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LAY ABSTRACT 

Fibrotic interstitial lung diseases (ILDs) comprise a wide array of devastating, irreversible, 

and ultimately fatal heterogeneous disorders of known and unknown etiology. Pulmonary 

fibrosis constitutes the late phase of ILDs. Pulmonary fibrosis is characterized by 

progressive lung scarring due to excessive wound healing. The exact triggers which initiate 

fibrotic processes remain unknown. Nevertheless, it is currently believed that in the 

genetically pre-disposed lung, cigarette smoke exposure contributes to the development of 

pathogenic fibrosis. Notably, central to the pathogenesis of cigarette smoke-associated 

pulmonary fibrosis is the macrophage. In addition to smoking, intrinsic processes mediated 

by protein misfolding, prolonged endoplasmic reticulum (ER) stress, and chronic unfolded 

protein response (UPR) perform vital roles in macrophage activation in pulmonary fibrosis. 

To date, the mechanisms by which continuous smoking and altered ER stress/UPR affect 

pulmonary macrophage composition, function and consequently pulmonary fibrosis 

development, progression, and immunopathogenesis are yet to be elucidated. This Ph.D. 

thesis begins by assessing the impact of smoking on the survival and pulmonary function 

outcomes of patients diagnosed with fibrotic ILDs. Subsequently, the thesis investigates 

the effects of smoking and aberrant ER stress/UPR on pulmonary macrophage composition 

and function in the setting of lung injury, tissue remodelling, and fibrogenesis using 

preclinical experimental mouse models. 
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ABSTRACT 

RATIONALE. Fibrotic interstitial lung diseases (ILDs) comprise a wide array of 

heterogeneous disorders of known and unknown etiology. Pulmonary fibrosis constitutes 

the late phase of ILDs. A variety of extrinsic and intrinsic risk factors are implicated in 

fibrotic ILD development and pathogenesis, with macrophages considered central 

orchestrators of disease pathogenesis. Particularly, cigarette smoking, protein misfolding, 

endoplasmic reticulum (ER) stress, and the unfolded protein response (UPR), have been 

associated with impaired macrophage activation and function. However, a comprehensive 

understanding of the impact of these processes on the composition and function of 

pulmonary macrophage subpopulations and subsequently on tissue remodelling in 

pulmonary fibrosis is yet to be elucidated. In this Ph.D. thesis, we assessed the impact of 

cigarette smoke (CS) exposure and the myeloid-specific deletion of Atf6α, one of the UPR 

mediators, on pulmonary macrophage subpopulation composition and function during lung 

injury, tissue remodelling, and fibrogenesis. 

METHODS. Current literature to date demonstrates conflicting evidence regarding the 

impact of smoking status on long-term outcomes in the setting of fibrotic ILDs. Therefore, 

to further understand the impact of smoking status on fibrotic ILD patients’ survival, we 

began by assessing a prospective observational cohort, the Canadian Registry for 

Pulmonary Fibrosis (CARE-PF). This included 3062 patients with fibrotic ILD who were 

considered smokers or never smokers. Next, we used a preclinical experimental mouse 

model of concurrent bleomycin-induced lung injury and CS exposure to investigate the 
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effect of CS on macrophage subpopulation composition and function during tissue 

remodelling processes. Lastly, given that CS is known to stimulate the UPR and that an 

impaired UPR is a potential mechanism for macrophage dysfunction, we specifically 

addressed the impact of altered UPR on pulmonary macrophage composition and function 

during bleomycin-induced lung injury. To achieve that, we utilized the myeloid-specific 

deletion of Atf6α, one of the UPR mediators, experimental approach. 

MAIN RESULTS. Findings from subgroup analysis of CARE-PF patient cohort 

demonstrated that overall, there was a significant interaction between smoking and fibrotic 

ILD diagnosis (p-value for interaction is 0.039), with respect to mortality. Specifically, the 

subgroup analysis has shown that smoking was an effect modifier and significantly 

increased mortality in connective tissue disease-associated ILD and unclassifiable ILD 

patients, but did not have a significant effect on mortality in idiopathic pulmonary fibrosis 

and chronic hypersensitivity pneumonitis patients. Furthermore, preclinical findings 

demonstrated that cigarette smoke exposure impaired the composition of pulmonary 

macrophages increasing CD11b+ subpopulations including monocyte-derived alveolar 

macrophages (Mo-AM) as well as interstitial macrophage (IM)1, -2 and -3, at multiple CS 

exposure timepoints. The expansion of Mo-AM and IM3 was dependent on IL-1α and 

likely reflective of increased cell recruitment. Compositional changes in macrophage 

subpopulations were associated with impaired induction of fibrogenesis including 

decreased α-smooth muscle actin positive myofibroblast following intratracheal bleomycin 

treatment. Mechanistically, in vivo and ex vivo assays demonstrated predominant 
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macrophage M1 functional status and reduced matrix metallopeptidase 9 activity in 

cigarette smoke-exposed mice. Lastly, following bleomycin administration, the myeloid-

specific deletion of Atf6α altered pulmonary macrophage composition, expanding CD11b+ 

populations with dual polarized CD38+CD206+ expressing macrophages. Compositional 

changes were associated with an aggravation of fibrogenesis including increased 

myofibroblast and collagen deposition. Further mechanistic ex vivo investigation revealed 

that ATF6α was required for CHOP induction and for the apoptotic death of bone marrow-

derived CD11b+ macrophages during chronic ER stress, a process we speculate to be crucial 

for the attenuation of fibrogenesis.  

CONCLUSION. CS and aberrant ER stress/UPR disturbed pulmonary macrophage 

subpopulation composition and function, expanding CD11b
+ 

macrophages, and resulted in 

alterations in wound healing and repair processes. Further investigation of CD11b
+ 

macrophages in clinical samples obtained from fibrotic ILD patients enrolled in CARE-PF 

is required. Targeting these populations through the UPR might offer a potential 

therapeutic approach to halt fibrotic ILD progression. We believe that a better 

understanding of the complex interplay of CS, UPR, and macrophage will identify 

potential intervention strategies to restore conventional macrophage and UPR functions 

and mitigate disease exacerbation.  
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Fibrotic interstitial lung diseases - Overview and pathophysiology 

Multifaceted complex interplay of genetic and environmental risk factors 

Diffuse parenchymal lung diseases comprise a wide array of heterogeneous disorders of 

known and unknown etiology1,2. These disorders are characterized by a variety of 

pathological abnormalities which predominately appear in the lung interstitium, hence, they 

are termed interstitial lung diseases (ILDs)1. Pulmonary fibrosis constitutes the late phase 

of ILDs3. Fibrotic ILD is characterized by progressive scarring of the alveolar interstitium4, 

destruction of the pulmonary parenchyma, deposition of extracellular matrix (ECM), and 

significant alterations in the phenotype and function of fibroblasts and alveolar epithelial 

cells3. Collectively, this results in progressive decline in lung function and respiratory 

failure5. Major fibrotic ILD subtypes include idiopathic pulmonary fibrosis (IPF), 

connective tissue disease-associated ILD (CTD-ILD), and chronic hypersensitivity 

pneumonitis (HP)5,6.  IPF is the most common fibrotic ILD1 that occurs primarily in older 

adults7. The etiology of IPF has not been identified, but the disease is known to be 

characterized by the presence of an imaging and pathological pattern of usual interstitial 

pneumonia (UIP)1.  

A broad range of “early phase” disease-specific pathogenic insults result in the “late 

phase” shared self-perpetuating pulmonary fibrosis1. These early inflammatory insults 

include autoimmunity as detected in CTD-ILD and chronic granulomatous inflammation 

resulting from the persistent exposure to an inhaled antigen as in the case of chronic HP1. 

Unlike the inflammation-driven fibrosis occurring in CTD-ILD and HP, disorders 
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characterized by unresolved chronic inflammatory processes, IPF is currently believed to 

manifest as a fibrotic disorder from the beginning2. IPF has been proposed to be an 

epithelial-driven disorder that results from a complex interaction of genetic and 

environmental risk factors, and aging-associated processes2. Particularly, in the genetically 

predisposed aged lung, multiple environmental risk factors (tobacco smoking, occupational 

exposures, air pollution, microaspiration, and viral infection) result in recurrent injuries to 

the alveolar epithelial cell (AEC) and this may initiate the early pathogenic mechanisms in 

IPF1,2,8–10.  Consequently, alveolar epithelial cells undergoing aberrant activation and 

phenotypic and functional changes, eventually result in maladaptive repair processes 

characterized by excessive apoptosis1,2,8–10. Notably, both inflammation- and epithelial-

driven disorders trigger similar fibrotic signaling pathways involving fibroblast and 

myofibroblast activation, tissue remodelling, persistent secretions of extracellular matrix 

components, and finally fibrosis1,2,8–10. Specifically, following repeated alveolar epithelial 

cell injuries or chronic immune inflammation, pro-fibrotic cytokines promote fibroblast 

activation, followed by proliferation and differentiation into myofibroblasts1. 

Subsequently, myofibroblasts migrate to the alveolar interstitium1 and are characterized as 

the main drivers of pathological tissue fibrosis11,12. Myofibroblasts can originate from 

multiple different precursors including the proliferation of resident fibroblasts, the 

differentiation of epithelial cells, endothelial-to-mesenchymal transition, and bone 

marrow–derived circulating fibrocytes1,12. The later phase of fibrogenesis involves 

extracellular matrix production, resulting in lung tissue remodelling and subpleural 

microscopic honeycombing. Tissue stiffness and hypoxia associated with remodelling 
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further promote myofibroblast activation and pro-fibrotic cytokine pathways1. To note, 

structural components such as fibrillar collagens and elastin perform vital roles in the ECM 

stiffness which in turn enhances myofibroblast activity through positive feedback loops, 

including the secretion and activation of matrix-bound latent transforming growth factor 

beta (TGF-β)2. TGF-β activates multiple transcriptional pathways promoting the 

expression of pro-fibrotic genes, including TGF-β itself and this subsequently leads to a 

progressive pro-fibrotic loop2 and, thereby perpetuating fibrogenesis1.  

Pathological lung fibrosis is irreversible and managing the disease is currently the 

only option. Management strategies include supplemental oxygen, smoking cessation, 

pulmonary rehabilitation7, antifibrotic drugs (pirfenidone or nintedanib for IPF patients), 

or immunomodulation with glucocorticoids and immunosuppressive therapy (for 

inflammation-driven fibrotic ILD)1. While managing fibrotic ILD aims to ameliorate  

disease symptoms or slow down disease progression while maintaining quality of life1, 

there is currently no cure for pulmonary fibrosis. This suggests the need to further 

investigate the extrinsic risk factors, the different cell types, the intrinsic molecular 

mechanisms and biological processes which contribute to fibrotic ILD 

immunopathogenesis and pathophysiology. Understanding the complex interplay of risk 

factors and cellular and molecular mechanisms will enable the identification of 

interventions and therapeutic approaches that would eventually halt and reverse pulmonary 

fibrosis.  
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Extrinsic risk factor: Smoking in fibrotic interstitial lung diseases  

Tobacco smoking is “the single most preventable cause of death in the world” (World 

Health Organization, 2008)13. Cigarette smoke, an aerosol (a mixture of solid and liquid 

particles) and gases14, contains approximately 7,357 chemical compounds15, including 

many well-characterized toxins and carcinogens14. The tobacco leaf is composed of a 

variety of alkaloid chemicals15.  Nicotine, an addictive compound in humans, is the most 

abundant15.  It has been estimated that the lungs of a 60-year-old person with a 40-pack-

year smoking history commencing at age 20 years, have inhaled the smoke from 

approximately 290,000 cigarettes14. The significant amount of carcinogens and toxins 

distributed to the respiratory system place this smoker at substantial risk for chronic 

obstructive pulmonary disease (COPD), lung cancer, and other nonmalignant diseases 

affecting all components of the respiratory tract including the mouth14. 

The role of smoking in COPD and lung cancer has already been established16,17. In 

contrast, the link between smoking and fibrotic ILDs is not yet well defined18. Principally, 

in a multicenter case-control study, a history of smoking was associated with an increased 

risk of developing IPF, with an odds ratio (OR) for ever-smokers (current and ex-smokers) 

of 1.6 (95% Confidence Interval (CI): 1.1 to 2.4)19,20. In a meta-analysis of observational 

studies, cigarette smoking and other environmental and occupational exposures were 

significantly associated with IPF development. In these studies, the overall OR for ever-

smoking as IPF risk factor was 1.58 (95% CI: 1.27–1.97)21. Paradoxically, reports also 

suggest that concurrent smoking status with IPF is positively associated with improved 
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prognosis and survival compared to never or ex-smokers22,23. Nonetheless, this 

phenomenon is not fully conserved across all cohorts. Following age and disease status 

adjustment, multiple cohorts observed no significant survival benefit with current smoking 

status24,25. These conflicting research findings might be partially due to the fact that indices 

utilized to measure IPF severity such as the diffusing capacity for carbon monoxide (DLCO) 

and the forced vital capacity (FVC) are affected by the coexistence of smoking-related 

damage24. In an attempt to resolve this issue, the composite physiologic index (CPI) was 

developed and has been used to account for the confounding functional effects of coexisting 

emphysema24 “a major confounding influence on pulmonary function indices”26. The CPI 

measures the functional damage related to pulmonary fibrosis, while excluding that 

attributable to emphysema26. As a case in point, using a cohort of 249 patients with IPF 

(current smokers, n=20; former smokers, n=166; never smokers, n=63),  Antoniou et al. 

(2008) reported that within IPF patients, current smokers had higher survival than former 

smokers, but this difference was eliminated when adjusted for disease severity, using the 

CPI24. Moreover, never smokers had better survival than former smokers and this 

difference was enhanced when adjusted for baseline disease severity, using the CPI24. 

Additionally, it was found that IPF patients who were current smokers had better 

pulmonary function outcomes at presentation23,24. Explicitly, Antoniou et al. (2008) 

demonstrated that FVC and DLCO levels were lower, and computed tomography (CT) 

disease extent and CPI scores were greater in IPF patients who were ex-smokers than in 

IPF patients who were current smokers24. Similarly, FVC and DLCO levels were lower, and 

CT disease extent and CPI scores were higher in never smokers than in current smokers 
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among IPF patients24. Furthermore, King et al. (2001) have shown that the honeycombing 

pattern was significantly higher in IPF patients who were former smokers than in IPF 

patients who were considered current or never smokers in addition to showing that FVC 

and forced expiratory volume (1 second) (FEV1) were significantly lower and the 

FEV1/FVC ratio was significantly higher in never smokers than former smokers23. Lastly, 

FVC and FEV1 were significantly greater and FEV1/FVC ratio was significantly lower in 

current smokers compared with never and former smokers23. These less severe pulmonary 

function indices detected in IPF patients who were current smokers compared to IPF 

patients who were former smokers might be caused by “healthy smoker effect” which states 

that patients with more critical disease symptoms are more likely to cease smoking for 

recognized health reasons24. Hence, current smoking might be considered as a marker of 

less severe disease, correlated with better outcome and survival24. Interestingly, in a cohort 

of IPF patients (never smokers, n=32; smokers, n=66), Kishaba et al. (2016) have found 

that 50% and 18% of the never smoker and smoker patients, respectively, experienced acute 

exacerbation (AE) and that after adjusting for CPI and prednisolone use, never smoker 

patients showed tendency to develop AE more frequently and late than that of smoker 

patients22. In addition, within IPF patients, the median survival period of never smokers 

and smokers was 18.5 and 26.3 months, respectively. Surprisingly, after the adjustment of 

baseline CPI, IPF patients who were never smokers showed worse prognosis than that of 

IPF patients who were considered smokers22. Lastly, Song et al. (2011) revealed that never 

smoking and reduced FVC were significant risk factors for AE in IPF27. Interestingly, 

cigarette smoking has been proposed to protect from developing HP28. It has been 
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suggested that the protective effect of smoking in this disease is caused by the suppression 

of T helper  (Th) 1 cell immunity by cigarette smoking, but this functional impairment of 

the immune system may potentially result in alternative lung diseases18.  

The present Ph.D. thesis’s primary goal was to shed light on these clinical 

controversies and contradicting research findings by further investigating the impact of 

smoking status on the survival and pulmonary function decline in fibrotic ILD patients 

enrolled in a Canadian registry. Moreover, using preclinical experimental mouse models, 

advanced flow cytometry-based techniques, and ex vivo approaches, the present Ph.D. 

studies aimed to untangle the cellular and molecular mechanisms by which smoking 

influences pulmonary fibrosis development, progression, and immunopathogenesis. We 

believe that this will ultimately enable the development of drugs that will specifically target 

cells and pathways that are activated or impaired by cigarette smoke-associated 

fibrogenesis.    

Cell type: Pulmonary macrophages 

Pulmonary macrophage composition and phenotype  

Pulmonary macrophages are highly heterogeneous. They are composed of multiple 

subpopulations with independent and diverse functional roles and phenotypes, and express 

different cell surface proteins. Pulmonary macrophages can be stratified into two broad 

populations; resident alveolar macrophages (Res-AM) and interstitial macrophages 

(IM)29,30. Resident alveolar macrophages, the most abundant macrophage populations30, 

perform vital roles in both stimulating and suppressing the immune  response, as well as in 
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surfactant/lipid processing and iron homeostasis31. Specifically, AMs are critical for 

immune defence mechanisms such as phagocytosis, the production of inflammatory 

mediators such as reactive oxygen species (ROS), and the secretion of inflammatory 

cytokines such as interleukin (IL)‐1, IL‐2, IL‐4, IL‐6, IL‐8, tumour necrosis factor‐α (TNF-

α), and interferon gamma (IFN-γ). In addition, AMs produce anti-inflammatory mediators 

and remove apoptotic bodies (efferocytosis) to resolve inflammatory processes31. 

Mechanistic mouse work has indicated that AMs are derived from yolk sac precursors of 

fetal monocytes during embryogenesis, which populate the alveoli shortly after birth and 

persist over the lifespan via self-renewing embryo-derived cells independently of bone 

marrow-derived cells under homeostatic conditions31–41. Conversely, during inflammation 

or injury states, there is an expansion in inflammatory monocyte recruitment from the 

circulation41. Recruited monocytes have been proposed to differentiate into monocyte-

derived alveolar macrophages (Mo-AM)42 or monocyte-derived IM populations43. Both  

macrophage subtypes were shown to persist in the lung over a sustained period of time and 

contribute to immunopathogenesis and fibrosis42,43. IMs, constituting 30-40% of lung 

macrophages, are crucial for tissue remodelling and maintenance, as well as antigen 

presentation29,30. Together with AMs, IMs contribute to barrier immunity in the lung29. 

Although AM origin is well-characterized, IM ontogeny is more complicated and less 

studied. Currently, interstitial macrophages are believed to originate from an embryonic 

yolk-sac-derived origin and are maintained by postnatal bone marrow-derived cells30,35. 

Furthermore, Gibbings et al. (2017) have identified three distinct subpopulations of 

interstitial macrophages, displaying different transcriptional profiles in C57BL/6 mouse 
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lung at steady state32. Using flow cytometry, Gibbings et al. (2017) have isolated 

MerTK+CD64+ total pulmonary macrophages from which siglecF+CD11c+CD11b- AMs 

and SiglecF-CD11b+ IMs were gated32. Subsequently, IMs were further divided into three 

different IM subtypes based on the expression levels of CD11c and MHCII. They termed 

the different IM subpopulations as follows: “IM1” (CD11clowMHCIIlow); “IM2” 

(CD11clowMHCIIhigh); and “IM3” (CD11c+MHCIIhigh)32. Gibbings et al. (2017) provided 

evidence that the three IMs were clearly distinguishable from AMs and from each other. 

Unique cell surface markers that are commonly expressed on AMs (Marco, SiglecF, and 

Csf2r) were not detected on any of the three IMs and IMs, but not AMs were found to 

express genes that repress self-renewal, such as Mafb and Maf32. Additionally, monocyte-

related genes such as Cd14, Cd163, and Csfr1 (macrophage colony-stimulating factor [M-

CSF] receptor) were greatly expressed on IMs compared with AMs and this further 

reinforces findings suggesting that IMs arise from postnatal circulating monocytes32.  

In addition to the stratification of pulmonary macrophage populations into Res-AM, 

Mo-AM, IM1, IM2, and IM3, studies further suggest that the functional status of 

macrophage subpopulations is influenced by the immune environment. In particular, 

depending upon the specific mediators and micro-environmental stimuli and signals, 

monocyte-derived macrophages can be skewed toward two distinct polarised phenotypes 

in vitro31,44,45. Pro-inflammatory “M1 macrophages” are classically activated typically by 

lipopolysaccharide (LPS), IFN-γ and/or TNF-α, and are responsible for pathogen 

clearance, produce pro-inflammatory cytokines, and generate a Th1-cell environment. Pro-
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fibrotic “M2 macrophages” are alternatively activated by IL-4, IL-13, and IL-10 and are 

essential for suppressing inflammation, promoting tissue remodelling, resolution and tissue 

repair, mediating wound healing and fibrogenesis, and establishing a Th2-cell 

environment31,44,45. M1 markers include CD80,  toll-like receptor (TLR) 4, MHCII, 

CD8644, and CD3846, whereas M2 is characterized by the high expression of arginase-1 

(Arg-1), the family of proteins chitinase-like Ym1/2 and Fizz1/RELM-α (found in 

inflammatory zone 1), and mannose receptor (CD206)44. In vivo, however, macrophages 

are highly plastic, have a spectrum of differentiation, and can co-express both M1 and M2 

markers31.   

Pulmonary macrophage contribution to cigarette smoke-induced inflammation 

Cigarette smoke exposure results in oxidative stress leading to a chronic low-grade 

inflammation and recruitment of inflammatory cells to the airways by the stimulation of 

epithelial cells, alveolar macrophages, neutrophils, and T lymphocytes31. Cigarette 

smoking impairs the development, cytokine secretion, and effector function of both innate 

immune cells, including dendritic cells, macrophages and natural killer cells, and adaptive 

immune cells, such as cytotoxic CD8+ T cells, CD4+ T helper cells, regulatory T cells and 

B cells, resulting in aggravated pro-inflammatory responses and/or dysfunction of immune 

cells47. To this end, cigarette smoke can either exacerbate pathological immune responses 

or dampen the normal defensive function of the innate and adaptive immunity47. 

Particularly, cigarette smoke attenuates immunity against infections, but paradoxically 

enhances autoimmunity47.  Further research is warranted to better understand the 
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mechanisms underlying immunopathology associated with smoking. Notably, central to 

cigarette smoke-associated immunopathology is the macrophage.  

The impact of cigarette smoke exposure on each individual macrophage 

subpopulation is yet to be elucidated. Nevertheless, it has been shown that the number of 

bronchoalveolar lavage (BAL) macrophages was significantly higher in humans who are 

considered current smokers compared to former and never smoker subjects48. Although 

smoke exposure is associated with an expansion in the number of BAL macrophages, 

smoke-exposed macrophage function is supressed. Gaschler et al. (2008) have provided 

evidence that although increased in the BAL of smoke-exposed mice, macrophages had 

significantly attenuated production of inflammatory cytokines (TNF-α and IL-6) and the 

chemokine RANTES and that was associated with decreased nuclear translocation of the 

pro-inflammatory transcription factor “nuclear factor kappa-light-chain-enhancer of 

activated B cells” (NF-kB), in response to innate pattern recognition receptors (PRRs) ex 

vivo stimulation which normally activates pathways associated with bacterial and viral 

infections49.  In line with preclinical mouse findings, alveolar macrophages obtained from 

humans who were healthy smokers, produced lower levels of pro-inflammatory cytokines 

(TNF-α, IL-1β, and IL-6) in response to LPS (TLR4 agonist) stimulation compared to never 

smoker macrophages50. An increase in the size of alveolar macrophages has been reported 

in both smoker subjects and COPD patients who were current smokers compared to never 

smoker subjects51. This has been proposed to be caused by lipid accumulation in smoke-

exposed macrophages, resulting in their foamy feature52, which in turn increased IL-1α 
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production contributing to cigarette smoke-induced inflammation52,53. Other smoke-

induced macrophage dysfunction includes; impaired phagocytosis and ROS production, 

enhanced proteinase release, damaged iron metabolism, and altered efferocytosis31. 

The impact of cigarette smoke on macrophage M1/M2 polarization status remains 

inconclusive. Some findings suggest that cigarette smoke up-regulates pro-fibrotic M2-like 

characteristics of macrophages54, while others propose that cigarette smoke enhances pro-

inflammatory M1-like characteristics of macrophages55. Specifically, a study conducted by 

Shaykhiev et al. (2009) revealed that genes associated with M1 polarization were down-

regulated in AM of healthy smokers compared to healthy non-smokers and that genes 

associated with M2-like polarization were up-regulated in healthy smokers54. Similarly, 

M1-related genes were further down-regulated and M2-related genes were further up-

regulated in AM of COPD patients who were smokers when compared to healthy 

smokers54. In contrast, Karimi et al. (2006) have shown that human monocyte-derived 

macrophages produced the pro-inflammatory cytokine IL-8 upon exposure to cigarette 

smoke medium55. Lastly, Eapen et al. (2017) have reported different macrophage 

polarization status depending on the location within the lung. Macrophages were found to 

predominantly acquire the M1 phenotype in small airways in both healthy smokers and 

COPD patients who were smokers compared to non-smokers56. On the other hand, BAL 

AMs were mostly of the M2 phenotype and BAL cytokines were skewed towards an M2 

profile in both healthy smokers and COPD patients who were smokers56.  
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Taken together, despite the recent advances in the understanding of pulmonary 

macrophage composition and phenotypic plasticity under homeostatic conditions and 

during ongoing inflammation, the exact manner in which cigarette smoke exposure impacts 

the relative composition and function of pulmonary macrophage subpopulations during 

tissue remodelling and fibrogenesis has not been elucidated.  

Pulmonary macrophage contribution to tissue remodelling and fibrosis 

Recruited monocyte-derived macrophages are considered central orchestrators of 

pulmonary fibrosis pathogenesis. Particularly, a distinct population of  macrophages was 

found to be associated with impaired tissue remodelling in pulmonary fibrosis lung 

explants57–60. Further, an expansion in monocyte-derived macrophage subpopulations was 

associated with enhanced fibrogenesis in mouse experimental models of lung 

fibrosis42,61,62. In particular, using a genetic lineage tracing system, Misharin et al. (2017) 

have demonstrated that the genetic depletion of Mo-AM following their recruitment to the 

lung significantly reduced the severity of bleomycin-induced lung fibrosis, whereas the 

deletion of Res-AM had no effect on fibrogenesis42. Similarly, Joshi et al. (2020) have 

illustrated that the genetic deletion of Mo-AM but not Res-AM, attenuated asbestos-

induced lung fibrosis61. In addition, Mo-AM subpopulations, expressing pro-fibrotic genes, 

were located in a fibrotic niche in the proximity of fibroblasts61.  

Notably, studies further provided evidence of the contributions of M2-polarized 

alternatively activated macrophages in the development of fibrotic lung diseases43,63–67. 

Specifically, Prasse et al. (2006) have shown that the secretions of an M2 marker known 
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as CC chemokine ligand 18 (CCL18) were significantly higher in the supernatant of 

cultured BAL macrophages collected from IPF patients compared to healthy donor BAL 

supernatant63. Additionally, flow cytometry analysis revealed that the % of CCL18+ BAL-

derived cells was significantly higher in IPF patients compared to healthy control 

subjects63. Furthermore, Gibbons et al. (2011) have demonstrated that the in vivo depletion 

of lung macrophages during the fibrotic phase of bleomycin-induced pulmonary fibrosis, 

dramatically attenuated the fibrotic response in mice and that was associated with a 

reduction in the expression of M2 markers such as Ym1 and Arg-164. Similarly, the 

depletion of Ly6Chigh circulating monocytes during the fibrotic phase significantly reduced 

pulmonary fibrosis and the number of Ym1-positive cells64, suggesting the critical roles of 

both circulating monocytes and M2-polarized macrophages in lung fibrogenesis. 

Moreover, Ji et al. (2014) and Misharin et al. (2013) studies have provided evidence that 

during the fibrotic phase of the bleomycin model in mice, IMs acquired a pro-fibrotic 

phenotype, characterized by elevated expression of CD20643,65. Lastly, our group has 

previously found that the overexpression of IL-6, in combination with bleomycin in mice, 

resulted in increased lung elastance, collagen content, and fibrotic score and that was 

associated with the accumulation of Arg-1+CD206+ M2-like macrophages66.  

To date, the mechanisms by which macrophage composition and function are 

altered during fibrogenesis are yet to be investigated.  We believe that having a better 

understanding of the extrinsic factors and the intrinsic cellular and molecular pathways 
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involved in macrophage pro-fibrotic function during tissue remodelling will enable the 

identification of potential therapeutic targets.  

Intrinsic molecular mechanism: Role of protein misfolding, endoplasmic reticulum 

stress, and the unfolded protein response in pulmonary fibrosis 

Endoplasmic reticulum stress and the unfolded protein response - Overview 

The endoplasmic reticulum (ER) is essential for the synthesis, modification and processing, 

folding, and assembly of secretory and membrane proteins68,69. Proteostasis, also known as 

protein homeostasis, can be altered by internal or external stressors resulting in an 

accumulation of unfolded or misfolded proteins within the ER lumen68. When the ER 

protein folding capacity is exhausted, cells undergo a condition termed ER stress70. In an 

attempt to restore proteostasis, cells have evolved an evolutionary conserved signal 

transduction pathway called the unfolded protein response (UPR)70.  UPR is composed of 

three ER transmembrane sensors: inositol-requiring enzyme 1 (IRE1), activating 

transcription factor 6 (ATF6), and protein kinase R (PKR)-like endoplasmic reticulum 

kinase (PERK)68,71,72. In an unstressed cell, binding immunoglobulin protein (BiP) also 

called glucose-regulated protein 78 (GRP78), a molecular chaperone that facilitates protein 

folding, is bound to IRE1, ATF6, and PERK to maintain these sensors in an inactive 

state68,71,72. Due to the higher affinity of GRP78 to the hydrophobic regions of the misfolded 

or unfolded proteins, it dissociates from these sensors during ER stress, stimulating the 

downstream UPR signaling pathways68,71,72. UPR sensors work independently to alleviate 

ER stress by terminating protein translation, enhancing misfolded protein degradation, 
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upregulating the expression of chaperones, and expanding the size of the ER68. This 

response leads to cellular survival. However, if UPR fails to restore proteostasis and the 

normal functions of the ER fail to recover, chronic UPR activation can lead to pathologic 

reprogramming of the cell or cellular dysfunction and initiation of pro-apoptotic pathways 

resulting in cell death69,73. Prolonged UPR-mediated apoptosis occurs via three primary 

pathways including; the activation of the cJUN NH2-terminal kinase (JNK) pathway, 

which is mediated by the formation of the IRE1-TNF receptor-associated factor 2 

(TRAF2)-apoptosis signal-regulating kinase1 (ASK1) complex (IRE1/ASK1/JNK), the 

activation of the caspase-12 kinase pathway, and the stimulation of the CCAAT/enhancer 

binding proteins (C/EBP) homologous protein (CHOP)/GADD153 pathway69,74. In the 

case of prolonged ER stress and UPR, apoptosis occurs when functions of the ER are 

rigorously disrupted, in order to protect the organism by destroying the damaged cells74. 

In pulmonary fibrosis, stressors such as hypoxia, cigarette smoke, particulate 

matter, asbestos, bacterial, fungal, and viral pathogens may stimulate aberrant ER stress 

and UPR in a genetically predisposed lung71. ER stress and UPR processes have been 

proposed to contribute to pulmonary fibrosis through the stimulation of epithelial cell 

apoptosis, skewed polarization of macrophages, and differentiation of fibroblasts to 

myofibroblasts68,72.   
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Impact of endoplasmic reticulum stress on pro-fibrotic feature of alveolar epithelial cells 

in pulmonary fibrosis  

Burman et al. (2018) have found that CHOP-deficient mice were protected from lung 

fibrosis following repetitive intratracheal bleomycin administration via the attenuation of 

AEC apoptosis75. Localized hypoxia might be a potential mechanism for inducing ER stress 

as hypoxia was detected in type II AECs found in mice treated with repetitive intratracheal 

bleomycin75. In human IPF lungs, CHOP and the hypoxia marker, hypoxia-inducible factor 

1α (HIF-1α), were upregulated in type II AECs, further providing evidence that localized 

hypoxia resulted in ER stress–mediated CHOP expression, thus promoting type II AEC 

apoptosis and initiating lung fibrosis75. Similarly, Delbrel et al. (2018) have demonstrated 

that HIF-1α and CHOP were both co-localized in hyperplastic AECs found in IPF patients’ 

lung biopsies and in bleomycin-treated mice, but not in controls76. They have also found 

that hypoxia and HIF-1α can induce ER stress and CHOP-mediated apoptosis in AEC76. 

These results further suggest that localized hypoxia and the expression of HIF-1α contribute 

to UPR activation, CHOP induction, and AEC apoptosis, thereby leading to alveolar 

epithelial cell impairment and eventually aggravating lung fibrosis76.  

Impact of endoplasmic reticulum stress on pro-fibrotic feature of macrophages in 

pulmonary fibrosis  

It has been previously demonstrated that the genetic deletion of UPR regulators resulted in 

either protection or aggravation of the fibrotic responses mediated by the modulation of 

UPR-mediated macrophage apoposis77. Specifically, the haploinsufficiency of GRP78 led 
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to the apoptosis of M2-like macrophages and that was associated with protection from 

pulmonary fibrosis77. Conversely, CHOP deficiency led to an accumulation of the M2-like 

macrophage subpopulations and an enhanced fibrotic response77. Additionally, UPR is 

believed to be critical in the differentiation of a wide array of cell types from inactive states 

to synthetic cells with high secretory capacities, including macrophages, plasma cells, 

adipocytes, and myofibroblasts77. We previously demonstrated that the addition of IL-6 to 

macrophages led to a hyperpolarized pro-fibrotic M2 phenotype associated with increases 

in the activation of both IRE1-XBP1 and cleaved ATF6 pathways78. Inhibition studies 

targeting the IRE1-XBP1 arm of the UPR reduced the ER expansion program of 

macrophage, a process required for their activation toward the hyperpolarized M2 

phenotype78. However, the contribution of the ATF6α arm previously shown to also be 

responsible for the expansion of the endoplasmic reticulum and activation of Chinese 

hamster ovary (CHO) cells and mouse embryo fibroblasts in the absence of XBP1-

splicing79, has not yet been investigated in the context of macrophage activation. 

Impact of endoplasmic reticulum stress on pro-fibrotic feature of myofibroblasts in 

pulmonary fibrosis  

In human and mouse lung fibroblasts, pharmacological inhibition of ER stress through the 

usage of a chemical chaperone, sodium 4-phenylbutyrate (4-PBA) suppressed TGFβ1-

induced alpha smooth muscle actin (α-SMA) and collagen production, suggesting the 

involvement of ER stress in myofibroblast differentiation80. Similar to macrophage 

alternative activation, treatment of fibroblasts with an IRE1 inhibitor attenuated TGFβ1-
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induced collagen 1α2 and fibronectin production in IPF lung fibroblasts but not in those 

from non-IPF donors81.   

Collectively, current data provide evidence of the involvement of ER stress and the 

UPR in regulating alveolar epithelial cells, macrophages, and myofibroblasts, however, 

conflicting findings suggest both protective and detrimental effects of these internal 

processes during fibrogenesis. Therefore, further investigation is required to determine 

whether the net effect of ER stress and the UPR is pathogenic or protective in lung fibrosis 

and to decipher the lung cell type that is affected the most by the alterations of these 

processes and thereby, will represent the main cell contributor to the immunopathogenesis 

and pathophysiology of fibrotic lung diseases.  

Activating transcription factor 6 alpha 

p90ATF6 encoded by the Atf6 gene, is a type II transmembrane glycoprotein localized in 

the ER. p90ATF6 is synthesized as a precursor protein in unstressed cells and undergoes 

proteolytic cleavage into the soluble nuclear active form p50ATF6 in response to ER 

stress82. Additionally, there is another protein that is closely related to ATF6, which is 

encoded by the G13 or cAMP-response-element-binding protein-related protein (CREB-

RP) gene. Haze et al. (2001) named the ATF6 gene product “p90ATF6α” and the 

G13/CREB-RP gene product as “p110ATF6β”83. Both isoforms are ubiquitously 

synthesized ER-localised basic leucine zipper (bZIP) transcription factors, which are 

composed of an ER luminal domain that senses ER-stress, a transmembrane segment, and 

an N-terminal cytoplasmic domain with transcriptional activity84.  In response to ER stress, 
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both isoforms relocate from the ER to the Golgi apparatus where cleaved by Site-1 and 

Site-2 proteases, giving rise to the cytoplasmic N-terminal regions, designated as 

p50ATF6α(N) and p60ATF6β(N) which enter the nucleus and induce the transcription of 

target genes83–85. Yamamoto et al. (2007) have previously developed full body ATF6α-or 

ATF6β- knockout mice with no observed pathological phenotype, whereas, their double 

knockout resulted in embryonic mortality86. We here focused on studying ATF6α as it was 

previously shown that in MEFs, ATF6α but not ATF6β was required for the transcription 

induction of ER chaperones that augmented ER protein folding capacities86,87. Moreover, 

previous findings have demonstrated that the overexpression of ATF6α upregulated 

myocardin induction and its depletion reduced myocardin expression during the 

differentiation of embryonic stem cell towards the smooth muscle cell (SMC) lineage88. 

These findings indicated that ATF6α may have a role in cell differentiation likely via the 

ER expansion program89.  

To date, the role of ATF6α arm of UPR in macrophage activation, pro-fibrotic 

function, and apoptosis during lung injury, tissue remodelling, and fibrogenesis has not 

been determined.  
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Mouse models of lung fibrosis, a published book chapter 

Note: 

This section of the present thesis’ introduction includes a reprint version of a currently 

published book chapter which discusses preclinical mouse models of lung fibrosis and 

relevant research methodologies utilized to assess fibrotic measures. Preclinical fibrosis 

mouse models and methods described in detail in this book chapter, have been used in all 

primary research work conducted in the present thesis and depicted primarily in chapters 3 

and 4 which include two original research articles.  

Status of the work: 

 First Online: 25 May 2021 

Citation: Mekhael O. et al. (2021) Mouse Models of Lung Fibrosis. In: Hinz B., Lagares 

D. (eds) Myofibroblasts. Methods in Molecular Biology, vol 2299. Humana, New York, 

NY. https://doi.org/10.1007/978-1-0716-1382-5_21  

https://doi.org/10.1007/978-1-0716-1382-5_21
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Central Aim and Thesis Objectives 

The central aim of the present Ph.D. thesis is to investigate the contribution of extrinsic risk 

factors (smoking), cell types (macrophages), intrinsic molecular mechanisms and 

biological processes (ER stress/UPR) to the immunopathogenesis and pathophysiology of 

fibrotic lung diseases. The present thesis has three specific hypothesises. First of all, we 

hypothesize that smoking will be associated with poorer survival and more severe 

pulmonary function outcomes in patients diagnosed with fibrotic ILD. Second, we 

hypothesize that CS exposure expands monocyte-derived AM and IM subpopulations. We 

hypothesize further that expanded monocyte-derived macrophages will exacerbate 

immunopathology in a mouse model of lung injury. Third, we hypothesize that the myeloid-

specific deletion of Atf6α will halt the pro-fibrotic function of pulmonary macrophage 

subpopulations during lung injury and tissue remodelling. To test these hypothesises, we 

have developed the following three objectives:  1) To investigate the effect of smoking 

status on the survival and pulmonary function decline in fibrotic ILD patients enrolled in 

the Canadian Registry for Pulmonary Fibrosis, a prospective observational cohort. 2) To 

assess the impact of CS exposure on macrophage subpopulation composition using a 

whole-body CS exposure system for mice. To examine the functional consequences of 

altered macrophage subpopulations, we used a model of concurrent bleomycin-induced 

lung injury and cigarette smoke exposure to assess tissue remodelling processes.  3) To 

investigate the impact of the myeloid-specific deletion of Atf6α, one of the UPR mediators, 

on pulmonary macrophage subpopulation composition and function during lung injury, 

tissue remodelling, and fibrogenesis.  
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Abbreviations:  

Acute exacerbation - AE 

Canadian registry for pulmonary fibrosis - CARE-PF 

Composite physiologic index - CPI 

Computed tomography - CT 

Confidence interval - CI 

Connective tissue diseases - CTD 

Connective tissue disease-associated interstitial lung disease - CTD-ILD 

Desquamative interstitial pneumonitis - DIP 

Diffusing capacity for carbon monoxide - DLCO   

Forced expiratory volume (1 second) - FEV1 

Forced vital capacity - FVC  

Hazard ratio - HR 

Hypersensitivity pneumonitis - HP 

Idiopathic pulmonary fibrosis - IPF 

Interstitial lung disease - ILD  

Interstitial lung disease-Gender-Age-Physiology - ILD-GAP 
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Odds ratio - OR 

Pulmonary Langerhans cell histiocytosis - PLCH 

Respiratory bronchiolitis ILD - RB-ILD  

Smoking-related interstitial fibrosis - SRIF 

Unclassifiable ILD - U-ILD  

Usual interstitial pneumonia - UIP   
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ABSTRACT 

Rationale. A direct causal link or strong association can be made with smoking and many 

interstitial lung diseases (ILDs). Current literature to date, however, demonstrates 

conflicting evidence regarding the impact of smoking status on long-term outcomes in the 

setting of ILD.  We here describe the impact of smoking status on the survival and 

pulmonary function decline in patients enrolled in the Canadian Registry for Pulmonary 

Fibrosis (CARE-PF), a prospective observational cohort study.   

Methods. Participants were studied from Nov 2015 to Nov 2020. Prospective data were 

collected, and patients were categorized according to fibrotic ILD diagnosis and smoking 

status.  Survival was evaluated against smoking status, using time-to-event models. Time-

to-event analysis was also used to assess whether smoking history impacted the rate of 

forced vital capacity (FVC) and diffusing capacity for carbon monoxide (DLCO) decline.  

Of note, we examined time to 10% decline in percent predicted FVC and time to 15% 

decline in DLCO in the initial 27 months following the first visit after the ILD diagnosis. 

Main Results. The study group consisted of 3062 patients diagnosed with key CARE-PF 

diagnostic subgroups: Idiopathic pulmonary fibrosis (IPF), connective tissue disease-

associated interstitial lung disease (CTD-ILD), hypersensitivity pneumonitis (HP), and 

unclassifiable ILD (U-ILD). IPF patients were more likely to have a smoking history 

compared to the other fibrotic ILDs (P<0.0001). Hazard ratio assessments demonstrated 

that CTD-ILD, HP, and U-ILD patients had lower mortality than IPF patients whether they 

belonged to the never smoker or smoker categories. Subgroup analysis showed that there 
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was a significant interaction between smoking and fibrotic ILD diagnosis, with respect to 

mortality, with smoking affecting the risk of death in CTD-ILD and U-ILD patients more 

than IPF and HP patients. We also found that in all subtypes of fibrotic ILD examined, time 

to 15% DLCO decline was significantly shorter in smokers (HR: 1.21, 95% CI: 1.06-1.39), 

whereas no significant difference was seen in time to 10% FVC decline between smokers 

and never smokers (HR: 1.12, 95% CI: 0.98-1.28).   

Conclusion. IPF patients were more likely to have a smoking history and were found to 

have higher mortality compared to the other fibrotic ILD patients. However, the high 

mortality rate detected in IPF patients might not necessary be mediated by smoking. 

Notably, among fibrotic ILD patients, smoking affected DLCO decline, but not FVC decline. 

Research is warranted to offer insight into mechanisms by which continuous smoke and 

smoke cessation affect fibrotic ILD development, immunopathogenesis, and progression.  
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INTRODUCTION 

Interstitial lung disease (ILD) is a group of lung diseases defined by the occurrence of 

cellular proliferation, cellular infiltration, and/or aberrant fibrogenesis of the lung 

parenchyma which are not caused by infection or neoplasia90. ILDs may result from a wide 

array of causes including; environmental, occupational, medication-related exposures, or 

from one of the several systemic autoimmune or connective tissue diseases (CTDs)91.  If 

no etiology is identified, patients with interstitial fibrosis receive a classification of 

idiopathic interstitial pneumonia7. The most common idiopathic interstitial pneumonia is 

idiopathic pulmonary fibrosis (IPF), a chronic, progressive, fibrotic ILD7. Smoke exposure 

has been reported to be associated with the development of various subtypes of ILD, such 

as respiratory bronchiolitis ILD (RB-ILD), desquamative interstitial pneumonitis (DIP), 

pulmonary Langerhans cell histiocytosis (PLCH), smoking-related interstitial fibrosis 

(SRIF), and idiopathic pulmonary fibrosis18,28,91,92.  

Principally, in a multicenter case-control study, a history of smoking was associated 

with an increased risk of developing IPF, with an odds ratio (OR) for ever-smokers (current 

and ex-smokers) of 1.6 (95% Confidence Interval (CI): 1.1 to 2.4)19,20. In a meta-analysis 

of observational studies, cigarette smoking and other environmental and occupational 

exposures were significantly associated with IPF development. In these studies, the overall 

OR for ever-smoking as IPF risk factor was 1.58 (95% CI: 1.27–1.97)21. Paradoxically, 

reports suggest that concurrent smoking status with IPF is positively associated with 

improved prognosis and survival compared to never or ex-smokers22,23. Nonetheless, this 
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phenomenon is not fully conserved across all cohorts. Following age and disease status 

adjustment, multiple cohorts observed no significant survival benefit with current smoking 

status24,25.  

To shed light on these clinical controversies, our study aims to further investigate 

the impact of smoking status on the survival and pulmonary function decline in fibrotic 

ILD patients by examining the Canadian Registry for Pulmonary Fibrosis (CARE-PF), a 

national, mutli-centre, and prospective registry.   
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METHODS 

Study population 

Patients enrolled in the CARE-PF were studied from Nov 2015 to Nov 2020.  As previously 

described, CARE-PF is the first prospective multi-centre registry for fibrotic ILD patients 

in Canada5,93.  Consenting patients with incident or prevalent fibrotic ILD who met 

eligibility criteria, were recruited from specialized Canadian ILD clinics at Vancouver, 

Calgary, Hamilton, Toronto, Montreal, and Saskatoon as previously described5,93. 

Diagnostic criteria for fibrotic ILDs, baseline clinical data (demographics, smoking history, 

comorbidities,…), patient-reported outcomes (dyspnea,…), and quality of life were 

recorded prospectively and pulmonary function tests were measured as previously 

described5. Measurements of pulmonary symptoms and quality of life were conducted at 

baseline and at approximately six monthly intervals, or more frequently during periods of 

rapidly changing health status5. The impact of smoking status on survival and pulmonary 

function decline was examined in the complete population and amongst key CARE-PF 

diagnostic subgroups: idiopathic pulmonary fibrosis, connective tissue disease-associated 

interstitial lung disease (CTD-ILD), hypersensitivity pneumonitis (HP), and unclassifiable 

ILD (U-ILD).  

Outcome assessment 

Survival  

Assessing the impact of smoking status on survival was our primary outcome. Survival was 

evaluated against smoking status, using time-to-event curves analyzed by Cox proportional 



Ph.D. Thesis – O. Mekhael                             McMaster University – Medical Sciences 

64 
 

hazards regression. Data were depicted with Kaplan-Meier survival curves. Unadjusted 

hazard ratio (HR) was reported along with HR adjusted for the interstitial lung disease-

Gender-Age-Physiology (ILD-GAP) score which incorporates known prognostic risk 

factors for ILD: age, sex, lung function, and ILD diagnosis. Survival time was reported as 

the number of years from the patient’s initial visit until death or lung transplant.    

Pulmonary function decline 

Time-to-event analysis was used to assess whether smoking history impacted the rate of 

forced vital capacity (FVC) and diffusing capacity for carbon monoxide (DLCO) decline.  

A relative 10% decline in percent predicted FVC and 15% decline in DLCO in the initial 27 

months following the first visit after the ILD diagnosis was used to denote physiologic 

progression.    

Statistical analysis 

Statistical analyses were performed using STATA version 15 (Stata Corporation, College 

Station, TX, USA). A chi-squared test was performed using GraphPad Prism 9.1 (GraphPad 

Software, Inc) and was used to compare the frequency of smoking history between all the 

fibrotic ILD diagnosis. A P value less than 0.05 was considered statistically significant.  
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RESULTS 

Fibrotic ILD patient demographic characteristics, clinical data, and smoking history 

The study group consisted of 3062 patients with fibrotic ILD prospectively enrolled into 

the Canadian Registry for Pulmonary Fibrosis. Fibrotic ILD patients’ demographic and 

clinical characteristics are shown in Table 1. Out of 3062 patients with fibrotic ILD, 961 

(31%) were diagnosed with IPF (never smokers, n=230; smokers, n=731 (76%)), 1175 

(38%) with CTD-ILD (never smokers, n=594; smokers, n=581 (49%)), 264 (9%) with HP 

(never smokers, n=115; smokers, n=149 (56%)), and 662 (22%) patients with U-ILD 

(never smokers, n=228; smokers, n=434 (66%)) (Table 1 and Figure 1).  Throughout the 

whole study, current smokers and ex-smokers have been combined into one category 

(smokers) given the low number of patients categorized as current smokers (Table 1). Chi-

squared test demonstrated that IPF patients were more likely to have a smoking history 

compared to the other fibrotic ILDs (P<0.0001). Notably, within IPF and CTD-ILD 

patients, never smokers had significantly lower FVC and significantly higher DLCO in the 

first visit compared to current or former smokers (Table 1). Within HP patients, no 

differences were detected in initial FVC or DLCO measures between never, ex-, and current 

smokers (Table 1). Within U-ILD patients, never smokers had significantly lower initial 

FVC measure compared with current and former smokers, whereas smoking status did not 

affect DLCO measure (Table 1). Furthermore, CTD-ILD patients who were current smokers 

were significantly younger compared to never and former smokers. However, there was no 
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significant age difference between current, former, and never smokers in the other fibrotic 

ILD patients (Table 1).  

Impact of smoking status on survival in fibrotic ILD  

Time-to-event analysis was used to assess the relationship between smokers and never 

smokers adjusted for the ILD-GAP score which incorporates known prognostic risk factors 

for ILD: age, sex, lung function, and ILD diagnosis. Within all subtypes of fibrotic ILD 

examined, smokers had a significantly higher mortality compared to non-smokers, after 

adjusting for age, sex, and lung function (HR: 1.36, 95%  CI: 1.16-1.61). These 

relationships were evaluated by an unadjusted Kaplan-Meier survival curve which showed 

better survival in never smokers compared with ever-smokers (current and ex-smokers) 

among fibrotic ILD patients (Figure 2). Furthermore, data from an unadjusted Kaplan-

Meier survival curve provided evidence that IPF patients had a higher mortality compared 

to the other fibrotic ILD patients (Figure 3). Subsequently, the mortality of CTD-ILD, HP, 

and U-ILD patients was compared to IPF patients by assessing unadjusted hazard ratio 

(stratified by subgroup (smokers vs non-smokers)). HR values shown in Table 2 provided 

evidence that mortality was significantly higher in IPF patients who were smokers 

compared to each of the other fibrotic ILD subtypes who belonged to the smoker group. 

Similarly, mortality was significantly higher in never smoker IPF patients compared to each 

of the other never smoker fibrotic ILD subtypes (Table 2). Lastly, we determined whether 

smoking was an effect modifier in the relationship between ILD diagnosis and mortality by 

conducting a subgroup analysis of mortality in smokers compared to non-smokers, 
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stratified by ILD diagnosis. Findings from subgroup analysis of smokers versus never 

smokers by diagnosis demonstrated that overall, there was a significant interaction between 

smoking and fibrotic ILD diagnosis (p-value for interaction is 0.039), with respect to 

mortality (Figure 4). Specifically, the subgroup analysis has shown that smoking was an 

effect modifier and significantly increased mortality in CTD-ILD and U-ILD patients but 

did not have a significant effect on mortality in IPF and HP patients (Figure 4).  

Impact of smoking status on pulmonary function decline in fibrotic ILD 

Further, time-to-event analysis was used to assess whether smoking history impacted the 

rate of FVC and DLCO decline.  A relative 10% decline in percent predicted FVC and 15% 

decline in DLCO in the initial 27 months following the first visit after the ILD diagnosis was 

used to denote physiologic progression. We found that within all fibrotic ILD patients, time 

to DLCO decline was significantly shorter in smokers (HR: 1.21, 95% CI: 1.06-1.39), 

whereas no significant difference was seen in time to FVC decline between smokers and 

never smokers (HR: 1.12, 95% CI: 0.98-1.28) (Figure 5). 
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DISCUSSION 

Our findings have shown that IPF patients were more likely to have a smoking history 

compared to the other fibrotic ILD patients. Additionally, we demonstrated that IPF 

patients had higher mortality compared to CTD-ILD, HP, and U-ILD patients whether they 

belonged to the never smoker or smoker categories. Subgroup analysis showed that there 

was a significant interaction between smoking and ILD diagnosis, with respect to mortality, 

with smoking affecting the risk of death in CTD-ILD and U-ILD patients more than IPF 

and HP patients. We also found that in all subtypes of fibrotic ILD examined, time to 15% 

DLCO decline was significantly shorter in smokers, whereas no difference was seen in time 

to 10% FVC decline.  Overall, our data suggest that smoking has a significant negative 

impact on the survival of fibrotic ILD patients, but this negative effect is stronger in CTD-

ILD and U-ILD patients compared to IPF and HP patients whose mortality does not seem 

to be significantly associated with the smoking status. DLCO decline associated with 

smoking might be caused by the smoke-related emphysema.  

Findings described in the present clinical report validate observations from previous 

studies which investigated the impact of smoking status on survival and outcomes in IPF 

patients. In particular, Antoniou et al. (2008) have previously examined 249 patients with 

IPF (current smokers, n=20; former smokers, n=166; never smokers, n=63) and they have 

reported that within IPF patients, current smokers had higher survival than former smokers, 

but this difference was eliminated when adjusted for disease severity, using the composite 

physiologic index (CPI)24. Moreover, within IPF patients, never smokers had better 
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survival than former smokers and this difference was enhanced when adjusted for baseline 

disease severity, using the CPI24. Within IPF patients, current smokers were found to have 

higher mortality than never smokers, however, current smokers were shown to have  better 

pulmonary function outcomes at presentation23,24. Interestingly, Antoniou et al. (2008) 

demonstrated that FVC and DLCO levels were lower, and computed tomography (CT) 

disease extent and CPI scores were greater in IPF patients who were ex-smokers than in 

current smokers. Similarly, FVC and DLCO levels were lower, and CT disease extent and 

CPI scores were higher in never smokers than in current smokers24. This suggests that while 

current smoking status is associated with higher mortality, current smoking is surprisingly 

associated with improved lung function. In line with these findings, King et al. (2001) have 

studied 238 IPF patients (current smokers, n=33; former smokers, n=121; and never 

smokers, n=84) and shown that honeycombing pattern was significantly higher in IPF 

patients who were former smokers than in the current and never smokers23. In addition, 

within IPF patients,  FVC and forced expiratory volume (1 second) (FEV1) were 

significantly lower and the FEV1/FVC ratio was significantly higher in never smokers than 

in former smokers23. Lastly, among IPF patients, FVC and FEV1 were significantly greater 

and FEV1/FVC ratio was significantly lower in current smokers compared with never and 

former smokers23. One of the limitations in Antoniou et al. (2008) and King et al. (2001) 

studies is that the number of former smokers is greater than the number of current smokers. 

This makes the current smoker group under-powered. To prevent the under-powering effect 

of the current smoker group, our present study combined the current and former smokers 

who were diagnosed with fibrotic ILDs into one category. Furthermore, the less severe 
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pulmonary function indices detected in IPF patients who were current smokers compared 

to former smokers might be caused by the “healthy smoker effect” which states that patients 

with more critical disease symptoms are more likely to cease smoking for recognized health 

reasons24. Hence, current smoking might be considered as a marker of less severe disease, 

correlated with better outcome and survival24.  

Moreover, Kärkkäinen et al. (2017) assessed 45 non-smokers, 66 ex-smokers, and 

17 current smokers diagnosed with IPF and found that current smokers were significantly 

younger at baseline (58.1 ± 8.74 years) compared to non-smokers (71.4 ± 8.74, p< 0.001) 

and ex-smokers (72.5 ±7.95, p <0.001)25. This study highlighted the impact of smoking 

status on the course of disease in IPF since current smokers were diagnosed with the disease 

at a younger age in comparison to non-smokers and ex-smokers25. In Kärkkäinen et al. 

(2017) study, ex-smokers had significantly higher mortality compared with non-smokers 

and current smokers among IPF patients25. However, following age and severity 

adjustment, smoking was not associated with survival25. These findings are in line with the 

data presented here which further suggest that there is no significant interaction between 

IPF diagnosis and smoking status with respect to mortality.  

In contrast, using a cohort of IPF patients who were never smokers (n=32) or 

smokers (n=66), Kishaba et al. (2016) have found that 50% and 18% of the never smoker 

and smoker patients, respectively, experienced acute exacerbation (AE) and that after 

adjusting for CPI and prednisolone use, never smoker IPF patients showed tendency to 

develop AE more frequently and late than that of IPF patients who were smokers22. In 
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addition, the median survival of never smoker and smoker IPF patients was 18.5 and 26.3 

months, respectively. Surprisingly, after the adjustment of baseline CPI, never smoker IPF 

patients showed worse prognosis than that of IPF patients who were smokers22. Lastly, a 

study conducted by Song et al. (2011) revealed that never smoking status and reduced FVC 

were significant risk factors for AE in IPF27.  

Although multiple studies have examined the impact of smoking status on IPF 

patients’ survival and lung function, the effect of smoking on the survival and outcome of 

patients diagnosed with other fibrotic ILDs remains to be investigated. However, cigarette 

smoking has been suggested to protect from developing HP28. It has been proposed that the 

protective effect of smoking in this disease is caused by the suppression of T helper  1 cell 

immunity by cigarette smoking, but this functional impairment of the immune system may 

potentially result in alternative lung diseases18.   

Taken together, our data support previous thoughts that smoking status might not 

be significantly associated with survival and lung function outcomes in IPF patients. The 

present study also provides novel findings on the strong association between smoking status 

and the mortality of CTD-ILD and U-ILD patients. The current conflicting research 

findings regarding the effect of smoking status on IPF patients’ survival and outcomes 

might be partially due to the fact that indices utilized to measure IPF severity such as DLCO 

and FVC are affected by the coexistence of smoking-related damage24. Therefore, further 

investigation is required to identify the most accurate index to be utilized to account for 

major confounding factors and disease severity. Additionally, further analysis is required 
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to describe the impact of smoking status on incidence of acute exacerbation, dyspnea, 

health outcome and quality of life, usual interstitial pneumonia (UIP) pattern (definite UIP, 

UIP, or not UIP), and requirement for lung transplantation among CARE-PF patients. 

Studies that aim to investigate comorbidities, such as pulmonary hypertension, 

cardiovascular disease, chronic obstructive pulmonary disease, uroepithelial tumors, 

congestive heart failure, and lung cancer in relation to smoking status within fibrotic ILD 

patients enrolled in CARE-PF are required.  
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TABLES 

Table 1. Demographic characteristics of fibrotic ILD patients, clinical data, and 

selected pulmonary indices obtained in the first visit after the fibrotic ILD diagnosis. 

 

 

 

 

 

Notes: All calculations were conducted on available data (not all variables were available in the 

registry for all patients). For age, pack years, smoking cessation, duration of smoking, initial FVC, 

and initial DLCO: mean (SD). # For age, initial FVC, and initial DLCO: mean (SD) - Mann Whitney 

Test. 
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Table 2. Hazard ratio of mortality by diagnosis for never smokers and smokers. 
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FIGURES 
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Figure 1. Fibrotic ILD smoking history. 
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Figure 2.  Unadjusted Kaplan-Meier plot of survival probability stratified by 

smoking status among all the diagnosis subgroups.  
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Figure 3. Unadjusted Kaplan-Meier plot of survival probability stratified by fibrotic 

ILD diagnosis.  
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Figure 4. Subgroup analysis of smokers compared to never smokers stratified by 

fibrotic ILD diagnosis.  
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Figure 5. Analysis of (A) DLCO and (B) FVC decline in the initial 27 months 

following the first visit after the fibrotic ILD diagnosis stratified by smoking status. 
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Abbreviations: 

alpha-Smooth muscle actin - α-SMA 

Alveolar macrophage - AM 

Bromodeoxyuridine - BrdU 

Chronic obstructive pulmonary disease - COPD 

Common monocyte progenitor - cMoP 

Cigarette smoke - CS 

Cigarette smoke extract - CSE 

Embryonic day – E 

Hematoxylin & eosin - H&E 

Immunohistochemistry - IHC  

Interstitial macrophage - IM 

Lactose dehydrogenase - LDH  

Lineage negative Sca1+c-Kit+ - LSK 

Matrix metallopeptidase 9 - MMP9 

Monocyte-derived alveolar macrophages - Mo-AM 

Monocyte-macrophage dendritic cell progenitor - MDP 



Ph.D. Thesis – O. Mekhael                             McMaster University – Medical Sciences 

 
 

83 
 

Phosphate-buffered saline - PBS 

Principal component analysis - PCA 

Resident alveolar macrophage - Res-AM 

Room air - RA  

Tissue microarray - TMA 

Transforming growth factor beta 1 - TGF-β1 
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CONTRIBUTIONS TO THE FIELD 

Emerging evidence demonstrates a role for specific macrophage subpopulations in the 

pathogenesis of respiratory disease. To date, the impact of cigarette smoke on the 

composition and function of pulmonary macrophage subpopulations is not fully 

understood. In this study, we explore the composition, origin and function of macrophage 

subpopulations in a mouse model of whole-body smoke exposure. Cigarette smoke-

induced the expansion of all CD11b+ subpopulations including monocyte-derived alveolar 

macrophages as well as interstitial macrophages 1, -2 and -3. The expansion of monocyte-

derived alveolar macrophages and interstitial macrophages 3 was IL-1α dependent and 

associated with transient changes to monocytes. Moreover, cigarette smoke impaired 

matrix metallopeptidase-9 release from all macrophage subpopulations and inhibited 

exacerbated monocyte-derived alveolar macrophage expansion following lung injury 

impairing fibrogenesis. This study characterises the impact of cigarette smoke on 

pulmonary macrophage subpopulations and offers insight into impaired tissue repair 

responses which may lead to respiratory disease in cigarette smokers.  
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ABSTRACT 

Rationale. The accumulation of macrophages in the airways and the pulmonary interstitium 

is a hallmark of cigarette smoke-associated inflammation. Notably, pulmonary 

macrophages are not a homogenous population but consist of several subpopulations. To 

date, the manner in which cigarette smoke exposure affects the relative composition and 

functional capacity of macrophage subpopulations has not been elucidated.  

Methods. Using a whole-body cigarette smoke exposure system, we investigated the impact 

of cigarette smoke on macrophage subpopulations in C57BL/6 mice using flow cytometry-

based approaches. Moreover, we used bromodeoxyuridine labelling plus Il1a-/- and Il1r1-/- 

mice to assess the relative contribution of local proliferation and monocyte recruitment to 

macrophage accumulation. To assess the functional consequences of altered macrophage 

subpopulations, we used a model of concurrent bleomycin-induced lung injury and 

cigarette smoke exposure to examine tissue remodelling processes.  

Main Results. Cigarette smoke exposure altered the composition of pulmonary 

macrophages increasing CD11b+ subpopulations including monocyte-derived alveolar 

macrophages (Mo-AM) as well as interstitial macrophages (IM)1, -2 and -3. The increase 

in CD11b+ subpopulations was observed at multiple cigarette smoke exposure timepoints. 

Bromodeoxyuridine labelling and studies in Il1a-/- mice demonstrated that increased Mo-

AM and IM3 turnover in the lungs of cigarette smoke-exposed mice was IL-1α dependent. 

Compositional changes in macrophage subpopulations were associated with impaired 

induction of fibrogenesis including decreased α-smooth muscle actin positive cells 
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following intratracheal bleomycin treatment. Mechanistically, in vivo and ex vivo assays 

demonstrated predominant macrophage M1 polarisation and reduced matrix 

metallopeptidase 9 activity in cigarette smoke-exposed mice. 

Conclusion. Cigarette smoke exposure modified the composition of pulmonary 

macrophage by expanding CD11b+ subpopulations. These compositional changes were 

associated with attenuated fibrogenesis, as well as predominant M1 polarisation and 

decreased fibrotic activity. Overall, these data suggest that cigarette smoke exposure altered 

the composition of pulmonary macrophage subpopulations contributing to impaired tissue 

remodelling.    
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INTRODUCTION 

A strong association has been shown between cigarette smoking and respiratory diseases 

such as, chronic obstructive pulmonary disease (COPD), lung cancer, and interstitial lung 

disease. Central to the pathogenesis of these cigarette smoke (CS)-associated respiratory 

diseases is the macrophage (1–3). Increased in the lungs following CS exposure (4,5), 

macrophages perform a vital role in CS-induced inflammation (6). Of note, pulmonary 

macrophages consist of several subpopulations with independent and diverse functional 

roles (7–11). The composition and functional consequences of CS exposure on pulmonary 

macrophage subpopulations is yet to be elucidated.  

Pulmonary macrophages can be stratified into two broad populations, alveolar 

macrophages (AM) and interstitial macrophages (IM). In mice, the first developmental 

wave occurs in the yolk sac on embryonic day (E)10-12 producing primitive AM (12,13). 

The longevity of primitive AM is unclear; however, a second developmental wave arises 

from the foetal liver and enter the lungs by E12-16 (12,13). These pre-AM enter the lumen 

postnatally(12,13) and mature into long-lived tissue resident alveolar macrophages (Res-

AM). These mature Res-AM are predominately self-maintained with limited contribution 

from circulating monocytes(14). A third AM subpopulation, monocyte-derived alveolar 

macrophages (Mo-AM), are recruited from the bone marrow after birth (14). Mo-AM share 

99.9% of genes with Res-AM(15) but contribute to less than 5% of the alveolar population 

under homeostatic conditions(13). In addition to AM populations, IM are present and 

constitute approximately 20% of the pulmonary macrophage environment at steady state 
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(13,16). The majority of IM are produced postnatally in the bone marrow and populate the 

lung parenchyma throughout life (12,17). Notably, a proportion of IM are derived from the 

yolk sac and are self-maintained similar to Res-AM populations (11). IM are further 

divided into three subpopulations based on CD11c and MHCII expression (IM1 - 

CD11cNegMHCIINeg, IM2 - CD11cNegMHCIIHi, IM3 - CD11cHiMHCIIHi) (17). In total five 

pulmonary macrophage populations, Res-AM, Mo-AM plus IM1, -2 and -3 are detectable 

by flow cytometry-based techniques in mice.  

The developmental origin of macrophage subpopulations is associated with 

differing function. At steady state, the phagocytic capacity is greatest in AM populations, 

followed by IM1, IM2 and poorest in IM3 (17). In contrast, IM populations are enriched 

for inflammatory mediators and monocyte-related genes distinct from AM (17). These 

observations have been replicated in COPD, wherein IM were found to be more 

proinflammatory, but less phagocytic, than AM counterparts (7). Macrophages are key in 

tissue remodelling processes and interstitial CX3CR1 mononuclear phagocytes, 

encompassing IM1, -2 and -3 populations (17), have been reported to promote CS-induced 

emphysema (18). Moreover, in pre-clinical pulmonary fibrosis models, aberrant tissue 

remodelling has been specifically associated with increased Mo-AM (9,10,19) and reduced 

IM1 (8). Given that macrophage subpopulations instigate inflammation that can lead to 

respiratory disease, further investigation of the impact of CS on individual macrophage 

subpopulations is warranted.  
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In this study, we investigated the impact of CS exposure on macrophage 

subpopulation composition and function. Using a whole-body CS exposure system, we 

assessed CS-induced alterations in macrophage populations, including CD11b+ 

subpopulations Mo-AM, IM1, -2 and -3, in the lungs. Moreover, we evaluated the impact 

of concurrent bleomycin treatment and CS exposure to understand macrophage 

subpopulation polarisation and ability to facilitate tissue remodelling. These data explored 

the impact of CS exposure on macrophage subpopulation composition, origin and function 

to offer insight into CS-associated respiratory disease.    
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MATERIALS AND METHODS 

Animals. 6- to 8-week-old female C57BL/6 mice were purchased from Charles River 

Laboratories (PQ, Canada). Female IL-1α-deficient (Il1a-/-) mice were obtained from 

MiceCenter for Experimental Medicine and Systems Biology, University of Tokyo, Japan 

and bred in-house. Female IL-1R1-deficient (Il1r1-/-) mice (C57BL/6 background) with 

respective wild-type controls were obtained from The Jackson Laboratories (Maine, USA). 

Mice were subjected to a 12-hour light–dark cycle and had ad libitum access to food and 

water and housed under specific pathogen-free conditions. All experiments were approved 

by the Animal Research Ethics Board at McMaster University (#19-08-23).  

Experimental CS exposure model. Mice were exposed to twelve 3R4F reference 

cigarettes with filters removed (University of Kentucky, Lexington, USA) or room air 

(RA), twice daily for five days per week. Mice were exposed for up to 24-weeks using a 

whole-body CS exposure system SIU-48 (Promech Lab AB, Vintrie Sweden). Upon 

exposure completion, mice were euthanized by exsanguination and cardiac puncture. 

Tissue processing for flow cytometric analysis. Single cell suspensions were produced 

as follows. Mouse right middle, inferior, and post-caval lobes were enzymatically digested 

(150U/mL collagenase type I) for 1-hour shaking at 37°C. Bronchoalveolar lavage (BAL) 

was collected following 2x 500µL phosphate-buffered saline (PBS) washes of the single 

left lung lobe and BAL samples were then spun at 300 g for 5-minutes to pellet cells. To 

assess bone marrow, a single femur was removed and cells were flushed out using 5mL 

RPMI. Digested lung, flushed bone marrow, and harvested spleens were all crushed 
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through 40µm mesh. Lung cells were treated with ACK lysis buffer (1mL, 1-minute) to 

lyse red blood cells. Approximately 80μL of blood was drawn using retro-orbital bleeding, 

lysed using 1x Red Blood Cell lysis buffer (#00-4333-57, eBioscience) and spun at 300 g 

for 5-minutes. All single cell suspensions were stained for flow cytometric analysis using 

antibodies shown in Table S1. Gating strategies are shown in Figure S1A-D. All samples 

were run on a BD LSRFortessa (BD Biosciences, ON, Canada).   

Bromodeoxyuridine delivery. CS- or RA-exposed mice were intraperitoneally injected 

with bromodeoxyuridine (BrdU) for three consecutive days prior to sacrifice. 200μg on 

day -3 then subsequently 100μg on day -2 and -1 to assess macrophage turnover. BrdU 

incorporation into cells was assessed by flow cytometry.  

Experimental pulmonary fibrosis model. Tissue remodelling was induced with a single 

intratracheal instillation of bleomycin (0.05U/mouse in a volume of 50µl sterile saline) by 

oropharyngeal administration. Control animals received 50µl vehicle alone. Weights of 

animals were monitored regularly, and tissue harvest was conducted 7 (inflammatory 

phase) or 21 (fibrotic phase) days following bleomycin intubation. Lung function 

assessments were conducted using a flexiVent® mechanical respirator according to 

manufacturer’s protocol at day 21 (flexiVent®, SCIREQ, Montreal, PQ, Canada)(20).  

Isolation and stimulation of lung CD45+ adhered cells. CD45+ cells from lung single-

cell suspensions were positively selected using mouse CD45 microbeads and LS columns 

(#130-052-301 and #130-042-401, Miltenyi Biotech) and cultured on a flat 96-well plate 

for 90-minutes. Non-adherent cells were stringently washed with PBS before remaining 
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adherent cells were treated for 24-hours with recombinant murine transforming growth 

factor beta 1 (TGF-β1) (30ng/mL; BioLegend, USA), IL-4 (20ng/mL; PeproTech, Canada) 

and IL-6 (5ng/mL; PeproTech, Canada). Macrophage “M2” polarisation was assessed by 

arginase activity in cell lysates, as described previously(21). Matrix metallopeptidase 9 

(MMP9; #DY6718 R&D Systems, ON, Canada) ELISA, and CyQUANT™ lactose 

dehydrogenase (LDH; #C20301 ThermoFisher Scientific, ON, Canada) cytotoxicity assay, 

and soluble collagen assessed using sircol assay (SircolTM Soluble Collagen Assay 

#CLRS1000, Biocolor, UK) were performed on cell culture supernatant. 

Tissue collection for protein and RNA multiplex analysis. Lung (right superior lobe) 

homogenate was processed using Bullet Blender 24 Gold (Next Advance, Troy NY USA) 

either in PBS or RLT lysis buffer (Qiagen, Valencia, CA, USA) for protein and RNA 

analysis respectively. Protein from lung homogenate supernatant was assessed using the 

Discovery Assay® Mouse Cytokine Array/Chemokine Array 31-Plex (MD31; Eve 

Technologies Corp, Calgary, AB, Canada). Total RNA from RLT lysed lung homogenate 

was extracted using the RNeasy mini kit (Qiagen, Valencia, CA, USA, #74104). Following 

RNA integrity and quantity quality control the nCounter Elements system (NanoString 

Technologies, Seattle, WA, USA) was employed to quantify the expression levels of 25 

mouse genes (Table S2).  

Lung processing for histopathology. Mouse single left lungs were inflated and fixed in 

10% formalin for 24-hours prior to embedment in paraffin wax. A tissue microarray (TMA) 

was generated containing 5µm lung sections cut and stained on a Bond RX fully automated 



Ph.D. Thesis – O. Mekhael                             McMaster University – Medical Sciences 

 
 

93 
 

research Stainer (Leica Biosystems)(21). Immunohistochemistry (IHC) staining on lung 

serial sections was performed for hematoxylin & eosin (H&E), α-smooth muscle actin (α-

SMA), and Masson’s trichrome blue (MTri). IHC stained-microscope slides were 

digitalised using an Olympus VS120-L100-W slide scanner at a 20× magnification and 

quantified using HALO™ Image Analysis Software (Halo Plus 3.2, Indica Labs).  

Statistical analysis. Results expressed as mean ± standard error of the mean. Graphs and 

statistical tests were performed using GraphPad Prism 9.1 (GraphPad Software, Inc) and R 

(www.r-project.org). For RNA analysis samples were preprocessed and normalised using 

nSolver 2.5 software (www.nanostring.com) using three housekeeping genes Actb, Pgk1, 

and Ywhaz plus negative and positive controls. 25 mouse genes (Table S2) were used to 

perform principal component analysis (PCA), hierarchical clustering and differential 

expression analysis in R. Two-way ANOVA followed by Tukey’s multiple comparisons 

test was used to determine significance when two concurrent variables were compared. 

Unpaired t test with Welch's correction was used to assess significance between only two 

groups. A p < 0.05 was considered statistically significant.   
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RESULTS 

CD11b+ macrophage subpopulations increase in the lungs of CS-exposed mice. CS is 

known to cause the expansion of the total lung macrophages (4,5) but the impact on 

macrophage subpopulation diversity is not known. Using the nomenclature proposed by 

Gibbings et al.(17) (Table 1), we demonstrated an expansion of all CD11b+ populations 

including Mo-AM and IM1, -2 and – 3 at all CS timepoints (Figure 1A). Res-AM were 

unchanged at 2 and 12 weeks of CS but decreased at 24-weeks. The alterations in 

macrophage subpopulation numbers were not driven by changes in total lung cellularity 

but represent changes to each subpopulation individually (Figure S2A). Independent of CS 

exposure length, each CD11b+ macrophage subpopulation was increased in CS-exposed 

mice. 

The size and location of macrophages has been associated with phagocytic and 

inflammatory differences (7). In this study, CD11b+ populations, Mo-AM (16.0%), IM1 

(8.2%), and IM3 (7.1%), decreased in size at 12 weeks of CS (Figure S2B), corresponding 

to clinical observations of expanded small macrophages in COPD lung sections(7). We 

further assessed the presence of macrophage subpopulations in the BAL as a measure of 

macrophage location within the airways. While Res-AM decreased, each CD11b+ 

subpopulation, including all IM, were increased in the BAL of CS-exposed mice at 8 weeks 

of CS (Figure 1B). Clinically, airway macrophages are reported to be lipid-laden, and thus 

more granular (22). In our model, Res-AM became 197.9% and CD11b+ subpopulations 

121.5-150.1% more granular than respective RA populations in the BAL (Figure S2C). 
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Overall, we observed increased number of small, more granular, CD11b+ macrophages 

subpopulations following CS exposure. 

Increased CD11b+ macrophage turnover in CS-exposed mice. To elucidate mechanisms 

contributing to increased CD11b+ macrophage populations, we assessed immune mediators 

associated with macrophage recruitment and survival in the lung homogenate. At 12 weeks 

of CS exposure myeloid chemoattractants CCL2 and CCL3 increased, as well as IL-1α 

(Figure 2A). IL-1α has previously been associated with CS-mediated myeloid cell 

recruitment (6,23). Next, we measured immune mediators associated with monocyte 

differentiation and macrophage survival, M-CSF, GM-CSF and IL-6, all of which increased 

in the lung tissue of CS-exposed mice (Figure 2B). Immune mediators associated with 

macrophage recruitment and survival were increased in CS-exposed mice. 

To understand pulmonary lung dynamics, we assessed macrophage subpopulation 

turnover using thymidine analogue BrdU. BrdU uptake can be used as a surrogate measure 

of cell turnover and the balance between local proliferation and cell recruitment. While the 

total Res-AM trended to decrease following CS exposure the percentage of Res-AM 

positive for BrdU increased (Figure 2C). Of note, the decreasing trend in total Res-AM 

was associated with increased cell death in CS-exposed mice as measured by flow 

cytometry Live/Dead positive staining (Figure 2D). Taken together, this suggests Res-AM 

proliferated in response to CS exposure to refill the environmental niche opened by 

increased Res-AM cell death. In contrast, CD11b+ populations had proportionally equal or 

fewer percentage BrdU+ cells, but increased total BrdU+ cells, following CS exposure 
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(Figure 2E-H). The fixed percentage of BrdU positive cells indicated a stable rate of BrdU 

incorporation. Consequently, the increase in total BrdU+ Mo-AM and IM3 likely reflected 

a predominant recruitment of cells to the lungs. Total lung cell numbers were equivalent in 

RA and CS mice suggesting that changes were reflective of compositional shifts within the 

lung. Overall, CS was associated with Res-AM proliferation and a recruitment of Mo-AM 

and IM3 cells to the lung.  

Monocytes and macrophage-lineage bone marrow progenitor cells are transiently 

decreased at 12 weeks of CS exposure. Given the expansion of CD11b+ populations 

including Mo-AM and IM3 in the lung, we next assessed the impact of CS on lung, blood, 

spleen, and bone marrow monocytes. In the lung, we observed that Ly6CLo monocyte 

populations, primed for macrophage differentiation, were not altered by CS exposure at 12-

weeks. In contrast, classical inflammatory Ly6CHi monocytes were reduced by CS (Figure 

3A). There was no change in either monocyte population in the circulation (Figure 3B). In 

the spleen, a known monocyte reservoir(24), CS resulted in decreased total spleen cells 

(Figure S3A) and consequently both monocyte populations (Figure 3C). CS exposure 

decreased both monocyte populations in the bone marrow at 12-weeks (Figure 3D). No 

changes in either monocyte population were observed in any tissue at 2- and 24-weeks CS 

exposure, with the exception of Ly6CLo monocytes, which were decreased following 2 

weeks of CS exposure in the bone marrow (Figure S3B-E).  

Next, we assessed macrophage progenitor cells in the bone marrow. The linearity 

of commitment toward cell terminal differentiation in order is LineageNegSca1+c-
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Kit+(LSK), monocyte-macrophage dendritic cell progenitor (MDP), common monocyte 

progenitor (cMoP) and finally monocyte populations (25–27). We observed all LSK 

progenitor cell populations were decreased in CS-exposed mice at 12 weeks (Figure 3E; 

Figure S3F). To note, more committed progenitor MDP and cMoP populations were 

unchanged by CS exposure (Figure 3E). CS exposure was associated with a transient 

reduction in lung, spleen and bone marrow monocyte and macrophage progenitor 

populations at 12 weeks of CS exposure.  

CS-exposed pulmonary macrophage expansion is IL-1α dependent. The IL-1α axis  is 

critical in the recruitment of myeloid cells to the lung following CS exposure (6,28,29). 

Consequently, we assessed the impact of IL-1α and IL1-R1 deficiency on macrophage 

subpopulations composition in CS-exposed mice. Res-AM were significantly attenuated in 

both Il1a-/- and Il1r1-/- mice following CS exposure (Figure 4; Figure S4A). Mo-AM and 

IM3, which were the predominant subpopulations increased in total BrdU+ cells, had 

attenuated expansion in Il1a-/- mice following CS exposure (Figure 4). There was no 

change in Mo-AM or IM3 populations in Il1r1-/- mice following CS exposure (Figure 

S4A). Moreover, IL-1α- and IL1-R1-deficiency was not associated with changes in IM1 or 

IM2 populations (Figure 4; Figure S4A). Cell number changes were not driven by 

differences in total cell number (Figure S4B-C). Thus, CS was associated with IL-1α 

dependent expansion of Mo-AM, IM3, and Res-AMs.    

CS exposure skews macrophage subpopulation composition during impaired bleomycin-

induced tissue remodelling. Monocyte-derived macrophages, which contribute to the 
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expanded CD11b+ macrophages in our model, have been shown to be necessary for 

fibrogenesis(9,10,19). Using a model of concurrent mild bleomycin-induced lung injury, 

we assessed the impact of CS on macrophage function at two timepoints, day 7 (pre-tissue 

remodelling and peak inflammation) and day 21 (peak fibrogenesis) (Figure 5A). While 

bleomycin-treated mice had equivalent weight loss regardless of exposure (Figure S5A), 

3/5 (60%) and 4/5 (80%) myeloid lineage-related genes were enriched in CS-exposed 

compared to RA-exposed bleomycin-treated mice at day 7 and 21 respectively (Table S3; 

Table S4). These transcriptional changes, including the upregulation of the CD11b-

encoding gene Itgam, were likely related to the observed expansion of all CD11b+ 

subpopulations at day 7 in CS-exposed bleomycin-treated mice (Figure 5B). This 

compositional phenotype was not maintained in CS-exposed bleomycin-treated mice at day 

21, with only IM2 remaining expanded (Figure 5C). In contrast, at day 21, Res-AM and 

Mo-AM populations were decreased and IM1/IM3 were equivalent in CS-exposed 

compared to RA-exposed bleomycin-treated mice (Figure 5C).  

These alterations in macrophage composition at day 7 and 21 were associated with 

impaired fibrogenesis by day 21 as determined by biomechanical, transcriptional and 

histological measurements. CS-exposed compared to RA-exposed bleomycin-treated mice 

had reduced lung elastance (Figure S5B) at day 21. This decreased elastance was 

associated with the downregulation of 5/9 (55%) fibrotic/wound healing genes at day 7 and 

3/9 (33%) at day 21 in CS-exposed compared to RA-exposed bleomycin-treated mice 

(Table S3; Table S4). Notably, overall transcriptional changes were sufficient to define 
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experimental groups by unsupervised hierarchical clustering analysis at day 7 but not at 

day 21, where clustering was split based on CS status (Figure S5C-D). These altered 

transcriptional and lung biomechanics were associated with attenuated expansion of α-

SMA+ cells in CS-exposed compared to RA-exposed mice (Figure 5D). Moreover, while 

the percent of collagenous area increased in RA-exposed bleomycin-treated mice compared 

to non-treated RA controls, collagen deposition was variable in CS-exposed bleomycin-

treated mice and did not increase compared to controls (Figure 5E). Thus, trichrome 

staining suggests impaired collagen production in CS-exposed mice. Representative H&E 

stains are shown in (Figure S5E). Overall, these data suggest CS alters the transcriptional 

environment and macrophage composition at day 7 post bleomycin in a manner conductive 

to impaired fibrogenesis, as evidenced by decreased α-SMA+ myofibroblasts, elastance and 

collagen deposition at day 21.    

Macrophage function and polarisation is skewed by CS exposure. Given that we observed 

concurrent changes in macrophage composition and fibrotic outcome, we next sought to 

address whether CS specifically alters macrophage fibrogenic phenotype and function. M2-

polarised, alternatively activated macrophages are proposed to contribute to tissue 

remodelling and fibrogenesis (21,30). Consequently, using CD38 as a marker for M1-like 

and CD206 for M2-like macrophages, we assessed the polarisation state of each 

macrophage subpopulation at day 7 and 21 post bleomycin. While polarised macrophages 

comprised less than 30% of each subpopulation, of those cells polarised, CD38+ 

macrophages formed the greatest proportion at both day 7 and 21. CD38 expression was 
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increased in all macrophage subpopulations of CS-exposed bleomycin-treated mice at day 

7 (Figure 6A; Figure S6A). By day 21, polarised macrophages remained predominately 

CD38+ but strikingly CD206+ Res-AM decreased in CS-exposed compared to RA-exposed 

bleomycin treated mice (Figure 6B; Figure S6B). At both day 7 and day 21 CS-induced 

dual CD38+CD206+ expression, reflecting previous dual polarisation observations in CS 

only exposure models (31) (Figure 6A-B; Figure S6A-B). Of note, no difference in total 

cell number was observed between bleomycin-treated groups at either day 7 or 21 (Figure 

S6C-D). To explore the impact of CS on macrophage function further, adherent lung 

CD45+ cells isolated following 12-weeks of CS or RA exposure were stimulated for 24-

hours with a profibrotic cytokine mix (TGF-β1, IL-4, and IL-6). Comprising predominantly 

pulmonary macrophages, but not excluding monocytes or dendritic cells, we observed no 

difference in cell viability between experimental groups (Figure S6E). Arginase activity 

(as measured by urea production), a surrogate measure of alternatively-activated 

macrophage function, was equivalent in RA or CS-exposed cells following stimulation and 

demonstrating no loss in M2-like functionality (Figure 6C). In addition, while adherent 

CD45+ cells produced soluble collagen, CS exposure did not alter production and therefore 

contribute to changes in collagen deposition (Figure 6D). However, CS exposure was 

sufficient to attenuate the induction of MMP9, a peptidase implicated in CS-mediated 

epithelial-mesenchymal transition and myofibroblast development in fibrogenesis (32). In 

summary, CS exposure elicited a shift toward a M1-dominant phenotype and decreased 

MMP9 release. 
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DISCUSSION 

Macrophages perform a central role in the pathogenesis of several CS-associated 

respiratory diseases including COPD and interstitial lung disease (1–3). However, the 

composition of pulmonary macrophage subpopulations following CS exposure is poorly 

understood. Using a mouse model of CS exposure, we showed increased CD11b+ 

macrophage populations, including Mo-AM and IM1, -2 and -3, in CS-exposed mice. The 

expansion of Mo-AM and IM3 populations was IL-1α dependent and was associated with 

a transient decrease in monocyte and progenitor populations in the bone marrow, spleen, 

and lungs, at 12 weeks of CS. These compositional changes were exacerbated in a model 

of bleomycin-induced lung injury. Moreover, CS exposure increased M1-polarised 

macrophages and was associated with impaired MMP9 release. Ultimately, these 

macrophage compositional and functional changes were associated with decreased 

fibrogenesis and impaired tissue remodelling in CS-exposed mice.  

 IM populations are reported to be located in the lung parenchyma and associated 

with vascular integrity and antigen presentation (8,11). In CS-exposed mice, we observed 

all IM populations in the BAL. It is possible that the greater epithelial permeability in 

cigarette smokers  (33,34) enables greater recovery of IM from CS-exposed mice. To note, 

these cells likely do not reflect a transitioning IM cell into a Mo-AM as these populations 

are reported to have independent ontologies (10). Distinguishing IM and AM populations 

by histology is challenging due to the spectrum of cellular markers expressed which are 

shared between macrophage subpopulations. Further analysis is therefore warranted to 
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determine whether IM1, -2 and -3 populations continue to reside in interstitial spaces upon 

CS exposure. The presence and the functional consequence of IM in the alveolar space 

warrants further investigation.  

 CS exposure caused a robust expansion of CD11b+ (Mo-AM, IM1, -2, -3) 

populations in the lung. These expanded CD11b+ populations have been previously 

reported to be derived from monocytes (10,17). We observed transient decreases in 

macrophage/monocyte progenitor populations in the bone marrow and decreased 

monocytes in the lung and spleen following CS exposure. Moreover, we observed increased 

total BrdU+ Mo-AM and IM3 cell turnover in CS-exposed mice. It is therefore plausible 

these observations represent a CS-induced recruitment of monocytes which differentiate 

into Mo-AM and IM3 populations in the lung. However, targeted lineage tracing 

experiments are needed to confirm the ontogeny of these macrophage subpopulations in 

CS-exposed lungs. Res-AM numbers were unchanged by CS exposure with an equal 

balance between increased cell death and cell proliferation. This paradigm is supported by 

previous data that showed Res-AM have minimal postnatal recruitment and are self-

maintained at steady state (12). Taken together, these data suggest that CS exposure 

promotes the expansion of CD11b+ populations, and specifically Mo-AM and IM3, altering 

pulmonary macrophage composition.  

  The IL-1α axis has been shown to be vital in CS-induced inflammation (6,28,29). 

In Il1a-/- mice, we observed reduced Mo-AM and IM3. Notably, these populations had 

increased numbers positive for BrdU which suggested increased cell turnover. Overall, 
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these data propose an IL-1α dependent recruitment of Mo-AM and IM3 populations to CS-

exposed lungs. Furthermore, Res-AM expansion was also IL-1α dependent whereas IM1 

and IM2 expansion was not. We speculate the smaller contribution of IL-1α to IM1 and 

IM2 populations is a consequence a proportion of yolk sac-derived to IM1 and IM2 

populations. IM1 and IM2 populations share a cellular phenotype with self-maintained and 

long-lived yolk sac-derived IM cells (11). Thus, we speculate long-lived yolk sac-derived 

IM cells are less dependent on IL-1α than foetal liver- or bone marrow-derived macrophage 

subpopulations.  

Macrophages perform a vital role in the repair and regeneration of the tissue 

following damage (35). Using a model of bleomycin-induced lung injury, we observed 

attenuated tissue remodelling following CS exposure which was associated with decreased 

Res-AM and Mo-AM populations at peak fibrogenesis. Mo-AMs are necessary for 

fibrogenesis in mouse models of fibrosis (9,10); thus, a reduction in Mo-AM in CS-exposed 

compared to RA-exposed bleomycin-treated mice may represent an impairment in 

fibrogenesis in our model. In addition, IM1 which have been reported to protect against 

fibrosis (8), were expanded in CS-exposed mice and therefore may also contribute to an 

anti-fibrotic environment. Notably, CS exposure induced phenotypically a greater number 

of M1-like compared to M2-like-polarised macrophages at both day 7 and 21 regardless of 

subpopulation. Lung transcriptional changes in fibrotic/wound healing and M2-realted 

genes were most discordant at the day 7 timepoint between bleomycin-treated groups. This 

phenotypic shift was not associated with any difference in arginase activity suggesting 
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macrophages remain capable of M2-like functional activity despite the increase in M1-like 

cells. Detailed investigation of the impact of CS on each macrophage subpopulation’s 

function is needed to elucidate the precise mechanisms altered and that contribute to 

impaired tissue remodelling. Taken together, these data suggest that CS exposure alters 

pulmonary macrophage composition and polarisation, decreasing the accumulation of 

profibrotic macrophages early in fibrogenesis progression leading to an impaired tissue 

remodelling phenotype by day 21.  

CS is well-known to compromise tissue repair through such processes as impaired 

myofibroblast differentiation (36). Specifically, MMP9 has been shown to contribute to 

TGF-β production (37) and epithelial-mesenchymal transition (32,38), processes central to 

myofibroblast differentiation (39). We observed impaired MMP9 expression in isolated 

adherent lung CD45+ cells from 12-week CS-exposed mice. These data suggest an 

impaired, or delayed, ability for CS-exposed adherent CD45+ cells to contribute to α-SMA+ 

myofibroblast expansion. It is plausible the CS-mediated reduction in α-SMA+ 

myofibroblasts, a major collagen producing cell (40), is critical in the impaired tissue 

remodelling and repair response observed in this bleomycin-induced lung injury model. 

Further investigation of processes that contribute to CS-induced impaired myofibroblast 

expansion in tissue remodelling is warranted.  

In summary, we showed that CS altered pulmonary macrophage composition, 

increasing CD11b+ subpopulations, including Mo-AM and IM1-2 and -3, at multiple CS 

exposure timepoints. The expansion of Mo-AM and IM3 was dependent on IL-1α and 
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likely reflective of increased cell recruitment. Compositional changes were associated with 

predominately M1-like macrophages, attenuated MMP9 release and decreased fibrogenesis 

in a model of bleomycin-induced lung injury. Taken together, these data propose that CS 

exposure skews pulmonary macrophage subpopulation composition and function 

predisposing the host to impaired tissue remodelling following lung injury.    
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TABLE LEGENDS 

Table 1. Cell surface expression of pulmonary macrophage subpopulations. 

Expression profile for macrophage subpopulations, based on Gibbings et al., used for flow 

cytometry analysis. Cells express marker (+), cells do not express (-), and cells have a 

spectrum of expression (-/+). 

 

FIGURE LEGENDS 

Figure 1. Cigarette smoke exposure alters pulmonary macrophage subpopulation 

composition expanding CD11b+ populations. Female C57BL/6 mice were RA or CS-

exposed for 2- to 24-weeks. Data show total numbers of Res-AM, Mo-AM, IM1, IM2, and 

IM3 populations in (A) lung tissue and (B) bronchoalveolar lavage (BAL). Data show mean 

± SEM, n = 5. Unpaired t test with Welch's correction. RA – room air. CS – cigarette smoke 

 

Figure 2. CD11b+ macrophages are recruited to the lung during cigarette smoke 

exposure. Female C57BL/6 mice were RA or CS-exposed for 12-weeks. Lung homogenate 

(A) immune mediators (CCL2, CCL3, and IL-1α) and (B) monocyte differentiation and 

macrophage survival factors (M-CSF, GM-CSF, and IL-6). BrdU was used to assess 

macrophage subpopulation turnover in the lung at 6-weeks CS. Data show (C) total cells, 

% BrdU+ and total BrdU+ Res-AM and (D) total cells, total dead and % dead Res-AM. 

Shown in (E) Mo-AM, (F) IM1, (G) IM2, and (H) IM3 are total cells, % positive and total 
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BrdU+ cells. Data show mean ± SEM, n = 4 - 5. Unpaired t test with Welch's correction. 

RA – room air. CS – cigarette smoke 

 

Figure 3. Macrophage progenitor cells are transiently decreased at 12-weeks of 

cigarette smoke exposure. Female C57BL/6 mice were RA or CS-exposed for 12-weeks. 

Data show total numbers of Ly6CLo and Ly6CHi monocyte populations in (A) lungs, (B) 

blood, (C) spleen, and (D) bone marrow. Shown in (E) total numbers of macrophage 

progenitor cells in the bone marrow (lineage-negative Sca1 c-Kit (LSK), monocyte-

macrophage dendritic cell progenitor (MDP), common monocyte progenitor (cMoP)). Data 

show mean ± SEM, n = 5. Unpaired t test with Welch's correction. RA – room air. CS – 

cigarette smoke 

 

Figure 4. Macrophage expansion in cigarette smoke-exposed lung is IL-1α dependent. 

Data show total lung Res-AM, Mo-AM, IM1, -2 and -3 populations in Il1a-/- and C57BL6 

wild type control mice at 8-weeks CS. Data show mean ± SEM, n = 5. Two-way ANOVA 

with Tukey’s multi-comparison test. RA – room air. CS – cigarette smoke 

 

Figure 5. Skewed macrophage subpopulation composition is associated with 

decreased fibrogenesis. (A) Schematic of CS exposure with bleomycin instillation. 

C57BL/6 female mice were administered bleomycin (0.05U/mouse) (grey bars) or saline 



Ph.D. Thesis – O. Mekhael                             McMaster University – Medical Sciences 

 
 

109 
 

control (open bars) following 12-weeks of RA or CS exposure. Res-AM, Mo-AM, IM1, 

IM2, and IM3 populations in lung tissue following (B) 7 days or (C) 21 days of bleomycin 

administration. Data show representative image and HALO quantification for (D) α-SMA 

and (E) Masson’s trichrome. Data show mean ± SEM, n = 5 - 10. Two-way ANOVA with 

Tukey’s multi-comparison test. RA – room air. CS – cigarette smoke.  

 

Figure 6. Macrophage subpopulation function and polarisation is altered by cigarette 

smoke exposure. C57BL/6 female mice were administered bleomycin (0.05U/mouse) 

(grey bars) or saline control (open bars) following 12-weeks of RA or CS exposure. Total 

number of Res-AM and Mo-AM expressing CD38, CD206 and CD38/CD206 in lung tissue 

following (C) 7 days or (D) 21 days post bleomycin administration. Adherent lung CD45+ 

cells isolated from 12-week RA- or CS-exposed C57BL/6 cell supernatant (C) urea 

production, (D) soluble collagen and (E) MMP9 release following TGF-β1, IL-4, IL-6 

stimulation. Data show mean ± SEM, n= 5-10. Two-way ANOVA with Tukey’s multi-

comparison test. RA – room air. CS – cigarette smoke. 

 

SUPPLEMENTAL TABLE LEGENDS 

Table S1. Flow cytometry panel.  A panel of surface and intracellular markers to examine 

the myeloid cells in mouse lung, blood, spleen, and bone marrow.  
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Table S2. NanoString custom designed fibrogenesis panel. A panel to assess the 

expression of genes related to wound healing/fibrogenesis, monocytes/macrophages, M1 

and M2 macrophage polarisation.  

 

Table S3. mRNA differential expression of fibrogenesis-associated genes at day 7 post 

bleomycin. Fold change of genes related to wound healing/fibrogenesis, myeloid, M1 and 

M2 macrophage polarisation. Blank wells represent no significant differential expression 

between groups. Shown are genes significantly differentially expressed at day 7. Limma 

package, R.  

 

Table S4. mRNA differential expression of fibrogenesis-associated genes at day 21 

post bleomycin. Fold change of genes related to wound healing/fibrogenesis, myeloid, M1 

and M2 macrophage polarisation. Blank wells represent no significant differential 

expression between groups. Shown are genes significantly differentially expressed at day 

21. Limma package, R.  

 

SUPPLEMENTAL FIGURE LEGENDS 

Figure S1. Monocyte and macrophage subpopulations gating strategies. (A) Lungs 

were enzymatically digested and stained for flow cytometry. Diagrams showing gating 

strategies used to isolate total macrophage populations identified as Live autofluorescent 
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(FITC) +/-LineageNegCD45+MertK+CD64+. We further distinguished 

CD11c+CD11bNegSiglecFHi resident alveolar macrophages (Res-AM), 

CD11c+CD11b+MHCIINeg monocyte-derived alveolar macrophages (Mo-AM), 

CD11cNegCD11b+MHCIINeg interstitial macrophage 1 (IM1), CD11cNegCD11b+MHCII+ 

(IM2), CD11c+CD11b+MHCII+ (IM3) plus Ly6CLo, Ly6CHi monocyte subsets. Blood (B) 

and spleen (C) monocyte populations were determined as CD45+Ly6GNegCD11b+CD115+ 

then Ly6CLo and Ly6CHi. (D) Bone marrow monocytes and progenitors were defined as 

CD45+LineageNeg. Subsequently monocytes defined as 

CD11b+CD115+CD117NegCD135Neg then Ly6CLo and Ly6CHi. Myeloid progenitors were 

defined as CD115+CD117+CD135NegCD11bNegLy6CHi common monocyte progenitor 

(cMoP), CD115+CD117+CD135+CD11bNegLy6CNeg monocyte-macrophage dendritic cell 

progenitor (MDP) plus CD115NegCD117+Sca1Hi Sca1 c-Kit (LSK), 

CD115NegCD117+Sca1Neg LSNegK and CD115NegCD117NegSca1+ LSKNeg. Fluorescence 

minus one was used to gate each of the population of interest.  

 

Figure S2. Macrophage size and granularity following cigarette smoke exposure. Data 

show total numbers of (A) lung (2-, 12-, 24-weeks) and BAL (8-weeks) cells following CS 

exposure. (B) Res-AM, Mo-AM, IM1, IM2, and IM3 population size measured by forward 

scatter (FSC). (C) Res-AM, Mo-AM, IM1, IM2, and IM3 population granularity measured 

by side scatter (SSC).  Data show mean ± SEM, n = 5. Unpaired t test with Welch's 

correction. RA – room air. CS – cigarette smoke. 
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Figure S3. Progenitor and monocyte populations at 2, 12 and 24-weeks following 

cigarette smoke exposure. Female C57BL/6 mice were RA or CS-exposed for 2, 12, or 

24-weeks. Data show total cell numbers in (A) lung, blood, spleen, and bone marrow. Data 

also show total numbers of Ly6CLo and Ly6CHi monocyte populations in (B) lung, (C) 

blood, (D) spleen, and (E) bone marrow and (F) total numbers of macrophage progenitor 

cells in the bone marrow (lineage-negative Sca1 c-Kit (LSK), monocyte-macrophage 

dendritic cell progenitor (MDP), common monocyte progenitor (cMoP)). Data show mean 

± SEM, n= 4 - 5. Unpaired t test with Welch's correction. RA – room air. CS – cigarette 

smoke. 

 

Figure S4. Pulmonary macrophages are expanded via IL1α during cigarette smoke 

exposure. Female C57BL/6, Il1a-/- and Il1r1-/- mice were RA or CS-exposed for 8-weeks. 

(A) Data show total Res-AM, Mo-AM, IM1, -2, -3 numbers in Il1r1-/- mice and C57BL/6 

wildtype controls. Total cell number in (B) Il1a-/- and (C) Il1r1-/- mice plus C57BL6 

wildtype controls. Data show mean ± SEM, n = 5. Two-way ANOVA with Tukey’s multi-

comparison test. RA – room air. CS – cigarette smoke. 

 

Figure S5. Fibrotic measurements at day 21 of bleomycin instillation. C57BL/6 female 

mice were administered bleomycin (0.05U/mouse) or control saline following 12-weeks of 

RA or CS exposure. Mice were monitored 21 days prior to flexiVent® lung measurements 

and tissue harvest. (A) Body weight was measured daily and shown as percentage change 
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in body weight.  (B) Total lung elastance, a functional parameter derived from the pressure-

driven pressure–volume loops, measured at day 21. Principal component analysis and 

heatmaps defined by 25 mouse genes from lung homogenate assessed by NanoString at (C) 

day 7 and (D) day 21. (E) Representative images for H&E-stained sections. Data show 

mean ± SEM, n= 4-10. Two-way ANOVA with Tukey’s multi-comparison test. RA – room 

air. CS – cigarette smoke. 

 

Figure S6. CD38+ macrophages are increased in cigarette smoke-exposed bleomycin-

treated mice. C57BL/6 female mice were administered bleomycin (0.05U/mouse) or 

control saline following 12-weeks of RA or CS exposure. Graphs demonstrate total 

numbers of IM1, IM2, and IM3 populations expressing CD38, CD206 and CD38/CD206 

in lung tissue following (A) 7 days or (B) 21 days of bleomycin administration. Total lung 

cell counts (C) day 7 and (D) day 21. Adherent lung CD45+ lactose dehydrogenase release 

in ex vivo TGF-β1, IL-6 and IL-4 stimulated cell supernatant from (E) 12-week room air 

(RA)- or cigarette smoke (CS)-exposed mice. Shown mean ± SEM, n = 4 - 10. Two-way 

ANOVA with Tukey’s multi-comparison test. RA – room air. CS – cigarette smoke. 
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TABLES 

 

 
Res-AM Mo-AM IM1 IM2 IM3 

CD64/MertK + + + + + 

CD11c + + - - + 

CD11b - + + + + 

SiglecF + +/- - - - 

MHCII +/- - - + + 

 

Table 1. 
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Antibody 

Specificity 

Conjugate Clone Supplier 

CD11b Pe Dazzle 594 M1/70 Biolegend 

CD11c BV650 N418 Biolegend 

CD19 APCeFlour780 eBio1D3 eBioscience 

CD24 BV421 M1/69 Biolegend 

CD45 AlexaFluor700 30-F11 Biolegend 

CD64 PeCy7 X54-5/71 Biolegend 

EpCAM APC Cy7 G8.8 Biolegend 

LIVE/DEADTM 
Fixable Yellow 

Stain 
 Thermo Fisher 

Scientific 

Ly6C BV711 HK1.4 Biolegend 

Ly6G APC Cy7 1A8 Biolegend 

MerTk APC 2B10C42 Biolegend 

MHCII PerCp Cy5.5 M5/114.15.2 Biolegend 

NK1.1 APC Cy7 PK136 Biolegend 

SiglecF Pe E50-2440 BD Pharmingen 

SiglecF BV421 S17007L Biolegend 

CD38 Pe 90 Biolegend 

CD206 BV785 C068C2 Biolegend 

CD115 BV421 AF598 Biolegend 

CD115 PE/Cy7 AF598 Biolegend 

CD117 APC 2B8 
Thermo Fisher 

Scientific 

CD135 BV421 A2F10 Biolegend 

CD3 APCeFlour780  17A2 eBioscience  

Sca1 BV650 D7 Biolegend 

BrdU APC  BD Biosciences 

 

Table S1  
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Wound 

healing/Fibrogenesis 
Myeloid M1 M2 

Fgf2 Itgam  Nos2 Arg1  

Pdgfa  Itgax Tnf  Mrc1  

Tgfb1  Ccl2  IL1b  IL4ra  

Lrrc32  IL-10  IL1a IL6ra  

Vegfa  Cxcl1  
 

Osmr  

Fn1 
  

IL6  

Col1a1  
  

Osm 

Col3a1  
   

Timp1  
   

 

Table S2  
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RA Bleo - 

RA Saline 

CS Bleo - CS 

Saline 

CS Bleo - 

RA Bleo 

CS Saline - 

RA Saline 
F

ib
ro

si
s/

w
o
u

n
d

 h
ea

li
n

g
 Fgf2 1.46 1.18 -1.32 -  

Pdgfa -1.33 -  1.17 -  

Tgfb1 -1.11 -1.08 1.11 -  

Lrrc32 -  -1.37 -  -  

Vegfa -1.28 -  -  -1.19 

Fn1 2.82 1.84 -1.48 -  

Col1a1 2.71 2.13 -1.42 -  

Col3a1 2.45 2.16 -1.38 -1.22 

Timp1 11.18 3.73 -1.81 1.65 

M
y
el

o
id

 

Itgam -  1.36 1.83 1.44 

Itgax 1.34 -  1.67 2.68 

Ccl2 11.55 1.70 -  7.41 

Il10 -3.67 -3.49 -  -  

Cxcl1 2.36 -  2.14 7.64 

M
1
 

Nos2 1.81 1.43 -  -  

Tnf 1.72 -  1.50 2.79 

Il1b -1.81 -  -  -1.41 

Il1a -  -  1.71 1.75 

M
2

 

Arg1 4.53 3.14 -1.76 -  

Mrc1 -  -1.35 -  1.55 

Il4ra 1.31 1.21 -1.15 -  

Il6ra -1.83 -1.58 -  -  

Osmr 1.62 1.12 -  1.34 

Il6 2.72 -  -  1.93 

Osm 1.39 -  -  1.40 

 

Table S3  
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RA Bleo - RA 

Saline 

CS Bleo - CS 

Saline 

CS Bleo - 

RA Bleo 

CS Saline - 

RA Saline 
F

ib
ro

si
s/

w
o
u

n
d

 h
ea

li
n

g
 Fgf2 -  -  -  -  

Pdgfa -  1.17 -  -  

Tgfb1 -  -  -  1.17 

Lrrc32 -  -  -  -  

Vegfa -  -  -  -1.45 

Fn1 1.29 -  -1.25 -  

Col1a1 1.65 -  -1.44 -  

Col3a1 2.15 -  -1.52 -  

Timp1 1.69 -  -  2.14 

M
y
el

o
id

 

Itgam -1.27 -  1.67 1.30 

Itgax 1.30 -  1.91 2.52 

Ccl2 -  -  7.82 8.78 

Il10 -  -  -  4.04 

Cxcl1 -  -  6.37 4.15 

M
1
 

Nos2 2.06 -  -  -  

Tnf -  -  1.93 1.95 

Il1b -1.40 -  -  -2.27 

Il1a -  -  1.89 1.99 

M
2

 

Arg1 -  1.59 -  -2.09 

Mrc1 -  -  1.52 1.68 

Il4ra -  -  -  -  

Il6ra -1.58 -  -  -1.34 

Osmr -  -  -  -  

Il6 -  -  -  -  

Osm -  -  -  -1.44 

 

Table S4 
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ABSTRACT 

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, fibrotic interstitial lung 

disease of unknown etiology. The accumulation of macrophages is associated with disease 

pathogenesis. The unfolded protein response (UPR) has been linked to macrophage 

activation in pulmonary fibrosis. To date, the impact of activating transcription factor 6 

alpha (ATF6α), one of the UPR mediators, on the composition and function of pulmonary 

macrophage subpopulations during lung injury and fibrogenesis is not fully understood. 

We began by examining the expression of Atf6α in IPF patients’ lung single-cell RNA 

sequencing dataset, archived surgical lung specimens, and CD14+ circulating monocytes. 

To assess the impact of ATF6α on pulmonary macrophage composition and pro-fibrotic 

function during tissue remodelling, we conducted an in vivo myeloid-specific deletion of 

Atf6α. Flow cytometric assessments of pulmonary macrophages were carried out in 

C57BL/6 and myeloid specific ATF6α-deficient mice in the context of bleomycin-induced 

lung injury. Our results demonstrated that Atf6α mRNA was expressed in pro-fibrotic 

macrophages found in IPF patient lung and in CD14+ circulating monocytes obtained from 

IPF patient blood.  Following bleomycin administration, the myeloid-specific deletion of 

Atf6α altered pulmonary macrophage composition, expanding CD11b+ subpopulations 

with dual polarized CD38+CD206+ expressing macrophages. Compositional changes were 

associated with an aggravation of fibrogenesis including increased myofibroblast and 

collagen deposition. Further mechanistic ex vivo investigation revealed that ATF6α was 

required for CHOP induction and for the apoptotic death of bone marrow-derived CD11b+ 
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macrophages. Overall, our findings suggest a detrimental role for the ATF6α-deficient 

CD11b+ macrophages which had altered function during lung injury and fibrosis.  
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INTRODUCTION 

Idiopathic pulmonary fibrosis (IPF), the most common idiopathic interstitial pneumonia, 

is a chronic, progressive, fibrotic interstitial lung disease (ILD) of unknown cause, that 

occurs primarily in older adults1. The prognosis of IPF is poor with a mean life expectancy 

of 2.5-5 years post diagnosis2, and limited response to current therapies1,3. While IPF 

pathogenesis remains unknown, recruited monocyte-derived macrophages are considered 

central orchestrators in lung fibrosis pathogenesis4. Particularly, a distinctive population of 

macrophages was shown to be associated with altered tissue remodelling in pulmonary 

fibrosis lung explants5–7. Further, an expansion of monocyte-derived macrophage 

populations was associated with enhanced fibrogenesis in mouse models of lung 

fibrosis4,8,9. Notably, macrophage function is influenced by the immune environment. In 

particular, depending upon the specific mediators, macrophages are polarized toward the 

“alternatively activated”, also known as “M2-like” phenotype, which resolve wound 

healing processes and suppress inflammatory responses in the lung10. In fibrotic lung 

diseases, this wound-healing cascade is altered causing aberrant tissue remodelling and 

studies provide evidence of the contributions of pro-fibrotic M2-like macrophages to this 

pathogenic fibrogenesis10–14. However, the mechanisms which alter pulmonary 

macrophage function during tissue remodelling and fibrogenesis are not well understood.  

A growing body of evidence supports the impact of endoplasmic reticulum (ER) 

stress and the unfolded protein response (UPR) on pro-fibrotic macrophage activation15,16. 

ER stress is triggered by the accumulation of misfolded proteins in the ER which 
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subsequently activates the UPR signaling pathway17. UPR initially aims to restore 

proteostasis via three ER transmembrane proteins: 1) protein kinase R (PKR)-like 

endoplasmic reticulum kinase (PERK), 2) activating transcription factor 6 alpha (ATF6α), 

and 3) spliced x-box-binding protein-1 (XBP1)-inositol-requiring protein-1 alpha 

(IRE1α)17. Failing successful restoration, prolonged UPR signal induces apoptotic cell 

death through CCAAT/enhancer binding proteins (C/EBP) homologous protein (CHOP) 

induction17. It was previously shown in transgenic knockout mouse models that the 

modulation of the UPR results in either protection or aggravation of the fibrotic responses 

via the regulation of M2-like macrophage activation18. The haploinsufficiency of glucose-

regulated protein 78kDA (GRP78), an essential regulator of the UPR sensors, resulted in 

apoptosis of M2-like macrophages and protection against fibrosis18. In contrast, CHOP 

deficiency led to an accumulation of the M2-like macrophage populations and an increase 

in fibrosis18. The role of each UPR-associated protein in fibrosis is still to be determined.  

UPR is believed to be critical in the differentiation of a wide array of cell types 

from inactive states to synthetic cells with highly secretory capacities, including 

macrophages, plasma cells, adipocytes, and myofibroblasts18. We previously demonstrated 

that the addition of IL-6 to macrophages led to a hyperpolarized pro-fibrotic M2 phenotype 

associated with increases in the activation of both IRE1-XBP1 and cleaved ATF6 

pathways19. Inhibition studies targeting the IRE1-XBP1 arm of the UPR reduced the ER 

expansion program of macrophages and inhibited their activation toward the 

hyperpolarized phenotype19.  
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p90ATF6α, encoded by the Atf6 gene20, is a type II transmembrane glycoprotein 

localized in the ER and is synthesized as a precursor protein in unstressed cells before 

undergoing proteolytic cleavage into the soluble nuclear active form p50ATF6α in 

response to ER stress20,21. The overexpression of ATF6 upregulates myocardin expression 

and its depletion reduces myocardin induction during the differentiation of embryonic stem 

cell towards the smooth muscle cell (SMC) lineage22. Further studies indicate that ATF6α 

might have a role in cell differentiation and phenotypic modulation, likely via the ER 

expansion program23. Furthermore, ATF6α induces the expansion of the ER in mouse 

embryo fibroblasts in the absence of XBP-124. However, the contribution of ATF6α is yet 

to be investigated in the context of macrophage pro-fibrotic activation. 

 Here, we examined the expression of ATF6α in control subjects and in patients 

diagnosed with IPF, using a publicly available lung single-cell RNA sequencing (scRNA-

seq) dataset, archived surgical lung specimens, and CD14 positive circulating monocytes. 

To specifically investigate whether ATF6α was required for macrophage activation 

towards the pro-fibrotic functional status, we generated transgenic mice with an ATF6α 

specific deletion in the myeloid compartment. Pulmonary macrophage subpopulations 

composition and functional status, lung injury, and subsequent fibrosis were examined 

during tissue remodelling processes. In an experimental mouse model of bleomycin-

induced lung fibrosis, we observed that the myeloid-specific deletion of ATF6α increased 

the number of pro-fibrotic CD11b+ macrophages, and increased susceptibility to 

bleomycin-induced tissue remodelling and subsequent pulmonary fibrosis. Mechanistic 
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studies ex vivo revealed that the absence of ATF6α prevented the activation of CHOP and 

CHOP-induced apoptotic death in macrophages. These data suggest that ATF6α was not 

required for macrophage transition toward a pro-fibrotic phenotype but required and 

responsible for UPR-mediated CHOP activation and subsequent apoptosis.  
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RESULTS 

Atf6α mRNA is expressed in IPF patient monocytes and macrophages. To characterize 

Atf6α mRNA expression in various cell types in the lung, we first used publicly available 

scRNA-seq data derived from patients diagnosed with IPF25. No significant differences 

were present in Atf6α mRNA expression levels across the 27 cell populations, which 

supports that Atf6α is ubiquitously expressed in all cell types examined in IPF patients and 

control subjects including monocytes and macrophages (Figure 1A). These findings were 

validated in human surgical lung biopsies examined using fluorescent in situ hybridization 

(FISH) RNAscope® technology. Using FISH, Atf6α was shown to be colocalized with the 

pan-macrophage marker CD68 and Mrc1 (gene name for CD206), a well-known marker of 

pro-fibrotic macrophages (Figure 1B). Furthermore, using bulk RNA sequencing (RNA-

seq) analysis, Atf6α was shown to be expressed at a detectable level in CD14+ circulating 

monocytes isolated from blood obtained from IPF patients and control subjects (Figure 

1C), demonstrating the presence of Atf6α in macrophage precursor cells in the circulation. 

“All genes” grey violin shown in Figure 1C reflected the distribution of all genes in the 62 

samples in order to show the relative expression of Atf6α in the groups of interest (control 

subjects and IPF patients). Taken together, the Atf6α gene is expressed in pro-fibrotic 

macrophages found in IPF patient lungs and in CD14+ circulating monocytes obtained from 

IPF patient blood.   

Development of a myeloid specific Atf6α-deficient mouse model. To investigate the 

contribution of ATF6α to pulmonary macrophage pro-fibrotic function in the context of 
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lung fibrogenesis, we developed a transgenic myeloid specific ATF6α-deficient mouse 

model (LyM-Atf6αfl/fl) using Cre-LoxP recombination system. LyM-Atf6αfl/fl DNA 

genotype was verified using standard polymerase chain reaction (PCR) and FISH 

RNAscope® technology. PCR showed that broncheoalveolar lavage (BAL) macrophages 

obtained from LyM-Atf6αfl/fl mice were ATF6α deficient (Figure 2A). In addition, FISH 

RNAscope® assay performed on mouse lung tissues did not detect Atf6α mRNA co-

localized with CD68 mRNA in LyM-Atf6αfl/fl mice (Figure 2B, circles), as opposed to the 

wild-type (WT) C57BL/6 (Atf6α+/+) control mice which clearly showed positivity for Atf6α 

mRNA in both epithelial cells and in macrophages (Figure 2B, arrows and circles, 

respectively). Of note, epithelial cells found in LyM-Atf6αfl/fl mice were positive for Atf6α 

mRNA (Figure 2B, arrows). 

Myeloid-specific deletion of Atf6α increases pro-fibrotic macrophages and is associated 

with an exacerbated fibrogenesis.To examine the effect of the deletion of ATF6α in the 

myeloid compartment on pro-fibrotic macrophage activation during mild acute lung injury 

and tissue remodelling, we first exposed female LyM-Atf6αfl/fl and Atf6α+/+ mice to a single 

suboptimal dose of bleomycin (0.04 units/mouse), a dose previously shown to result in a 

modest level of weight loss, lung injury, and fibrosis26. Histological examinations of 

extracellular matrix (ECM) deposition including collagen (Masson’s Trichrome, MTri) 

and myofibroblast accumulation (alpha smooth muscle actin, α-SMA) on lung serial 

sections were performed at day 21 (peak tissue remodelling and repair). Data indicated that 

bleomycin-treated LyM-Atf6αfl/fl mice had increased percentage of MTri and α-SMA 
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positive areas at day 21 (Figures 2C-D). To characterize macrophage pro-fibrotic 

activation and accumulation, we performed immunostaining on serial sections of the same 

lungs. LyM-Atf6αfl/fl mice had significantly higher percentage of CD206+ cells compared 

to their respective controls and to bleomycin exposed Atf6α+/+ mice at day 21 post 

bleomycin administration (Figure 2E). Overall, the changes in CD206+ cells, collagen, and 

α-SMA deposition were associated with changes in pulmonary mechanics and increased 

quasistatic lung elastance in LyM-Atf6αfl/fl mice at day 21 post bleomycin administration 

(Figure 2F). Combined, these results suggest that LyM-Atf6αfl/fl mice are more susceptible 

to bleomycin (0.04U/mouse)-induced tissue remodelling compared to Atf6α+/+ mice and 

this aggravated fibrogenesis is associated with pro-fibrotic macrophage accumulation. 

Myeloid-specific deletion of Atf6α expands CD11b+ macrophage subpopulations, with a 

dual CD38+CD206+ expression during bleomycin-induced lung injury. To further 

examine the role of ATF6α deficiency, we assessed the impact of that genetic deletion on 

pulmonary macrophage composition and function during lung injury and fibrogenesis using 

flow cytometry-based techniques. Flow cytometric assessments were carried out on 

enzymatically digested multi-lobe lungs at two timepoints, day 7 (peak injury and 

inflammation) and day 21 (peak tissue remodelling and repair). Using established markers 

and flow cytometry gating strategies shown in Figure 3A, pulmonary macrophages were 

stratified into two broad populations, SiglecF+ populations associated with alveolar 

macrophages (AM) and CD11b+ populations associated with interstitial macrophages 

(IM). The M1/M2 functional status of macrophage populations was determined based on 
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the expression of CD38, a marker associated with pro-inflammatory M1 macrophages and 

based on the expression of arginase-1 (Arg-1) and CD206, markers associated with pro-

fibrotic M2 macrophages. To note, markers used to identify the different macrophage 

subpopulations were selected based on findings previously reported by Misharin et al. 

(2013)13, Jablonski et al. (2015)27, and Gibbings et al. (2017)28. We first assessed the 

number of F4/80+CD64+ total lung macrophages which were higher in lungs of both LyM-

Atf6αfl/fl and Atf6α+/+ 7 days after bleomycin administration (Figure 3B). Furthermore, the 

majority of the macrophage pool was CD11b+ and not SiglecF+, suggesting that bleomycin 

exposure led to a robust increase in CD11b+ IM in both myeloid specific ATF6α-deficient 

and WT mice at day 7 (Figure 3B). At day 7, bleomycin-treated LyM-Atf6αfl/fl mice had 

significantly higher number of CD11b+ macrophage subpopulations compared to 

bleomycin-treated Atf6α+/+ mice and to their respective controls (Figure 3B). 

Next, we determined the relative distribution of activated polarized macrophages in 

these populations, using CD38 (M1-like marker) and Arg-1/CD206 (M2-like markers) or 

a mixed population using CD38/CD206 (mixed phenotype). SiglecF+ macrophages were 

mostly unpolarized and no differences could be observed in their M1 or M2 or mixed 

phenotype between LyM-Atf6αfl/fl and Atf6α+/+ mice at day 7 post bleomycin instillation 

(Figure 4A). CD11b+ populations had increased levels of all macrophage phenotypes in 

bleomycin-exposed LyM-Atf6αfl/fl and Atf6α+/+ mice at day 7 (Figure 4A). At day 7 post 

bleomycin instillation, LyM-Atf6αfl/fl mice had a significantly higher number of CD38+ 

cells as compared to wild-type mice (Figure 4A). Notably, at day 7 post bleomycin 
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administration, both polarized LyM-Atf6αfl/fl and Atf6α+/+ CD11b+ subpopulations were 

pre-dominantly pro-fibrotic Arg-1+CD206+ macrophages (Figure 4A). These results 

demonstrated that at day 7 post bleomycin administration, the majority of lung CD11b+ 

subpopulations were pro-fibrotic Arg-1+CD206+ macrophages, with fewer cells expressing 

CD38+ alone or having a CD38+CD206+ dual expression. These findings were shown in 

both myeloid specific ATF6α-deficient and WT mice.  

We subsequently examined the macrophage composition and phenotype in the 

fibrotic phase, at day 21. In contrast to the injury phase at day 7, the numbers of 

F4/80+CD64+ total lung macrophages, SiglecF+ and CD11b+ macrophages were 

significantly reduced in Atf6α+/+ mice exposed to bleomycin compared to their saline-

treated groups at day 21 (Figure 3C). Conversely, the number of total macrophages, pre-

dominantly CD11b+ subpopulations, remained expanded and significantly increased in 

LyM-Atf6αfl/fl mice compared to WT mice following 21 days of bleomycin exposure 

(Figure 3C). Notably, the total number of macrophages in bleomycin-treated LyM-Atf6αfl/fl 

mice seemed to be reduced at day 21 compared with day 7 (Figures 3B-C). No differences 

were detected in the M1/M2 functional status of SiglecF+ subpopulations between LyM-

Atf6αfl/fl and Atf6α+/+ mice at day 21 (Figure 4B). In addition, no differences were detected 

in the M1/M2 functional status of CD11b+ subpopulations between bleomycin-treated 

Atf6α+/+ mice and their saline-treated respective controls at day 21 (Figure 4B). In contrast, 

LyM-Atf6αfl/fl CD11b+ subpopulations expressing CD38 alone, Arg-1/CD206, or dual 

CD38/CD206 remained elevated at day 21 post bleomycin administration (Figure 4B). To 
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note, LyM-Atf6αfl/fl polarized CD11b+ subpopulations remained pre-dominantly of the pro-

fibrotic M2-like phenotype at day 21 post bleomycin administration (Figure 4B). Overall, 

these findings suggest that a mixed M1/M2 population of CD11b+ macrophages contributed 

to the repair process in both WT and myeloid specific ATF6α-deficient mice. Of note, the 

main difference between the resolving WT mice at day 21 and the fibrotic myeloid specific 

ATF6α-deficient mice was the continuous presence of “Arg-1+CD206+” and to a lesser 

extent mixed “CD38+CD206+” CD11b+ macrophages, contributing to aggravated tissue 

remodelling and fibrogenesis. 

Myeloid-specific deletion of Atf6α inhibits bone marrow-derived macrophages from 

producing CHOP and undergoing apoptosis during ex vivo chronic ER stress. To 

investigate the molecular mechanisms associated with the accumulation of CD11b+ 

macrophages in LyM-Atf6αfl/fl mice, we next assessed their capacity to undergo UPR-

mediated apoptosis. Bone marrow-derived macrophages (BMDMs) were isolated from 

LyM-Atf6αfl/fl and Atf6α+/+ mice to assess UPR-mediated apoptosis using 

immunofluorescence, western blotting, and flow cytometry-based approaches. To 

artificially stimulate ER stress, UPR-mediated CHOP activation and apoptotic cell death, 

BMDMs were treated with either tunicamycin which blocks protein glycosylation, or 

thapsigargin which depletes ER calcium stores29 and incubated for 8 or 16 hours. While 

neither wild-type or ATF6α-deficient BMDMs exposed to tunicamycin or thapsigargin for 

8 hours led to increased CHOP protein expression, CHOP was highly expressed after 16 

hours of exposure only in wild-type BMDMs (Figure 5A). As expected, no CHOP signal 
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was observed in any of the control or vehicle-treated groups (Figure 5A). When BMDMs 

from both genotypes were exposed to tunicamycin for 24 hours, a reduced CHOP 

expression in LyM-Atf6αfl/fl BMDMs was detected (Figures 5B-C). These observations 

were validated by assessing lactate dehydrogenase (LDH) cytotoxicity activity in the 

supernatant of LyM-Atf6αfl/fl and Atf6α+/+ macrophages exposed to tunicamycin for 24 

hours (Figure 5D). Cytotoxicity assay indicated that ATF6α-deficient BMDMs were 

markedly protected from cell death as shown by the significant reduced level of LDH in 

the supernatant of tunicamycin-treated LyM-Atf6αfl/fl cells compared to tunicamycin-

exposed Atf6α+/+ cells (Figure 5D).  

 To investigate whether ATF6α-deficient CD11b+ macrophage subpopulations lack 

the ability to undergo apoptosis, we assessed Annexin V staining by flow cytometry. 

Following 16 hours of treatment, thapsigargin-exposed LyM-Atf6αfl/fl BMDMs had a 

significantly decreased percentage of CD11b+Annexin V+ apoptotic macrophages 

compared to thapsigargin-exposed Atf6α+/+ BMDMs (Figure 5E). Atf6α+/+ BMDMs had a 

significantly higher percentage of CD11b+Annexin V+ apoptotic macrophages compared 

to their vehicle group (Figure 5E). No differences were detected in the percentage of 

CD11b+Annexin V+ cells between any of the tunicamycin-exposed BMDM groups at 16 

hour of treatment (Figure 5E). Overall, these data suggest that ATF6α deficiency prevents 

UPR-mediated apoptosis in macrophages, through a likely requirement of ATF6α for the 

activation of CHOP.  
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Myeloid-specific deletion of Atf6α is associated with CHOP-deficient macrophages in 

fibrotic conditions. To determine the expression level of CHOP in macrophages in lungs 

of wild-type and LyM-Atf6αfl/fl mice in both normal and fibrotic conditions, we used triplex 

FISH RNAscope® technology and examined Atf6α, CD68, and CHOP mRNA co-

localization.  In line with the ex vivo assessments, we observed that ATF6α-deficient CD68+ 

macrophages were also CHOP deficient in vivo (Figure 6). This data further suggests that 

ATF6α is required for CHOP induction in macrophages.  
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DISCUSSION 

While IPF pathogenesis remains unknown, the current paradigm is that IPF is triggered by 

recurrent microinjuries and damage to the alveolar epithelium30,31. Consequential epithelial 

and immune cell release of fibrogenic mediators then promote the recruitment of bone 

marrow–derived cells and mediate fibroblast differentiation into activated myofibroblasts 

in the lungs30. Together these processes promote excessive extracellular matrix deposition 

and ultimately fibrosis30. Chronic ER stress and UPR have been reported to have important 

roles in fibrotic processes in numerous organs including lung, heart, kidney, liver, and 

gastrointestinal tract32,33. Particularly, an association between ER stress mediators and IPF 

has been previously reported. Korfei et al. (2008) have found that the protein levels of 

p50ATF6, ATF4, and CHOP, as well as transcript levels of XBP-1, were significantly 

higher in lung homogenates and type II alveolar epithelial cells (AECIIs) of IPF patients 

compared to control donors34. Moreover, Yao et al. (2016) previously demonstrated that 

CHOP expression was significantly elevated in CD206+ M2-like macrophages found in IPF 

lungs compared to control subjects16. We here investigated whether the ATF6α arm of the 

UPR is required for the regulation of pulmonary macrophage composition and pro-fibrotic 

function in the context of lung injury, fibrosis, and repair. 

M2-polarized alternatively activated macrophages perform a vital role in tissue 

remodelling and fibrogenesis11–14. Consequently, we first assessed the localization of Atf6α 

mRNA in macrophages found in IPF patient lung and in circulating monocytes isolated 

from IPF patient blood. Subsequently, we developed a novel transgenic mouse model, 
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where Atf6 gene, encoding ATF6α protein, was specifically deleted in the myeloid 

compartment. Myeloid specific ATF6α-deficient mice were administered bleomycin to 

induce lung injury and fibrogenesis. Our results demonstrated that at a low dose of 

bleomycin (0.04 units/mouse), myeloid lineage ATF6α-deficient mice exhibited an 

exacerbated fibrotic response. This was shown by increases in myofibroblast and collagen 

deposition in the lung. This elevated fibrogenesis was associated with an accumulation of 

CD11b+ macrophage subpopulations with a pre-dominant M2 profile and to a lesser extent 

a mixed M1/M2 phenotype. These findings shed light on examining the role of ATF6α-

mediated apoptosis of macrophages, a mechanism that might be important in the resolution 

of injury and fibrogenesis.  

Macrophages are highly plastic cells that can switch from one functional phenotype 

to another depending on the stimuli and signals from the environment10 which make their 

isolation  challenging. Nevertheless, the well-established flow cytometry-based approaches 

presented here enabled the identification of the various macrophage subpopulations in 

healthy and fibrotic mouse lungs. Assessing macrophage composition at the different 

timepoints following bleomycin administration suggested that although macrophage 

infiltration peaked during the injury phase (day 7) in wild-type mouse lung tissues, cellular 

composition was restored after 21 days of chronic ER stress/UPR. In contrast, ATF6α-

deficient macrophages peaked during the inflammatory phase and persisted until the 

fibrotic phase (day 21). This macrophage accumulation was associated with aggravated 

bleomycin-induced tissue remodelling. Consequently, we postulated that macrophage 
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accumulation at day 21 might be caused by an inability to undergo apoptosis during 

prolonged ER stress associated with bleomycin-induced lung injury.  Further investigations 

revealed that ATF6α was required for macrophage CHOP-induced apoptotic death during 

chronic ER stress ex vivo. Overall, targeting CD11b
+ 

macrophage subpopulations through 

the ATF6α arm of UPR might offer a potential therapeutic approach to halt IPF progression.  

        To the best of our knowledge, this is the first report to identify that the ATF6α arm of 

the UPR is required for CHOP induction and the apoptotic death of bone marrow-derived 

CD11b+ macrophages ex vivo. In line with our findings, data obtained from Bommiasamy 

et al. (2009) provided evidence that CHOP was highly expressed in the ATF6α-expressing 

Chinese hamster ovary cells, whereas cells expressing the other UPR sensors (ATF6β, 

XBP-1, and ATF4) had much lower levels of CHOP24. ATF6α was also found to be 

required for CHOP-independent apoptosis of myoblast cells during ER stress and that the 

co-expression of a dominant negative form of ATF6α suppressed apoptosis35. Lastly, 

Forouhan et al. (2018) have shown that the knockdown of ATF6α halted the expression of 

GRP78 and CHOP mRNAs in cells expressing p.N617K (metaphyseal chondrodysplasia 

type Schmid (MCDS) cell culture model)36. Taken together, these findings imply that 

ATF6α is likely required for CHOP production and subsequent apoptosis of different cell 

types including macrophages as reported in our present studies.  

         While ATF6α contribution to pulmonary fibrosis has not been fully elucidated, the 

role of CHOP has been well studied. Our group has previously shown that full body CHOP 

knockout (CHOP-/-) mice exposed to a single intratracheal dose of bleomycin had increased 
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lung fibrosis and an accumulation of Arg-1+ M2 like macrophages18. This suggests that 

blocking the ability of macrophages to undergo UPR-mediated apoptosis during chronic 

ER stress can lead to macrophage accumulation in the lung resulting in an increased fibrotic 

response. In contrast, Burman et al. (2018) used repetitive intratracheal bleomycin injury 

model to induce lung fibrosis in full body CHOP-/-  mice and found that CHOP-/- mice were 

significantly protected from the development of lung fibrosis, shown by a reduction in 

fibrotic area, decreased soluble collagen content and fibronectin level37. In addition, the 

number of TUNEL+ alveolar epithelial cells was significantly lower in repetitive 

bleomycin-treated CHOP-/- mice compared to wild-type controls. This suggests that in the 

repetitive bleomycin model, CHOP deficiency protects from lung fibrosis by reducing AEC 

apoptosis37. In another study conducted by Delbrel et al. (2018), it was shown that localized 

hypoxia and hypoxia inducible factor 1 alpha (HIF-1α) promote ER stress and CHOP-

mediated apoptosis of AEC, indicating their potential role in epithelial cell damage in IPF38. 

Combined with our observations, these data indicate that cell-specific apoptotic 

modulation, via ATF6α and CHOP-mediated pathways results in different outcomes, 

depending on the experimental system. CHOP deficiency prevents the excessive apoptosis 

of the epithelial barrier when using low repetitive doses of bleomycin and this subsequently 

protects from downstream fibrogenesis. Conversely, ATF6α/CHOP deficiency in the 

myeloid compartment results in the accumulation of pro-fibrotic macrophages and leads to 

enhanced fibrotic response. Therefore, the data shed light on compartment specificity 

knockdown studies rather than full body knock-out animal models. While AEC excessive 

apoptosis triggers fibrotic processes, macrophage inability to undergo apoptosis is 
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detrimental. This suggests that cell-specific delivery of therapeutics may be required for 

the treatment of chronic fibrotic lung diseases as recently proposed39.  

         In conclusion, the data presented indicate that the myeloid-specific deletion of 

ATF6α promotes lung fibrosis by attenuating macrophage CHOP-mediated apoptosis. This 

results in the persistent expansion of CD11b+ macrophage subpopulations with aberrant 

function. The specific enhancement of the activity of ATF6α/CHOP arm in CD11b+ 

macrophage subpopulations through targeted drug delivery to specifically induce apoptosis 

in this compartment might be a potential therapeutic approach to halt pulmonary fibrosis.  
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MATERIALS AND METHODS 

Single-cell RNA sequencing. Data pre-processed using the cell ranger pipeline (10x 

Genomics) were obtained from GSE135893, containing samples collected from 12 IPF 

patients and 10 control subjects. Post-processing was performed using Seurat package in 

R40. The same pipeline described in the source paper (Habermann et al, 2020)25 was 

followed. Visualizations were created using Seurat. Cell populations were defined using 

the markers found in the source paper (Habermann et al, 2020)25.  

CD14+ cells isolation and bulk RNA sequencing. Approximately 10 mL of fresh whole 

blood was collected from 12 control subjects and 50 IPF patients. Upon collection, CD14+ 

cells were isolated directly from whole blood via immunomagnetic negative selection using 

the EasySep™ Direct Human Monocyte Isolation Kit (STEMCELL Technologies Inc., 

REF #19669). Cells were subsequently lysed for RNA extraction. The obtained libraries 

were used for bulk RNA-seq using the Illumina HiSeq 1500. The samples were sequenced 

with single end reads of 75 base pairs, at an average depth of 9.1 million clusters (ranging 

from 6 million to 14 million). The reads were filtered based on quality, selecting only the 

reads with at least 90% of bases having quality score of 20 and higher. Remaining reads 

were aligned using HISAT241 with hg38 (UCSC) reference genome and the reads were 

counted using HTSeq count41. Next, genes exhibiting more than 10 counts in more than 9 

samples were selected using filterByExpr (EdgeR package in R42,43), resulting in 13,243 

genes. These count values were then normalized with TMM normalization method44 and 

transformed with voom transformation45. Differential expression analysis was performed 
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using limma package package46 in R; p-value was corrected with BH correction for multiple 

testing47, and corrected values <0.05 were considered to be significant. Violin plot was 

created using ggplot2 package in R. 

Human lung tissue and RNAscope® Assay. All work conducted using human tissues was 

approved by the Hamilton Integrated Research Ethics Board (11-3559 and 13-523-C). 

Formalin-fixed paraffin-embedded (FFPE) human lung tissues were obtained from a 

biobank for interstitial lung diseases at St. Joseph's Healthcare in Hamilton, Ontario, 

Canada. IPF lung biopsies were selected based on clinical, radiological, and a pattern of 

usual interstitial pneumonia determined by a trained molecular pathologist. Non-cancerous 

tissues from lung cancer cases were used as controls. Fibrotic regions in IPF patients and 

non-tumour areas in control subjects were selected to be placed into a tissue microarray 

(TMA) block. The TMA was processed for RNAscope® fluorescent in situ hybridization 

multiplex assay (Advanced Cell Diagnostics (ACD), Inc.) to assess the co-localization of 

human Atf6α (ACD, Cat# 555298), CD68 (ACD, Cat# 560598), and Mrc1 (ACD, Cat# 

583928) mRNAs. The bacterial probe dapB was used as a negative control to ensure that 

there is no background staining related to the assay and that the tissue specimen is 

appropriately prepared. High definition images were acquired using the Olympus VS120 

Slide Scanner at a 40× magnification as previously described14,18,48.  

Animals. Female and male wild-type C57BL/6 (Atf6α+/+) mice were commercially 

obtained from either Charles River Laboratories (PQ, Canada) or The Jackson Laboratories 

(Maine, USA). Myeloid specific ATF6α-deficient (LyM-Atf6αfl/fl) mice were developed 
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utilizing Cre-LoxP recombination system and were bred in-house.  In the present studies, 

Atf6α+/+ mice were age-matched with LyM-Atf6αfl/fl mice with ages falling between 6 and 

14 weeks at day 0. Two female Atf6fl/fl floxed mice B6(cg) – Atf6tm1Hota/J which were 

homozygous for Atf6 gene were bred with one male B6.129P2-Lyz2 tm1(cre)lfo/J (also known 

as LysMcre). The Atf6fl/fl floxed mice had the Atf6 gene which codes for “p90ATF6α” 

protein20, being flanked by LoxP sites. LysMcre mouse had the Cre recombinase gene being 

inserted into the lysozyme 2 (Lyz2) which is a promoter region found in all cells of the 

myeloid lineage. After 1-2 months of breeding, the entire F1 generation born was 

heterozygous. One male from F1 was bred with two new unbred female Atf6fl/fl floxed mice. 

After 1-2 months of breeding, 4 different genotypes of F2 generation were produced. Only 

25% of F2 generation had the Atf6 gene being deleted from the myeloid lineage. Mice were 

genotyped to select the desired genotype. B6(cg) – Atf6tm1Hota/J and B6.129P2-Lyz2 

tm1(cre)lfo/J (both with C57BL/6 background) were purchased from The Jackson Laboratories 

(Maine, USA) (Cat# 028253 and 004781, respectively). All strains of mice were housed in 

the Central Animal Facility at McMaster University (Hamilton, ON, Canada). The animals 

were kept on a 12 h light/12 h dark cycle and fed ad libitum. All animal work was approved 

by the Animal Research Ethics Board at McMaster University (# 19-08-23).  

DNA genotyping and standard polymerase chain reaction. Broncheoalveolar lavage 

cells were collected from male and female Atf6α+/+ and LyM-Atf6αfl/fl mice (n=5-7) and 

macrophages were cultured. DNA genotyping was performed on adhered macrophages 

according to the KAPA Mouse Genotyping Kit protocol (Millipore Sigma, cat# KK7302). 
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The following primers (prepared by Integrated DNA technologies) were used for standard 

PCR: Atf6 forward primer with a sequence of 5'- TGC ATC TGG  GAA GAG AAC CA 

-3', Atf6 WT reverse primer with a sequence of 5'- TGC CAT GAA CTA CCA TGT 

CAC -3', and Atf6 mutant reverse primer with a sequence of 5’- AGA CTG CCT TGG 

GAA AAG CG -3’. Cells from a heterozygous mouse having both the mutant (KO) (160 

bp) and the WT (101 bp) bands and cells from a mouse being homozygous to the mutant 

gene (160 bp) were used as controls. 

Intratracheal administration of bleomycin. Experimental pulmonary fibrosis was 

induced with a single intratracheal instillation of a suboptimal dose of bleomycin (0.04 

units/mouse in a volume of 50 µl sterile saline). Control animals received vehicle (sterile 

saline) alone (50 µl per mouse). Weights of animals were monitored regularly, and endpoint 

measures were conducted following 7 (inflammatory phase) or 21 (fibrotic phase) days of 

bleomycin intubation.  

Measurement of respiratory mechanics. Lung function assessments were conducted 

using a flexiVent® mechanical respirator (flexiVent®, SCIREQ, Montreal, PQ, Canada) 

according to SCIREQ Scientific Respiratory Equipment Inc.’s published protocols49. 

FlexiVent® enabled the measurement of lung elastance which is a functional parameter 

derived from the pressure-driven pressure–volume loops.  

Single lobe-lung processing for histopathology. Mouse left lungs were inflated, fixed in 

10% formalin for 48 hours, and processed for subsequent immunohistochemistry (IHC) 

and RNAscope® fluorescent in situ hybridization staining. Briefly, lungs were cut, placed 
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into histology cassettes, embedded in paraffin wax, and a TMA was generated. Following 

the development of a TMA containing mouse lung tissues48, 5 µm lung sections were cut 

and stained on a Bond RX fully automated research Stainer (Leica Biosystems)14,18. IHC 

staining on lung serial sections was performed for α-smooth muscle actin, Masson’s 

trichrome, and CD206. In addition, RNAscope® fluorescent in situ hybridization multiplex 

assay was conducted to assess the co-localization of mouse Atf6α (ACD, Cat# 555278), 

CD68 (ACD, Cat# 316618), and CHOP (Ddit3) (ACD, Cat# 317668) mRNAs. Lastly, IHC 

and FISH stained-microscope slides were digitalised using an Olympus VS120-L100-W 

slide scanner at a 20× (IHC) or 40× (FISH) magnification and IHC stained-slides were 

quantified using HALO™ Image Analysis Software (Halo Plus 3.2, Indica Labs)48.   

Multi-lobe-lung processing for flow cytometric assessment. To obtain single cell 

suspensions, mouse right superior, middle, inferior, and post-caval lobes were 

enzymatically digested (0.3 mg/mL collagenase type I, 50 units/mL Deoxyribonuclease I 

from bovine pancreas (DNase I), and 1000 units/mL Hyaluronidase from bovine testes) for 

2-3 hours shaking at 37°C. Digested lung was crushed through 40 µm filter. Cell count was 

performed using CountessTM automated cell counter (Invitrogen, Cat# C10281). Trypan 

blue stain 0.4% (Invitrogen, cat# T10282) was used to test for cellular viability. Single cell 

suspensions were suspended in cell staining buffer (0.5% BSA in PBS), non-antigen-

specific binding of immunoglobulins to Fcγ II/ III receptor was blocked using purified rat 

anti-mouse CD16/32 antibody (mouse FC block), and cells were subsequently stained for 
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flow cytometric analysis using antibodies shown in Table S1.  All samples were run on a 

BD LSRFortessa (BD Biosciences, ON, Canada).    

Processing of mouse bone marrow-derived macrophages for protein analysis. BMDMs 

were isolated and cultured as previously described50.  In brief, bone marrow cells were 

obtained from the femur, tibia, hib, and spine of female or male Atf6α+/+ (n=3-5) and LyM-

Atf6αfl/fl (n=3-5) mice and cultured with 20 ng/mL macrophage colony-stimulating factor 

(M-CSF) (PeproTech, Cat# AF-315-02) for 5-7 days to differentiate them into 

macrophages. Next, adhered macrophages were lifted using AccutaseTM (StemcellTM, Cat# 

07920) and cell scraper, counted, and plated in either 60 × 15 mm petri dishes with a density 

of 6-8 × 106 cells for flow cytometry assessment, in 6-well plates with a density of 2-3 × 

106 cells for western blotting, or with a density of 300,000 cells/well on glass coverslips 

that were previously placed in 12-well plates for immunofluorescence analysis. Adhered 

macrophages were then treated with either tunicamycin (2 or 20 μg/mL) (Sigma Life 

Science, Cat # T7765), thapsigargin (20 μg/mL) (Sigma Life Science, Cat # T9033), or 

control media alone. Since tunicamycin and thapsigargin were dissolved in 

dimethylsulfoxide (DMSO), DMSO was used as vehicle control. Following 8, 16, and 24 

hours of treatment, stimulated macrophages were processed for either western blotting or 

immunofluorescence. Following 16 hours of treatment, stimulated adhered macrophages 

were lifted and stained for flow cytometry assessment of CD11b+Annexin V+ cells (Table 

S1).  Annexin V flow cytometry staining was performed according to the manufacturer’s 

protocol (Thermo Fisher Scientific).  
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Western blotting. Cells were lysed with either Radioimmunoprecipitation assay (RIPA) 

buffer containing protease inhibitor (Na3VO4 (200 mM), aprotinin, phenylmethylsulfonyl 

fluoride (PMSF) (0.1 mM), and 1,4-Dithiothreitol (DTT) (1 M) or with TRIzol. Protein 

was extracted from cells treated with TRIzol according to the manufacturer’s protocol 

(Thermo Fisher Scientific). Cell lysates were loaded onto 12% SDS-PAGE gels (20 µg of 

protein/well) and separated by electrophoresis at 90V for 90 minutes, then transferred to 

nitrocellulose membranes at 400 mA for 60 minutes. Blots were blocked using Odyssey 

Blocking Buffer (LI-COR Biosciences, Lincoln, NE, USA) for 1 hour at room temperature, 

then probed using the following antibodies overnight at 4°C:  actin (C-4, Santa Cruz 

Biotechnology), diluted 1:1000, and CHOP (L63F7, Cell signalling Technology, Whitby, 

ON, Canada), diluted 1:1000. Following 24 hours, blots were washed with TBS + 0.15% 

Tween20, and IRDye® goat anti-mouse secondary antibodies (LI-COR, Biosciences, 

Lincoln, NE, USA) was added to the blots for 60 minutes at room temperature. After 

subsequent washes, blots were imaged using Odyssey LI-COR Imaging System (Lincoln, 

NE, USA). Protein band signals of interest were quantified by densitometry using Image 

Studio Lite.  

Immunofluorescence staining and quantification. Immunofluorescence was conducted 

as previously described19. In brief, cells were fixed with 4% Paraformaldehyde (PFA) 

solution in PBS (Boster Biological Technology, Cat# AR1068) and permeabilized using 

0.1% Triton X. Cells were then stained with Alexa Fluor 488-labeled anti-

GADD153/CHOP (Novus Biologicals, Cat# NB600-1335AF488). ProLong™ Gold 



Ph.D. Thesis – O. Mekhael                             McMaster University – Medical Sciences 
 

169 
 

Antifade Mountant with DAPI (Thermo Fisher Scientific, Cat# P36931) was used and 3-5 

images (at least 5-92 cells per image) per each condition were taken at 40× magnification 

using fluorescence microscopy. Exposure time was kept constant during imaging at 300 

milliseconds (ms) for CHOP and 20 ms for DAPI for all slides. ImageJ software (National 

Institutes of Health, Bethesda, MD, USA) was used to analyze and quantify antibody 

expression. The number of cells was counted, and thresholding was used to detect percent 

of positive cells. CHOP and DAPI were analyzed at threshold levels of 55 and 53, 

respectively. The % of positive cells for each image was calculated and graphed.  

Cytotoxicity assay. Following 24 hours of treatment, supernatants from adhered 

macrophages were collected and stored for lactate dehydrogenase measurements using 

“Pierce LDH cytotoxicity assay” which was conducted according to the manufacturer’s 

protocol (Thermo Fisher Scientific, Cat# 88954). 

Statistical analysis. All results were expressed as mean ± standard error of the mean. All 

graphs and statistical tests were performed using GraphPad Prism 9.1 (GraphPad Software, 

Inc). Two-way ANOVA followed by Tukey’s multiple comparisons test was used to 

determine significance. A p <0.05 was considered statistically significant.   

Data availability. The current study datasets are available upon request from the 

corresponding author. 
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FIGURE LEGENDS 

Figure 1. Atf6α mRNA is expressed in human macrophages and circulating monocytes 

associated with fibrotic lung diseases. (A) Expression level of Atf6α mRNA across cell 

populations in both healthy and IPF subjects. ScRNA-seq was performed on samples 

obtained from peripheral lung tissues removed at the time of lung transplant surgery from 

patients with IPF (n = 12) and from non-fibrotic controls (n = 10). Left panel: UMAP plot 

showing all identified cell populations. Middle panel: UMAP plot showing level of 

expression of Atf6α. Right panel: Violin plot showing level of expression of Atf6α in the 

identified cell populations. (B) FISH representative images showing the co-localization of 

Atf6α, CD68, and Mrc1 mRNA (puncta) in lung tissues obtained from non-fibrotic control 

subject and IPF patient. Negative controls for each region are shown. (C) Bulk RNA-seq 

analysis showing RNA expression of Atf6α in CD14+ circulating monocytes. Violin plot 

showing normalized expression levels of 12 control subjects and 50 IPF patients. Medians 

are marked by red dots within the violin shapes.  

 

Figure 2. Myeloid-specific deletion of Atf6α results in an enhanced bleomycin-induced 

tissue remodelling associated with increased pro-fibrotic macrophage 

subpopulations. Transgenic myeloid specific Atf6α-deficient mouse model (LyM-

Atf6αfl/fl) was developed and DNA genotype was verified using (A) PCR and (B) FISH 

RNAscope® technology. Atf6α+/+ and LyM-Atf6αfl/fl mice were intubated intratracheally 

with a suboptimal single dose of bleomycin (0.04 units/mouse) and fibrosis was assessed 
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after 21 days using immunohistochemistry staining on generated TMA and biomechanical 

measurements. Collagen deposition, myofibroblast and pro-fibrotic macrophage 

accumulation are shown respectively by serial sections of (C-E [left panel]) representative 

Masson’s Trichrome, α-SMA, and CD206-stained lung images of sterile saline-, and 

bleomycin-exposed animals. The figure also shows representative images generated by 

HALO™ Image Analysis Software used to quantify the different IHC stain through 

cytonuclear and area quantification modules (Halo Plus 3.2, Indica Labs). (C-E [right 

panel]) Halo quantification from saline- and bleomycin-exposed lung tissues. (F) Total 

lung elastance measurement. Data shown mean ± SEM, n = 4-5; *p<0.05; **p<0.01; 

***p<0.001; *represent a difference between the indicated groups. Two-way ANOVA 

followed by Tukey’s multiple comparisons test. 

 

Figure 3. Myeloid-specific deletion of Atf6α results in increased CD11b+ macrophage 

subpopulations.  Atf6α+/+ and LyM-Atf6αfl/fl mice were intubated intratracheally with a 

suboptimal single dose of bleomycin (0.04 units/mouse), and multi-lobe-right lungs were 

enzymatically digested and processed for flow cytometry after 7 and 21 days. (A) Flow 

cytometry gating strategy used to identify total macrophages (MΦ), alveolar macrophages 

(AM), and interstitial macrophages (IM). Single cells were gated from all cells to exclude 

doublets and debris, then CD45.2+ immune cells were obtained. F4/80+CD64+ total MΦ 

populations were gated from CD45.2+ immune cells. Total MΦ populations were further 

divided into IM and AM based on the expression of CD11b and CD11c. SiglecF+ AM was 

also gated from CD11c+CD11b- AM. Fluorescence minus one (FMO) was used to gate 
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each of the population of interest. (B-C) Graphs showing the absolute numbers of 

F4/80+CD64+ total MΦ, SiglecF+ AM, and CD11b+ IM following 7 or 21 days of bleomycin 

administration. Data shown mean ± SEM, n = 3-5; *p<0.05; **p<0.01; ***p<0.001; 

*represent a difference between the indicated groups. Two-way ANOVA followed by 

Tukey’s multiple comparisons test. 

  

Figure 4. Myeloid-specific deletion of Atf6α results in increased CD11b+ macrophage 

subpopulations with dual CD38+CD206+ expression.  Atf6α+/+ and LyM-Atf6αfl/fl mice 

were intubated intratracheally with a suboptimal single dose of bleomycin (0.04 

units/mouse), and multi-lobe-right lungs were enzymatically digested and processed for 

flow cytometry after 7 and 21 days. (A-B) Graphs showing the absolute numbers of 

SiglecF+ macrophages expressing CD38, Arg-1/CD206, or dual CD38/CD206, and 

CD11b+ macrophages expressing CD38, Arg-1/CD206, or dual CD38/CD206 following 7 

or 21 days of bleomycin administration. Data shown mean ± SEM, n = 3-5; *p<0.05; 

**p<0.01; ***p<0.001; *represent a difference between the indicated groups. Two-way 

ANOVA followed by Tukey’s multiple comparisons test. 

  

 Figure 5. Myeloid-specific deletion of Atf6α inhibits CHOP induction and halts the 

apoptotic death of bone marrow-derived CD11b+ macrophages during ex vivo chronic 

ER stress. Following Atf6α+/+ and LyM-Atf6αfl/fl BMDM exposure to tunicamycin or 

thapsigargin for 8, 16, and 24 hours, cells were subjected to western blotting, 

immunofluorescence staining, or flow cytometry assessments. (A) Representative western 
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blot image, analysis, and densitometry of CHOP and actin. Samples (n=3 per group) were 

derived from the same experiment and run on blots in parallel. (B) Representative images 

showing immunofluorescence staining of CHOP. (C) Graph demonstrating 

immunofluorescence quantification of CHOP. (D) LDH cytotoxicity assay performed on 

cell supernatant. (E) Annexin V assessment of CD11b+ BMDMs using flow cytometry. 

Data shown mean ± SEM, n = 3-10; *p<0.05; **p<0.01; ***p<0.001; **** p<0.0001; 

*represent a difference between the indicated groups. Two-way ANOVA followed by 

Tukey’s multiple comparisons test. 

  

Figure 6. Myeloid-specific deletion of Atf6α is associated with CHOP deficiency in 

macrophages during bleomycin-induced tissue remodelling. FISH representative 

images showing the co-localization of Atf6α and Chop mRNAs in CD68+ macrophages in 

lung tissues obtained from Atf6α+/+ and LyM-Atf6αfl/fl mice following 21 days of saline or 

bleomycin instillation. 

 

SUPPLEMENTAL TABLE LEGENDS 

Table S1. Flow cytometry panel.  A panel of surface and intracellular markers designed 

to examine the different macrophage subpopulations in single mononuclear mouse lung 

cells.  
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TABLES 

Antibody 

Specificity 

Conjugate Clone Supplier 

CD11b BV650 M1/70 Biolegend 

F4/80 PE-CF594 T45-2342 BD Biosciences 

CD45.2 APC-Cy7 104 Biolegend 

CD64 PE-Cy7 X54-5/7.1 Biolegend 

CD11c BV510 N418 Biolegend 

SiglecF BV421 E50-2440 BD Biosciences 

Arginase-1 PE - R&D systems 

CD206 Alexa Fluor 700 C068C2 Biolegend 

CD38 BV605 90 BD Biosciences 

CD16/CD32 

(Fc block) 

- - BD Biosciences 

Annexin V APC - Thermo Fisher 

Scientific 

Table S1 
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Interplay of major findings obtained from Chapters 2-4  

Firstly, the findings from chapter 2 provided novel clinical insights from the prospective 

Canadian registry for pulmonary fibrosis. To the best of our knowledge, this is the first 

report to study the impact of smoking status on the survival and pulmonary function 

outcome using a Canadian registry for fibrotic ILDs. Our clinical investigations have 

revealed that IPF patients were more likely to have a smoking history compared to the other 

fibrotic ILDs and that CTD-ILD, HP, and U-ILD patients had lower mortality than IPF 

patients whether they belong to the never smoker or smoker category. Furthermore, 

subgroup analysis showed that there was a significant interaction between smoking and 

fibrotic ILD diagnosis, with respect to mortality, with smoking affecting the risk of death 

in CTD-ILD and U-ILD more than IPF and HP.  The data suggest that IPF patients are 

more likely to have a smoking history and a higher mortality rate compared to the other 

fibrotic ILD patients. However, the higher mortality rate detected in IPF patients might not 

necessary be directly linked to smoking. To shed light upon these clinical observations and 

to better understand the mechanisms by which continuous smoking affects tissue 

remodelling and fibrotic processes, we used a preclinical experimental mouse model of 

concurrent CS exposure and acute lung injury in the subsequent study. Unravelling 

cigarette smoke-mediated mechanisms in fibrotic ILD is warranted to shed light on clinical 

controversies.   

 Macrophages perform a vital role in the pathogenesis of several cigarette smoke-

associated respiratory diseases including chronic obstructive pulmonary disease and 
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interstitial lung disease. However, the composition and functional capacity of pulmonary 

macrophage subpopulations following CS exposure have not been elucidated. In chapter 3, 

we utilized a whole-body cigarette smoke exposure system to investigate the impact of CS 

exposure on macrophage subpopulations in C57BL/6 mice using flow cytometry-based 

approaches. Furthermore, to assess the functional consequences of CS-induced altered 

macrophage composition, we used a model of concurrent bleomycin-induced lung injury 

and cigarette smoke exposure to examine macrophage polarization, tissue remodelling and 

fibrogenesis processes. We showed that CS altered pulmonary macrophage composition, 

expanding monocyte-derived CD11b+ subpopulations at multiple CS exposure timepoints. 

The increase in CD11b+ subpopulations was IL-1α dependent and likely reflective of 

elevated cell recruitment. These compositional changes were exacerbated in a model of 

lung injury and functionally became predominately M1-polarized with attenuated MMP9 

release. These macrophage compositional and functional changes were associated with 

attenuated fibrogenesis and impaired tissue remodelling in CS-exposed mice. Collectively, 

our data propose that CS exposure skews pulmonary macrophage subpopulation 

composition and function predisposing the lung to impaired tissue remodelling and wound 

healing processes.  To the best of our knowledge, this is the first report to investigate the 

impact of cigarette smoke exposure on pulmonary macrophage composition and function 

during lung injury, tissue remodelling, and fibrosis.  

Protein misfolding, ER stress, and the UPR have been linked to macrophage 

activation in pulmonary fibrosis. To date, the impact of ATF6α, one of the UPR mediators, 
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on the composition and function of pulmonary macrophage subpopulations during lung 

injury and fibrogenesis has not been investigated. In Chapter 4, we began by examining the 

expression of Atf6α in IPF patients’ lung single-cell RNA sequencing dataset, archived 

surgical lung specimens, and CD14 positive circulating monocytes. To assess the impact 

of ATF6α on pulmonary macrophage composition and pro-fibrotic function during tissue 

repair processes, we conducted an in vivo myeloid-specific deletion of Atf6α. Flow 

cytometric assessments of pulmonary macrophage subpopulations were carried out in 

C57BL/6 and myeloid specific ATF6α-deficient mice in the context of bleomycin-induced 

lung injury. The findings of chapter 4 showed that Atf6α gene was expressed in pro-fibrotic 

macrophages found in IPF patient lung and in CD14+ circulating monocytes obtained from 

IPF patient blood.  Following bleomycin administration, the myeloid-specific deletion of 

ATF6α expanded CD11b+ subpopulations with dual polarized CD38+CD206+ expressing 

macrophages. Compositional changes were associated with an aggravation of fibrogenesis 

including increased myofibroblast and collagen deposition. Further mechanistic ex vivo 

investigation revealed that ATF6α is required for CHOP induction and for the apoptotic 

death of bone marrow-derived CD11b+ macrophages.  Taken together, our findings suggest 

a detrimental role for the ATF6α-deficient CD11b+ macrophages which had altered 

functional status during lung injury and fibrosis. Targeting these CD11b
+ 

macrophage 

populations through the ATF6α arm of UPR might offer a potential therapeutic approach 

to halt fibrotic ILD progression. To the best of our knowledge, this is the first report to 

identify that the ATF6α arm of the UPR is required for CHOP induction and the apoptotic 

death of bone marrow-derived CD11b+ macrophages ex vivo.  
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Collectively, CS and aberrant ER stress/UPR processes disturbed pulmonary 

macrophage subpopulation composition and function, expanding CD11b+ macrophages, 

and resulted in alterations in wound healing and tissue remodelling. Further investigation 

of CD11b+ macrophages in clinical samples obtained from fibrotic ILD patients enrolled 

in CARE-PF is required. The exact mechanism by which CS skews pulmonary macrophage 

composition and modulates their functional status is yet to be elucidated.  Lastly, the 

specific enhancement of the activity of ATF6α/CHOP arm in CD11b+ macrophage 

populations through targeted drug delivery to specifically induce apoptosis in this 

compartment might be a potential therapeutic approach to halt pulmonary fibrosis.  

Monocyte-derived, but not tissue-resident macrophages, contribute to tissue 

remodelling  

Tissue-resident alveolar macrophages, long-lived cells with developmental origins in the 

fetal liver94, differentiate shortly after birth and persist over the lifespan via self-renewal, 

with no contribution from circulating bone marrow–derived monocytes94. At steady state, 

Res-AMs remove apoptotic cells, environmental particulates, and pathogens while 

ensuring normal gas-exchanging functions of the alveolus94. Nevertheless, severe 

environmental insults recruit circulating monocytes to the lung, where they differentiate 

into “monocyte-derived” alveolar macrophages and coordinate pro-inflammatory and pro-

fibrotic responses. Furthermore, interstitial macrophage, a third macrophage population,   

has been shown to originate from an embryonic yolk-sac-derived origin and they are being 

maintained by postnatal bone marrow-derived cells30,35. Interstitial macrophages are 
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important for tissue remodelling and maintenance, as well as antigen presentation29,30.  To 

date, whether these ontologically distinct macrophages play distinct roles or act 

synergistically during lung injury and fibrosis is not fully understood94.  

 The findings from chapter 3 have shown that cigarette smoke expands monocyte-

derived CD11b+ macrophages, including Mo-AM as well as (IM)1, -2 and -3 during the 

early acute inflammatory phase of bleomycin-induced lung injury. However, we observed 

attenuated tissue remodelling following CS exposure which was associated with decreased 

Res-AM and Mo-AM populations at peak fibrogenesis. Chapter 3 of the present thesis 

provides novel evidence of the contribution of cigarette smoke exposure to altered 

macrophage composition during fibrogenesis. Given that chapter 2 showed that cigarette 

smoking might be strongly associated with the development of some fibrotic ILDs, a 

comprehensive understanding of the mechanism by which CS affects lung fibrosis 

immunopathogenesis, development, and progression is crucial. Furthermore, chapter 4 of 

the thesis demonstrated that following bleomycin administration, the myeloid-specific 

deletion of ATF6α expanded CD11b+ macrophage populations and that was associated 

with aggravated fibrogenesis. In line with preclinical findings shown in chapters 3 and 4, 

McCubbrey et al. (2018) genetically depleted monocyte-derived CD11bhi macrophages 

during fibrosis by deleting the antiapoptotic protein cellular FADD-like IL-1β–converting 

enzyme–inhibitory protein (c-Flip) from those populations62. Consequently, CD11bhi 

macrophages became more susceptible to apoptosis62. They showed that the deletion of c-

Flip reduced the number of CD11bhi macrophages in the lung, and subsequently prevented 
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the development of bleomycin-induced lung fibrosis62. Similarly, Misharin et al. (2017) 

showed that the genetic deletion of monocyte-derived alveolar macrophages via 

necroptosis following their recruitment to the lung attenuated bleomycin-induced lung 

fibrosis, whereas tissue-resident alveolar macrophages did not contribute to fibrogenesis42.  

Targeted lineage tracing experiments are warranted to validate the ontogeny of the 

expanded macrophage subpopulations found in our concurrent cigarette smoke and 

bleomycin-induced tissue remodelling preclinical experimental model and in bleomycin 

treated myeloid-specific ATF6α-deficient mice.  

Role of cigarette smoke in tissue remodelling 

Chapter 3 of this thesis demonstrated that CS significantly attenuated fibrogenesis and 

tissue remodelling processes in a model of bleomycin-induced lung injury. We also found 

altered MMP9 secretion in isolated adherent lung CD45+ cells from 12-week CS-exposed 

mice. These data suggest an inability for CS-exposed adherent CD45+ cells to contribute to 

α-SMA+ myofibroblast deposition during the fibrotic phase of bleomycin-induced lung 

injury. Studies that aim to investigate the mechanisms which contribute to CS-mediated 

halted myofibroblast expansion during tissue remodelling are required. 

The effect of CS on fibrotic measures has been previously addressed in multiple 

different experimental models of pulmonary fibrosis. For instance, Zhou et al. (2019) 

continuously exposed C57BL/6J mice to smoke for 1h each day (12 cigarettes/day, 5 

days/week) over 40 days. Pulmonary fibrosis was induced in the CS-exposed mice by 

multiple intraperitoneal injections of bleomycin (4 mg/mL) at a dose of 40 mg/kg at days 
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1, 5, 8, 11 and 15. The mice were euthanized at day 4095. Their results illustrated that CS 

aggravated bleomycin-induced pulmonary fibrosis, shown by increased lung collagen 

deposition and that the activation of TGF-β-Smad2/3 and -Akt signaling was involved in 

the process95. Similarly, Cisneros-Lira et al. (2003) have shown that CS exposure increased 

bleomycin-induced lung fibrosis in guinea pigs. In their experimental model, guinea pigs 

were first exposed to smoke (20 cigarettes/day, 5 days/week) for 6 weeks, then bleomycin 

(3 units) was administered by single intratracheal instillation and animals were euthanized 

6 weeks after bleomycin treatment96. A separate group was also included where guinea 

pigs were first given bleomycin, and simultaneously exposed to smoke for 6 weeks96. 

Although lung collagen deposition was found to be significantly higher in both CS-

exposed groups treated with bleomycin compared with the control group exposed to RA 

and treated with saline, significant increases in lung hydroxyproline (collagen) were only 

detected in those guinea pigs that received tobacco smoke first and bleomycin after, 

compared with the group that received bleomycin alone96. Contrarily, Osanai et al. (1988) 

highlighted that CS ameliorated the effect of bleomycin-induced lung fibrosis in Golden 

hamster97. Animals were exposed to the smoke (4 cigarettes) for 15 min (5-min aliquots, 

twice a day, 5 days/week). On day 30 (day 0 of Bleo) from the start of housing and 

exposure to smoke, a single instillation of 0.5 mg of bleomycin per 100g body weight in 

saline was endotracheally administered97. Following 40 days of CS exposure (10 days of 

bleomycin instillation), quantitative morphometry of the lungs showed that CS-inhaled 

animals treated with bleomycin had less lung fibrotic change compared with animals 

treated with bleomycin alone, however, based on qualitative observation, the fibrotic 
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lesions of (CS+Bleo) group were merged with emphysematous changes97. Given the 

current conflicting research findings, we conclude that it is challenging to mimic human 

smoking fibrotic ILD conditions in experimental animal models as it was shown that the 

outcome of CS exposure depends on the experimental model used. Therefore, further 

studies are required to identify an experimental animal model that closely recapitulates 

fibrotic ILD patients who are smokers to be able to unravel the disease pathogenesis and 

subsequently yield more effective therapies98. Although the current animal models do not 

fully mimic the physiological features of IPF or the histopathologic pattern of UIP99, 

several clinical trials relied on preclinical studies in animals and have resulted in the FDA 

approval of two drugs, pirfenidone and nintedanib98,100,101. The current IPF therapies slow 

down disease progression, however, they do not cure fibrosis. This suggests the need to 

further investigate the cellular and molecular mechanisms involved in IPF. In chapter 3 of 

the thesis, we administered a single intratracheal instillation of bleomycin (0.05U/mouse) 

in female C57BL/6 mice using the oral pharyngeal method. Bleomycin is an antibiotic that 

was shown to treat squamous cell carcinomas and skin tumors, however, it was found to 

cause pro-fibrotic side effects in lymphoma patients98,102. Bleomycin is considered to be 

the most extensively used experimental model to induce lung fibrosis in mice98,103. The 

consensus view of a recent American Thoracic Society workshop report proposed that the 

murine intratracheal bleomycin model in animals of both genders, is the “best-

characterized animal model available for preclinical testing” and the view recognized 

hydroxyproline quantification for collagen deposition and the histopathology examination 

as best-characterized measurements99.  
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Role of cigarette smoke in endoplasmic reticulum stress and the unfolded protein 

response  

The potential link between CS, UPR, and macrophage dysfunction is yet to be established. 

While it is currently believed that smoke exposure can alter protein folding and result in 

pulmonary ER stress, the mechanisms associating smoke with ER stress are not fully 

understood104.  In vitro exposure of cells to cigarette smoke has been shown to stimulate 

ER stress and UPR105–107. Interestingly, exposure of human bronchial epithelial cells 

(hBEC) to CS extract (CSE) in vitro induced GRP78 and CHOP expression and stimulated 

apoptosis108. Additionally, in vivo exposure of mice to CS triggered GRP78 and CHOP 

expression in the lung108. In chapter 3, we found that following 21 days of bleomycin 

administration, cigarette smoke significantly reduced Res-AM and Mo-AM populations. 

Given the role of CS in CHOP-mediated apoptosis108, we further speculate that the 

depletion of macrophages detected in our preclinical model of concurrent CS exposure and 

bleomycin-induced lung injury at day 21 might be caused by CS-mediated apoptosis. 

Lastly, Kelsen et al. (2008) demonstrated that a number of UPR proteins were up-regulated 

in the lungs of chronic cigarette smokers109.  Given that the role of CS in ER stress/UPR 

processes has been reported and that the contribution of ER stress/UPR mediators to 

macrophage activation has been shown, studies that investigate the potential impact of CS 

exposure on UPR-mediated macrophage dysfunction in the context of fibrogenesis are 

required. 
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Clinical implications 

Chapter 3 data provided evidence that CS impaired tissue remodelling and wound healing 

processes. These findings are novel and support current thoughts in the literature that 

clinically, smokers with wounds resulting from trauma, disease, or surgical procedures 

have slow wound healing110. Cigarette smoking alters the function of neutrophils and 

macrophages required for inflammatory and bactericidal activity and compromises oxygen 

delivery to tissues, hence, underlying the pathobiology of chronic wounds111. Furthermore, 

cigarette smoke has been demonstrated to halt fibroblast proliferation, chemotaxis112, and 

survival113. Impaired fibroblast migration and activation could be one of the mechanisms 

through which cigarette smoke impairs wound healing and tissue remodelling. A better 

understanding of the mechanisms and cell type which are directly altered by smoking is 

crucial to identify potential therapeutic targets.  Specifically targeting pathways and cells 

that are overactivated or suppressed by smoking will potentially mitigate smoking-

associated diseases. Moreover, chapter 4 of the present thesis showed that ATF6α was 

required for CD11b
+ 

macrophage CHOP-induced apoptotic death, a process required for 

the attenuation of fibrogenesis during chronic ER stress. Enhancing ATF6α activity in 

macrophages might offer a potential therapeutic approach to halt pulmonary fibrosis 

progression.  Using drugs that activate ATF6 has been a therapeutic strategy for many 

human diseases associated with disrupted proteostasis including senile systemic 

amyloidosis, familial amyloid polyneuropathy, A1AD-associated emphysema, and liver 
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cirrhosis114. Our studies showed that cell-specific delivery of therapeutics may be required 

for the treatment of fibrotic lung diseases.  
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