphorylated STAT6 levels in both BMDMs and mexAMs. This enhancement was attenuated in 

PAR2-deficient macrophages. Conditioned media from M2-polarized WT macrophages induced 

significantly higher expression of profibrotic genes, including Col1a1 and Col1a2, in MLFs 

compared to conditioned media from PAR2 KO macrophages. In vivo, myeloid-specific PAR2 

deletion significantly decreased lung collagen deposition and mucus hypersecretion during 

MWCNT and HDM extract co-exposure. 
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Conclusion: MWCNT exposure exacerbates Th2-driven M2 macrophage polarization in a PAR2-

dependent manner, leading to increased fibroblast activation and collagen deposition. Myeloid 

PAR2 is a critical driver of fibrotic remodeling in allergic lung disease, representing a potential 

therapeutic target for mitigating fibrosis in environmentally exacerbated asthma. 
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INTRODUCTION 

The prevalence of chronic respiratory diseases such as asthma, chronic obstructive pulmonary 

disease (COPD), and pulmonary fibrosis has significantly increased over the past few decades 

(Darrow et al., 2014). Epidemiological studies have identified airborne particles as a key 

environmental factor that worsens the severity of respiratory diseases (Dorion et al., 2019; 

Kanchongkittiphon et al., 2015). Of particular concern are inhaled particles smaller than 0.1 ɛm in 

diameter (i.e., nanoparticles), which can penetrate deep into the lungs and interact with resident 

immune cells (Duke et al., 2018). Among these particles, engineered nanomaterials (ENMs) such 

as multi-walled carbon nanotubes (MWCNTs) present a unique toxicological challenge due to their 

physicochemical properties and increasing industrial use (Cha et al., 2013).  

MWCNTs elicit robust pulmonary immune responses, including eosinophilic 

inflammation, mucus hypersecretion, and increased collagen deposition when inhaled or co-

administered with allergens (Shvedova et al., 2005; Ryman-Rasmussen et al., 2009). Our group 

has shown that co-exposure to MWCNTs and house dust mite (HDM) extract exacerbates allergic 

lung disease by amplifying eosinophilic inflammation, mucus production, and collagen deposition 

(Lee et al., 2023; Tisch et al., 2025). These outcomes are partly due to the persistence of MWCNTs 

in lung tissue and their ability to activate profibrotic signaling pathways through the production of 

cytokines such as transforming growth factor beta 1 (TGF-ɓ1) and platelet-derived growth factor 

(PDGF) (Duke et al., 2018). Despite these findings, the cellular targets of MWCNTs and the 

mechanisms by which they worsen allergic lung disease remain unclear. Of particular interest is 

the protease-activated receptor 2 (PAR2), a G proteinïcoupled receptor expressed on multiple lung 

cell types, including epithelial cells, fibroblasts, and innate immune cells such as macrophages. 

PAR2 has emerged as an important mediator of pulmonary inflammation and fibrosis (Janeway et 
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al., 2002; Cocks et al., 2001; Rayees et al., 2020). PAR2 is activated by endogenous proteases 

(e.g., tryptase, trypsin, elastase) as well as exogenous allergen proteases such as those found in 

HDM extract (e.g., Der p1, Der p3) (Sun et al., 2001; Asokananthan et al., 2002). Previous studies 

show that PAR2-deficient mice are protected from bleomycin-induced pulmonary fibrosis, 

whereas PAR2 activation promotes fibroblast migration and extracellular matrix production (Lin 

et al., 2015). Our group has demonstrated that co-exposure to HDM extract and MWCNTs 

exacerbates allergic lung disease in wild-type (WT) mice compared to PAR2-deficient mice, with 

WT mice displaying significantly more collagen deposition around the airways (Lee et al., 2023; 

Tisch et al., 2025). However, it remains unclear how PAR2 contributes to the cellular and 

molecular mechanisms underlying inflammation and fibrosis during allergic lung disease, 

particularly in the context of MWCNT exposure, where the key responding cell types are not fully 

defined.  

Macrophages are of particular interest for mediating these effects because they are among 

the first immune cells to encounter inhaled particles, and PAR2 signaling within these 

macrophages may regulate the balance between inflammatory and fibrotic responses. In response 

to environmental cues, macrophages can polarize into a classically activated M1 proinflammatory 

phenotype or an alternatively activated M2 anti-inflammatory and tissue-remodeling phenotype 

(Rath et al., 2014; Wynn et al., 2010). While T cell-derived cytokines such as IL-4 and IL-13 drive 

polarization during immune activation, macrophages can also polarize independently of T cells in 

response to signals from the surrounding tissue microenvironment (Goda et al., 2020). This ability 

to respond directly to environmental and inflammatory stimuli enables macrophages to modulate 

the balance between Th1 and Th2 immune responses, thereby influencing disease outcomes in the 

lungs. Recent studies have highlighted the crucial role of macrophages at all stages of lung injury 
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and repair, including their ability to both promote and resolve pulmonary fibrosis (Liu et al., 2019; 

Lambrecht et al., 2015; Ma et al., 2012). M2 macrophages, in particular, drive fibrotic remodeling 

via expression of profibrotic mediators and enzymes such as arginase-1 (Arg-1) (Krane, 2008). 

Arg-1 is a hallmark of M2 polarization and plays a central role in nitrogen metabolism and collagen 

biosynthesis by converting L-arginine into L-ornithine, a precursor of proline and hydroxyproline, 

both essential amino acids for collagen production (Krane, 2008; Morris, 2007). In fibrotic lungs, 

Arg-1 expression supports tissue remodeling and scar formation by promoting extracellular matrix 

deposition and fibroblast proliferation, particularly through downstream mediators such as TGF-

ɓ1 and PDGF (Escher et al., 2008; Sheppard, 2006). Mounting evidence indicates that MWCNTs 

can directly modulate macrophage activation and polarization. Macrophages can phagocytose 

MWCNTs, and their phenotypic responses depend on the physicochemical properties of the 

particle and the surrounding immune environment (Boyles et al., 2015; Dong et al., 2018). These 

interactions may skew macrophages toward a profibrotic M2 phenotype, thereby sustaining 

inflammation and matrix deposition. Thus, MWCNT-induced M2 polarization may be a critical 

mechanism by which these nanomaterials exacerbate allergic lung disease. 

In this study, we investigated the role of PAR2 in modulating macrophage responses to 

MWCNTs under allergic (Th2-like) conditions and the downstream consequences for fibroblast 

activation and lung fibrosis. Using in vitro models, we treated bone marrow-derived macrophages 

(BMDMs) and murine ex vivo alveolar macrophages (mexAMs) isolated from WT and PAR2 

knockout (KO) mice with IL-4 and IL-13 to simulate a Th2 microenvironment, followed by 

exposure to MWCNTs. Macrophage polarization was assessed by using a combination of Western 

blot analysis and flow cytometry. To evaluate functional outcomes, primary mouse lung fibroblasts 

(MLFs) were exposed to macrophage-conditioned media and analyzed for the expression of 
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profibrotic genes, Arg-1, Col1a1, and Col1a2. To extend these findings in vivo, we utilized a 

myeloid-specific PAR2 KO mouse model to determine the role of PAR2-expressing innate 

immune cells, primarily macrophages, in allergen- and MWCNT-induced lung disease. We 

hypothesized that PAR2 promotes MWCNT-induced M2 macrophage polarization and fibroblast 

activation in a Th2 microenvironment, thereby driving the exacerbation of allergic lung disease. 
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MATERIALS AND METHODS 

Multi-walled carbon nanotubes (MWCNTs) and house dust mite (HDM) extract 

MWCNTs (NC7000) were purchased from Nanocyl, Inc. and suspended in DPBS. The 

physicochemical characteristics of NC7000 are listed in Additional File 1. The stock suspension 

was sonicated in a cup horn sonicator (Q500, Qsonica) for 10 minutes at 60 amps, then diluted 

with DPBS to reach the required working concentration for dosing. A concentration of 10 mg/mL 

was selected for in vitro experiments based on preliminary dose-response studies (data not shown) 

that demonstrated significant cellular responses without overt cytotoxicity. HDM extract from 

Dermatophagoides pteronyssinus was purchased from Greer Laboratories Inc. and dissolved in 

DPBS. The HDM extract [item #XPB91D3A2.5; lot #390991] contained 1,610 endotoxin units 

(EU).  

 

Bone marrow-derived macrophage (BMDM) isolation 

WT C57BL/6J mice and PAR2 KO C57BL/6J mice were obtained from The Jackson Laboratory. 

Mice were sacrificed between 8-12 weeks of age, and hind legs were removed for bone marrow 

isolation. Bone marrow was flushed from the femur and tibia and filtered through a 70-ɛm cell 

strainer. The resulting cell mixture was cultured in T-75 tissue culture flasks supplemented with 

BMDM-differentiation media (DMEM, 10% fetal bovine serum, 1% penicillin/streptomycin, 20 

ng/mL M-CSF, PeproTech). 

 

Alveolar macrophage (mexAM) isolation 

MexAMs were obtained from WT and PAR2 KO C57BL/6J mice by bronchoalveolar lavage and 

cultured as previously described (Kendall et al., 2023). Briefly, the lungs were removed, lavaged 
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with 1 mL of cold sterile DPBS. MexAMs were generated by culturing primary alveolar 

macrophages in T-75 tissue-culture flasks in complete culture media (RPMI 1640, 10% fetal 

bovine serum, 1% penicillin/streptomycin) supplemented with mTGF-b1 (10 ng/mL, Peprotech, 

#100-21), murine GM-CSF (30 ng/mL, Peprotech #315-03), and rosiglitazone (1 mM, Peprotech, 

#1,227,342).  

 

Mouse lung fibroblast (MLF) isolation 

Mouse lung fibroblasts (MLFs) were isolated from WT and PAR2 KO C57BL/6J mice obtained 

from The Jackson Laboratory (8-12 weeks of age). Lungs were lavaged with DPBS and excised, 

with major airways, vessels, and extraneous tissue carefully removed. Lung tissue was minced and 

transferred to digestion media (5 mg/mL collagenase [300 U/mg], 25 mg/mL trypsin, 5 mg/mL 

DNase, DMEM). Digestion was performed two or more times until tissue fragments were 

adequately dissociated. After digestion, lung fragments were filtered through a 28mm syringe 

filter, followed by a 25mm syringe filter. The isolated MLFs were cultured in T-75 tissue culture 

flasks with complete media (DMEM supplemented with 10% fetal bovine serum, 1% 

penicillin/streptomycin). 

 

Cell treatment protocol 

BMDMs and mexAMs were exposed for 24 h to 10 ɛg/mL of MWCNTs. To simulate a Th2 

allergic lung microenvironment, cells were pretreated with 20 ng/mL IL-4 and IL-13 for 24 h prior 

to MWCNT exposure. Cytokine-containing media were replaced with fresh cytokine-free media 

before MWCNT exposure to ensure that observed effects were attributable to the nanoparticles. 
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To evaluate the effects of MWCNT-treated macrophages on fibroblast activation, MLFs were 

incubated in macrophage-conditioned media collected after BMDM and mexAM exposures. 

 

Flow Cytometry  

Macrophage polarization was assessed by flow cytometry. After 24 h treatments, BMDMs and 

mexAMs were collected in cold DPBS. Non-specific Fc receptor antibody (Abs) binding was 

blocked by incubating macrophages in TruStain FcX PLUS (156603; BioLegend) for 10 minutes. 

Cells were then washed and stained with a mixture of antimouse fluorochrome-conjugated Abs: 

Zombie-NIR (423105; BioLegend), CD11b (clone M1/70; BioLegend), CD11c (clone N418; 

BioLegend), CD206 (clone C068C2; BioLegend), and Arg-1 (clone A1exF5; ThermoFisher). Data 

were collected on a BD LSR II flow cytometer with BD FACSDiva software. Data analysis was 

performed with FlowJo version 10.0. 

 

qRT-PCR 

RNA was extracted from treated cells, and cDNA was synthesized. The FastStart Universal Probe 

Master (Rox) (Roche) was used to perform Taqman qPCR on the Applied Biosystems 

QuantStudio3 Real-Time PCR System Thermal Cycling Block. Expression of Col1a1, Col1a2, 

and Arg-1 was quantified relative to b2-microglobulin (B2M) as the endogenous control. 

 

Immunoblotting 

Cell lysates were collected after 24 h and lysed in buffer containing protease and phosphatase 

inhibitors. Proteins were separated on Mini-PROTEAN TGX 4ï15% SDS-PAGE gels (Bio-Rad 

Laboratories) and transferred onto PVDF membranes. Membranes were blocked and incubated 
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with mouse primary antibodies purchased from Cell Signaling Technology, including 

phosphorylated STAT6 at Tyr640 #56554S; STAT6 #5397S; Arginase-1 #93668S; and ɓ-actin 

#4967L. Bands were visualized using an Amersham Imager 680 (GE Life Sciences), and semi-

quantitative densitometry was performed using ImageJ version 2.0. 

 

Myeloid-specific PAR2 KO mice  

WT male C57BL/6J mice and myeloid-specific PAR2 knockout (PAR2 KO) mice between 8-12 

weeks of age were used in this study. Mice were received from Dr. Antoniak of the University of 

North Carolina at Chapel Hill. Mice were generated as follows. Mice carrying floxed Par2 alleles 

(Par2fl/fl, targeted allele name: F2rl1tm1a(EUCOMM)Wtsi) were generated using C57BL6 ES cells from 

EUCOMM as described (Skarnes et al., 2011). Cell-specific PAR2-deficient mice were generated 

by crossing female Par2fl/fl with male Par2fl/fl mice expressing Cre recombinase in a cell type-

specific manner. The Par2 gene was deleted in the myeloid lineage using the lysosomal M (LysM) 

promoter (Par2fl/fl;LsymCre+). Littermate Par2fl/fl mice were used as controls. All mice were on the 

C57BL/6J background. Mice were housed in an AAALAC (Association for Assessment and 

Accreditation of Laboratory Animal Care) accredited animal facility. All animal procedures were 

approved by the NC State University Institutional Animal Care and Committee (IACUC). 

 

Exposure of mice to MWCNTs and HDM extract 

Exposure procedures consisted of three sessions in the sensitization phase (days 1, 3, 5) and three 

sessions in the challenge phase (days 15, 17, 19). Mice were exposed via oropharyngeal aspiration 

(OPA) to 50 ÕL of vehicle (PBS), MWCNTs, HDM extract, or a combination of MWCNTs and 

HDM extract. Each HDM extract dose was 0.5 Õg/mouse (0.02 mg/kg), and each MWCNT dose 
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was 12.5 Õg/mouse (0.5 mg/kg), resulting in total delivered doses of 0.12 mg/kg HDM extract and 

3 mg/kg MWCNTs. A low dose of HDM extract was used in this experiment to demonstrate the 

synergistic effect of MWCNTs with allergen exposure. 

 

Necropsy and tissue collection 

Necropsy was performed on day 22. Mice were euthanized with an intraperitoneal injection of 

pentobarbital. Bronchoalveolar lavage fluid (BALF) was collected from each mouse by 

cannulating the trachea and conducting lavages of the lungs with 0.5 mL of chilled DPBS two 

times. BALF was utilized to quantify lung protein, lactate dehydrogenase (LDH), and various 

cytokines and chemokines. 

 

BALF analyses 

The Pierce BCA Protein Assay Kit (ThermoFisher) was used to determine protein concentrations 

in mouse BALF. As an indicator of pulmonary cytotoxicity, LDH activity in BALF was measured 

with the Pierce LDH Cytotoxicity Assay Kit (ThermoFisher). Total BALF cell counts were 

performed using a hemocytometer. Differential cell counts were obtained from Diff-Quik stained 

cytospins. Cell differentials were quantified by counting 500 cells per slide using an Olympus light 

microscope BX41 to determine the relative numbers of cells. 

 

Quantitative morphometry of airway fibrosis and mucous cell metaplasia 

Airway fibrosis was assessed on Massonôs trichrome-stained slides by morphometric analysis 

using the image processing program developed at the National Institute of Health (NIH), ImageJ 

version 2.0 (Baidoo et al., 2023; Rueden et al., 2017). This protocol was adapted from Baidoo and 
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colleagues, who used this technique to quantify total collagen content in human colon samples 

(Baidoo et al., 2023). Total collagen quantification is the proportion of positive pixels or gray 

values surrounding the airways. All images were acquired at 100x magnification or approximately 

a 1500x1000 mm (HxW) region using an Olympus BX41 light microscope. Mucous cell metaplasia 

and airway mucus production were assessed by imaging all airways in each AB-PAS-stained 

sample. The airway perimeter was manually traced, and AB-PAS+ signal was quantified using the 

ImageJ Colour Deconvolution 2 plugin, which separates histological dye layers based on AB-PAS 

color vectors (Lee et al., 2023; Ihrie et al., 2019; Ruifork et al., 2001). Mucin density was then 

normalized to the total airway area within each field to account for variability in airway size 

between specimens. Following color deconvolution and normalization, images were thresholded, 

converted into grayscale, and analyzed for mean pixel density. 

 

Statistical analysis 

One-way ANOVA with Tukeyôs post hoc test or Studentôs t-test was used to assess differences 

between treatment groups (GraphPad Prism, version 10.0). Two-way ANOVA with Tukeyôs post 

hoc test was employed to evaluate differences between WT and PAR2 KO groups. All data are 

presented as mean Ñ SEM of 4-5 replicates.  
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RESLUTS 

MWCNTs exacerbate M2-associated proteins Arg-1 and STAT6 via PAR2 signaling 

Using the cell isolation protocol shown in Fig. 1, WT and PAR2 KO BMDMs and mexAMs were 

pretreated with IL-4 and IL-13 (20 ng/mL each) for 24 hours to mimic a Th2 allergic lung 

microenvironment. After cytokine conditioning, the media were replaced with cytokine-free 

media, and the cells were then exposed to MWCNTs (10 ɛg/mL) for an additional 24 hours. 

Western blot analysis was performed on cell lysates to evaluate expression of Arg-1 and STAT6, 

two proteins central to M2 polarization and allergic lung disease. As expected, IL-4/IL-13 

pretreatment alone increased Arg-1 expression in both WT and PAR2 KO BMDMs and mexAMs 

(Fig. 2A,C). Densitometric analysis revealed that Arg-1 induction was significantly lower in PAR2 

KO macrophages compared to WT controls (Fig. 2B,D), indicating that PAR2 contributes to Arg-

1 regulation. Furthermore, exposure to MWCNTs significantly elevated Arg-1 protein levels in IL-

4/IL-13-pretreated WT macrophages (Fig. 2B,D), suggesting that MWCNTs exacerbate Arg-1 

induction under Th2 allergic conditions. In contrast, this MWCNT-driven increase was blunted in 

PAR2 KO macrophages, where Arg-1 levels remained comparable to IL-4/IL-13 pretreatment 

alone (Fig. 2B,D). These results indicate that PAR2 mediates the amplification of Arg-1 expression 

in M2-polarized macrophages following MWCNT exposure. 

Consistent with Arg-1 expression, the signal transducer and activator of transcription 6 

(STAT6), a key driver of Arg-1 transcription, showed a parallel pattern. IL-4/IL-13 pretreatment 

significantly increased STAT6 activation in both WT and PAR2 KO BMDMs and mexAMs (Fig. 

3A,C). Densitometric analysis found no significant differences between WT and PAR2 KO 

macrophages following IL-4/IL-13 pretreatment alone (Fig. 3B,C). However, following IL-4/IL-

13 conditioning, MWCNT exposure further increased STAT6 phosphorylation (pSTAT6) in WT 
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macrophages but not in PAR2 KO macrophages (Fig. 3 B,D). Collectively, these results 

demonstrate that MWCNTs enhance Arg-1 expression and pSTAT6 in a PAR2-dependent manner 

under Th2 allergic conditions. 

 

PAR2 regulates macrophage polarization through modulation of Arg-1 expression 

Flow cytometry was used to distinguish macrophage subsets and evaluate Arg-1 expression at the 

single-cell level. BMDMs were identified as CD11b+CD11c- cells and mexAMs were identified as 

CD11b-CD11c+ cells, while dead cells were excluded using Zombie-NIR. In WT BMDMs, 

MWCNT exposure increased the overall proportion of Arg-1+ cells, whereas this effect was absent 

in PAR2 KO BMDMs (Fig. 4A). Under Th2 conditions, MWCNT exposure minimally altered the 

percentage of Arg-1+ BMDMs compared to IL-4/IL-13 alone, but analysis of Arg-1 mean 

fluorescence intensity (MFI) revealed a significant increase in WT BMDMs (Fig. 4B). This 

indicates that MWCNTs enhance the per-cell expression of Arg-1 rather than the number of Arg-

1+ cells. In contrast, PAR2 KO BMDMs showed significantly lower Arg-1 MFI relative to WT 

across treatments, confirming that PAR2 modulates the degree of Arg-1 expression (Fig. 4B). 

CD206 MFI, another M2 marker, was also increased in WT BMDMs treated with IL-4/IL-14 or 

IL-4/IL-13 with MWCNTs, while PAR2 KO BMDMs expressed lower CD206 levels (Fig. 4C). 

 In mexAMs, dependence on PAR2 was even more pronounced than in BMDMs. PAR2 KO 

mexAMs displayed a marked reduction in both the proportion of Arg-1+ cells (Fig. 5A) and Arg-1 

MFI (Fig. 5B) compared to WT mexAMs across all conditions. In WT mexAMs, MWCNTs 

significantly increased Arg-1+ cell numbers and Arg-1 MFI following IL-4/IL-13 pretreatment, 

whereas these responses were diminished in PAR2 mexAMs. CD206 expression was also 

significantly higher in WT mexAMs treated with IL-4/IL-13 and MCWNTs, while PAR2 KO 
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mexAMs showed little change (Fig. 5C). These data indicate that PAR2 plays distinct roles in 

regulating Arg-1 expression in infiltrating BMDMs versus resident mexAMs, with a stronger 

reliance on PAR2 observed in the mexAMs. 

 

PAR2-expressing infiltrating macrophages induce profibrotic gene expression in MLFs 

To determine whether MWCNT-exposed macrophages promote fibroblast activation, MLFs were 

treated with conditioned media from BMDMs or mexAMs previously exposed to MWCNTs and 

IL-4/IL-13. We then examined the expression of genes associated with a profibrotic fibroblast 

phenotype. qRT-PCR analysis revealed that conditioned media from WT BMDMs exposed to IL-

4/IL-13 and MWCNTs induced significant upregulation of the expression of Arg-1, Col1a1, and 

Col1a2 in MLFs compared to media from untreated BMDMs (Fig. 6A-C). In contrast, conditioned 

media from PAR2 KO BMDMs failed to induce significant increases in Arg-1, Col1a1, and 

Col1a2, demonstrating that PAR2 expression in macrophages is required for fibroblast activation 

(Fig. 6A-C). Conversely, MLFs treated with conditioned media from mexAMs showed little to no 

change in Arg-1, Col1a1, and Col1a2 expression across treatment groups (Fig. 6D-F), highlighting 

a limited role for alveolar macrophages in fibroblast activation. Notably, fibroblast responsiveness 

was also influenced by PAR2 status, as MLFs derived from PAR2 KO mice exhibited attenuated 

gene expression compared with WT MLFs (Fig. 6). Together, these findings suggest that 

infiltrating macrophages, but not resident alveolar macrophages, drive PAR2-dependent fibroblast 

activation and profibrotic signaling following MWCNT exposure. 
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Allergen and MWCNT-induced lung remodeling requires PAR2 signaling in myeloid cells 

To validate the ex vivo findings in vivo and to determine whether macrophage PAR2 signaling 

contributes to lung pathology, we used a myeloid-specific PAR2 knockout (Par2-/-) mouse model. 

WT and Par2-/- mice were exposed via OPA to HDM extract, MWCNTs, or a combination of both 

during a sensitization phase (days 1, 3, 5) and a challenge phase (days 15, 17, 19). Lungs were 

harvested after the final exposure for histopathological evaluation (Fig. 7A).  

Airway fibrosis was measured by quantitative morphometric analysis on Massonôs 

trichrome-stained lung sections. No significant differences in airway collagen deposition were 

seen in mice exposed to HDM extract or MWCNTs alone. However, WT mice co-exposed to 

MWCNTs and HDM extract displayed significantly greater airway collagen compared with 

vehicle control cohorts (Fig. 7B,D). Interestingly, this effect was reduced in Par2-/- mice, which 

showed significantly less airway collagen deposition in the co-exposure group compared to WT 

mice (Fig. 7B,D). Additionally, AB-PAS staining was performed to evaluate airway mucus 

production. WT mice co-exposed to MWCNTs and HDM extract showed a notable increase in 

AB-PAS-positive mucus compared to vehicle-treated controls (Fig. 7C,E). Although Par2-/- mice 

also showed elevated mucus levels following co-exposure, the level of mucus production was 

significantly lower than in WT mice (Fig. 7C,E). Additionally, BALF analysis demonstrated that 

co-exposure significantly increased total protein, LDH, eosinophilia, and total cell numbers in WT 

and Par2-/- mice (Additional File 2). While these measures of allergic lung disease increased 

regardless of genotype, airway fibrosis and mucus hypersecretion were selectively reduced in 

Par2-/- mice. These data demonstrate that PAR2 expression in myeloid cells, such as macrophages, 

is essential for promoting airway remodeling, highlighting PAR2 as a central driver in allergic lung 

disease pathology.  
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DISCUSSION 

This study aimed to evaluate the mechanisms by which MWCNTs influence macrophage 

polarization during allergic lung disease and to determine whether these macrophages contribute 

to a profibrotic lung environment. Additionally, we investigated the role of PAR2 in these 

processes using both ex vivo PAR2-deficient macrophages and myeloid-specific PAR2 knockout 

mice in vivo. Given that allergic lung disease is characterized by elevated type 2 (Th2) cytokines 

such as IL-4 and IL-13, we used pretreated macrophages with IL-4/IL-13 to simulate a Th2-skewed 

microenvironment. In this in vitro system, we found that exposure to MWCNTs exacerbated M2-

like macrophage polarization and enhanced expression of profibrotic markers in a PAR2-

dependent manner. These findings suggest that macrophages respond synergistically to MWCNTs 

in a Th2 environment in ways that may promote downstream tissue remodeling.  

To extend these findings in vivo, we used a myeloid-specific PAR2 knockout mouse model 

exposed to HDM extract, a clinically relevant allergen, and MWCNTs to mimic co-exposure 

scenarios observed in environmental and occupational settings. Our group has previously shown 

that combined exposure to HDM extract and MWCNTs exacerbates hallmark features of allergic 

lung disease, including eosinophilic inflammation, airway fibrosis, and mucous cell metaplasia 

(Lee et al., 2023; Tisch et al., 2025). In the current study, we demonstrate that deletion of PAR2 

in myeloid cells significantly reduces airway fibrosis and mucous cell metaplasia, supporting a 

central role for PAR2-expressing macrophages in mediating airway remodeling during allergic 

lung disease. These results are consistent with studies showing that PAR2 signaling amplifies 

airway inflammation and remodeling in response to allergens and environmental triggers 

(Davidson et al., 2013; Asaduzzaman et al., 2015; Steven et al., 2013). 
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Our in vitro findings demonstrate that MWCNTs significantly enhance M2-like 

polarization in both BMDMs and mexAMs under Th2 conditions, as evidenced by amplified Arg-

1 expression and STAT6 phosphorylation. These effects were attenuated in PAR2 KO 

macrophages, indicating a key role of PAR2 in promoting or sustaining alternative macrophage 

activation. Importantly, M2 macrophages have been implicated in driving chronic lung diseases, 

including pulmonary fibrosis, due to their profibrotic and immunomodulatory functions (Bahram 

et al., 2025; Kishore et al., 2021). Supporting this, a recent study has shown that reducing M2 

macrophage infiltration into the lungs of mice can protect against bleomycin-induced pulmonary 

fibrosis (Pan et al., 2025). While MWCNTs have previously yielded mixed results with respect to 

macrophage polarization, such variability likely reflects differences in nanoparticle properties and 

the immunologic context of exposure (Dong et al., 2018; Lim et al., 2020; Allegri et al., 2016). In 

our model, MWCNTs enhanced IL-4/IL-13-driven M2 macrophage polarization, suggesting that 

MWCNTs may exacerbate the severity of allergic lung disease by amplifying Th2-associated 

macrophage activation. One possible mechanism involves crosstalk between PAR2 and Toll-like 

receptor 4 (TLR4). Prior studies have shown that PAR2 interactions with TLR4 can inhibit or 

enhance downstream signaling depending on the experimental conditions (Widera et al., 2019; 

Nhu et al., 2012). For example, the conjoint activation of PAR2 and TLR4 signaling resulted in 

M2 macrophage polarization and the inhibition of proinflammatory molecules, such as TNFŬ and 

IL-6 (Nhu et al., 2012). Our findings are consistent with this model, suggesting PAR2 sustains 

STAT6 signaling and Arg-1 expression in M2-skewed macrophages, whereas in the absence of 

PAR2, unopposed TLR4 activation may favor incomplete or proinflammatory macrophage 

activation. Beyond TLR4, PAR2 is also known to cooperate with PAR1 in fibroblast signaling 
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(Borensztajn & Spek, 2025), and to modulate NF-kB-dependent inflammatory pathways 

(Shpacovitch et al., 2007), further underscoring its role as a regulator of macrophage plasticity.  

Given that M2 macrophages secrete mediators that regulate tissue remodeling, we next 

investigated whether PAR2-dependent macrophage polarization contributes to fibroblast 

activation. Using macrophage-conditioned media, we found that PAR2-expressing BMDMs, but 

not mexAMs, significantly induced expression of profibrotic genes in MLFs, including Arg-1, 

Col1a1, and Col1a2. These results support the prior research demonstrating that infiltrating 

monocyte-derived macrophages are the principal contributors to fibroblast activation during lung 

injury, whereas resident alveolar macrophages play a more homeostatic role (Byrne et al., 2016; 

Misharin et al., 2013). For example, the specific depletion of monocyte-derived macrophages 

following lung injury has been shown to reduce the severity of pulmonary fibrosis (Misharin et 

al., 2017), highlighting the importance of this macrophage subset in fibrotic lung diseases. In 

addition to the role of PAR2 in macrophages, we also observed that PAR2 deficiency in lung 

fibroblasts markedly attenuated their response to profibrotic cues. MLFs derived from PAR2 KO 

mice exhibited significantly lower expression of Arg-1, Col1a1, and Col1a2 following stimulation 

with BMDM-conditioned media, suggesting that PAR2 in fibroblasts may also regulate key 

signaling pathways involved in fibroblast activation and collagen deposition. Prior studies have 

demonstrated that PAR2 can activate intracellular pathways, including p38 MAPK, JAK-STAT, 

and PI3K-Akt, all of which are known to mediate fibroblast activation and extracellular matrix 

remodeling (Lie et al., 2019). Together, these findings highlight a critical role of PAR2 in 

mediating macrophage-driven fibroblast activation, showing that PAR2 not only regulates 

polarization of macrophages but also directly influences fibroblast responsiveness to macrophage-

derived signals and collagen synthesis.  
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M2 macrophages are widely recognized as key regulators of fibrotic remodeling in the 

lung, where polarization is driven by Th2 cytokines such as IL-4 and IL-13 through the PI3K-Akt 

and JAK1-STAT6 signaling pathways (Van Dyken and Locksely 2013; Will et al., 2008). Our 

findings demonstrate that MWCNTs enhance M2 polarization in macrophages exposed to IL-4/IL-

13, an effect that is significantly diminished in PAR2-deficient macrophages. These results suggest 

that PAR2 may sustain or amplify STAT6 or PI3K-Akt activation during Th2-induced macrophage 

polarization. These signaling axes converge on the regulation of a hallmark metabolic enzyme of 

M2 macrophages, Arg-1. Arg-1 defines the M2 phenotype as well as contributes metabolically to 

fibrosis by converting arginine to ornithine, a precursor for proline and hydroxyproline, key amino 

acids in collagen biosynthesis (Van et al., 2013; Wills-Karp et al., 2008; Minutti et al., 2017). These 

connections help link macrophage polarization to collagen biosynthesis. However, while our data 

strongly support the functional importance of PAR2 and macrophages in lung pathology, it is 

essential to acknowledge that the myeloid lineage encompasses other cell types beyond 

macrophages, such as monocytes, neutrophils, and eosinophils (Kawamoto & Minato et al., 2004), 

which also contribute to allergic inflammation and fibrotic remodeling. Therefore, the myeloid-

specific PAR2 knockout model may not directly mirror the effects observed in isolated macrophage 

populations ex vivo. Future studies using cell-type-specific PAR2 deletions will help define the 

relative contributions of these cell subsets.  

These findings highlight PAR2 as a central receptor linking allergen proteases, engineered 

nanomaterials, and airway remodeling. When in the lungs, MWCNTs can stimulate oxidative 

stress, NF-kB activation, and fibroblast to myofibroblast transition (He et al., 2011; Duke & 

Bonner, 2018; Murphy et al., 2012). Combined with allergen proteases, this creates a setting where 

PAR2 signaling may promote or sustain chronic remodeling. Looking forward, there are important 
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aspects of this research that need to be addressed. Additional mechanistic work is needed to define 

how PAR2 interacts with other signaling pathways, including TLR4 and PAR1, to regulate 

macrophage plasticity and fibroblast activation in the context of allergen and nanoparticle co-

exposure. Additionally, the translational relevance of these findings could be advanced by 

extending analyses to human macrophages and fibroblasts, where PAR2 signaling may similarly 

amplify fibrotic pathways. Finally, because pharmacological inhibition of PAR2 has already been 

shown to attenuate allergic airway disease in preclinical models (Asaduzzaman et al., 2015; 

Heuberger & Schuepbach, 2019), testing PAR2 antagonists in this setting of environmental and 

occupational MWCNT exposure may provide a path toward therapeutic intervention. 
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CONCLUSION 

In conclusion, this study identifies PAR2 as a key regulator of macrophage polarization and 

profibrotic signaling in the lung during allergic lung disease. We demonstrate that MWCNTs 

enhance Th2-driven M2 polarization in a PAR2-dependent manner, resulting in increased 

fibroblast activation and tissue remodeling. Our findings suggest that PAR2 signaling in myeloid 

cells, especially macrophages, plays a crucial role in mediating the fibrotic response to 

environmental particulate and allergenic exposures. These results also extend previous 

observations that PAR2-deficient mice are protected from fibrotic remodeling (Lee et al., 2023; 

Tisch et al., 2025) and highlight PAR2 as a central receptor linking nanoparticle exposure, allergen 

proteases, and immune cell reprogramming. Therefore, these findings not only demonstrate a 

critical role for PAR2 in macrophage-driven fibrosis but also open avenues for targeted therapies 

aimed at mitigating environmentally exacerbated allergic lung disease. 
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ABBREVIATIONS  

PAR2   protease-activated receptor-2 

MWCNTs  multi-walled carbon nanotubes 

HDM   house dust mite 

GPCR   G-protein-coupled receptor 

BALF   bronchoalveolar lavage fluid 

LDH   lactate dehydrogenase 

IgE   Immunoglobulin E 

PR3   neutrophil proteinase-3 

CCL11   C-C motif chemokine ligand 11 (eotaxin) 

CXCL1  C-X-C motif chemokine ligand 1 

Arg-1   arginase-1 

OPA   oropharyngeal aspiration 

STAT-6  signal transducer and activator of transcription 6 

TLR4   toll-like receptor 4 

Th2   type 2 helper T cell 

WT   wild type 

OVA   ovalbumin 
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Figure 1. Schematic illustration of isolation procedures for bone marrow-derived macrophages 

(BMDM), murine ex vivo alveolar macrophages (mexAM), and mouse lung fibroblasts (MLF) 

from wild-type and PAR2 knockout mice. Created in BioRender. Tisch, L. (2025) 

https://BioRender.com/nmapqbs 
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Figure 2. Effects of MWCNTs on Arg-1 protein expression in BMDM and mexAMs following 

24 h exposure to MWCNTs with or without IL-4/IL-13 pretreatment from WT and PAR2 KO 

mice. (A) Representative western blot showing Arg-1 and ɓ-actin protein expression in BMDMs. 

(B) Densitometric analysis of Arg-1 expression in BMDMs, normalized to ɓ-actin, from three 

independent experiments. (C) Representative Western blot showing Arg-1 and ɓ-actin protein 

expression in mexAMs under the same treatment conditions. (D) Densitometric analysis of Arg-

1 expression in mexAMs, normalized to ɓ-actin, from three independent experiments. aaP<0.01, 

aaaP<0.001, aaaaP<0.0001 between genotypes; **P<0.01, ***P<0.001, ****P<0.0001 compared to 

control; ##P<0.01,  ###P<0.001, ####P<0.0001 compared to MWCNT; ^P<0.05, ^^P<0.01 compared 

to pretreatment with IL4/IL13. Determined by two-way ANOVA and Tukeyôs post-hoc test. 

Data are presented as mean ° SEM. 
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Figure 3. Effects of MWCNTs on protein expression of p-STAT6 and total STAT6 in BMDM 

and mexAMs following 24 h exposure to MWCNTs with or without IL-4/IL-13 pretreatment 

from WT and PAR2 KO mice. (A) Representative western blot of p-STAT6 and STAT6 from 

BMDMs. (B) Densitometric quantification of p-STAT6 normalized to total STAT6 in BMDMs, 

from three independent experiments. (C) Representative western blot of p-STAT6 and STAT6 

from mexAMs. (D) Densitometric quantification of p-STAT6 normalized to total STAT6 in 

mexAMs, from three independent experiments. aP<0.05, aaaaP<0.0001 between genotypes; 

*P<0.05, ***P<0.001, ****P<0.0001 compared to control; #P<0.05, ###P<0.001, ####P<0.0001 

compared to MWCNT; ^P<0.05, ^^P<0.01 compared to pretreatment with IL4/IL13. Determined 

by two-way ANOVA and Tukeyôs post-hoc test. Data are presented as mean ° SEM. 
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Figure 4. Effects of MWCNTs on Arg-1 and CD206 expression in BMDMs from WT and PAR2 

KO mice. Cells were treated with media alone (control), MWCNTs, IL-4/IL-13, or IL-4/IL-13 

followed by MWCNTs for 24 hr. (A) Representative flow cytometry scatter plots showing the 

percentage of Arg-1  BMDMs in each treatment group. (B) Mean fluorescence intensity (MFI) 

of Arg-1 expression in BMDMs, from three independent experiments. (C) MFI of CD206 

expression in BMDMs, from three independent experiments. aaP<0.01, aaaP<0.001 between 

genotypes; ***P<0.001, ****P<0.0001 compared to control; ###P<0.001, ####P<0.0001 compared to 

MWCNT; ^P<0.05 compared to pretreatment with IL4/IL13. Determined by two-way ANOVA 

and Tukeyôs post-hoc test. Data are presented as mean ° SEM. 
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Figure 5. Effects of MWCNTs on Arg-1 and CD206 expression in mexAMs from WT and PAR2 

KO mice. Cells were treated with media alone (control), MWCNTs, IL-4/IL-13, or IL-4/IL-13 

followed by MWCNTs for 24 hr. (A) Representative flow cytometry scatter plots showing the 

percentage of Arg-1  mexAMs in each treatment group. (B) Mean fluorescence intensity (MFI) 

of Arg-1 expression in mexAMs, from three independent experiments. (C) MFI of CD206 

expression in mexAMs, from three independent experiments. aP<0.05, aaaP<0.001 between 

genotypes; **P<0.01, ***P<0.001 compared to control; #P<0.05, ##P<0.01, ###P<0.001 compared 

to MWCNT; ^^P<0.01 compared to pretreatment with IL4/IL13. Determined by two-way 

ANOVA and Tukeyôs post-hoc test. Data are presented as mean ° SEM. 
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Figure 6. Gene expression in mouse lung fibroblasts (MLF) from WT and PAR2 KO after 24 hr 

treatment with conditioned medium from corresponding WT or PAR2 KO BMDMs or mexAM 

pretreated with IL4/IL13, MWCNTs, or IL4/IL13 and MWCNTs. (A-C) Arg-1 mRNA, Col1a1 

mRNA, and Col1a2 mRNA expression in BMDMs. (D-F) Arg-1 mRNA, Col1a1 mRNA, and 

Col1a2 mRNA expression in mexAMs. aP<0.05, aaP<0.01, aaaP<0.001, aaaaP<0.0001 between 

genotypes; *P<0.05, **P<0.01, ***P<0.001 compared to control; #P<0.05, ##P<0.01, ###P<0.001, 

####P<0.0001 compared to MWCNT; ^P<0.05, ^^P<0.01,^^^P<0.001 compared to pretreatment 

with IL4/IL13. Determined by two-way ANOVA and Tukeyôs post-hoc test. Data are presented 

as mean ° SEM. 
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Figure 7. The effects of myeloid-specific PAR2 deficiency on allergic lung disease in mice 

exposed to MWCNTs, HDM extract, or both. (A) Illustration of the exposure protocol. (B) 

Representative images of Massonôs trichrome-stained lung sections showing blue-stained 

collagen (black arrow). (C) Representative images of AB-PAS-stained lung tissue sections 

positive for PAS+ mucins stained in purple (black arrow). Red arrows indicate MWCNTs. (D) 

Quantification of trichrome-positive airway collagen. (E) Quantification of AB-PAS+ airway 

mucin. Black bars= 100 mm. aP<0.05, aaaP<0.001 between genotypes; *P<0.05, **P<0.01, 

****P<0.0001 compared to control; ##P<0.01 compared to MWCNT; ̂ ^^P<0.001 compared to 

pretreatment with IL4/IL13. Determined by two-way ANOVA and Tukeyôs post-hoc test. Data 

are presented as mean ° SEM; each data point is an individual mouse. 
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CHAPTER 5 

Conclusions and Future Directions 

GENERAL DISCUSSION 

Understanding how inhaled nanoparticles exacerbate allergen-induced lung disease is crucial for 

uncovering the mechanisms that drive pathogenic features of allergic lung disease and for 

enhancing our understanding of air pollution-related health risks. This dissertation investigated the 

role of protease-activated receptor-2 (PAR2) in mediating allergic lung responses to multi-walled 

carbon nanotubes (MWCNTs) using three complementary approaches. In PAR2-mutant mice, we 

found that partial genetic disruption of PAR2 reduced airway fibrosis but had limited effects on 

eosinophilia and mucus hypersecretion. Interestingly, these PAR2-mutant mice exhibited an 

unexpected elevation in arginase-1 (Arg-1) expression, suggesting residual PAR2 activity or 

compensatory mechanisms in the regulation of this enzyme. In contrast, pharmacological 

inhibition of canonical PAR2 signaling by the monoclonal antibody SAM-11 attenuated three 

major features of allergic lung disease, including eosinophil infiltration, mucous cell metaplasia, 

and airway collagen deposition more effectively than PAR2-deficient models. This suggests that 

canonical PAR2 signaling drives symptoms of allergic lung disease, whereas non-canonical 

signaling contributes to homeostatic regulation. Evident by the removal of both canonical and non-

canonical signaling, failing to reduce eosinophilia and mucus production, thereby explaining why 

selective inhibition with SAM-11 is more effective than genetic deletion. Myeloid-specific PAR2 

knockout mice further demonstrated that PAR2 signaling within innate immune cells is essential 

for disease exacerbation, as deletion of PAR2 in myeloid cell lineages reduced airway collagen 

deposition and mucus hypersecretion following exposure to MWCNT and house dust mite (HDM) 

extract. Complementary ex vivo studies using bone marrow-derived macrophages (BMDMs) and 
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murine ex vivo alveolar macrophages (mexAMs) demonstrated that MWCNTs enhance Th-2-

driven M2 polarization in a PAR2-dependent manner, which in turn promotes lung fibroblast 

activation and collagen deposition. Together, these findings establish PAR2 as a central regulator 

of allergic lung disease and provide mechanistic insight into how inhaled MWCNTs amplify 

allergic lung disease.  

 The differential outcomes observed across PAR2 models in this dissertation highlight the 

multifaceted role of PAR2 in regulating the key pathological features of allergic lung disease. 

Among the pathological features examined, airway collagen deposition was the most consistently 

reduced in PAR2-deficient mice compared to the WT cohorts. Similar to our prior findings using 

PAR2 knockout (KO) mice with complete gene deletion, PAR2-mutant mice with partial gene 

deletion exposed to HDM extract and MWCNTs showed significantly reduced collagen 

deposition, implicating PAR2 as a key regulator of airway collagen deposition and airway fibrosis 

(Lee et al., 2023; Tisch et al., 2025). However, unlike complete PAR2 KO mice, PAR2-mutant 

mice exhibited increased expression of the profibrotic marker Arg-1, suggesting that a truncated 

PAR2 may retain partial signaling capacity, alter downstream signaling bias (i.e., preferential 

activation of certain pathways over others), or activate compensatory signaling mechanisms. This 

is consistent with evidence that modified GPCRs can preserve selective agonist binding, activate 

alternative pathways, or continue interactions with cognate G proteins depending on the genetic 

alteration and subsequent structural change (Schºneberg et al., 2021; Ulloa-Aguirre et al., 2014; 

Lee-Rivera et al., 2022). Considering PAR2 contains numerous activation residues, genetic 

modification of the receptor may change the affinity of a given ligand over another, resulting in 

biased or altered signaling (Heuberger et al., 2019; Maryanoff et al., 2001). Indeed, modifications 

to PAR2 have been shown to change ligand affinity and promote biased signaling, such as MAPK 
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activation independent of Ga signaling (Maryanoff et al., 2001; Tanaka et al., 2008). In contrast, 

antibody blockade with SAM-11 produced a broader protective effect, suppressing not only airway 

collagen deposition, but also eosinophil infiltration and mucus hypersecretion. The efficacy of 

SAM-11 in reducing these pathological features may stem from the unique advantages of antibody-

mediated inhibition over genetic deletion models. For example, SAM-11 specifically blocks 

residues 32-50 in the extracellular N-terminal domain of PAR2 (Nystedt et al., 1995), preventing 

the generation of the canonical tethered ligands and thereby inhibiting G protein-dependent 

pathways such as Gaq/11- and Ga12/13-mediated calcium mobilization, b-arrestin-mediated ERK1/2 

activation, and TGF-b receptor cross-talk (Chandrabalan et al., 2021; Maryanoff et al., 2001). By 

contrast, neutrophil elastase cleaves PAR2 at non-canonical sites, triggering a b-arrestin-

independent pathway involving ERK1/2 phosphorylation (Zhao et al., 2015). Thus, depending on 

the site of receptor cleavage, PAR2 can produce divergent cellular outcomes. By selectively 

blocking canonical signaling without abolishing all non-canonical functions, SAM-11 may more 

effectively reduce airway collagen deposition compared to genetic PAR2 deletion models, where 

both signaling arms are disrupted.  

 A key distinction between genetic PAR2-deficiency and antibody-mediated inhibition with 

SAM-11 lies in their divergent effects on eosinophilic infiltration and mucus hypersecretion. 

SAM-11 treatment markedly reduced eosinophil accumulation and mucous cell metaplasia, 

whereas partial or complete gene deletion of Par2 had little effect on these endpoints (Lee et al., 

2023; Tisch et al., 2025). These differences likely stem from the selective blockade of canonical 

PAR2 signaling by SAM-11 versus the complete loss of receptor activity in knockout models. 

Canonical PAR2 activation through tethered-ligand formation couples to Ga12/13-Rho-Kinase and 

Gq/11-PI3K pathways, which are critical for eosinophil migration and survival (Avet et al., 2020; 
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Tang et al., 2019; Rohani et al., 2010). By disrupting these pathways, SAM-11 impairs eosinophil 

trafficking even in the presence of elevated IL-5 and CCL11, consistent with prior studies showing 

that pharmacologic inhibition of Rho-kinase and PI3K reduces eosinophilic inflammation despite 

high chemokine levels (Kang et al., 2012; Lim et al., 2009; Taki et al., 2007; Henry et al., 2005). 

In contrast, PAR2-mutant mice may lose both canonical and non-canonical PAR2 activity, allowing 

compensatory pathways to sustain eosinophil influx, explaining why eosinophilia remains in 

knockout and mutant mice (Lee et al., 2023; Tisch et al., 2025). A similar pattern was observed for 

airway mucus production. SAM-11 attenuated mucous cell metaplasia, suggesting that canonical 

PAR2 signaling contributes to mucus secretion by enhancing protease-dependent activation of 

epithelial and mast cell circuits. Notably, this reduction occurred despite high serum IgE levels, 

indicating that SAM-11 primarily interferes with local effector cell responses rather than systemic 

humoral immunity. Conversely, Par2-deficient mice showed little change in mucus production, 

likely because genetic deletion disrupts non-canonical and homeostatic PAR2 functions, including 

epithelial ion transport and regulation of mucus fluidity (Kunzelmann et al., 2005; McIntosh et al., 

2010). Loss of these regulatory mechanisms may offset reductions in canonical pro-secretory 

signaling, resulting in persistent mucus hypersecretion. Together, these findings highlight that 

SAM-11 exerts broader effects by selectively blocking canonical PAR2 signaling while preserving 

non-canonical and homeostatic functions (Figure 1). Genetic deletion, by abolishing both 

signaling arms, not only removes pathogenic inputs but also eliminates regulatory outputs, 

ultimately limiting reductions in eosinophilia and mucus production. These contrasts underscore 

the importance of dissecting PAR2 signaling in specific cellular compartments, particularly within 

myeloid cells that shape the inflammatory lung microenvironment.  
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Our ex vivo macrophage studies and myeloid-specific PAR2 KO model provide 

mechanistic insight into how MWCNTs shape immune polarization and fibroblast activation, 

linking PAR2 signaling in myeloid compartments and downstream tissue remodeling. Both 

BMDMs, which model infiltrating monocyte-derived macrophages, and mexAMs, which 

represent tissue-resident alveolar macrophages, exhibited enhanced M2-like polarization when 

exposed to MWCNTs in the presence of IL-4/IL-13. This response was characterized by Arg-1 

induction and phosphorylation of STAT6, two critical features of Th2-driven M2 polarization 

(Strizova et al., 2023). Importantly, these effects were attenuated in PAR2 KO macrophages, 

demonstrating that PAR2 facilitates and sustains alternative activation of macrophages in the 

context of nanomaterial exposure. Mechanistically, PAR2 can modulate macrophage fate by 

counterbalancing TLR4-driven M1 polarization. For example, activation of PAR2 with a selective 

agonist peptide suppressed LPS-induced inflammatory responses and redirected macrophages 

toward an alternatively activated, Arg-1 expressing phenotype (Nhu et al., 2012). Beyond this 

antagonistic role, PAR2 has also been shown to cooperate with TLR4 signaling, integrating 

protease and danger-associated cues to reinforce tissue reparative and profibrotic macrophage 

programs (Rallabhandi et al., 2008; Rayees et al., 2020). In the allergic lung environment rich in 

Th2 cytokines, this crosstalk appears to bias macrophages toward a profibrotic M2 phenotype, 

positioning PAR2 as a key regulator of macrophage plasticity. Functional differences between 

infiltrating and resident macrophage subsets were further highlighted in fibroblast co-culture 

experiments. Conditioned media from PAR2-expressing BMDMs significantly induced expression 

of profibrotic genes Col1a1 and Col1a2 in MLFs, whereas media from mexAMs had minimal 

effects. This observation aligns with prior research demonstrating that infiltrating monocyte-

derived macrophages are the primary drivers of fibrotic remodeling, while resident alveolar 
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macrophages maintain tissue homeostasis and surveillance (Misharin et al., 2013; Byrne et al., 

2016; Misharin et al., 2017). In our system, PAR2-dependent M2 polarization of infiltrating 

macrophages emerged as the dominant mechanism linking MWCNT exposure to fibroblast 

activation and collagen deposition. Supporting this conclusion, in vivo experiments with myeloid-

specific PAR2 KO mice revealed significant reductions in airway remodeling. Loss of PAR2 in 

myeloid cells significantly attenuated collagen deposition and reduced mucous cell metaplasia 

following co-exposure to MWCNTs and HDM extract, confirming that PAR2 signaling within 

innate immune compartments is required to drive features of allergic lung disease. These findings 

are consistent with studies demonstrating that genetic or pharmacological targeting of myeloid-

specific pathways can mitigate fibrotic remodeling and mucus hypersecretion in other pulmonary 

models (Migilaccio et al., 2008; Murray et al., 2010; Dong & Ma, 2018). Taken together, our data 

suggest that MWCNTs amplify Th2-associated responses through PAR2-dependent polarization 

of lung macrophages, which in turn activate fibroblasts to promote collagen deposition and airway 

remodeling (Figure 2). These results may help explain the broader protection achieved with SAM-

11, where selective blockade of canonical PAR2 pathways reduces multiple disease features 

compared to genetic deletion. Given our findings that PAR2-dependent macrophage activation 

promotes fibroblast collagen deposition, profibrotic circuits may be particularly sensitive to 

canonical PAR2 signaling, though this requires further investigation. 

When integrated across the PAR2-mutant, SAM-11, and myeloid-specific knockout 

models, a broader mechanistic picture emerges. Inhaled nanoparticles such as MWCNTs penetrate 

deep into the lungs and interact with both resident and infiltrating innate immune cells. Under 

allergic conditions, these interactions amplify macrophage polarization in a PAR2-dependent 

manner, driving downstream features of allergic lung disease, most notably airway fibrosis. The 
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divergent outcomes observed across PAR2 models can be explained by differences in how 

canonical and non-canonical signaling are disrupted. Antibody blockade with SAM-11 selectively 

prevents tether-ligand activation of canonical pathways required for eosinophil recruitment and 

mucus hypersecretion while preserving certain non-canonical and homeostatic functions. In 

contrast, genetic deletion eliminates both pathogenic and regulatory signaling, yielding a narrow 

phenotype. Our macrophage-centered findings provide a mechanistic bridge between these 

observations, demonstrating that PAR2-dependent alternative activation of infiltrating 

macrophages promotes fibroblast activation and collagen deposition, thereby linking nanomaterial 

exposure to tissue remodeling. Taken together, these studies not only clarify inconsistencies in the 

PAR2 literature but also position PAR2 as a central receptor in allergic lung disease and a 

promising therapeutic target for limiting airway inflammation and fibrosis.  

 

FUTURE DIRECTIONS 

The studies presented in this dissertation highlight the importance of PAR2 signaling in the 

exacerbation of allergic lung disease by MWCNTs, while also revealing key differences between 

genetic disruption and antibody-mediated inhibition. Together, these findings point to several 

important avenues for future research.  

 The distinct outcomes observed between partial gene deletion in the PAR2-mutant mice 

and complete gene deletion in the PAR2 KO mice underscore the need to better characterize the 

receptor in the mutant model. Determining whether a truncated PAR2 receptor is expressed, 

trafficked to the plasma membrane, and capable of engaging downstream signaling pathways will 

be important. Genome editing approaches such as CRISPR-based epitope tagging or knock-in 

reporters could address this challenge. Epitope tagging of the endogenous Par2 locus would allow 
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detection of receptor protein using highly specific anti-tag antibodies, overcoming the limitations 

of current PAR2 antibodies. A C-terminal epitope tag would also reveal whether truncated receptor 

variants are stably produced and trafficked to the plasma membrane, while knock-in fluorescent 

or luminescent reporters could track expression patterns and provide insight to receptor activation. 

These strategies would clarify whether the partial deletion generates a dysfunctional but present 

receptor or instead results in complete loss of protein expression. Additionally, unbiased 

transcriptomic or phosphoproteomic profiling of PAR2-mutant versus knockout models could 

identify compensatory signaling pathways that explain their divergent phenotypes. This may reveal 

whether truncated PAR2 engages alternative signaling pathways or if its absence triggers 

compensatory signaling pathways of other receptors. Together, these approaches would help 

resolve the discrepancies between PAR2-deficient models and improve our understanding of how 

PAR2 structure dictates signaling outcomes in allergic lung disease.  

While SAM-11 inhibition of canonical PAR2 signaling demonstrated broader efficacy than 

genetic approaches, further work is needed to define its pharmacological specificity. 

Administration of the antibody by OPA may result in uneven distribution across pulmonary cell 

types, and quantifying its binding to epithelial cells, macrophages, fibroblasts, and infiltrating 

leukocytes will be important. This could be achieved using fluorescently labeled SAM-11 and 

imaging by immunohistochemistry. Moreover, nonspecific binding or Fc-mediated effects must be 

ruled out as these could influence outcomes independently of PAR2 blockade.  For example, 

antibody Fc regions can engage Fc receptors on macrophages, dendritic cells, or other leukocytes, 

potentially altering their activation state. Antigen-bound SAM-11 could engage with these 

receptors differently than an unbound isotype. Treatment of PAR2 knockout mice with SAM-11 

would help reveal PAR2-independent effects. Finally, PAR2 can signal through both pathogenic 
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and potentially protective programs; it should be determined whether SAM-11 suppresses 

beneficial PAR2 pathways. Using selective protease agonists for canonical (trypsin/tryptase) 

versus non-canonical (neutrophil elastase, MMP-1) activation, can test if SAM-11 preferentially 

blocks pathogenic signaling pathways while sparing barrier protective response. In vivo, timing 

studies (pre-exposure versus co-exposure) and readouts of airway hyperresponsiveness, epithelial 

repair, and vascular leak will help define whether SAM-11 dampens helpful PAR2 signaling.  

Finally, the myeloid-specific PAR2 KO model revealed significant reductions in 

pulmonary fibrosis and mucous cell metaplasia, this approach does not distinguish between 

macrophages and other myeloid-derived lineages such as dendritic cells, neutrophils, and mast 

cells. Each of these populations contributes uniquely to allergic lung disease. Additionally, tissue-

resident alveolar macrophages are largely derived from embryonic yolk sac progenitors rather than 

from bone marrow hematopoiesis, raising the possibility that current myeloid-targeting strategies 

incompletely capture their contribution (Epelman et al., 2014). Future studies using macrophage-

selective Cre drivers, such as CX3CR1-Cre, or conditional depletion approaches will be needed to 

directly define the role of macrophage PAR2 in allergic lung disease progression. Beyond myeloid 

cells, dissecting how PAR2 signaling in fibroblasts, epithelial cells, and T cells integrates with 

immune responses will provide a more comprehensive understanding of how PAR2 orchestrates 

lung remodeling during allergic lung disease.   
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Figure 1: SAM-11 pharmacological inhibition of canonical PAR2 signaling.  PAR2 is cleaved by 

distinct proteases that determine downstream signaling specificity. SAM-11 binds and inhibits 

canonical cleavage by proteases such as trypsin, tryptase, Factor VIIa/Xa, preventing exposure of 

the tethered ligand, which activates Gaq/11 (Ca2+, ERK1/2, p38), Ga12/13 (RhoA, cytoskeletal 

rearrangement), and Gai/o (PI3K/Akt, NF-kB, cAMP) pathways, leading to inflammation, calcium 

mobilization, cytoskeletal changes. However, non-canonical cleavage of PAR2 is still possible. 

Non-canonical cleavage by neutrophil elastase, cathepsin S, or activated protein C (APC) 

generates biased signaling outcomes. These include b-arrestin-biased signaling, receptor 

disarming, or membrane barrier stabilization. SAM-11 inhibition of canonical PAR2 signaling 

inhibits pathogenic signaling pathways while allowing homeostatic non-canonical signaling to 

persist. Created in BioRender. Tisch, L. (2025) https://BioRender.com/r1q4fy8. 

https://biorender.com/r1q4fy8
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Figure 2: Schematic representation of macrophage and fibroblast interactions in the lung 

following exposure to multi-walled carbon nanotubes (MWCNTs). Inhaled MWCNTs are 

engulfed by alveolar macrophages and recruited monocyte-derived macrophages, which undergo 

polarization toward an alternatively activated (M2) phenotype under the influence of IL-4 and 

IL-13. M2 macrophages secrete profibrotic mediators, including IL-10, Arg-1, MMP13, TGF-ɓ1, 

and IL-13, that promote fibroblast activation and differentiation into myofibroblasts. Activated 

myofibroblasts deposit collagen, driving fibrosis and airway remodeling. This schematic 

highlights the cooperative role of resident and recruited macrophages in linking MWCNT 

exposure to fibrotic outcomes in the lung. Created in BioRender. Tisch, L. (2025) 

https://BioRender.com/jtmm7iw. 

 

https://biorender.com/jtmm7iw
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Appendix A  

Supplemental Figures and Tables: Chapter 2 
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Supplementary File 1. Genotyping results of wild type (WT) and PAR2-mutant mice used in 

this study. DNA from C57BL6 mice were used as a positive control.  
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Supplementary File 2. Original western blot images used for Fig. 7. 
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Appendix B 

Supplemental Figures and Tables: Chapter 3 
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Additional File 1. Physicochemical characteristics of multi-walled carbon nanotubes. 
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Additional File 2. Control IgG2a treatment has no effect on cellularity and biomarkers of lung 

injury in BALF of mice exposed to both MWCNTs and HDME. 
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Additional File 3. Control IgG2 treatment has no effect on mediators and biomarkers of 

inflammation and fibrosis in the lungs of mice exposed to MWCNTs and HDME. 
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Additional File 4. Uncropped Western blots from the data shown in Fig. 4. 

 

 


