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LAY ABSTRACT 

Currently there are 1.3 billion people who use tobacco across the world. The 

most common method to consume tobacco is by smoking cigarettes. Cigarette 

smoking is well-known to cause disease; however, smoking rates are still 

increasing with more daily cigarette smokers in 2012 than there were in 1980. 

In this thesis, we explore the impact of cigarette smoke upon the immune 

system. We first assessed whether cigarette smoking impacts the levels of 

antibodies, proteins that are produced by the immune system to protect against 

foreign bodies, in healthy individuals, cigarette smokers without disease and 

patients with chronic obstructive pulmonary disease (COPD). We found that 

current smokers had decreased antibodies in the airways, thus predisposing 

cigarette smokers to increased damage. In our second study, we measured the 

presence of airway and blood autoantibodies. These are antibodies that target 

self and have the potential to inflict damage. We discovered that patients with 

COPD had minor changes in autoantibodies and these changes were weakly 

associated with emphysema. In our third study, we evaluated the impact of 

cigarette smoke on lung macrophages, cells that eat and destroy foreign bodies, 

in a mouse model of cigarette smoke exposure. Cigarette smoke increased the 

number of bone marrow-derived macrophages and this change in macrophage 

populations was associated with a reduced wound healing ability. Overall, these 

studies offer insight into how cigarette smoke impairs the function of the 

immune system and contributes to lung disease. 
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ABSTRACT  

Cigarette smoke is an insidious insult that is associated with a spectrum of 

respiratory diseases that range from cancer to obstructive diseases such as 

chronic obstructive pulmonary disease (COPD), to restrictive diseases such as 

idiopathic pulmonary fibrosis (IPF). In this thesis, we explore how cigarette 

smoke impacts immune components that contribute to respiratory disease.  

To begin, we assessed the impact of cigarette smoke on airway antibody 

and autoantibody levels. We assessed sputum, a non-invasive method to sample 

the lower airways, to directly assess the presence of antibodies and 

autoantibodies in COPD. Total immunoglobulin M (IgM), IgG and IgA were 

detectable in the sputum of subjects. Notably, in patients with mild to moderate 

COPD, current smoking status was associated with decreased IgM and IgG. 

Next, using a comprehensive autoantigen array, we measured matched sputum 

and serum autoantibodies in 224 individuals. Serum autoantibodies were more 

abundant than sputum autoantibodies and correlated strongly between two 

independent COPD cohorts. Overall, the autoantibody profile of a patient with 

COPD was the same as a control subject. A proportion of autoantibody 

specificities were differentially expressed in patients with COPD with anti-

tissue autoantibodies weakly associated with measures of emphysema. Taken 

together, these data suggested chronic cigarette smoke exposure was associated 

with limited differential expression of autoantibodies, but these changes were 

not a reliable method to identify COPD status.  

In our third study, we assessed the impact of cigarette smoke exposure 

on the composition and function of pulmonary macrophage subpopulations.  
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Macrophages perform a central role in respiratory host defence and are 

implicated in the pathobiology of several respiratory diseases. Using a mouse 

model of cigarette smoke exposure, we reported cigarette smoke-induced 

expansion of CD11b+ macrophage subpopulations including monocyte-derived 

alveolar macrophages and interstitial macrophages. The altered pulmonary 

macrophage composition following cigarette smoke exposure contributed to 

attenuated fibrogenesis in a model of bleomycin-induced lung injury. This study 

offered insight to pulmonary macrophage composition and function following 

cigarette smoke exposure.  

 This thesis summarises the original contributions and work completed 

during the course of this Ph.D., aimed at understanding the impact of cigarette 

smoke exposure on immune components central to respiratory disease. In 

conclusion, these findings shed light on the presence of (auto)antibodies in 

patients with COPD and the composition of macrophage subpopulations 

following cigarette smoke exposure. 
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CHAPTER 1: INTRODUCTION AND OBJECTIVES 

1.1. Health impact of cigarette smoke  

As of 2020, the World Health Organization reported that 1.3 billion people 

worldwide are tobacco users1. The most common tobacco consumption method 

is cigarette smoking1. Despite the well-known adverse health impact2,3 and 

greater likelihood of individuals to self-report poorer health4,5, an increase of 

246 million daily cigarette smokers were recorded between 1980 and 20126. In 

Canada alone, over 5.5 million individuals continued to smoke cigarettes7. 

Alarmingly, tobacco use is linked with the deaths of more than 8 million people 

worldwide per year1 with cigarette smokers losing up to 12 years of life on 

average8,9. Specifically, cigarette smoking related deaths have been associated 

with diseases including cancer, cardiovascular disease, and respiratory diseases 

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

disease (ILD)3,10.  

1.2. The impact of cigarette smoke on the immune system 

Cigarette smoke is composed of over 7,300 components including known 

carcinogens, reactive oxygen species (ROS), N-nitrosamines, polycyclic 

aromatic hydrocarbons, aldehydes, amines and heavy metals11. Many of these 

components contribute to inflammation. For example, ROS such as superoxide 

anion (O2•−), hydrogen peroxide (H2O2) and the reactive hydroxyl radical 

(HO•)12 cause oxidative damage to cellular membrane lipids, proteins, and 

deoxyribonucleic acid (DNA)13. Subsequently, this damage promotes processes 
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such as lipid peroxidation14, mucus secreation15, and DNA adducts/double 

strand breaks leading to inflammation16. In addition to directly contributing to 

excessive inflammation, cigarette smoke components can interact with immune 

components to modulate inflammation. For instance, nicotine, the addictive 

agent in cigarette smoke, has been shown to reduce innate immune cell function 

and impair adaptive immune cell proliferation13,17. Likewise, hydrocarbons, 

which comprise a large proportion of molecules in cigarette smoke, are known 

to directly suppress adaptive immune cell acitvation18. Cigarette smoke 

components directly influence immunity through direct damage and interactions 

with immune cells.  

 The diverse array of cigarette smoke components can also affect the 

immune system indirectly. Hydrocarbon binding to the aryl hydrocarbon 

receptor (AhR), leads to innate immune suppression promoting endotoxin 

tolerance and decreased cell death19–21. Of note, in AhR knockout models 

cigarette smoke exposure results in an exaggerated immune response with 

prominent neutrophilia22. Cigarette smoke does not only suppress immune 

system components but can promote inflammation, often through the same 

cellular pathways. For example, hydrocarbon binding to AhR also promotes 

adaptive immune cell survival and differentiation23,24. Cigarette smoke 

components are sufficient to exert both pro and anti-inflammatory affects upon 

the immune system.   

Cigarette smoke is composed of a diverse range of components that each 

have a different capacity to modulate immune function. Adding to this 

complexity, cigarette smoke components affect the structural, innate and 
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adaptive cells that form the immune system differently. The impact cigarette 

smoke has on different immune cells leading to the development of cigarette 

smoke-associated respiratory disease is not fully understood.  

1.2.1. Epithelial cells  

As the first line of defence, epithelial cells form a barrier protecting the 

respiratory tract from external agents. Barrier integrity is essential for overall 

lung health and the maintenance of tissue homeostasis. Studies have shown that 

the respiratory barrier is compromised by cigarette smoke exposure. A break 

down in tight junction integrity, impaired ciliary function, cell hyperplasia and 

squamous metaplasia induced by cigarette smoke exposure all contribute to a 

dysregulated barrier25–27. In addition to dysregulation of the physical barrier, 

cigarette smoke also impairs functional responses in infected epithelial cells28–

30. Together, these impairments predispose the epithelium to increased bacterial 

colonisation and viral infection in cigarette smokers29,31. Epithelial cell immune 

function is not entirely suppressed when exposed to cigarette smoke. Epithelial 

cells in response to cigarette smoke exposure release exacerbated levels of 

proinflammatory mediators such as chemokine ligand (CXCL)832, CXCL1 and 

CXCL533. The release of these chemokines contributes to the recruitment of 

immune cells to the local environment and exacerbated inflammatory response 

caused by cigarette smoke exposure. Overall, cigarette smoke causes epithelial 

barrier dysregulation and alters immune function skewing tissue homeostasis.   
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1.2.2. Macrophages 

Macrophages perform a critical role in innate sensing and response to infectious 

agents as well as tissue repair. Two pulmonary macrophages populations reside 

in the lung, interstitial macrophages (IM), located within the lung interstitium, 

and alveolar macrophages (AM), which reside within the alveolar space34. AM 

account for approximately 80% of the lung-resident macrophages and IM 

constitute the remaining 20%35,36.  

1.2.2.1. Pulmonary macrophage subpopulations 

Pulmonary macrophage subpopulations develop independently from one 

another37. Resident alveolar macrophage (Res-AM) populations arise from two 

different developmental origins. The first is a primitive Res-AM originating 

from the yolk sac on embryonic day (E)10-12 in mice36,37. The longevity of 

these primitive AM are unclear. The second Res-AM population arises from the 

foetal liver and enters the lungs by E12-16 and the alveolar space after birth36,37. 

This second developmental wave is believed to contribute to the long-lived 

tissue Res-AM population. These mature Res-AM are predominately self-

maintained with limited contribution from circulating monocytes38. In addition 

to Res-AM populations, a postnatal AM subpopulation is recruited from the 

bone marrow39. Monocyte-derived alveolar macrophages (Mo-AM) have been 

shown to share 99.9% of genes with Res-AM40, but comprise less than 5% of 

the AM population36. Mo-AM transition directly from monocytes and are 

independent of IM populations41.  

As part of the postnatal developmental wave from bone marrow, 

monocyte-derived macrophages also populate the lung parenchyma and termed 
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IM37. IM are divided into three subsets based on CD11c and major 

histocompatibility complex class two (MHCII) expression, IM1 

(CD11cNegMHCIINeg), IM2 (CD11cNegMHCII+), IM3 (CD11c+MHCII+)42. 

Fluorescence microscopy has identified that IM1 populations are located in the 

pulmonary vasculature while IM3 populations are associated with nerve 

endings43,44. To date, the precise location of IM2 populations within the 

interstitium is not known. Unlike AM, IM are predominately maintained by 

bone marrow-derived cells37,42. Interestingly, emerging data has identified a 

small proportion of IM are derived from the yolk sac prenatally and are self-

maintained similar to Res-AM populations44. These long-lived cells form part 

of the IM1 and IM2 populations based on cell surface marker expression44. 

Pulmonary macrophages are comprised of a diverse range of cells derived from 

several development sources and waves.  

The different pulmonary macrophage subpopulations have 

morphological and functional differences34,45. IM are smaller and more 

proinflammatory, but less phagocytic, than larger AM counterparts45. In vivo 

phagocytosis assays at steady state demonstrated that the phagocytic capacity 

of pulmonary macrophages is negatively correlated with the contribution of 

monocytes, with Res-AM having the greatest phagocytic ability followed by 

IM1, IM2 and then IM3 sequentially42. The classical features of AM function is 

the ability to phagocytose microbial pathogens, apoptotic debris and surfactant, 

in addition to wound healing and pathogen recognition processes46. In contrast, 

the function of IM are much less understood. At steady state, IM populations 

are enriched for inflammatory mediators and monocyte-related genes compared 
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to AM. Of note, no significant transcriptional difference is observed between 

each IM subpopulation42. While transcriptionally similar, the location of IM 

subpopulations is associated with functional differences. Vasculature-

associated IM1 specifically have been associated with vascular integrity and 

wound healing while nerve-associated IM3 perform a role in antigen 

presentation43,44. In summary, a diverse range of macrophage subpopulations 

are present in the lung with defined functional roles in the innate immune 

response.  

1.2.2.2. Skewed macrophage response to cigarette smoke 

Macrophage function is intrinsically linked to the surrounding 

microenvironment. The immune environment transcriptionally regulates 

macrophages to express cell surface markers and secrete mediators which direct 

function47. These cell surface markers and mediators are split into two, non-

mutually exclusive, categories. “M1” macrophages express proinflammatory 

markers that are associated with anti-microbial and anti-tumour activity, 

whereas “M2” macrophages are linked to wound healing and anti-inflammatory 

responses48,49. This spectrum of macrophage function is termed macrophage 

polarisation. To note, macrophages can alter their polarisation status based on a 

shifting microenvironment enabling the same cell to undertake the diverse 

functional roles required in response and repair to a given insult. 

Cigarette smoke has a diverse relationship with macrophage 

polarisation. A predominate M1-like profile has been demonstrated in ex vivo 

analysis of Mo-AM from cigarette smokers50. In contrast, analysis of 

bronchoalveolar lavaged (BAL) macrophages observed a skewed dual M1/M2-
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like profile in cigarette smokers51. Thus, the location of pulmonary macrophage 

sampling impacts the polarisation state in cigarette smokers. The small airways 

associated with a predominate M1-like profile whereas BAL macrophages 

predominately expressed a M2-like phenotype52.   

The impact of cigarette smoke on each pulmonary macrophage 

subpopulation is currently not known. Overall, studies show an expansion of 

total macrophages in the bronchoalveolar lavage fluid (BALF)53 and lung 

tissue54 following cigarette smoke exposure. Notably, bronchial macrophages 

remain elevated in ex-smokers compared to healthy non-smoking controls55,56. 

Once residing in smoke-exposed airways, macrophages become lipid-laden53,57 

and impaired in their ability to phagocytose bacteria58 and apoptotic cells59. This 

suppressed phenotype following exposure to cigarette smoke is also associated 

with a reduced capacity to recognise pathogen-associated molecular patterns 

(PAMPs) and release cytokines60,61. Whether this suppressed phenotype is 

specific to certain macrophage subpopulations is not known.  

Cigarette-exposed macrophages exhibit an attenuated profile61, but 

notably release increased IL-1α33,62, plus serine and cysteine proteases63. In 

cigarette smoke exposure animal models, IL-1α has been shown to be necessary 

for cigarette smoke-induced inflammation33,62,64. Moreover in cigarette smoke 

exposure models, interstitial CX3CR1+ mononuclear phagocytes were 

associated with airspace enlargement65. The precise contribution of IM 

subpopulations to this CX3CR1 interstitial population following cigarette smoke 

exposure is yet to be explored. To date, in human samples, macrophages are 

shown to be localised to sites of alveolar destruction66 and release increased 



Ph.D. Thesis – SP. Cass                     McMaster University – Medical Sciences 

~ 8 ~ 

 

proinflammatory mediators67 but the precise macrophage subpopulations is not 

known. The specific macrophage subpopulations associated with IL-1α-

mediated inflammation and protease-mediated extracellular matrix breakdown 

is not known. 

1.2.3. Dendritic cells 

Another mononuclear phagocyte key to the innate immune response is the 

dendritic cell. Residing in the parenchyma, dendritic cells sample the local 

environment for foreign bodies facilitating both the activation of 

proinflammatory pathways and antigen display to adaptive immune cells68,69. 

Similar to macrophages, different dendritic cell populations reside in the lung. 

Bone marrow-derived, conventional/classical dendritic cells (cDCs) are split 

into two subsets, cDC1 CD103+ (T helper cell type (Th)1 immunity) and cDC2 

CD11b+ (Th2/Th17 immunity)70–72. Th1 responses are associated with interferon 

(IFN)γ and tumour necrosis factor (TNF) production promoting phagocytosis, 

microbial killing and tolerance induction73. Th2 immunity is associated with 

interleukin (IL)-4, IL-5, and IL-13 production and is important for the 

generation of immunoglobulin E (IgE) responses in helminth infection and 

allergy74. In contrast, Th17 responses are associated with IL-17 and IL-23 

production in microbial defence and in autoimmune disease75. In addition to 

function diversity, cDC subpopulation ontogeny is different. cDC2 cells are 

recruited to the lung and differentiate from IM1 macrophages76. In contrast, 

cDC1s, also derived from the bone marrow, do not differentiate directly from 

macrophage populations76. To note, cDC1 cells are often directly associated 

with IM2 macrophages76. In addition to cDC’s, monocyte-derived dendritic 
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cells differentiate from Ly6C+ or CD14Hi monocytes during inflammation and 

are phenotypically similar to cDC1 cells77,78. These monocyte-derived dendritic 

cells have reduced capacity to activate T cells compared to their cDC1 

counterparts79. The last dendritic cell population present in the lungs is the 

plasmacytoid dendritic cells (pDC). These cells are a key sentinel in the lung 

interstitium and perform a vital role in the anti-viral immune response76,80.  

 Cigarette smoke is associated with the changes in the composition and 

function of dendritic cells in the lung. In vivo studies demonstrated cigarette 

smoke-mediated recruitment of CD11b+ populations, including cDC2 and 

monocyte-derived dendritic cells, through a IL-1α dependent pathway81,82. The 

precise contribution of monocyte-derived macrophages, monocyte-derived 

dendritic cells or cDC2 to this population is not known. In contrast, total CD11c+ 

populations (including cDC1, cDC2 and pDCs) are observed to be decreased in 

the lung83,84. Overall, cigarette smoke skews the dendritic cell population in the 

lungs. In chronic smokers, this differential presence of dendritic cells are also 

observed. CD83+ cells (a human cDC-like cell) were decreased, while CD1a+ 

cells (human monocyte-derived macrophage-like cell) were increased in 

cigarette smokers85,86. In addition to compositional changes,  cigarette smoke 

has been shown to impair functional Th1, Th2 and Th17 dendritic cell 

responses84,87. Specifically, decreased total dendritic cells numbers following 

cigarette smoke exposure were associated with impaired anti-viral immunity83. 

Cigarette smoke skews the composition of dendritic cell populations and is 

associated with impaired dendritic cell function.  
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1.2.4. Neutrophils 

Neutrophils perform a vital role in the recognition and removal of pathogens 

following infection. Neutrophilia is observed clinically in cigarette smokers88 

and in cigarette smoke-exposed animal models81,89. This neutrophilic airway 

infiltration is driven by an IL-1α dependent pathway62. The release of IL-1α in 

cigarette smokers leads to the induction of CXCL1 and CXCL5 which are both 

potent neutrophilic chemokines33. Concurrently, epithelial and neutrophil 

release of CXCL8, a human neutrophil chemoattractant, further exacerbates 

neutrophil recruitment in cigarette smokers90,91. This pulmonary neutrophilia is 

associated with increased neutrophil elastase which is implicated in matrix 

degradation and airspace enlargement92. This link to matrix degradation is 

highlighted in historical studies of patients with alpha-1 antitrypsin deficiency. 

In alpha-1 antitrypsin deficiency, patients suffer from an imbalance in proteases 

resulting in elevated neutrophil elastase in the lungs and accelerated emphysema 

development93.  

As part of the neutrophilic antimicrobial response, neutrophils have the 

ability to undergo a precise cell death pathway which releases intracellular 

components in a net-like release. This process, termed neutrophil extracellular 

trap release (NETosis), is shown to remove and kill bacteria94. This 

antimicrobial response is observed to be increased following cigarette smoke 

exposure even in the absence of infection95. However, despite increased 

NETosis in cigarette smokers96, studies show suppressed neutrophil cytokine 

release and bacterial killing in the presence of cigarette smoke extract97. This 

impaired killing likely reflects the supressed respiratory burst (reduced 
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inducible nitric oxide synthase and reduced nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase component release) in cigarette smokers98. Thus, 

while cigarette smoke exacerbates airway neutrophilia, functional aspects of 

neutrophil-mediated antimicrobial killing are impaired in cigarette smokers.  

1.2.5. T lymphocytes 

In addition to compromising innate immune cells, cigarette smoke also has a 

broad impact upon adaptive immune cells. T lymphocytes are composed of a 

diverse range of cells that perform vital roles within the adaptive immune 

system. Derived from the bone marrow, T cells mature into different subsets 

within the thymus each associated with a specific immune function99. These 

subsets include CD4+ helper (CD4+ T) cell, CD8+ cytotoxic (CD8+ T) cell, 

regulatory T (Treg) cell, memory T (Tm) cell and follicular helper T (Tfh) cell. 

CD4+ T cells generate cytokines promoting innate and adaptive cell activation99. 

CD8+ T cells survey MHC class I on antigen presenting cells for foreign peptides 

to trigger cell-mediated death of infected or malignant cells99. These responses 

are regulated by Treg cells that inhibit uncontrolled activation and restore 

homeostasis100. Tm cells develop from previous antigen activation and form a 

pool of long-lived immunity101. Lastly, Tfh cells perform a vital role in B cell 

germinal centre formation and generation of high-affinity antibody responses102.  

 Cigarette smoke has immunomodulating effects on T cell subtypes. 

Cigarette smoke has been shown to upregulate activation markers, inducing T 

cells to enter a state of T cell anergy81,103,104. Anergy is not induced via increased 

Treg cells, which are suppressed by cigarette smoke exposure105–107, but through 

increased expression of cell checkpoint inhibitors on the cell surface of T cell 
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and cognate antigen presenting cells108. This loss of regulatory control results in 

skewed CD4+/CD8+ T cell balance in some chronic cigarette smokers, favouring 

elevated CD8+ T cell numbers108,109. Notably, there is greater T cell receptor 

diversity in CD8+ T cell populations in cigarette smokers providing a greater 

expanse of potential activating signals110. Increased CD8+ T cell numbers in 

cigarette smokers is associated with elevated perforin and granzyme B release 

and worsened pulmonary function54,109. Despite increased CD8+ T cell numbers 

and their association with decreased lung function, cigarette smoke promotes T 

cell exhaustion and impaired killing103,111,112. This extends to impaired T cell 

mediated clearance of malignant cancer cells in cigarette smokers113,114. 

Ultimately, cigarette smoke increases CD8+ T cell numbers which display 

exhaustion markers and decreased functional capacity.  

1.2.6. B lymphocytes  

A major component of the humoral immune response is the generation of 

antibodies, also known as immunoglobulins (Ig), by B cells. Two major B cell 

subtypes, B-1 and B-2 cells, exist. These cells are derived from different 

developmental origins and have unique cell surface markers and functional 

properties. B-2 cells (follicular B cell) develop postnatally in the bone marrow, 

which upon encountering antigen in peripheral sites enter secondary lymphoid 

follicles and interact with Tfh cells to become antibody-producing effector B 

cells115. Long-lived antibody-producing plasma cells and the generation of 

memory B cells provide lifelong humoral protection116. In contrast to these T 

cell dependent B-2 cells, B-1 cells (T cell-independent innate B cell), are 

produced in developmental waves beginning in the foetus which upon birth 
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provide a pool of self-renewing, long-lived antibody secreting cells117. While 

not present in large quantities within the circulation, B-1 cells form a large 

proportion of B cells in the peritoneal and pleural cavities117,118. B-1 cells do not 

typically undergo affinity maturation or somatic mutation like B-2 cells but 

rather spontaneously produce low affinity, cross-reactive natural antibodies 

(nAb)119,120. While IgM is the most dominant nAb class, IgG nAb are also 

observed to be released by B-1 cells121,122. The spontaneous release of germline 

nAb, due to a constitutively active B cell receptor, enables nAb to act as part of 

the innate immune defence against microbial agents123–126 and contribute to 

tissue homeostasis127,128.  

1.2.6.1. Antibody-mediated function 

The diversity in B cell function is attributed to the different antibodies produced. 

During development, B cells must undergo successful V(D)J gene 

rearrangements in order to express germline-encoded Ig115. This naïve B cell 

must then survive clonal deletion and negative selection of self-reactive 

antibodies, to mature into a naïve transitional B cells115. As transitional B cells 

become exposed to antigen, often in the presence of CD4+ T cells, antibodies 

undergo affinity maturation and Ig class switching, thus resulting in mature 

antibody-secreting plasma cells115. High affinity antibodies produced by plasma 

cells bind specific epitopes which dependent on the heavy chain constant region 

facilitate different effector functions. There are five different heavy chain 

constant regions, IgM, IgD, IgG, IgA and IgE. IgM and IgD are expressed on 

the surface of naïve B cells. Upon activation B cells downregulate IgD and 

solely produce IgM; as such, IgM is closely associated with the primary 
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adaptive immune response129. Subsequently, through class switch 

recombination activated B cells may begin to produce antibodies of other 

isotypes. For instance, IgG which is the predominant serum Ig class has four 

subtypes and is known for its conformational flexibility and functional 

versatility129. IgA is principally produced in areas underlying mucosal surfaces 

and is secreted into luminal spaces to afford protection through neutralisation129. 

Lastly, IgE, is predominately found proximal to the epitheium129. 

Ig classes perform distinct but complementary functions in adaptive 

immune processes. IgA and IgG are effective at neutralising pathogens, thereby 

preventing infection and associated infectious disease130. IgG antibodies are also 

capable of opsonising targets facilitating opsonophagocytosis by macrophages, 

or destruction via natural killer cell-mediated antibody‐dependent cellular 

cytotoxicity131. Additionally, IgM and IgG activate the classical complement 

pathway, resulting in the recruitment of inflammatory cells, as well as the 

formation of membrane-attack complexes132. The least abundant Ig classes are 

IgD and IgE. IgD is found on naïve B cells is proposed to have functions related 

to basophil activation133, while IgE offers protection against helminths and 

parasite infection129. Antibodies perform a vital role in the humoral immunity 

through the functional diversity produced by different heavy chain constant 

regions. 

1.2.6.2. The impact of cigarette smoke on B cell function 

Cigarette smoke has a two-fold impact on B cells. First, in current smokers, the 

number of class switched and memory B cells is increased134. This is in part due 

to increased B cell recruitment and survival factors such as CXCL13 and B-cell 
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activating factor (BAFF) in cigarette smokers135,136. Second, although B cell 

activation is not impaired by cigarette smoke exposure103, IgG serum antibodies 

are decreased in cigarette smokers137–139. Specifically, cigarette smoke 

decreases serum IgG2 while serum IgG1, -G3 and -G4 isotypes are unaffected 

by smoking status140. In addition, the induction of IgG, and IgM, responses in 

the saliva of cigarette smokers is shown to be impaired in cigarette smokers141. 

Together, deficiencies in IgG2 and impaired IgG and IgM responses suggest 

cigarette smokers have a reduced capacity for antibody-mediated effector 

functions.   

1.3. Cigarette smoke-associated disease  

Given the insidious nature of cigarette smoke, associated respiratory diseases 

are often progressive and irreversible. For example, COPD and idiopathic 

pulmonary fibrosis (IPF), which are linked to former and current smoking 

status3,142, both gradually lead to physical disability and to date have no cure. 

Central to these diseases is the impact of cigarette smoke on immune 

components. Consequently, in addition to a continued emphasis on reducing 

cigarette smoking prevalence, efforts focusing on understanding the immune 

mechanisms that lead to cigarette smoke-associated respiratory disease are 

desperately warranted.  

1.3.1. Chronic obstructive pulmonary disease (COPD)  

COPD is a common respiratory disease that in Ontario accounts for 21% of 

primary care patients aged 40 or older who have a smoking history143. 

Worldwide, COPD affects 251 million people144 and is estimated to be the 
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seventh leading cause of years of life lost145. Characterised by the variable 

presence of respiratory conditions, COPD encompasses patients with chronic 

bronchitis (persistent mucus hypersecretion), obstructive bronchiolitis 

(inflammation leading to narrowing of the small airways) and emphysema (lung 

parenchyma destruction leading to airspace enlargement and reduced elasticity 

of the lung)146. While these respiratory conditions coexist and are non-mutually 

exclusive, individuals generally fall into one of two common clusters. Cluster 

one individuals have low forced expiratory volume in 1 second (FEV1), low 

body mass index (BMI), dyspnoea and extensive computerised tomography 

(CT) confirmed emphysema. This cluster represents an emphysema-dominant 

patient with severe lung function decline. In cluster two, individuals present 

with moderately impaired FEV1, high BMI and thickened airway walls, with 

little CT confirmed emphysema147. This cluster represents subjects with chronic 

bronchitis-dominant disease and mild lung function decline.  

COPD disease aetiology includes noxious particles and/or gases from 

occupational hazards and air pollution; however, the single most significant risk 

factor is current or former cigarette smoking3. These stimuli in susceptible 

individuals accelerate the natural lung function decline associated with age148. 

This rapid deterioration in lung function plus dyspnoea and chronic cough, with 

or without sputum production, are all diagnostic features of COPD149. The loss 

of lung function is stratified into Global Initiative for Obstructive Lung Disease 

(GOLD) stages I to IV. GOLD I patients are individuals with mild lung function 

decline (> 80% FEV1), GOLD II - moderate decline (50 - 79% FEV1), GOLD 

III - severe decline (30 - 50% FEV1) and GOLD IV - very severe lung 
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obstruction (< 30% FEV1)
149. In addition to susceptible current and ex-

smoker’s, < 5% of COPD cases are associated with a genetic risk factor alpha-

1 antitrypsin deficiency150. This genetic deficiency leads to an imbalance in 

serine proteinases resulting in an emphysema-dominant COPD151. Increasingly, 

evidence suggests that impaired lung development either during gestation, birth 

or childhood reduces attainable lung function and also increases the risk of 

developing COPD152–154. As COPD progresses lung function chronically 

declines which, to date, cannot be halted or cured. Understanding the 

mechanisms that contribute to the accelerated decline in lung function and 

identifying patients early in disease is important to initiate intervention 

strategies promptly to maintain lung function.  

1.3.1.1. COPD pathogenesis 

COPD pathogenesis is not fully understood; however, 85 – 90% of COPD 

diagnoses are attributed to current or former smoking3. To date, it is understood 

that chronic cigarette smoke acts upon epithelial cells and macrophages to drive 

disease development155. Chronic epithelial and macrophage activation in COPD 

results in the establishment of a proinflammatory environment through the 

release of central mediators such as IL-8, C-C motif chemokine ligand 2 

(CCL2) and ROS155. This inflammatory milieu proceeds cellular infiltration 

into the lung, predominately composed of polymorphonuclear neutrophils 

(PMNs) and monocytes which are correlated with increasing airflow 

obstruction54. The chronic inflammatory immune environment further 

contributes to accumulation of bronchial CD8+ T cells156,157 and airway 

associated B cells54 with worsening disease severity. Together, tissue resident 
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and recruited cells contribute to the persistent release of proteinases which 

contribute to airway wall destruction and growth factors which contribute to 

mucus hypersecretion. Together these processes result in lung function decline 

observed in patients with COPD155.  

Interestingly, cigarette smoke cessation slows the rate of lung function 

decline158,159, but does not halt chronic inflammation and disease progression54–

56,160. Studies have identified that distinct myeloid and lymphoid immune cells 

were not diminished despite smoking cessation in the lungs of patients with 

COPD56,160. Notably, B cells increased in the lungs of patients with COPD 

regardless of current smoking status54,160. Specifically, total circulating B cells 

and the percentage of small airways containing B cell-rich lymphoid follicles 

increased with disease severity54,161. The presence of lymphoid follicles in the 

lung parenchyma and bronchial walls is associated with predominant 

emphysema in COPD162. Moreover, microarray analysis reports transcripts 

associated with B cell recruitment, Ig and activation were increased in 

emphysema dominant COPD163. An increasing focus has been placed on 

understanding the role of B cells in COPD pathogenesis.   

1.3.1.2. Contribution of antibodies to COPD progression 

Cigarette smoke has contrasting immunomodulatory effects which are marked 

by a number of immunosuppressive functions164. In this regard, cigarette smoke 

contributes to decreased levels137–140 and impaired induction of antibodies141. 

For instance, in individuals undergoing lung transplantation, subjects with 

COPD had lower serum IgG levels compared to patients with other diseases165. 

Increasingly IgA deficiency in proposed to contribute to abnormal airway 
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morphology and disease progression in COPD166–168. Areas deficient in 

bronchial IgA show increased submucosal thickening and airway remodelling, 

enhanced T cell presence and increased bacterial infection167–169. Polymeric 

immunoglobulin receptor (pIgR), which facilitates the transcytosis of IgA 

across the epithelium170, is decreased in IgA deficient areas167. pIgR genetic 

knockout mice recapture spontaneous susceptibility to bacterial infection and 

airspace enlargement171 which suggests an impaired ability to transport IgA to 

the apical surface performs an important role in COPD pathogenesis. 

Consequently, impaired antibody responses in patients with COPD reduce the 

capacity for antibody-mediated effector functions and contribute to disease 

pathology.   

In COPD, a link between acute exacerbations in chronic obstructive 

pulmonary disease (AECOPD) and antibody deficiencies has been 

observed172,173. Exacerbations are defined by acute and sustained worsening of 

the patient's condition beyond normal day-to-day variations that warrant 

additional treatment174. Over the course of a single year, patients with COPD 

can have multiple AECOPD events, each of which can contribute to decline in 

lung function, increased symptoms and progressively longer recovery times 

following each event175–177. The frequency of exacerbations is used to further 

classify patients by GOLD stage to assist with individual treatment strategies. 

GOLD A subjects are patients who have a low symptom score as assessed by 

the COPD Assessment Test (CAT) and fewer than one hospitalisation visit per 

year. GOLD B includes patients with a CAT score ≥ 10 plus fewer than one 

hospitalisation visit. GOLD C and D are patients who experienced > 2 moderate 
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to severe events or ≥ 1 hospitalisations with a CAT score < 10 and ≥ 10 

respectively149. Given the frequency and associated health consequences of 

AECOPD, intervention strategies aimed to limit or stop exacerbation occurrence 

are needed.  

A subset of patients who frequently suffer from COPD exacerbations 

were observed to have underlying primary antibody deficiency syndromes 

including, common immunodeficiency and specific antibody deficiency in two 

retrospective cohorts172,173. When patients diagnosed with an antibody 

deficiency syndrome were treated with Ig replacement therapy (intravenous and 

subcutaneous Ig) hospitalisations were reduced172,173. These findings suggest 

that antibodies perform a role protecting individuals against AECOPD, and that 

antibody deficiencies may represent an important predisposing factor for 

AECOPD occurrence. 

1.3.1.3. B cell-mediated autoimmunity in COPD 

Although the negative impact of cigarette smoke on the lungs is well known, 

perhaps less publicised is the risk cigarette smoke poses to the development of 

autoimmune disease such as rheumatoid arthritis and systemic lupus 

erythematosus178. Chronic inflammation, even in the absence of insult, and 

autoimmune flares/exacerbation events characterise aspects of both 

autoimmune disease and COPD. Given that cigarette smoking is a major risk 

factor for the development of COPD as well as autoimmune conditions, and the 

commonality in certain disease aspects, it has been hypothesised that COPD has 

an autoimmune component179. To this end, increased B cells54 and lymphoid 

follicles161 in COPD, even following cigarette smoking cessation, support a 
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break in an individual’s immune tolerance leading to B cell-mediated 

autoimmunity. Thus, an autoimmune component may contribute to the chronic 

inflammation observed in patients with COPD.  

Indeed, between a quarter to two-thirds of patients with COPD have 

increased serum autoantibody titres180–182. Notably, the percentage of patients 

with COPD who have increased serum autoantibody levels varies vastly 

between studies. This wide range may be a consequence of different assay 

protocols and the autoantigen specificities selected. For example, studies have 

focused on the use of indirect immunofluorescence and enzyme-linked 

immunosorbent assays (ELISA) to evaluate autoantibodies in COPD. Indirect 

immunofluorescence studies rely on the detection of deposited autoantibodies 

on either genetically engineered cell lines or whole lung tissue180–183. 

Consequently, there is inherit variability between studies and the precise 

autoantigens targeted and autoantibodies detected. In contrast, ELISAs assess 

specific specificities and consequently are biased based on specificities selected. 

To remedy this, there have been calls for consensus on tested autoantibodies. 

Broader human proteome microarray platforms have been used to offer insight 

into specific autoantibody specificities most changed184–187. These studies 

highlight the diverse composition of autoantigens expressed in COPD. 

However, these broader assessments have been limited by the use of single 

cohort studies. Notably, no specific autoantibodies, such as anti-elastin 

autoantibodies, have been fully replicated between independent COPD 

cohorts188–190. Studies to validate the presence of autoantibodies in COPD are 

needed.  
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COPD autoantibodies have been grouped into two major classes, anti-

nuclear antibodies (ANA) and anti-tissue antibodies (AT)181. ANA are 

intracellular and nuclear antigens (including DNA and ribonucleic acid (RNA)) 

and are often presented under homeostatic conditions to mediate clearance of 

apoptotic cells127,191,192. To note, patients with COPD have increased epithelial 

cell apoptosis, suggesting a wealth of autoepitopes for ANA generation193,194. 

Conversely, AT are antigens found within the extracellular matrix, on the cell 

surface or soluble in the bloodstream181. Elevated serum AT correlated more 

strongly with declines in lung function and gas exchange than serum ANA in 

COPD181. Extracellular matrix breakdown and chronic exposure to 

inflammatory mediators in COPD presents opportunity for a break in tolerance 

and AT generation in patients. This increased risk for autoantibody generation 

in COPD is supported by elevated serum autoantibodies particularly in 

emphysema-dominant patients with COPD186. To note, emphysema-dominant 

COPD is associated with a B cell transcriptional signature163. Given that AT 

autoantibodies are linked to break down in the extracellular matrix, as occurs in 

emphysema, it is proposed that AT autoantibodies are derived from, and 

contribute to, the parenchyma destruction and subsequent airspace enlargement 

in patients with emphysema-dominant COPD.   

1.3.1.4. Autoantibody function in disease and homeostasis  

Autoantibody function can be broadly separated into type II and type III 

hypersensitivity reactions in autoimmune disease. Type II hypersensitivity 

reactions occur in response to antibody deposition on extracellular antigens195. 

Bound autoantibodies mediate classical complement pathway deposition196, 
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antibody‐dependent cellular phagocytosis by macrophages197 or natural killer 

cell-mediated antibody‐dependent cellular cytotoxicity131, ultimately leading to 

excessive inflammation and tissue destruction. Examples of type II 

hypersensitivity autoimmune disease are immune haemolytic anaemia and 

myasthenia Gravis198. On the other hand, type III hypersensitivity reactions are 

caused by the deposition of soluble immune complexes in the small vessels195. 

Once deposited, immune complexes activate complement and inflammatory 

responses leading to the destruction of the surrounding tissue199. Autoimmune 

diseases such as rheumatoid arthritis and systemic lupus erythematosus are a 

consequence of type III hypersensitivities199. In COPD, complement is observed 

to be deposited in the small airways180. Given that cigarette smoking is 

associated with type III hypersensitivity reactions such as rheumatoid arthritis 

and systemic lupus erythematosus, it is proposed that immune complexes 

deposit in the small airways and promote airspace enlargement in COPD. 

Important to consider is the protective role autoantibodies perform in 

homeostasis alongside any proposed hypersensitivity reactions192,200,201. 

Healthy individuals have circulating autoantibodies which do not confer adverse 

autoimmune pathology202,203. Typically, tissue homeostatic autoantibodies are 

associated with B-1 cells. In addition to neutralising a microbe’s infectious 

ability, the cross-reactive nature of nAb enables B-1 cells to target autoantigens. 

Studies suggest these autoreactive nAb mediate opsonisation and efferocytotic 

clearance of apoptotic cells via recognition of self-antigen in healthy 

individuals121,204,205. Therefore, not all autoantibodies are pathogenic and the 

presence of an autoantibody reservoir in healthy individuals is part of a normal 
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immune response. These homeostatic autoantibodies are important contributors 

to tissue maintenance as well as providing an innate microbial defence.     

1.3.2. Interstitial lung disease (ILD) 

Consisting of over 200 parenchymal lung diseases, ILD is an overarching term 

for respiratory diseases which result in impaired gas exchange and lung 

scarring206. ILDs are defined by the specific radiological patterns resulting from 

aberrant cellular proliferation, inflammation and fibrosis in the lungs207. Genetic 

predisposition plus environmental, occupational and/or medical exposures are 

considered to trigger ILD development206,208. Moreover, exposure to tobacco 

smoke and other smoke related products is associated with the development of 

ILDs208. For instance, smoking-related respiratory ILDs include respiratory 

bronchiolitis, desquamative interstitial pneumonia, pulmonary Langerhans cell 

histiocytosis, smoking-related interstitial fibrosis, combined pulmonary fibrosis 

and emphysema, and IPF206,208. Notably, IPF is the most common ILD and in 

Canada affects an estimated 30 000 individuals209.  

1.3.2.1.  Idiopathic pulmonary fibrosis (IPF) pathogenesis 

A restrictive pulmonary disease of unknown aetiology, IPF is linked to a poor 

prognosis, limited response to current therapies, and high mortality rate in 

patients207,208. In particular current and ex-cigarette smokers have a 60% higher 

risk of developing IPF than non-smoking individuals142. The pathogenesis of 

IPF is currently not known; however, the current paradigm is that individuals 

with a genetic susceptibility for impaired barrier integrity, telomere shortening 

and/or cell senescence in epithelial cells are at increased risk of unresolved 
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alveolar epithelium damage following persistent microinjury210. Disrupted and 

abnormal epithelium consequently releases profibrogenic mediators such as 

transforming growth factor beta (TGF-β) into the pulmonary environment210. 

Subsequent recruitment of Mo-AM to the lungs is necessary for pulmonary 

fibrosis development39,41,211. Transcriptionally, abnormal epithelial cells and 

profibrotic AM are observed in IPF patients212. The release of TGF-β, IL-9 and 

IL-10 by macrophages and epithelial cells has been observed to drive pulmonary 

fibrosis213,214. The result of this inflammatory milieu is aberrant extracellular 

matrix deposition caused by the chronic differentiation of fibroblasts to 

activated myofibroblasts215,216. Furthermore, CCL18 released from 

macrophages and fibroblasts increases collagen production initiating a positive 

feedback loop which induces more CCL18 expression217. The excess 

extracellular matrix deposition contributes to the increasing matrix stiffness and 

mechanical stress that defines the restrictive nature of IPF and the associated 

progressive lung function decline. Matrix deposition instigates the peripheral 

and lower lobe bilateral reticulation and honeycombing scarring, in the absence 

of infection or cancer, which is used to diagnose IPF207.  

1.3.2.2. IPF and current smoking status 

Despite current and former smoking being associated with a 60% higher risk of 

developing IPF142, the impact of cigarette smoking on IPF prognosis is complex. 

Reports demonstrated that IPF patients who continue to smoke following 

diagnosis had a lower mortality rate218,219. Moreover, at clinical presentation IPF 

patients who were currently smoking had better pulmonary function142,220. 

However, when mortality rate was adjusted for age and disease severity in 
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separate cohorts, the observed prognostic benefit in current smoking patients 

was abolished142,220. Interestingly, in a Japanese IPF cohort demonstrated IPF 

patients who had never smoked had more frequent acute exacerbations than 

currently smoking patients when adjusted for disease severity and age219. The 

increased pulmonary function and less frequent exacerbation events in current 

smokers is currently considered in relation to a “healthy smoker effect” whereby 

patients with more advanced disease are more likely to have stopped smoking 

for health reasons220. To this end, it has been demonstrated that the longer an 

individual has stopped smoking the lower the risk of developing IPF221. The role 

of current smoking status and the influence of cigarette smoke on the 

development of IPF is still not fully understood.  

1.3.2.3. Pulmonary macrophages in pulmonary fibrosis pathologies 

Pulmonary macrophages have been implicated in lung fibrosis pathogenesis; 

however, increasing evidence demonstrates that specific macrophage 

subpopulations are more critical to progression than others. Clinical studies 

show an association of increased CD71Neg AM (human Mo-AM-like cell) with 

worsened pathology in IPF patients222. In elegant inducible knockout and 

transgenic models, a key role for Mo-AM has been demonstrated in bleomycin 

and asbestos models of lung fibrosis39,41,211. To note, these recruited profibrotic 

Mo-AM persisted in the lungs for at least ten months post bleomycin 

challenge39. In contrast, the loss of IM1 cells was associated with increased 

fibrosis following bleomycin administration43. The effect of cigarette smoke on 

the composition and function of these macrophage subpopulations in pulmonary 

fibrosis is not known.  
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Accumulating evidence suggests a role for circulating profibrotic 

monocytes and M2-polarised macrophages, also known as alternatively 

activated macrophages, in the development of fibrotic lung disease217,223–225. 

Notably, M2-polarised macrophages were observed to accumulate in the lungs 

of IPF patients217 and when depleted in mouse models of pulmonary fibrosis 

aberrant fibrogenesis was attenuated225. While profibrotic macrophages 

primarily express M2-like markers in pulmonary fibrosis models, a M1-like 

expression profile is still evident, demonstrating that macrophage polarisation 

is a spectrum39. The influence of cigarette smoke on the immune environment 

in the context of macrophage polarisation in IPF is not known.  

1.4. SUMMARY 

Cigarette smoke is a complex insult which has both proinflammatory and 

immunosuppressive roles. The mechanisms by which cigarette smoke impacts 

the immune system resulting in respiratory disease is not fully understood. This 

thesis focuses on the impact of cigarette smoke on the pulmonary immune 

response. In chapter II, we determined the feasibility of using sputum to assess 

antibodies and then investigate the impact of COPD and smoking status on 

sputum antibody levels. Chapter III expands on chapter II and evaluated the 

presence of autoantibodies in the sputum and serum of patients with COPD, 

healthy controls and asymptomatic smokers. The intent of these studies was to 

identify a biomarker for COPD diagnosis. In chapter IV, we investigated the 

impact of cigarette smoke on the composition and function of pulmonary 

macrophage subpopulations using a mouse model of concurrent cigarette smoke 
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exposure and bleomycin-induced lung injury. This study sought to identify the 

specific macrophage subpopulations that contribute to cigarette smoke-

associated respiratory disease development. 

1.5. CENTRAL PARADIGM 

Cigarette smoke is a complex insult that distorts immune homeostasis 

contributing to irreversible respiratory disease. While medications exist that 

alleviate symptoms; to date, there is no cure for diseases such as COPD and IPF. 

Consequently, identifying subjects early in the course of disease is essential to 

direct early intervention strategies and maintain lung function. Reliable and easy 

to assess biomarkers are needed to identify those at risk of respiratory disease 

and susceptible to accelerated disease progression. We proposed antibodies and 

autoantibodies offered an accessible immune component which to identify the 

development of cigarette smoke-associated respiratory disease. In addition to 

research aimed at identifying those with disease, we also investigated cellular 

immune mechanisms which contribute to the pathobiology of cigarette smoke-

associated respiratory disease. Central to the pathogenesis of several respiratory 

diseases is the accumulation of pulmonary macrophages. To date, the 

pulmonary macrophage subpopulations altered in cigarette smoke exposure is 

not known. We postulated that cigarette smoke would be associated with a shift 

in pulmonary macrophage subpopulations, expanding monocyte-derived 

populations. We proposed this expansion of monocyte-derived populations 

would contribute to exacerbated tissue remodelling following acute lung injury. 

To address these concepts, we proposed the following specific hypothesises.  
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1.5.1. Study I. Evaluating the impact of smoking status on total sputum and 

serum antibodies in patients with COPD 

To date, little is known regarding antibodies in the sputum of patients with 

COPD. Therefore, in this study, we characterised immunoglobulin isotypes in 

the sputum of healthy individuals, cigarette smokers with normal lung function, 

and patients with COPD. We hypothesised that immunoglobulins would be 

detectable in the sputum of healthy individuals and patients with COPD. We 

further hypothesised that patients with COPD would have decreased sputum 

immunoglobulin levels as compared to healthy control subjects.  

Objective 1. Investigate the presence of immunoglobulins in the sputum. 

Objective 2. Evaluate the impact of COPD, and smoking status, on total sputum 

antibodies.  

1.5.2. Study II. Investigating the expression of sputum and serum 

autoantibodies in patients with COPD 

This second study focused on evaluating the presence of autoantibodies in the 

sputum. Given that COPD is a respiratory disease, we proposed that profiling 

the sputum would better reflect immune processes occurring at the site of injury. 

The premise of this study was that assessing sputum autoantibodies, as 

compared to serum autoantibodies, in COPD would offer direct insight into 

pulmonary autoimmune processes and serve as a diagnostic marker of COPD 

status. We hypothesised that the diversity of autoantibodies would be increased 

in the sputum as compared to the serum of patients with COPD. We further 

hypothesised that patients with COPD, in particular patients with emphysema-
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dominant COPD, wound have increased sputum and serum autoantibody levels 

compared to control subjects.  

Objective 1. Measure sputum and serum autoantibody presence in patients with 

COPD.  

Objective 2. Assess autoantibody specificities differentially expressed in 

patients with COPD compared to healthy and asymptomatic controls.  

Objective 3. Evaluate autoantibody expression in patients with COPD with 

predominant emphysema. 

1.5.3. Study III. Assessing the composition and function of macrophage 

subpopulations in a mouse model of concurrent cigarette smoke and 

bleomycin-induced lung injury 

In this study, we investigated the effect of cigarette smoke on composition and 

function of macrophage subpopulations. Macrophages perform a key role in 

respiratory disease development. We used a well characterised mouse model of 

cigarette smoke-induced inflammation and bleomycin-induced lung injury to 

address the impact of cigarette smoke exposure on macrophage subpopulations 

composition and function. We hypothesised that cigarette smoke exposure 

would expand monocyte-derived AM and IM subpopulations. We hypothesised 

further that cigarette smoke-expanded monocyte-derived populations would 

exacerbate tissue remodelling in a mouse model of bleomycin-induced lung 

injury.  

Objective 1. Investigate the composition of macrophage subpopulations 

following cigarette smoke exposure.  
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Objective 2. Assess the origin of macrophage subpopulations altered in 

cigarette smoke exposure.  

Objective 3. Investigate the functional differences of macrophage 

subpopulations using a mouse model of bleomycin-induced lung injury.   
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CHAPTER II: IMMUNOGLOBULIN LEVELS IN SPUTUM  

 

Evaluating the impact of smoking status on total sputum and serum 

antibodies in patients with COPD  

2.1. Study Outline 

Antibodies perform key roles in the immune defence and maintaining tissue 

homeostasis throughout the respiratory tract. For instance, IgA in the upper 

respiratory tract and IgG in the lower respiratory tract have been shown to 

provide a robust defence against viral infections226. These antibody classes are 

decreased in the serum of cigarette smokers and patients with COPD165,227,228; 

however, the presence of antibodies in the respiratory tract is much less 

understood. 

The respiratory environment can be assessed through biopsy, resection, 

lavage or sputum collection. As compared to other methods the collection of 

sputum is non-invasive and can be undertaken at hospitals and clinics 

worldwide. Sputum is mucous material from the lower airways that can be 

spontaneously expectorated in a focused cough attempt. Furthermore, sputum 

can be induced following three seven-minute sessions of nebulised hypertonic 

saline (using increasing saline concentrations of 3%, 4%, and 5% respectively) 

each followed by a focused cough attempt. Given a sufficient mucous plug 

weight, ≥50 mg, samples are further processed using dithiothreitol (DTT)229 or 

phosphate-buffered saline (PBS)230 agitation for mucous dispersion and release 

of immune mediators and cells. Sputum analysis has been used in studies related 
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to asthma and infectious disease231–234; however, the use of sputum as a matrix 

for antibody assessment is much less understood.  

In this study, we assessed the presence of total antibodies in cigarette 

smokers and patients with COPD in two independent COPD cohorts. The first 

cohort was recruited from the Guangzhou Institute of Respiratory Health 

(GIRH), Guangdong China. The second was a multicentre cohort spanning 

clinics in North America and Europe run by Janssen Pharmaceutical; 

Companies of Johnson & Johnson (Airways Disease Endotyping for 

Personalized Therapeutics; ADEPT). All participants consented and study 

design was approved by the Ethics Committee of the First Affiliated Hospital 

of Guangzhou Medical University (#201722), or Janssen Pharmaceutical and 

subsequently Hamilton Integrated Research Ethics Board (#2031). These 

cohorts enabled us to sample Chinese, Black and Caucasian individuals to 

comprehensively assess antibodies in patients with COPD. We assessed 251 

sputum supernatants for the presence of total IgM, IgG and IgA in individuals 

with and without respiratory disease by ELISA. We further stratify the impact 

of smoking and COPD status on antibody levels. This study offers insight into 

the use of sputum as a matrix with which to assess Ig classes in patients with 

COPD and expands our clinical knowledge of lower airway antibody levels.  
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To the Editor: 

The relationship between smoking status and total immunoglobulin (Ig) levels 

in patients with chronic obstructive pulmonary disease (COPD) is not fully 

understood. Decreased Ig levels have been observed in patients with COPD (1–

4), a disease largely attributed to current or former smoking, and cigarette 
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smokers (5,6). These studies focused predominately on serum (systemic) or 

salivary (upper respiratory tract) Igs. Levels of Igs in induced sputum, a more 

direct measure of airway Igs, are less well studied. Given the vital role Igs 

perform in microbial defence and tissue homeostasis, we assessed airway Igs in 

induced sputum of smokers and patients with COPD. 

To begin, we obtained 99 de-identified, banked, frozen induced sputum 

supernatant and matched serum samples from the Airways Disease Endotyping 

for Personalised Therapeutics (ADEPT) study (six sites, European and North 

American locations; Clinical Trial #NCT01274507; Janssen Pharmaceutical). 

All subjects provided written informed consent to participate (Hamilton 

Integrated Research Ethics Board Project #2031). Control subjects had no 

clinically significant medical condition, airflow limitation, or a history of any 

chronic pulmonary disease (n=45; 44.4% male; mean predicted %FEV1: 

106.5% ± 11.0%). Control subjects classified as non- or ex-smoker (NES) had 

quit smoking for greater than one year prior to sample collection and had ≤ 10 

smoking pack-year history. Current smoking status was self-reported and 

confirmed by urinary cotinine. Patients with COPD were diagnosed by a 

physician and identified as having an FEV1/FVC < 0.7, FEV1 bronchodilator 

reversibility < 12%, and postbronchodilator FEV1 value < 80%. Subjects were 

enrolled during stable disease, defined by a period of no exacerbations within 

three months prior to sample collection. COPD stage was classified by severity 

of lung function, ≥ 50% (n=45; 64.4% male; mean predicted %FEV1: 57.7% ± 

11.6%) and < 50% predicted FEV1 (n=9; 66.7% male; mean predicted %FEV1: 

45.1% ± 5.5%). 
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Total IgM, IgG, and IgA in induced sputum supernatant and serum was 

assessed by ELISA as per manufacturer’s instructions (BMS2091/ BMS2096/ 

BMS2098; ThermoFisher Scientific, ON, Canada). Blood draw and sputum 

induction (7) (as per Pizzichini et al. with a plug weight of ≥ 50mg and 

squamous cell content ≤ 20%) were performed during the same visit. All sputum 

samples were processed using dithiothreitol (DTT) for optimal mediator release 

from mucus plugs. We observed no change in total sputum IgM, IgG, and IgA 

based on COPD severity, sex, body mass index, nor age (data not shown). 

Bacterial colonisation has been associated with altered Ig levels but was not 

assessed in this study (8). ADEPT control subjects included current (46.7%), 

ex- (4.4%) and never smokers (48.9%). All patients with COPD had a smoking 

history of at least 10 pack years; 51.1% of mild to moderate COPD (≥ 50% 

predicted FEV1) and 55.6% of severe COPD (< 50% predicted FEV1) subjects 

were current smokers. Notably, current smoking status was associated with 

decreased total sputum IgM. Moreover, sputum IgG showed a trend towards 

decline in current smokers (p value = 0.07) (Figure 1A). In a previous study, 

decreased induced saliva IgM and IgG were observed in cigarette smokers (9), 

suggesting that cigarette smoke suppresses Igs throughout the respiratory tract. 

Moreover, serum total Ig levels were not changed based on any available 

clinical parameters, including current smoking status (data not shown). Given 

the decreased sputum Ig trends in current smokers, we next performed a power 

calculation to determine sufficient sample size for a sputum Ig and smoking 

status study. We calculated that 56 subjects per group would be required to 

accurately assess IgG trends based on an alpha of 0.05 and beta of 0.2. To this 
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end, a second independent cohort was recruited from the Guangzhou Institute 

of Respiratory Health, China (GIRH). 

A total of 152 induced sputum supernatant samples were collected from 

subjects recruited by the GIRH (Clinical Trial #NCT03240315; First Affiliated 

Hospital of Guangzhou Medical University). Of those patients, 54 were current 

smokers and 98 non/ex-smokers. This study followed inclusion criteria from the 

Evaluation of COPD Longitudinally to Identify Predictive Surrogate Endpoints 

(ECLIPSE) study. While these inclusion criteria were less stringent than the 

ADEPT study, subject characteristics between the cohorts were comparable, 

with the exception of sex since the GIRH cohort was entirely male, which is a 

reflection of the high male smoking prevalence in China. Subject stratification 

into lung function groups was identical to that of the ADEPT study, with COPD 

patients being defined as having an FEV1/FVC < 0.7 and subsequent predicted 

FEV1 value either ≥ 50%, (mild to moderate) or < 50% (severe). Included in this 

cohort were 39 control subjects (mean predicted %FEV1: 99.1% ± 9.2%), 52 

patients with mild to moderate COPD (mean predicted %FEV1: 75.3% ± 

15.7%), and 61 patients with severe COPD (mean predicted %FEV1: 36.0% ± 

8.9%). Induced sputum supernatant was collected as per Bafadhel et al. and 

processed using phosphate buffered saline (PBS) (10). Total IgM, IgG, and IgA 

were measured by ELISA in the GIRH cohort as for the ADEPT study. 

Mirroring observations in the ADEPT cohort, current smoking status, but not 

COPD severity or other clinical parameters, was associated with decreased 

induced sputum IgG and IgM in the GIRH cohort (Figure 1A). While current 

smoking status was not associated with decreased IgA (Figure 1A), total 
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sputum IgA was decreased in severe COPD as compared to subjects with milder 

disease and controls with normal lung function (Figure 1B), mirroring previous 

observation in COPD (1,2).  

Of note, the range of total sputum IgM and IgA were variable between 

the cohorts. Procedural differences in sputum processing, likely contribute to 

observed differences in total Ig recovery between cohorts; ADEPT samples 

were processed using DTT while GIRH samples were processed in PBS. To 

address DTT interference in this ELISA system we processed Ig standard with 

or without 0.1% DTT for 15mins, at which timepoint the sample was diluted to 

0.025% DTT with PBS, and added to the ELISA plate mimicking Pizzichini et 

al. (11). We observed DTT interference in Ig standard binding signal for IgM 

(54.7% reduction; PBS: 130.1 ng/mL ± 17.7, DTT: 59.0 ng/mL ± 5.0, p value = 

<0.0001) and IgA (7.7% reduction; PBS: 8.0 ng/mL ± 0.3, DTT: 7.3 ng/mL ± 

0.5, p value = 0.02). IgG standard binding signal was increased 15.5% (PBS: 

115.2 ng/mL ± 10.6, DTT: 133.1 ng/mL ± 10.2, p value = 0.01) with the 

inclusion of a DTT processing step. The DTT processing step in the ADEPT 

cohort contributes to the reduce recoverable total IgM compared to the GIRH 

cohort. Notably, the increased IgA yield in the ADEPT cohort is likely 

attributable to improved IgA release from the mucus plug (12). Given, similar 

cigarette smoking trends were conserved between cohorts, we propose the 

GIRH cohort validated the ADEPT cohort current smoking status observation. 

Overall, despite the difference in sample processing, current smoking status was 

associated with reduced sputum IgM and IgG in both cohorts.  
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Next, we assessed the relationship between current smoking status and 

COPD severity with regard to sputum Ig levels. In subjects with normal lung 

function, current smoking status was not associated with any change in sputum 

IgM, IgG, nor IgA (Figure 1C). GIRH control subjects included current 

(38.5%), ex- (38.5%) and never smokers (23.1%). In contrast, current smoking 

status was associated with decreased sputum IgM and IgG in mild to moderate 

COPD (38.5% current smokers). Of note, subjects with the most severe disease 

did not have decreased IgM nor IgG based on current smoking status (31.1% 

current smokers). While the mechanisms are currently not understood, it is 

possible that less abundant T cell help in patients with early disease that smoke 

contribute to lower IgM and IgG levels (13). We did not observe changes in 

total sputum IgA in either mild to moderate or severe disease based on current 

smoking status. It is plausible that the development of lymphoid follicles and 

follicle-associated IgA may compensate for mechanisms leading to decreased 

sputum IgA (14). Alternatively, increased expression of transforming growth 

factor beta in patients with COPD (15) may lead to preferential IgA class 

switching (16). Further research is warranted to investigate how cigarette smoke 

reduces sputum IgM and IgG levels. Overall, current smoking status was 

associated with reduced sputum IgM and IgG in subjects with mild to moderate 

COPD, but not in subjects with normal lung function or subjects with severe 

disease. 

Inhaled corticosteroids (ICS) form a major part of the treatment strategy 

for COPD patients. ICS have previously been observed to be 

immunosuppressive and, consequently, may reduce Ig levels in patients. We 
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sought to understand the impact of ICS upon induced sputum Ig levels. In the 

GIRH COPD cohort, 42.3% of mild to moderate and 78.7% of severe COPD 

subjects were receiving ICS treatment at the time of sample collection. 

However, ICS usage was not associated with decreased total Ig isotype in either 

COPD severity (Figure 1D). This highlights the impact of current smoking 

status on reduced levels of sputum IgM and IgG in patients with COPD.  

In closing, we investigated total induced sputum supernatant IgM, IgG, 

and IgA in two independent cohorts. Current smoking status in subjects with 

mild to moderate COPD was associated with reduced total induced sputum IgM 

and IgG. This reduction was not associated with current ICS usage. Our findings 

highlight the need for studies investigating mechanisms of cigarette smoke-

mediated Ig immunosuppression, specifically during early disease progression. 

Of note, in two independent retrospective studies, COPD-related 

hospitalisations were reduced in a subset of COPD frequent exacerbators 

observed to have primary antibody deficiency syndromes following treatment 

with Ig replacement therapy (intravenous (IV) and subcutaneous Ig) (3,4). 

While the impact of IVIg therapy on respiratory Ig is not known, targeted 

treatment of respiratory Ig may improve COPD-related hospitalisations in 

subjects with low Igs. Notably, we observed no difference in total serum Ig 

measured, emphasising the need for sampling induced sputum supernatant or 

bronchoalveolar lavage for assessment of immune processes in COPD. 

Ultimately, this study highlights the need for further investigation into the 

impact of current cigarette smoking upon respiratory tract Igs in COPD patients.   
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Figure 1. Current smoking status is associated with reduced IgM and IgG 

levels in the sputum of patients with COPD. a) Total sputum IgM, IgG, and 

IgA in the Airways Disease Endotyping for Personalized Therapeutics 

(ADEPT) study and the Guangzhou Institute of Respiratory Health (GIRH) 

cohorts stratified based on current smoking status. b) Total sputum IgM, IgG, 

and IgA in the GIRH cohort classified based on airflow limitation. c) Current 

cigarette smoking status impact on total sputum IgM, IgG, and IgA in the GIRH 

cohort stratified by airflow limitation. d) Sputum immunoglobulin expression 

based on COPD severity and inhaled corticosteroid (ICS) use in the GIRH 

cohort. Data in (a-d) are represented as median and interquartile range. 

Statistical differences were determined using two-tailed Mann-Whitney test (a, 

c-d). In (b), statistical differences were determined using Kruskal-Wallis test 

with Dunn’s multiple comparison test. * p = <0.05. FEV1 - forced expiratory 

volume in one second. HC – healthy control/no airflow obstruction. NES - non- 

and ex-smoker. CS - current smoker. 
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CHAPTER III: IgG AND IgM AUTOANTIBODIES IN COPD 

 

Investigating the expression of sputum and serum autoantibodies in 

patients with COPD 

3.1. Study Outline 

Autoantibodies in COPD are proposed to contribute to disease progression. For 

instance, increased serum autoantibodies have been associated with emphysema 

in patients with COPD181,186. However, autoantibody studies in COPD are 

widely variable and suggest that anywhere from a quarter to two-thirds of 

patients have elevated autoantibody levels180–182. For example, anti-elastin 

autoantibodies are reported to be increased in one cohort, unchanged in another, 

and decreased in a third cohort188–190. A consensus on a specific autoantibody 

profile in COPD is needed to enable investigators to understand the contribution 

of autoantibodies to disease pathogenesis.  

In this study, we use a broad autoantibody array approach to 

comprehensively assay the ADEPT and GIRH COPD cohorts for the presence 

of autoantibodies. Expanding on previous studies which focused on serum 

autoantibodies, we assessed matched serum and sputum autoantibodies in all 

participants. We proposed that, as COPD is a respiratory disease, assessing the 

local (sputum), rather than the systemic (serum) environment, would provide a 

conserved autoantibody profile for patients with COPD. Therefore, enabling the 

identification of a conserved set of specificities for further functional analysis 

and provide a biomarker to identify those subjects susceptible to accelerated 
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lung function decline. As healthy individuals have circulating 

autoantibodies202,203, all analysis must be undertaken in relation to relevant 

controls and not in isolation as in some previous studies. Consequently, this 

study included healthy and asymptomatic smokers for direct comparison to 

patients with COPD. Ultimately, the presence of dysregulated autoantibodies in 

patients with COPD compared to control subjects would be indicative of a break 

in immune tolerance and a contributor to disease progression.     

3.2. Differential expression of sputum and serum autoantibodies in patients 

with chronic obstructive pulmonary disease 

Steven P. Cass, Anna Dvorkin-Gheva, Yuqiong Yang, Joshua JC. McGrath, 

Danya Thayaparan, Jing Xiao, Fengyan Wang, Manali Mukherjee, Fei Long, 

Tao Peng, Parameswaran Nair, Zhenyu Liang, Christopher S. Stevenson, Quan-

Zhen Li, Rongchang Chen and Martin R. Stampfli. 
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ABSTRACT  

Chronic obstructive pulmonary disease (COPD) is a complex and progressive 

respiratory disease. Autoimmune processes have been hypothesised to 

contribute to disease progression; however, the presence of autoantibodies in 

the serum has been variable. Given that COPD is a lung disease, we sought to 

investigate whether autoantibodies in sputum supernatant would better define 

pulmonary autoimmune processes. Matched sputum and serum samples were 

obtained from the Airways Disease Endotyping for Personalised Therapeutics 

(ADEPT) study and at the Guangzhou Institute of Respiratory Health (GIRH). 

Samples were collected from patients with varying severity of COPD, 

asymptomatic smokers and healthy control subjects. IgG and IgM 

autoantibodies were detected in sputum and serum of all subjects in both cohorts 

using a broad-spectrum autoantigen array. No differences were observed in 

sputum autoantibodies between COPD and asymptomatic smokers in either 

cohort. In contrast, 16% of detectable sputum IgG autoantibodies were 

decreased in COPD subjects compared to healthy controls in the ADEPT cohort. 

Compared to asymptomatic smokers, approximately 13% of detectable serum 

IgG and 40% of detectable serum IgM autoantibodies were differentially 

expressed in GIRH COPD subjects. Of the differentially expressed specificities, 

anti-nuclear autoantibodies were predominately decreased. A weak correlation 
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between increased serum IgM anti-tissue autoantibodies and a measure of 

airspace enlargement was observed. The differential expression of specificities 

varied between the cohorts. In closing, using a comprehensive autoantibody 

array, we demonstrate that autoantibodies are present in COPD subjects, 

asymptomatic smokers and healthy controls. Cohorts displayed high levels of 

heterogeneity, precluding the utilisation of autoantibodies for diagnostic 

purposes.  

INTRODUCTION 

Chronic obstructive pulmonary disease (COPD) is a debilitating respiratory 

disease defined by progressive airflow limitation and lung function decline (12). 

Estimated to be the seventh-leading cause of years of life lost (11), COPD 

caused 3 million deaths worldwide in 2015 (39). The predominate risk factor 

for COPD is cigarette smoke exposure (12); however, smoking cessation is 

insufficient to halt disease progression (13, 15, 34, 37). Mechanisms that 

contribute to the progressive lung function decline observed in COPD are poorly 

understood. Given the morbidity and mortality associated with COPD, a greater 

understanding of the mechanisms leading to disease progression is warranted. 

An autoimmune component has been hypothesised to contribute to the 

persistent chronic inflammation observed in COPD (1). Both naïve B cells and 

cells expressing the plasma cell marker CD138+ accumulate, even following 

smoking cessation, in the lungs of patients with COPD (13, 15). Tertiary 

lymphoid tissues containing B cell follicles have been reported to develop in 

patients with severe disease which to date have an unknown function (29). A B 



Ph.D. Thesis – SP. Cass                     McMaster University – Medical Sciences 

~ 49 ~ 

 

cell gene signature consisting of transcripts associated with B cell recruitment, 

immunoglobulin transcription and activation was observed and associated with 

actively proliferating B cells in lymphoid follicles in emphysema dominant 

COPD (9). Notably, elevated serum autoantibodies are found in anywhere 

between one quarter to two-thirds of COPD subjects (3, 10, 26) and have been 

associated with emphysema (26, 27).  

The percentage of COPD subjects with differential serum autoantibody 

levels differs between studies. This is reflected by the variable expression of 

singular specificities such as anti-elastin (4, 16, 32). To clarify the presence of 

serum autoantibodies in COPD, broad human proteome microarray assessments 

have been undertaken but are limited by small single centre cohort studies (17, 

21, 27, 36). Given that COPD is a respiratory disease, we hypothesised that 

autoantibody measurements in sputum (expectorated matter from the lower 

respiratory tract) would exhibit increased abundance and greater reproducibility 

than serum. For instance, studies have shown a subset of patients with severe 

asthma had sputum autoantibodies, absent from the serum, which increased 

compared to controls (24). Thus, sputum supernatant offers a matrix with which 

to directly assess the role of B cell-mediated autoimmunity in COPD 

pathogenesis.  

To address whether a B cell-mediated autoimmune component 

contributes to chronic inflammation in COPD, we retrospectively assessed two 

independent COPD cohorts. We used a validated 128-plex autoantigen array to 

comprehensively assess common autoantibodies associated with autoimmune 
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diseases. Using this approach, banked, matched sputum and serum samples 

from subjects with normal lung function and COPD patients were evaluated for 

common autoantibodies.  

MATERIAL AND METHODS 

Study population 

Cohort one consisted of 115 banked, matched frozen sputum supernatant and 

serum samples from the cross-sectional Airways Disease Endotyping for 

Personalised Therapeutics (ADEPT) study (six sites, European and North 

American locations; Clinical Trial #NCT01274507; Janssen Pharmaceutical). 

Included in this cohort were healthy controls (HC; never-smokers or ex-smokers 

who had quit for ≥ 1 year prior to the initial visit and had a smoking history of 

< 10 pack-years), asymptomatic smokers (AS; positive urinary cotinine at 

collection), and patients with Global Initiative for Chronic Obstructive Lung 

Disease (GOLD) stage II and III COPD. Research undertaken at McMaster 

University and University of Texas Southwestern was approved by the 

Hamilton Integrated Research Ethics Board (#2031). 

Cohort two was collected from the Personalized Prediction Strategy for 

Acute Exacerbation of COPD cohort at the Guangzhou Institute of Respiratory 

Health (GIRH) (Clinical Trial #NCT03240315; First Affiliated Hospital of 

Guangzhou Medical University). Banked, matched frozen sputum supernatant 

and serum were collected from 109 Chinese subjects including self-reported 

asymptomatic smokers with no history of respiratory disease and GOLD I – IV 
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COPD. Research undertaken at GIRH was approved by the Ethics Committee 

of the First Affiliated Hospital of Guangzhou Medical University (#201722).   

COPD was physician diagnosed and identified as FEV1/FVC < 0.7 and 

FEV1 bronchodilator reversibility < 12% in ADEPT and GIRH cohorts. Next, 

COPD patients were classified by severity of lung function using GOLD 

guidelines and placed into either GOLD I and II (mild to moderate disease, 

>50% FEV1) or GOLD III and IV (severe to very severe disease, <50% FEV1) 

arms. To note, post bronchodilator FEV1 readings were not available for 17 

asymptomatic smokers, 1 GOLD I/II and 3 GOLD III/IV subjects in the GIRH 

cohort; subjects were classified by physician. Moreover, body mass index 

readings for the Chinese asymptomatic smokers were limited to only 9 subjects. 

All samples were collected during stable disease as defined by no requirement 

for antibiotics and/or systemic steroids or an increase in COPD controller 

medications (except short acting bronchodilators), in the 3 months (ADEPT) or 

4 weeks (GIRH) prior to sample collection. 

Sample collection and processing  

Serum was collected using standard serum separation tubes, and frozen within 

30 min in ADEPT and GIRH cohorts. Spontaneously expectorated or hypertonic 

saline-induced sputum was collected during the same visit and processed using 

one of two methods; 0.1% dithiothreitol (DTT; 4:1 v/v) (28) or phosphate 

buffered saline (PBS; 8:1 v/v) (2). Sputum processing in the ADEPT cohort 

followed the procedure outlined by Pizzichini et al. (28) with the following 

alterations. A plug weight of at least 50 mg was required for enrolment. Only 
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samples with squamous cell content ≤ 20%, based on each site’s evaluation, 

were included in the analyses. GIRH cohort sputum processing followed the 

protocol outlined by Bafadhel et al. (2) with no exceptions.  

128-plex autoantigen microarray 

IgG/M autoantibodies from sputum and serum were profiled using a 128-plex 

autoantigen array at the University of Texas Southwestern Medical Center 

(ADEPT) and Genecopoeia, Guangzhou (GIRH). Briefly, serum and sputum 

samples were centrifuged at 15000 rpm for 15 minutes to remove any sediment. 

3 µL of serum was pre-treated with DNAse-I to remove free DNA and then 

diluted 1:50 in PBS and 0.1% Tween 20 (PBST) buffer for autoantibody 

profiling. 30 µl of sputum supernatant was diluted 1:1 in PBST for antibody 

profiling.  The autoantigen array bearing 124 autoantigens and 4 control proteins 

were printed in duplicates onto nitrocellulose film slides (Grace Bio-Labs). The 

diluted serum or sputum samples were incubated with the autoantigen arrays. 

Stringent washing conditions were used to ensure optimum binding specificity. 

Bound autoantibodies were measured with cy3-conjugated anti-human IgG 

(1:2000, Jackson ImmunoResearch Laboratories) and cy5-conjugated anti-

human IgM (1:2000, Jackson ImmunoResearch Laboratories), using a Genepix 

4200A scanner (Molecular Device) with laser wavelength of 532 nm and 635 

nm. The resulting images were analysed using Genepix Pro 7.0 software 

(Molecular Devices). 

The median of the signal intensity for each spot was calculated and 

subtracted from the local background around the spot, and data obtained from 
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duplicate spots were averaged. The background subtracted signal intensity of 

each antigen was normalised to the average intensity of the human IgG or IgM, 

which were spotted on the array as internal controls. Finally, the normalised 

fluorescence intensity for each antigen was calculated by subtracting a PBS 

control which was included on each chip as negative control. Signal-to-noise 

ratio (SNR) was used as a quantitative measurement of the true signal above 

background noise. SNR values equal to or greater than 3 were considered 

significantly higher than background, and therefore true signals. 

Autoantigen enzyme-linked immunosorbent assay (ELISA) 

ELISAs for the detection of histone H1, small nuclear ribonucleoprotein 

(SmD3) and 1,2-diacyl-sn-glycero3-phospho-L-serine (DGPS) were developed 

at McMaster University. Recombinant protein and lipids matched the products 

used on the autoantigen array. Recombinant histone H1 and SmD3 (Abcam; 

#ab198676, #ab11320 respectively) were coated on NUNC MaxiSorp ELISA 

plates (ThermoFisher Scientific) overnight in PBS at 4°C. 1,2-diacyl-sn-

glycero3-phospho-L-serine (DGPS) (#P664 P7769-100mg, Sigma-Millipore) 

was coated overnight at room temperature in 1:9 choloroform:methanol inside 

a desiccator. ELISA plates were blocked in 5% milk for 1 hour and subsequently 

washed three times in PBS-Tween 20. To avoid lipid stripping by Tween 20, 

DGPS plates were washed in PBS only. Sputum supernatant was diluted 1:3 and 

serum 1:40 in 1% milk. All ELISAs used the same anti-human IgG detection 

antibody conjugated to alkaline phosphatase (#ab97222, Abcam) and developed 

with p-nitrophenyl phosphate (#N9389-50TAB, Sigma-Millipore). The optical 
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density (OD) of all the samples was normalised to remove background noise 

between wells. All wells were then divided by the negative control signal. All 

samples are shown as fold increase over background.   

GIRH multiplex autoantibody bead array 

Multiplex magnetic beads (Bio-Rad laboratories) were coupled with 10 

common autoantibodies (27) and incubated with 1:10 and 1:180 of sputum 

supernatant and serum respectively.  Following 1-hour coincubation of the 

sample with magnetic beads at 37˚C, beads were washed and then incubated at 

37˚C for 1 hour with biotin‑conjugated anti-human IgG (Thermo Fisher 

Scientific). The median fluorescence intensity of streptavidin‑R‑phycoerythrin 

(Bio-Rad laboratories) labelled microspheres were measured using a Bio-Plex 

200 (Bio-Rad laboratories). Bio-Plex Manager™ 6.0 software (Bio-Rad 

laboratories) was used to generate result files.  

Statistical analysis 

Data are presented as median values and interquartile range unless otherwise 

stated. Hierarchical clustering and principal component analysis (PCA) used 

Log2 transformed (log2(x+1)) signal to noise ratio (SNR), R (www.r-

project.org). If the raw signal intensity equalled 0, the SNR was changed to 0, 

otherwise SNR equalled the original value. Differential expression analysis 

assessed raw signal intensity values per autoantibody specificity using limma 

package in R (33). Correlations between variables were tested using Spearman 

correlation, GraphPad Prism 9.0 (La Jolla, CA USA).  
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RESULTS 

Study participants 

Matched sputum and serum samples were assessed retrospectively in subjects 

with normal lung function and stable COPD from independent ADEPT and 

GIRH cohorts. The characteristics of these two cohorts are shown in Table 1. 

The GIRH cohort includes patients with milder and more severe airflow 

obstruction than the ADEPT cohort. Subjects in the GIRH cohort were older, 

included fewer current smokers, and had lower body mass index. No healthy 

controls were assessed in the GIRH cohort. While the GIRH cohort was 

comprised of entirely Chinese males, the ADEPT cohort included both sexes 

(overall 54.8% male) and was predominately Caucasian, with a minority of 

samples from Black participants.   

Autoantibodies are more abundant in the serum than in the sputum  

Prior to stratifying subjects based on disease severity, we analysed the overall 

expression of autoantibodies in the sputum and serum to gain an unbiased 

overview. IgG and IgM isotypes were selected to allow for comparison to 

previous COPD cohorts. Shown in Figure 1A are the number of subjects each 

individual IgG or IgM autoantibody specificity was detected in. The two cohorts 

followed the same trends. IgG serum specificities were the most highly 

expressed. Sputum IgG and IgM specificity expression were comparable but 

less abundant than serum specificities. To note, the median expression of each 

IgM and IgG autoantibody specificity correlated strongly between serum and 

sputum (Figure 1B). While all autoantibodies expressed in sputum were found 
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in the serum, not all serum autoantibodies were observed in the sputum. Of these 

serum-only autoantibodies, 50% (13 of 26) of IgG and 12% (2 of 17) of IgM 

specificities were shared between cohorts. Next, we directly compared 

autoantibody specificity expression between the ADEPT and GIRH cohorts. 

Sputum autoantibodies had weak but significant correlation for IgG and IgM 

specificities between cohorts. Serum autoantibodies displayed a significant 

moderate correlation for both isotypes (Figure 1C). Unbiased assessment 

revealed sputum autoantibodies were present in both cohorts, but serum 

autoantibodies were expressed to a higher degree and to a greater consistency. 

Serum IgG autoantibodies define two distinct subject populations not 

related to disease parameters 

We used unsupervised clustering analysis to assess whether sputum and serum 

autoantibodies could define subject populations. To avoid bias by outliers, any 

autoantibody specificity expressed in fewer than 20% of all samples was 

removed. Triaged specificities were not biased toward any subject arm in either 

cohort. We found no significant hierarchal clustering of subjects based on 

disease status or specificity (Figure 2A; Figure S1A-C). Next, we performed 

PCA to assess whether subjects clustered based on each subject’s total 

autoantibody expression. Each dot represents a composite of a subject’s overall 

autoantibody expression, with each plot restricted to one isotype/sample. 

Healthy controls were excluded from initial ADEPT PCA to facilitate the 

comparison with the GIRH study, which lacked healthy controls. We observed 

distinct clusters in serum IgG and IgM in both cohorts (Figure 2B). With the 



Ph.D. Thesis – SP. Cass                     McMaster University – Medical Sciences 

~ 57 ~ 

 

inclusion of healthy controls subjects in the ADEPT cohort, only the IgG serum 

cluster was maintained (Figure S1D).  

Next, we assessed whether any available clinical parameters were 

associated with the IgG serum autoantibody clusters in both cohorts. While 

increased airflow obstruction and low body mass index have been associated 

with increased serum autoantibodies (3), these parameters did not define the 

clustering in our dataset (Figure 2C). Moreover, no clinical parameter, sample 

collection site (ADEPT), or array chip defined the clustering (Figure S1E). 

Multiple autoantibody specificities drove the IgG serum cluster separation in 

both ADEPT and GIRH cohorts (Table S1). In particular, anti-fibronectin and 

anti-laminin autoantibodies were observed to be expressed more highly in 

subjects present in the smaller cluster in both cohorts. Notably, these 

specificities were not the most differentially expressed in either cluster. In the 

ADEPT cohort, anti-myelin-associated glycoprotein (MAG) was the major 

differentiating specificity between clusters. Anti-MAG antibodies were not part 

of the GIRH array, precluding conformation between the cohorts. In the GIRH 

cohort, differences in IgG reference/background controls and anti-factor I were 

the main influence on cluster separation. IgG serum autoantibodies defined two 

distinct subject clusters in both cohorts but were not associated with any 

available clinical or technical parameter.  

Total median serum but not sputum autoantibodies are altered with 

worsening airflow obstruction  
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Subsequently, we stratified subjects based on lung function to analyse whether 

total autoantibody levels are changed based on disease severity. The median 

expression of IgG/M sputum autoantibodies were not changed between subjects 

based on disease status in either cohort. Moreover, serum autoantibodies were 

not altered between COPD subjects and controls in the ADEPT cohort (Figure 

3). In contrast, in the GIRH cohort, GOLD I subjects had elevated IgG serum 

autoantibodies compared to asymptomatic smokers. Moreover, GOLD III 

subjects had increased IgM serum autoantibodies compared to GOLD II and 

asymptomatic smokers. In summary, median sputum autoantibody levels were 

not differentially expressed in COPD in either cohort; however, IgG and IgM 

serum autoantibodies were increased in GOLD I and GOLD III subjects 

respectively compared to controls in the GIRH cohort.    

COPD-related autoantibody specificities have limited differential 

expression in patients with COPD 

In addition to assessing overall changes in median autoantibody expression, we 

addressed whether autoantibody specificities previously identified to be altered 

in COPD were differentially expressed in our cohorts. Among the autoantibody 

specificities included in the autoantigen array, six IgG specificities have been 

previously observed to be differentially expressed in COPD cohorts: anti-

elastin, -collagen I, -collagen V, -cardiolipin, -La-SSb, and -U1-snRNP-Bl/Bl 

(16, 26, 27). Of these focused specificities, only serum anti-elastin was 

increased in COPD subjects although this observation was restricted to the 

GIRH cohort. In contrast, we observed decreased sputum anti-cardiolipin and 
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serum anti-U1-snRNP-Bl/Bl in ADEPT and GIRH COPD subjects respectively 

(Figure 4). These data show that COPD status is associated with limited 

changes in previously identified autoantibody specificities. Differential 

expression was not conserved between the ADEPT and GIRH cohorts. 

COPD status is associated with decreased expression of anti-nuclear 

antibodies 

We next analysed whether any autoantibody group or individual specificity was 

differentially expressed based on disease severity. Compared to asymptomatic 

smoking controls, we observed no differential expression of any sputum 

autoantibody in patients with COPD in either the ADEPT or the GIRH cohort 

(Figure 5A-B). In contrast, in the GIRH cohort, 13.4% of detectable serum IgG 

and 40.0% of detectable serum IgM autoantibodies were altered compared to 

asymptomatic smokers (Figure 5A). The greatest fold change observed was a 

2.6- and 4.4-fold reduction in anti-histone H4 IgG and IgM respectively in 

subjects with FEV1 < 50% (Table S2; Table S3). To note, only 11.1% of IgM 

differentially expressed serum autoantibodies were altered more than 1.5-fold. 

Of these differentially expressed specificities, we observed a difference between 

the expression of anti-nuclear antibodies (ANA) and anti-tissue antibodies (AT) 

(26). Specifically, we observed a net decrease in serum ANA levels in COPD 

(Figure 5C). In contrast, IgM AT specificities predominately increased (Figure 

5D).  

Next, we expanded the ADEPT analysis to include healthy control 

subjects. Compared to healthy controls, 16.1% of detectable IgG sputum 
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autoantibody specificities were decreased in COPD subjects (Figure 5B). As in 

the GIRH serum, ANA sputum autoantibody specificities were decreased 

(Figure 5E). In contrast to the GIRH cohort where differential fold-change was 

less than 4.4-fold in the serum, differential expression observed in the sputum 

was greater than 4.8-fold in COPD (Table S4). Anti-DGPS was the only sputum 

autoantibody to increase in COPD subjects. Notably, if we quantify unadjusted 

fold differences between control groups and COPD subjects, as per Packard et 

al. (27), we replicated increased trend of IgG serum autoantibodies in COPD 

(Figure S2A-B). This statistical finding was replicated in the GIRH cohort 

(Figure S2C). Thus, these cohorts replicated increased autoantibody titres from 

previous studies based on the same statistical approach. When adjusted for ICS, 

age and sex fewer differentially expressed specificities were observed, with a 

proportion of specificities observed to decrease.  

To validate the expression of specific autoantibodies, we analysed the 

same samples using alternate assay platforms. First, we measured sputum and 

serum autoantibodies using an autoantibody bead array developed by the GIRH. 

Of the 10 autoantigens tested, we observed no change in serum or sputum 

autoantibodies in COPD compared to controls (Figure S3A). Second, we 

developed ELISA platforms to detect anti-histone H1, -small nuclear 

ribonucleoprotein D3 polypeptide (SmD3) and -DGPS autoantibodies. In 

contrast to the autoantigen array, serum and sputum anti-histone H1 and -SmD3 

autoantibodies were not altered in either cohort. Notably, we observed increased 

serum, but decreased sputum anti-DGPS autoantibodies in subjects with <50% 

FEV1 in the GIRH cohort in contrast to the autoantigen array findings (Figure 
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S3B). Taken together, we only resolve fold change in autoantibodies in COPD 

subjects were only resolved using a high sensitivity assay.   

In two independent cohorts we observed a net reduction of ANA 

specificities in COPD subjects. 25.0% of the 16 differentially expressed sputum 

IgG specificities in the ADEPT cohort were observed to be differentially 

expressed in the GIRH COPD IgG serum (anti-histone H1, -histone H2B, -

myelin basic protein, -SmD3). Of 36 IgM serum specificities decreased in the 

GIRH cohort 8.3% of these specificities corresponded with IgG sputum 

specificities decreased in the ADEPT cohort (anti-myelin basic protein, -

nucleolin, -Scl-70/topoisomerase I). Overall, using an age, sex and ICS adjusted 

assessment of multiple autoantibody specificities, we observed no differential 

expression of any sputum autoantibody compared to asymptomatic smokers. In 

contrast, ~12% of detectable serum autoantibodies were differentially expressed 

greater than 1.5-fold in COPD subjects compared to asymptomatic smokers in 

the GIRH cohort. These changes were associated with reduced IgG and IgM 

ANAs, as well as an increased in IgM ATs in COPD.   

ICS, AECOPD and smoking status are not associated with changes in 

autoantibody expression 

Clinical parameters such as inhaled corticosteroids (ICS), a history of 

acute exacerbations of COPD (AECOPD), and current smoking status are 

associated with immune suppression and consequently could lead to reduced 

autoantibody levels (5, 7, 22, 23, 35). The majority of COPD subjects were 

treated with ICS and/or LAMA (Figure 6A-B). In both cohorts, ICS dose was 
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not correlated with the total median IgG or IgM autoantibody expression 

(Figure 6C-D). Notably, IgM serum anti-U1snRNP-C (p = 0.04, r = -0.304) and 

IgG serum anti-tissue transglutaminase (TTG) (p = 0.04, r = -0.230) weakly 

correlated with increased ICS dose in the GIRH cohort (Figure S4). Current 

smoking status was not associated with decreased total autoantibodies or any 

specific differentially expressed specificity in either COPD cohort (Figure 6E-

F), as previously reported (3). Lastly, a history of acute exacerbations of COPD 

(AECOPD) leading to hospitalisation was not associated with changes in 

autoantibodies in the GIRH cohort (Figure S5). Exacerbation and 

hospitalisation rates were not available for the ADEPT cohort. In closing, ICS, 

AECOPD and current smoking status were not associated with altered 

autoantibodies in COPD.  

Serum IgM autoantibodies specificities weakly correlate with surrogate 

markers of emphysema 

Increased autoantibodies have been associated with subjects that have 

emphysema-dominant COPD (26, 27, 32). Consequently, the association 

between airspace enlargement and autoantibody levels was assessed using 

available surrogate indices from each cohort. In the GIRH cohort, airspace 

enlargement was defined as percentage of low attenuation areas less than a 

threshold of -950 Hounsfield units (% LAA-950) on CT scan. In the ADEPT 

cohort, the diffusing capacity of the lungs for carbon monoxide (DLCO), a 

measure of gas exchange in the lungs was used. In the ADEPT cohort, no 

correlation between % predicted DLCO and total autoantibodies, ANAs, ATs, 
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or any differentially expressed sputum IgG specificities was observed (Figure 

S6). In the GIRH study, we found weak positive correlation between higher % 

LAA-950 and total median serum IgM autoantibodies (p = 0.0004, r = 0.390). 

This was complemented by a weak negative correlation between total median 

sputum IgG and % LAA-950 (p = 0.0196, r = -0.260) (Figure 7A). Moreover, 

these changes correlated with decreased sputum ANA (IgG - p = 0.0040, r = -

0.318; IgM - p = 0.0084, r = -0.293) and increased serum IgM AT (p = 0.002, r 

= -0.409) and ANA (p = 0.0028, r = -0.330) (Figure 7B).  

Of the autoantibodies specificities differentially expressed in COPD, a 

proportion had minor correlation with % LAA-950 in the GIRH cohort. IgM 

serum anti-core histone (p = 0.0027, r = 0.331), -entactin EDTA (p = 0.0003, r 

= 0.392), -glycated albumin (p = 0.0109, r = 0.283) weakly positively correlated. 

In contrast, IgM serum anti-histone H4 (p = 0.0374, r = -0.233) and anti-myelin 

basic protein (p = 0.029, r = -0.244) negatively correlated with % LAA-950 

(Figure 7C). Furthermore, increased IgG serum anti-elastin (p = 0.0105, r = 

0.285) and decreased anti-histone H4 (p = 0.0100, r = -0.286), -myelin basic 

protein (p = 0.0026, r = -0. 332) and -vimentin (p = 0.0046, r = -0.313) were 

observed to weakly correlate with % LAA-950 (Figure 7D). Overall, in the 

GIRH cohort IgM serum autoantibodies and decreased sputum IgG ANAs were 

weakly associated with increased airspace enlargement.   

DISCUSSION  

Using an autoantigen array platform, we retrospectively measured matched 

sputum and serum samples from two independent COPD cohorts for the 
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presence of common anti-nuclear and anti-tissue autoantibodies. Reflecting 

previous inconsistent autoantibody levels in COPD (3, 10, 26), we observed no 

conserved increase in expression of autoantibody specificities between cohorts. 

Compared to asymptomatic smokers, 13.4% of IgG serum autoantibodies in the 

GIRH cohort were differentially expressed. While 40.0% of GIRH IgM serum 

autoantibodies were altered, only 11.1% of these were differentially expressed 

by more than 1.5-fold. Notably, autoantibodies in COPD were observed to be 

both increased and decreased compared to controls. Sputum autoantibodies 

were not differentially expressed in COPD subjects compared to asymptomatic 

smokers, yet 16.1% of IgG sputum autoantibodies were observed to be 

downregulated compared to healthy controls. In summary, we observed less 

than 4.4-fold differential expression of serum autoantibodies and no change in 

sputum autoantibodies in COPD subjects compared to asymptomatic smokers.  

We used a validated human autoantigen array previously used in 

autoimmune diseases and COPD (18, 27, 40). To date, there is no consensus 

whether distinct autoantibody profiles exist in COPD. Multiple autoantibodies 

are proposed to be differentially expressed including specificities which target 

intra/extracellular matrix proteins, immune molecules and neo-autoantigens 

(17, 21, 27, 36). To capture this heterogeneity, we used an autoantigen array 

platform similar to Packard et al. that includes 128 autoantigens (27). This 

approach assessed comprehensively autoantibodies commonly observed in 

autoimmune diseases, including anti-elastin, -cardiolipin and -collagen I/V that 

were previously associated with COPD. The current study focused on IgG/M to 

validate previous COPD studies; however, evidence suggests a role for 
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decreased IgA levels contributing to airspace remodelling (31). The role of IgA 

autoantibodies in COPD pathogenesis is not known and warrants future 

investigation.  

Although systemic comorbidities are often present, COPD is a 

respiratory disease that predominately occurs as a result of inhaled noxious 

particle exposure. Consequently, we hypothesised direct analysis of airway 

autoantibodies would increase both the sensitivity and comparability of 

autoantibody measurements between cohorts. In contrast, we found that serum 

autoantibodies were more abundant, more frequently differentially expressed 

and more strongly correlated between cohorts. To note, while sputum 

autoantibodies were still significantly correlated, differing sputum processing 

protocols may have contributed to the weaker correlation between cohorts. 

ADEPT samples were processed with the mucolytic DTT, while the GIRH 

samples were processed using PBS. DTT has been shown to increase the yield 

of recoverable immunoglobulins from the sputum (20). Consequently, total 

autoantibody recovery in the GIRH cohort may not have been optimal. 

Interestingly, sputum and serum measurements were strongly correlated and 

showed that a fraction of autoantibodies were only present in the serum. This 

may reflect that the systematic compartment is influenced by comorbidities 

altering the overall autoantibody profile in COPD. Thus, sputum and serum 

autoantibodies are well conserved and show minimal biased between systemic 

and local autoantibody reservoirs in COPD.     
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Increased levels of autoantibodies are reported in one-quarter to two-

thirds of patients with COPD (3, 10, 26). To date, there has been no consensus 

on specific autoantibodies tested in COPD that may contribute to the variable 

number of patients considered “autoantibody positive”. Interestingly, we show 

that an individual’s autoantibody profile was not sufficient to cluster subjects 

based on disease status. This suggests that cigarette smokers, individuals at 

higher risk of disease onset, and healthy controls had indistinguishable profiles 

compared to those of COPD subjects. This may demonstrate why the distinction 

of autoantibody positive versus negative has been difficult in COPD and why 

independent cohorts do not fully validate each other. The lower number of 

subjects with increased autoantibody expression in this study may also be a 

consequence of rigorous assessment of over 120 different specificities with 

adjustment for age, sex and ICS usage. We propose that this broad assessment 

allows greater perspective on autoimmune processes occurring in the lung and 

prevents the overinterpretation of singular specificities. Moreover, given strong 

sex differences in autoimmune diseases (38) and the immunosuppressive effects 

of ICS (35), we resolve any effect of disease pathogenesis on differential 

autoantibody expression by correcting for clinical parameters. In this regard, we 

observed no differential expression of autoantibodies based on age, sex or ICS. 

Overall, our findings suggest that COPD subject autoantibody profile is similar 

to that of asymptomatic smokers and therefore does not provide substantial 

diagnostic tool.    

Autoantibodies in COPD have been proposed to contribute to disease 

progression. For instance, increased serum autoantibodies have been associated 
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with emphysema (26, 27), a pathology associated with high % LAA-950 and 

low DLCO. We observed weak positive correlation between serum IgM 

autoantibodies and % LAA-950 in the GIRH cohort. Moreover, serum IgM AT 

were more strongly positively correlated (p = 0.0002, r = 0.409) than IgM ANA 

(p = 0.0028, r = 0.330) supporting previous observations (26). There was no 

correlation between any sputum IgG/M autoantibodies and emphysema 

measurements. Furthermore, there was no association between serum or sputum 

autoantibody levels and DLCO. Overall, we observed limited association 

between autoantibodies and emphysema in two cohorts. While these data do not 

preclude a link between emphysema and autoantibodies further investigation in 

well stratified patient populations is necessary to validate any association 

between autoantibodies and airspace enlargement. 

Sputum autoantibodies are proposed to offer insight into exacerbation 

risk in patients with COPD. Four specific COPD endotypes with differences in 

lung function, symptomatic score and blood cell counts were defined by sputum 

autoantibody profiles. Of which two clusters were positively or negatively 

associated with hospitalisation rate (19). In this present study, we assessed the 

association of autoantibodies with hospitalisation rate following the 

stratification of subjects based on lung function. There was no association 

between sputum, or serum, autoantibodies with hospitalisation events in any 

lung function group. Taken together, these data suggest that while sputum 

autoantibodies may offer a biomarker to identify at-risk patients in specific 

COPD endotypes, autoantibodies do not offer a prognostic benefit for broader, 

GOLD-defined populations. In both cohorts’, samples were collected during 
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stable disease and do not represent autoantibody levels during the course of 

exacerbation. These data suggest that historical AECOPD hospitalisation is not 

associated with differences in sputum or serum autoantibodies during stable 

COPD. The role autoantibodies perform during, and perhaps initiating, 

AECOPD is not known.   

Our analysis, adjusted for age, sex and ICS dose we demonstrated that 

sputum autoantibodies are decreased compared to healthy controls but did not 

change relative to asymptomatic smokers. In contrast, serum autoantibody 

specificities were both increased and decreased in COPD compared to 

asymptomatic smokers. While differences were observed in the autoantigen 

array, no difference were observed in alternate assay platforms such as the 

ELISA and autoantigen multiplex bead array. Notably, these latter platforms 

have smaller dynamic ranges than the autoantigen array and consequently are 

likely less sensitive to resolve small differences.  

Autoantibody specificities which decreased in COPD consisted mainly 

of autoantibodies that bind anti-nuclear antigens such as chromatin and 

spliceosome components. Luminal IgG/M ANA autoantibodies have been 

demonstrated to perform roles in tissue homeostasis (6, 8, 14, 25, 30). Notably, 

parameters associated with decreased antibody levels such as current cigarette 

smoking status (5, 23), ICS use (35) and a subset of COPD subjects with 

frequent exacerbations (7, 22) did not define the decreases we observed in 

autoantibody levels. Therefore, it is plausible that the loss of ANA specificities 

may lead to impaired apoptotic debris removal and subsequent secondary 
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necrosis, expanding upon the protective nature of autoantibodies in COPD, as 

proposed by Daffa et al. (8).  

In summary, using an autoantigen array-based approach in two 

independent cohorts, we observed limited conserved differential expression of 

sputum and serum autoantibodies in COPD. Notably, sputum autoantibodies are 

present in COPD but do not offer a prognostic benefit over serum autoantibody 

analyses. Our study demonstrates that the overall autoantibody signature in 

COPD subjects is comparable to asymptomatic smokers and healthy controls, 

suggesting that COPD is not associated with a distinct autoantibody profile. A 

proportion of ANA/AT specificities were differentially expressed with 

increasing COPD severity. These specificities predominately decreased with 

COPD severity. While we observed differences in serum and sputum 

autoantibodies and correlations between autoantibody specificities and markers 

of airspace enlargement, these observations were not conserved between 

cohorts. Ultimately, our data indicate that broad IgG/M autoantibody expression 

profiles, whether in the serum or sputum, cannot serve as a robust biomarker for 

disease identification or progression across COPD cohorts. 
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Healthy 

Control 

Asymptomatic 

Smoker 

> 50% 

FEV1 

< 50% 

FEV1 

(A) ADEPT     

N 28 30 47 10 

Age  49.4 ± 7.1 49.0 ± 7.3
†
 57.7 ± 5.7

†
 59.5 ± 4.8

†
 

Sex Male (%) 11 (39.3%) 16 (53.3%) 30 (63.8%) 6 (60.0%) 

Current Smoker 

(Cotinine
+
) 

0 28 (93.3%) 33 (70.2%) 6 (60%) 

Race (%)     

White/Caucasian 26 (92.9) 24 (80.0) 44 (93.6) 9 (90.0) 

Black/African 

American 
2 (7.1) 6 (20.0) 3 (6.4) 1 (10.0) 

Body Mass Index  26.2 ± 3.0 26.5 ± 3.2
†
 26.3 ± 4.0

†
 25.1 ± 4.5

†
 

GOLD Stage (% of group)  

GOLD II - - 47 (100) - 

GOLD III - -  10 (100) 

FEV1, 

% of predicted* 
107.4 ±11.3 102.3 ± 11.2 61.8 ± 8.9

†
 45.5 ± 5.3

†
 

(B) GIRH     

N - 25 44 40 

Age  - 58.9 ± 9.2
†
 67.6 ± 8.4

†
 66.1 ± 7.8

†
 

Sex Male (%) - 28 (100) 44 (100) 40 (100) 

Current Smoker 

(Reported) (%) 
- 16 (64.0) 16 (36.4) 12 (32.4) 

No Smoking 

Status Data 
- 0 0 3 

Race (%)     

Chinese - 25 (100) 44 (100) 40 (100) 

Body Mass 

Index*
1
  

- 24.2 ± 4.0
†
  23.0 ± 3.4

†
  20.7 ± 3.8

†
  

GOLD Stage (% of group)  

GOLD I - - 15 (34.1) - 

GOLD II - - 29 (65.9) - 

GOLD III - - - 27 (67.5) 

GOLD IV  - - - 13 (32.5) 

FEV1, 

% of predicted* 

*
1
 

- 98.1 ± 13.0 
75.7 ± 

14.7
†
 

35.6 ± 

17.0
†
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Table 1. Study patient demographics. Patient demographics of non-Hispanic 

White and Black subjects recruited as part of the ADEPT study and Chinese 

subjects recruited by the GIRH. Forced Expiratory Volume in 1 second (FEV1). 

± SD * Post Bronchodilator, Post Blood Draw. *1 Incomplete (see text 

description). † p = < 0.05 between cohorts. 
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Figure 1. Autoantibody specificities are more abundant in serum compared 

to sputum. (A) Number of subjects positive for each individual unstratified 

autoantibody specificity, shown based on antibody isotype and sample type. 

Each isotype and subsequent sample type curve feature all autoantibody 

specificities ranked from least-to-most detected independently from one 

another. (B) Serum versus sputum expression per autoantibody specificity. (C) 

Autoantibody expression comparison between cohorts. Each point (B-C) 

represents the median IgG and IgM autoantibody expression per specificity. 

(ADEPT n = 123, GIRH n = 120).  
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Figure 2. IgG serum autoantibodies form two distinct autoantibody 

clusters not related to clinical parameters. All data is Log2 transformed 

signal to noise ratio (SNR) for each autoantibody per subject. Each point 

represents one subject’s autoantibody profile. Healthy control samples from the 

ADEPT cohort were excluded from this analysis. Values adjusted for age, 

gender and ICS, limma package R. (A) Heatmaps generated from Log2 

transformed SNR for ADEPT IgG sputum and serum. (B) Principal component 

analysis (PCA) of ADEPT and GIRH IgG and IgM serum and sputum. (C) IgG 

Serum PCA hyper imposed with clinical parameters. Healthy control – open. 

Asymptomatic smoker - light blue.  > FEV1 50% COPD – dark blue. < FEV1 

50% COPD – closed. (ADEPT n = 115, GIRH n = 109). Forced expiratory 

volume in 1 second (FEV1): <69% - open, 70 - 88% - light grey, 89 -119% - 

dark grey, >120% - black No post bronchodilator FEV1 determined – Pink. 

Body mass index (BMI): <19.9% - closed, 20.0 – 24.9% - dark grey, <25.0% – 

light grey, Not determined – Pink.  
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Figure 3. Median autoantibody expression in patients with COPD and 

control subjects. Each point represents an individual subject’s median 

autoantibody expression as expressed as Log2 transformed SNR. Dotted line 

represents limit of detection. Plots show median and inter-quartile range. 

(ADEPT: HC n = 28, AS n = 30, GOLD II n = 47, GOLD III n = 10, GIRH: AS 

n = 25, GOLD I n = 15, GOLD II n = 29, GOLD III n = 27, GOLD IV n = 13.) 

SNR – Signal-to-noise ratio. HC – Healthy control. AS – Asymptomatic 

smokers.  
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Figure 4. Limited differential expression of previously published COPD-

related autoantibody specificities. Age, gender and ICS adjusted limma 

analysis of selected autoantibody specificities assessed via the autoantigen 

array. Each point represents subject’s autoantibody expression as expressed as 

Log2 transformed SNR. Plots show median and inter-quartile range. Dotted line 

represents autoantibody expression below level of detection. (ADEPT: HC n = 

28, AS n = 30, >50% FEV1 n = 47, <50% FEV1 n = 10, GIRH: AS n = 25, 

>50% FEV1 n = 44, <50% FEV1 n = 40). SNR – Signal-to-noise ratio. FEV1 - 

Forced expiratory volume in 1 second. HC – Healthy control. AS – 

Asymptomatic smokers.  
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Figure 5. Anti-nuclear autoantibody specificities are predominately 

differentially expressed in GIRH and ADEPT cohorts. Parts of whole charts 

show proportional change in autoantibody expression as determined by age, 

gender and ICS adjusted limma analysis in the GIRH (A) and ADEPT (B) 

cohorts. No differentially expressed autoantibodies were observed in the 

ADEPT cohort between patients with COPD and AS. The proportion of (C) 

anti-nuclear antibody (ANA) and (D) anti-tissue antibodies (AT) altered in 

GIRH COPD subjects compared to AS. (E) ANA and AT specificities 

differentially expressed in ADEPT COPD subjects compared to HC. (ADEPT 

n = 123, GIRH n = 120). ANA - anti-nuclear antibody. AT - anti-tissue 

antibodies. HC – Healthy control. AS – Asymptomatic smokers.  
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Figure 6. Clinical parameters including inhaled corticosteroid dose and 

current smoking status are not associated with changes in autoantibodies. 

Venn diagrams detail the number of individuals receiving common COPD 

medication at sample collection in (A) GIRH and (B) ADEPT cohorts. 

Autoantibody levels based on ICS use in patients with COPD in (C) GIRH and 

(D) ADEPT (ADEPT n = 36, GIRH n = 47). Current smoking status based on 

self-reported smoking status (E) GIRH and (F) cotinine positive urine on any 

visit ADEPT (ADEPT: HC n = 28, AS n = 30, COPD ES n = 18, COPD CS n = 

39; GIRH: ES n = 9, CS n = 15, >50% FEV1 ES n = 28, >50% FEV1 CS n = 

10, <50% FEV1 ES n = 25, <50% FEV1 CS n = 11). Correlation plots show 

Spearman's rank correlation coefficient (B & D). Plots show median and inter-

quartile range. One-way ANOVA Kruskal-Wallis test (E-F). ES – Ex-smoker. 

CS – Current smoker. ICS - inhaled corticosteroids, LABA - long-acting β2-

agonists, LAMA - long-acting muscarinic antagonists, SAMA - short-acting 

muscarinic antagonist. FEV1 - Forced expiratory volume in 1 second. SNR – 

Signal-to-noise ratio.   
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Figure 7. Weak association of IgM serum autoantibodies in the GIRH 

cohort with airspace enlargement. (A) Correlation of total median 

autoantibody expression as expressed as Log2 transformed SNR with % LAA-

950. (B) Total anti-nuclear antibody (ANA) and total anti-tissue antibody (AT) 

specificities correlated with % LAA-950. Most differentially expressed (C) IgM 

serum and (D) IgG serum autoantibodies association with % LAA-950.  

Spearman's rank correlation coefficient. (GIRH n = 80). SNR – Signal-to-noise 

Ratio. % LAA-950 – Percentage low attenuation areas less than a threshold of -

950 Hounsfield units. SNR – Signal-to-noise ratio. 
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Autoantibody Specificity FC P.Value adj.P.Value 

(A) ADEPT 
   

Myelin-associated glycoprotein 58.0 3.4E-82 3.9E-80 

Fibronectin 2.9 1.1E-03 4.1E-02 

Laminin 1.8 5.9E-05 3.4E-03 

Proteoglycan 1.4 2.0E-03 4.7E-02 

Heperan Sulfate 1.4 2.4E-03 4.7E-02 

Nucleolin -1.4 2.4E-03 4.7E-02 

(B) GIRH    

IgG control 1:8 27.3 1.6E-27 9.3E-26 

IgG control 1:4 25.3 1.0E-19 3.8E-18 

IgG control 1:16 21.9 7.6E-37 8.8E-35 

IgG control 1:2 19.1 4.2E-14 9.6E-13 

Factor I 10.6 4.3E-15 1.2E-13 

Heparan sulfate proteoglycan 2.7 3.0E-05 4.9E-04 

Fibronectin 2.4 5.0E-06 9.6E-05 

Laminin  2.1 3.5E-04 4.4E-03 

Heparan Sulphate 1.9 3.4E-04 4.4E-03 

Proteoglycan 1.5 5.2E-03 5.0E-02 

Ro/SSA (60 kDa) 1.5 2.6E-03 3.0E-02 

Glycoprotein 2 (GP2) 1.5 5.2E-03 5.0E-02 

 

Table S1. IgG serum autoantibody differential expression analysis 

identifies anti-fibronectin and anti-laminin drive cluster separation in the 

two-independent cohorts. Limma analysis of autoantibodies specificities that 

are differentially expressed between principal component analysis (PCA) 

clusters. Results are Log2 transformed signal-to-noise adjusted for sex, age and 

inhaled corticosteroids. FC – Fold change.  10.6084/m9.figshare.14068889 
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Autoantibody 

Specificity 
>50% FEV1 vs. AS <50% FEV1 vs. AS 

 FC P.Value adj.P.Val FC P.Value adj.P.Val 

Histone H4 -1.9 1.7E-04 3.9E-03 -2.6 1.3E-06 1.0E-04 

Histone H1  - - - -2.4 1.3E-06 1.0E-04 

Vimentin - - - -2.2 1.8E-05 5.8E-04 

U1-snRNP B/B' - - - -2.0 2.1E-04 4.4E-03 

Myelin basic 

protein  
- - - -1.7 7.9E-06 3.2E-04 

Complement C1q -1.4 2.7E-06 1.5E-04 -1.4 4.5E-05 1.2E-03 

Elastin 1.5 3.0E-04 5.3E-03 1.7 2.5E-05 7.1E-04 

Core Histone 1.5 8.4E-06 3.2E-04 1.8 1.5E-08 3.4E-06 

SmD3 1.5 1.5E-03 2.5E-02 - - - 

anti-Ig control 1:8 -1.3 2.8E-03 4.1E-02 - - - 

Histone H2B -1.5 2.2E-03 3.4E-02 - - - 

PCNA -1.5 3.0E-04 5.3E-03 - - - 

TTG -1.4 3.2E-03 4.4E-02 - - - 

 

Table S2. GIRH serum IgG autoantibody specificities altered in COPD 

subjects compared to asymptomatic smokers. Differential autoantibody 

expression in was determined following age and ICS adjusted limma analysis 

compared to asymptomatic smokers using raw signal intensity per autoantigen. 

AS – Asymptomatic smokers. FC – Fold change. TTG - Tissue 

Transglutaminase. PCNA - Proliferating Cell Nuclear Antigen. 

10.6084/m9.figshare.14068898  
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>50% FEV1 vs. 

AS 

<50% FEV1 vs. 

AS 

  FC P.Value adj.P.Val FC P.Value adj.P.Val 

Histone H4 -2.8 3.1E-07 5.1E-06 -4.4 2.6E-10 2.5E-08 

Myelin basic protein -  -  -  -2.3 7.3E-03 2.8E-02 

Nucleolin -1.5 3.8E-09 1.8E-07 -1.9 5.8E-15 1.1E-12 

U1-snRNP C -1.5 1.7E-05 1.5E-04 -1.8 5.3E-08 1.3E-06 

SmD2  -  -  - -1.6 1.4E-06 2.0E-05 

U1-snRNP A -1.3 1.5E-04 1.1E-03 -1.5 6.0E-07 9.1E-06 

Complement C3a  - -  -  -1.4 8.1E-03 3.0E-02 

CENP-B -1.2 3.7E-03 1.6E-02 -1.3 2.7E-06 3.3E-05 

Sm/RNP -1.2 1.9E-03 9.8E-03 -1.3 1.2E-04 9.2E-04 

Complement C1q -1.3 6.4E-09 1.8E-07 -1.3 2.7E-07 4.8E-06 

Scl-70/Topoisomerase I -1.2 7.5E-03 2.8E-02 -1.3 3.6E-04 2.2E-03 

LC1 -1.2 1.6E-05 1.5E-04 -1.2 5.3E-04 3.2E-03 

Myosin -1.1 9.3E-03 3.4E-02 -1.2 2.1E-03 1.1E-02 

PL-12 -1.2 3.6E-03 1.6E-02 -1.2 5.1E-03 2.1E-02 

La/SSB -1.2 8.3E-04 4.8E-03 -1.1 7.3E-03 2.8E-02 

Alpha Fodrin - -  -  -1.1 1.1E-02 3.8E-02 

PL-7 -1.1 1.2E-03 6.3E-03 -1.1 6.3E-03 2.5E-02 

BPI -  -  -  1.2 2.0E-04 1.4E-03 

Vitronectin -  -  - 1.2 3.5E-03 1.6E-02 

Complement C3 -  -  - 1.2 1.3E-04 9.9E-04 

Sm -  -  - 1.2 2.9E-03 1.3E-02 

Muscarinic receptor 1.1 1.3E-03 7.0E-03 1.2 4.9E-06 5.7E-05 

Hemocyanin -  -  - 1.3 2.4E-03 1.2E-02 

Fibrinogen IV     1.3 6.6E-06 6.8E-05 1.3 5.9E-06 6.4E-05 

MDA5  -  -  - 1.3 1.1E-03 6.3E-03 

AQP4 1.1 5.2E-03 2.1E-02 1.3 1.6E-07 3.2E-06 

DNA Polymerase beta 

(POLB)  
- -  - 1.4 2.4E-05 2.1E-04 

CRP -  -  - 1.4 1.2E-05 1.2E-04 

Glycated Albumin 1.3 1.1E-04 8.8E-04 1.5 1.2E-07 2.7E-06 

PM/Scl 100 1.2 2.8E-04 1.9E-03 1.5 5.2E-09 1.8E-07 

Entaktin EDTA 1.2 3.2E-04 2.1E-03 1.5 5.9E-09 1.8E-07 

Core Histone 1.7 1.5E-06 2.0E-05 2.0 4.8E-09 1.8E-07 

PCNA -1.2 3.9E-03 1.7E-02 -  -  -  

TTG -1.1 2.5E-03 1.2E-02 -  -  -  

Factor B 1.1 1.2E-02 4.2E-02 -  -  -  

Insulin 1.2 4.7E-04 2.9E-03 -  -  -  
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Table S3. GIRH serum IgM autoantibody specificities altered in COPD 

subjects compared to asymptomatic smokers. Differential autoantibody 

expression in was determined following age and ICS adjusted limma analysis 

compared to asymptomatic smokers using raw signal intensity per autoantigen. 

AS – Asymptomatic smokers. FC – Fold change.  SmD - Smith Antigen D. U1-

snRNP-A - U1 small nuclear ribonucleoprotein A. CENP-B - Centromere 

Protein B. LC1 - Liver cytosol 1. PL-12 - Alanyl-tRNA synthetase (AARS). PL-

7 - Threonyl-tRNA synthetase (TARS). BPI - Bactericidal permeability-

increasing protein. MDA5 - Melanoma Differentiation-Associated Protein 5. 

AQP4 - Aquaporin 4. CRP - C-reactive protein. PCNA - Proliferating cell 

nuclear antigen. TTG - Tissue Transglutaminase. 

10.6084/m9.figshare.14068901 
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Autoantibody Specificity >50% FEV1 vs HC  
FC p-value adj. p-value 

Myelin basic protein -16.8 5.5E-07 2.1E-04 

Fibronectin -15.0 6.6E-04 3.3E-02 

SmD3 -13.5 2.2E-05 2.8E-03 

Complement C8 -12.3 2.1E-03 5.0E-02 

Factor I -11.3 1.8E-03 5.0E-02 

SmD1 -10.6 2.2E-05 2.8E-03 

Histone H1 -7.9 2.0E-03 5.0E-02 

Histone H2B -7.4 8.0E-04 3.3E-02 

SmD -7.3 7.9E-04 3.3E-02 

Cardolipin -7.2 8.9E-04 3.4E-02 

U1-snRNP-68 -7.1 5.0E-04 3.3E-02 

Histone-total -6.9 1.3E-03 4.2E-02 

Laminin -5.8 6.4E-04 3.3E-02 

Scl-70 -4.9 1.9E-03 5.0E-02 

Nucleolin -4.8 1.0E-03 3.4E-02 

DGPS 8.5 3.7E-05 3.4E-03 

 

Table S4. Sputum IgG autoantibody expression in COPD subjects is 

decreased compared to healthy controls in the ADEPT cohort. Specific 

sputum IgG autoantibodies decrease in COPD, with the exception of 1,2-diacyl-

sn-glycero3-phospho-L-serine (DGPS). Differential autoantibody expression in 

was determined following age, gender and ICS adjusted limma analysis 

compared to asymptomatic smokers using raw signal intensity per autoantigen. 

HC – Healthy control. FC – Fold change. Sm - Smith Antigen. Scl-70 - 

Topoisomerase I 70KDa subunit. DGPS - 1,2-diacyl-sn-glycero3-phospho-L-

serine. 10.6084/m9.figshare.14068904  
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Figure S1. Sputum and serum autoantibodies do not cluster based on 

disease status or autoantibody specificity. All data is Log2 transformed signal 

to noise ratio (SNR) for each autoantibody per subject. Values adjusted for age, 

gender and ICS, limma package R. (A-C) Heatmaps generated from Log2 

transformed SNR for each sample condition. Principal component analysis 

(PCA) of ADEPT (D) IgG and IgM serum and sputum with healthy control 

samples included. Each point represents one subject’s autoantibody profile. (E) 

ADEPT IgG serum PCA hyper imposed with available parameters. Healthy 

control – open. Asymptomatic smoker - light blue. >50% FEV1 COPD – dark 

blue. <50% FEV1 COPD – closed. Forced expiratory volume in 1 second 

(FEV1): <69% - open, 70 - 88% - light grey, 89 -119% - dark grey, >120% - 

black. Current smoking status: Current smoker – closed, Non/ex-smoker – open. 

Gender: Male – closed. Female – open. Body mass index (BMI): <19.9% - 

closed, 20.0 – 24.9% - dark grey, <25.0% – light grey. (ADEPT n = 123, GIRH 

n = 120). 10.6084/m9.figshare.14068835 
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Figure S2. Serum autoantibodies analysed as fold increase over control as 

per Packard et al. (A) ADEPT samples compared to HC. (B) ADEPT samples 

compared to AS. (C) GIRH samples compared to HC. Only samples with a 

greater than 1.5-fold increase are shown. Shown are means and standard error 

of the mean. Multiple T test with two stage step up method of Benjamini, 

Krieger and Yekutieli. *p = < 0.05. (ADEPT n = 123, GIRH n = 120). HC – 

Healthy control. AS – Asymptomatic smokers. TPO - Thyroid peroxidase. PL-

12 - Alanyl-tRNA synthetase (AARS). DGPS - 1,2-diacyl-sn-glycero3-

phospho-L-serine. AGTR - Angiotensin II Receptor Type-1. SmD - Smith 

Antigen D. LKM1 - Liver kidney microsome type 1. PL-7 - Threonyl-tRNA 

synthetase (TARS). 10.6084/m9.figshare.14068847 
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Figure S3. Common autoantibodies do not increase in induced sputum and 

serum measured by autoantigen multiplex bead array and ELISA. (A) 

Common IgG autoantibody specificities assessed via multiplex array in the 

GIRH cohort. Shown is the Log2 transformed fluorescence intensity. (GIRH: 

AS n = 17, >50% FEV1 n = 10, <50% FEV1 n = 23). (B) Sputum and serum 

anti-IgG histone H1, -SmD3 and -DGPS autoantibodies measured by ELISA. 

Data is shown as fold increase over the background (negative sample control). 

(ADEPT: HC n = 24, AS n = 24, >50% FEV1 n = 45, <50% FEV1 n = 10; 

GIRH: AS n = 27, >50% FEV1 n = 46, <50% FEV1 n = 43). All plots show 

median and inter-quartile range. One-way ANOVA Kruskal-Wallis test.  *p = 

< 0.05. HC – Healthy control. AS – Asymptomatic smokers. FEV1 – Forced 

expiratory volume in 1 second. MFI - Median fluorescence intensity. PR3 - 

Proteinase 3. RO - Lupus RO Protein. Sm - Smith Antigen. SnRNP - Small 

Nuclear Ribonucleoprotein. La - Lupus La Protein. Scl-70 - Topoisomerase I. 

PO - Myelin protein Po. Jo-1 - Antihistidyl–tRNA Synthetase. MPO - 

Myeloperoxidase. TPO - Thyroid Peroxidase. DGPS - 1,2-diacyl-sn-glycero3-

phospho-L-serine. 10.6084/m9.figshare.14068874 
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Figure S4. Differentially expressed specificities association with ICS daily 

use. IgG (A) and IgM (B) serum differentially expressed autoantibodies 

correlated with ICS use in the GIRH cohort. Differentially expressed IgG 

sputum (C) in the ADEPT cohort correlated with ICS daily use. Correlation 

plots show Spearman's rank correlation coefficient. (ADEPT n = 36, GIRH n = 

47). ICS - inhaled corticosteroids. SNR – Signal-to-noise ratio. C1q - 

Complement component 1q. TTG - Tissue Transglutaminase. PCNA - 

Proliferating Cell Nuclear Antigen. SmD - Smith Antigen D. U1-snRNP-U1 - 

small nuclear ribonucleoprotein. C8 - Complement component 8. DGPS - 1,2-

diacyl-sn-glycero3-phospho-L-serine. 10.6084/m9.figshare.14068880  
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Figure S5. Exacerbation hospitalisation rate association with 

autoantibodies. Number of historical exacerbations in the previous one 

year. (A) Median total autoantibody levels. Levels of IgG (B) and IgM (C) 

serum autoantibodies most differentially expressed in subjects with number of 

historical exacerbations in one year. Plots show median and inter-quartile range. 

One-way ANOVA Kruskal-Wallis test. (GIRH: >50% FEV1 0 n = 22, >50% 

FEV1 >1 n = 3, <50% FEV1 0 n = 18, <50% FEV1 >1 n = 11). SNR – Signal-

to-noise ratio. C1q - Complement component 1q. PCNA - Proliferating Cell 

Nuclear Antigen. SmD - Smith Antigen D. U1-snRNP-U1 - small nuclear 

ribonucleoprotein. 10.6084/m9.figshare.14068883 
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Figure S6. Differentially expressed specificities association with carbon 

monoxide gas transfer in the ADEPT cohort. Predicted DLCO association 

with total median autoantibody levels in ADEPT cohort (A). Association of 

DLCO with anti-nuclear (ANA) and anti-tissue (AT) antibody specificities (B). 

IgG sputum differentially expressed autoantibodies with DLCO (D). 

Correlation plots show Spearman's rank correlation coefficient. (ADEPT n = 

51). SNR – Signal-to-noise Ratio. DLCO - Diffusing capacity of the lungs for 

carbon monoxide.  C8 - Complement component 8. PCNA - Proliferating Cell 

Nuclear Antigen. SmD - Smith Antigen D. U1-snRNP - U1 small nuclear 

ribonucleoprotein. 10.6084/m9.figshare.14068886 
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CHAPTER IV: MACROPHAGE SUBPOPULATION COMPOSITION 

AND FUNCTION FOLLOWING CIGARETTE SMOKE EXPOSURE 

 

Investigating the composition and function of macrophage subpopulations 

in concurrent cigarette smoke and bleomycin-induced lung injury 

4.1. Study Outline 

Macrophages perform a central role in chronic inflammation and tissue 

destruction in cigarette smoke-associated respiratory diseases such as COPD 

and IPF41,142,155. While cigarette smoke is known to increase lung and BAL 

macrophages53,61, the contribution from specific macrophage subpopulations to 

this total population is not known. Moreover, macrophage subpopulations are 

reported to have different proinflammatory45 and phagocytic capacities42. The 

impact of cigarette smoke on these functions is not known.  

To determine the impact of cigarette smoke on macrophage 

subpopulation dynamics, we used a well characterised model of cigarette smoke 

exposure. This model system exposes mice to whole body cigarette smoke for 

approximately 50 minutes twice a day for the duration of the exposure protocol 

(12 cigarettes per exposure, 24 per day). A previous study demonstrated that 

cigarette smoke exposure is well-tolerated in mice with corticosterone levels 

within the normal range (50 – 300 ng/mL). Furthermore, carboxyhaemoglobin 

and cotinine levels, markers of cigarette smoke exposure, were at equivalent 

levels to that observed in human cigarette smokers81. Consequently, this system 
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provides a suitable model with which to study the impact of cigarette smoke 

exposure on pulmonary macrophage subpopulation composition.  

 Macrophages perform a key role in the maintenance and repair of the 

lung environment235. In cigarette smoke-associated respiratory diseases such as 

COPD and IPF these repair processes become dysregulated and result in 

aberrant airway remodelling208,236–238. Bleomycin-induced lung injury models 

are used to study mechanisms of tissue remodelling. Bleomycin, a 

chemotherapeutic agent, is known to induce a robust fibrotic response that 

mimics aberrant fibroblast proliferation and differentiation, excessive 

deposition of extracellular matrix proteins, and destruction of the alveolar 

architecture as seen in IPF238. The bleomycin model has defined phases with 

which to investigate different immune functions. During the first ∼7 days 

bleomycin induces increased oxidative damage239 resulting in a 

proinflammatory environment characterised by IL-1, IL-6 and TNF-α240. 

Following this initial inflammation phase, cytokine levels diminish and there is 

a transition to a fibrotic phase with extracellular deposition241. After ∼21 days 

fibrogenesis peaks before a spontaneous resolution and fibrotic reversal 

phase242. We therefore utilised this system to study the impact of cigarette 

smoke on the inflammatory and fibrogenesis phases of bleomycin-induced 

injury with a focus on the roles of different macrophage subpopulations at each 

stage.  

This study used concurrent cigarette smoke exposure and bleomycin-

induced lung injury to investigate the impact of cigarette smoke on macrophage 

subpopulation composition and function. Understanding the dominant 
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subpopulations present following cigarette smoke exposure will direct future 

treatment strategies aimed at preventing aberrant macrophage expansion in 

cigarette smoke-associated disease.  

 

4.2. Increased monocyte-derived CD11b+ macrophage subpopulations 

following cigarette smoke exposure are associated with impaired 

bleomycin-induced tissue remodelling 
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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 Mo-AM and IM3 accumulated in the lungs of 

cigarette smoke-exposed mice. Compositional changes in macrophage 

subpopulations were associated with impaired induction of fibrogenesis 
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including decreased α-smooth muscle actin positive cells 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.    

 

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 inflammation6. 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.  
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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-AMs 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 

(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 
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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.  

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 
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RPMI. Digested lung, flushed bone marrow, and harvested spleens were all 

crushed 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 
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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 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).  
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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 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 
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than respective RA populations in the BAL (Figure S2C). 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 
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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 (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).  
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Next, we assessed macrophage progenitor cells in the bone marrow. The 

linearity of commitment toward cell terminal differentiation in order is 

LineageNegSca1+c-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.    
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CS exposure skews macrophage subpopulation composition during impaired 

bleomycin-induced tissue remodelling. Monocyte-derived macrophages, 

which contribute to the 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 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-
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exposed compared to RA-exposed bleomycin-treated mice (Table S3; Table 

S4). Notably, overall transcriptional changes were sufficient to define 

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+ 
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macrophages formed the greatest proportion at both day 7 and 21. CD38 

expression was 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 
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fibrogenesis (32). In summary, CS exposure elicited a shift toward a M1-

dominant phenotype and decreased MMP9 release. 

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 
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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 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.  
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  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, 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 cells11. 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 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 
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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 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.  
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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 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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Res-AM Mo-AM IM1 IM2 IM3 

CD64/MertK + + + + + 

CD11c + + - - + 

CD11b - + + + + 

SiglecF + +/- - - - 

MHCII +/- - - + + 

 

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 (-/+).   
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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 
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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 BrdU+ cells. 

Data show mean ± SEM, n = 4 - 5. Unpaired t test with Welch's correction. RA 

– room air. CS – cigarette smoke 
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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 
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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 
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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 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.  
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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. 
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Antibody 

Specificity 

Conjugate Clone Supplier 

CD3 APCeFlour780 17A2 eBioscience 

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 

Sca1 BV650 D7 Biolegend 

BrdU APC  BD Biosciences 

  

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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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. NanoString custom designed fibrogenesis panel. A panel to assess 

the expression of genes related to wound healing/fibrogenesis, myeloid, M1 and 

M2 macrophage polarisation. 
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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. mRNA differential expression of fibrogenesis-associated genes at 

day 7 post bleomycin. Expression of genes related to wound 

healing/fibrogenesis, myeloid, M1 and M2 macrophage polarisation. Shown are 

genes significantly differentially expressed at day 7. Limma package, R.  
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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. mRNA differential expression of fibrogenesis-associated genes at 

day 21 posy bleomycin. Expression of genes related to wound 

healing/fibrogenesis, myeloid, M1 and M2 macrophage polarisation. Shown are 

genes significantly differentially expressed at day 21. Limma package, R.  
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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 (FITC)+/-LineageNegCD45+MertK+CD64+. 

We further distinguished CD11c+CD11bNegSiglecFHi resident alveolar 

macrophages (Res-AMs), CD11c+CD11b+MHCIINeg monocyte-derived 

alveolar macrophages (Mo-AMs), 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 (FMO) was used to gate each of the 

population of interest.  
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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 shown mean 

± SEM, n= 4 - 5. Unpaired t test with Welch's correction.   
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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. 
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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 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. 
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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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CHAPTER V: DISCUSSION 

5.1. Summary of results 

The work in this thesis focused on the impact of cigarette smoke on immune 

components of respiratory disease. Data in this thesis address two areas of focus. 

The first area of focus centred on (auto)antibodies in COPD. The intent of these 

studies was to assess whether autoantibodies could serve as a biomarker of 

disease progression. The second focus of this work assessed the effect of 

cigarette smoke on pulmonary macrophage composition and the subsequent 

impact on lung remodelling. This study sought to identify the specific 

macrophage subpopulations that lead to cigarette smoke-associated respiratory 

disease.  

5.1.1. (Auto)antibodies in patients with COPD 

The presence of autoantibodies has been proposed as a contributor to 

progressive lung function decline in COPD, even in individuals who have quit 

smoking cigarettes179. Given the variability in serum autoantibody levels in 

patients with COPD180–182, we assessed sputum autoantibodies as a direct 

measurement from the respiratory tract. Sputum, mucosal expectorate from the 

lungs, is a non-invasive method to sample the respiratory tract and has been 

previously used to study asthma and infectious disease231–234. However, prior to 

this study little was known regarding the presence of sputum antibodies or 

autoantibodies in patients with COPD. Consequently, we first addressed 

whether antibodies were detectable in the sputum of patients with COPD.  
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In two independent COPD cohorts, we assessed the presence of total 

antibodies in cigarette smokers and patients with COPD. These cohorts were 

comprised of one single centre cohort based at GIRH and the second was a 

multicentre cohort spanning clinics in North America and Europe (ADEPT). In 

total, we assessed 251 sputum supernatants for the presence of total IgM, IgG 

and IgA. IgA was the most abundant antibody class in sputum samples reflecting 

its high abundance at mucosal surfaces129. IgG and IgM were also detectable in 

samples but at lower levels than IgA. These data validated the use of sputum as 

a matrix with which to assess the presence of antibodies in patients with COPD. 

The recovered sputum IgM and IgA yield was variable between the 

ADEPT and GIRH cohorts. Notably, these cohorts had procedural differences 

in sputum processing. The ADEPT cohort followed the protocol outlined by 

Pizzichini et al.229 which used DTT as a mucolytic whereas the GIRH cohort 

was processed according to a protocol outlined by Bafadhel et al.230 PBS 

method. In Appendix Figure 1A., we showed that in matched samples 

processed concurrently in either DTT or PBS that the presence of DTT did not 

alter the recovery of either IgG or IgM using a direct ELISA system. In contrast, 

DTT processing increased IgA recovery from the sputum. The increased IgA 

yield is possibly attributable to improved IgA release from the mucus plug akin 

to dithioerythritol (DTE), an optical isomer of DTT, which increased 

inflammatory cell and cytokine release from mucus plugs243. Next, we assessed 

the ability to detect a fixed concertation of Ig in each processing buffer to assess 

buffer interference. PBS or DTT processing buffer was not associated with 

differences in spike recovery (Appendix Figure 1B.). This suggested in this 
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direct ELISA system there was no interference from DTT in sample detection. 

In contrast, in the sandwich ELISA system employed in Chapter II, DTT 

interference did contribute to differences between cohorts. Using a spike 

protocol, DTT interfered with Ig standard binding signal for IgM (54.7% 

reduction), IgA (7.7% reduction) while IgG standard binding signal increased 

15.5% (Appendix Table 1.). Thus, sputum processing buffers do not adversely 

affect antibody recovery but DTT interference does likely contribute to antibody 

recovery variability in a sandwich ELISA system.  

Cigarette smoke137–139 and COPD status165,167,168 are associated with 

altered antibody levels; but, to date, no studied has assessed cigarette smoke’s 

impact on sputum antibodies. We demonstrated that patients with COPD had 

decreased total sputum IgA independent of current smoking status. This is in 

agreement with previous histological and BAL analysis in COPD which 

observed decreases in IgA167–169. Of note, individuals with antibody deficiencies 

have increased respiratory infections244 and airway remodelling168,169. In 

patients with COPD who currently smoked cigarettes, we observed decreased 

total sputum IgM and IgG in mild to moderate COPD but not severe or very 

severe COPD subjects. Thus, mild to moderate patients with COPD who 

currently smoke had reduced IgM/G and may consequently be at a heightened 

risk of infection compared to patients who have quit cigarette smoking.  

Following the successful detection of sputum antibodies in patients with 

COPD, we used an autoantigen array to investigate sputum autoantibody levels 

in the ADEPT and GIRH cohorts. Serum autoantibodies were also assessed to 

facilitate comparison with previous studies and to assist in our interpretation of 
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sputum autoantibody levels. Patients with COPD had decreased IgG sputum 

autoantibodies compared to healthy controls but not asymptomatic smokers. In 

contrast, select IgG and IgM serum autoantibodies were differentially expressed 

compared to asymptomatic smokers in the GIRH cohort. No change in serum 

autoantibodies was observed in the ADEPT cohort. This differential expression 

of sputum and serum autoantibodies was not sufficient to identify patients with 

COPD from control groups based on unbiased clustering approaches. This 

suggests that COPD subjects had an overall autoantibody repertoire similar to 

asymptomatic smokers and healthy controls. Using a rigorous autoantigen array 

platform, we showed no conserved change in serum autoantibodies between two 

independent cohorts. Moreover, patients with COPD were not identifiable from 

an autoantibody profile from individuals without disease. Thus, autoantibodies 

do not provide a suitable biomarker for disease pathogenesis.   

Growing evidence suggests a link between B cells and emphysema in 

patients with COPD163. In previous studies, increased serum autoantibody have 

been associated with emphysema providing a functional link between B cells 

and airspace enlargment181,186,189. In this study, we identified a weak correlation 

between select serum autoantibodies and emphysema in the GIRH cohort. We 

report AT IgM serum autoantibodies were weakly correlated with airspace 

enlargement in the GIRH cohort, validating observations by Nunez et al. of 

increased AT autoantibodies and worsening DLCO
181. However, we did not 

observe an association between airspace enlargement and autoantibodies in the 

ADEPT cohort. Ultimately, within patients with COPD, serum and not sputum 
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autoantibody titres weakly correlated with a measure of airspace enlargement 

but this finding was not validated between cohorts.   

5.1.2. Impact of cigarette smoke on macrophage subpopulation composition 

and function 

Macrophages are proposed to orchestrate the immunopathology associated with 

cigarette smoke-associated respiratory diseases such as COPD245 and IPF41; 

however, the composition of macrophage subpopulations following cigarette 

smoke exposure is not fully understood. Using a mouse model of cigarette 

smoke exposure, we observed increased monocyte-derived CD11b+ 

macrophage populations, Mo-AM and IM1, -2, and -3, in cigarette smoke-

exposed mice. Notably, the increase in CD11b+ macrophage subpopulations 

remained elevated even following 4- and 16-weeks of cigarette smoking 

cessation (Appendix Figure 2.). Thus, all CD11b+ macrophage populations 

were increased following cigarette smoke exposure. 

 CD11b is an integrin used for cell adhesion by monocytes, macrophages 

and other granulocytes246. Given that CD11b is also used for cell migration, we 

assessed the origin of CD11b+ macrophage populations. First, we assessed 

bromodeoxyuridine (BrdU) incorporation as a method to measure cell turnover 

demonstrating that the expansion of these cell populations was likely a result of 

monocyte recruitment. Specifically, the expansion of Mo-AM and IM3 was IL-

1α dependent. We observed a smaller contribution of IL-1α to the expansion of 

IM1 and IM2 populations, which suggests a plausible involvement of self-

renewing yolk sac-derived IM to these subpopulations44. Despite increased 

expansion of CD11b+ populations, we observed only transient changes in 
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macrophage progenitor cells in the bone marrow and the blood of cigarette 

smoke-exposed mice. Cigarette smoke exposure was associated with the 

expansion of CD11b+ macrophage populations likely via increased cell 

recruitment from the bone marrow.  

To explore the functional consequences of altered macrophage 

subpopulation composition following cigarette smoke exposure, we used a 

model of concurrent bleomycin-induced lung injury to study tissue repair and 

remodelling. In cigarette smoke-exposed animals, bleomycin administration 

elicited less fibrogenesis as measured by decreased α-smooth muscle actin, 

collagen disposition and total lung elastance at day 21. This was associated with 

decreased Res-AM and Mo-AM populations at day 21 in cigarette smoke-

exposed bleomycin-treated animals compared to room air-exposed bleomycin-

treated mice. Notably, Mo-AM are reported to be a major contributor to aberrant 

fibrogenesis leading to fibrosis development in models of asbestos and 

bleomycin-induced lung injury39,41. Concurrent cigarette smoke exposure and 

bleomycin administration altered the composition of pulmonary macrophages 

beyond either insult individually and resulted in impaired fibrogenesis.  

To further explore the contribution of cigarette smoke-exposed 

macrophages to tissue repair and fibrogenesis, we assessed macrophage 

polarisation and function. Prior to fibrogenesis, during the inflammatory phase 

of injury, we demonstrated a decrease in wound healing genes in the lung and a 

shift toward a predominant “M1” macrophage polarisation response. Thus, prior 

to fibrogenesis initiation the immune environment was skewed toward a 

proinflammatory rather than remodelling phenotype. Ex vivo analysis of 
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adherent CD45+ lung cells stimulated with a profibrotic cytokine cocktail 

showed cigarette smoke-exposed cells had decreased matrix metalloproteinase-

9 (MMP9) release. MMP9 is reported  to contribute to TGF-β production247 and 

epithelial-mesenchymal transition248,249, processes leading to myofibroblast 

differentiation and aberrant tissue remodelling250. Overall, cigarette smoke 

exposure altered the composition of macrophages in the lung, recruiting M1-

like CD11b+ monocyte-derived subpopulations during the inflammatory phase 

of bleomycin injury. This composition change and associated impaired MMP9 

release likely contributed to an impaired fibrogenesis response. Taken together 

these data demonstrated that cigarette smoke-induced changes to macrophage 

composition and function predispose cigarette smokers to impaired wound 

healing and repair following injury.  

5.2. Clinical implications 

Current or having a history of cigarette smoking is associated with multiple 

respiratory diseases including COPD and IPF2,3. These respiratory diseases are 

characterised by accelerated lung function decline and poor quality of life, even 

after quitting cigarette smoking. A better understanding of the impact of 

cigarette smoke on the immune system will shed light on novel intervention 

strategies to halt disease progression. 

5.2.1. Current smoking status influences sputum antibody levels 

Determining an individual’s smoking history is key when gathering patient 

information as it provides the attending physician an important indicator of 

patient risk of developing disease. In this regard, cigarette smoking predisposes 
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individuals to increased bacterial colonisation and viral infection which can lead 

to, or exacerbate, disease pathologies29,31. Antibodies perform a vital role in the 

neutralisation of pathogens and preventing infection130 but cigarette smoke has 

been demonstrated to decreased serum IgG antibodies137–140, as well as impair 

the induction of salivary IgG and IgM responses141. We demonstrated that 

current smoking status was associated with decreased sputum IgM in both the 

ADEPT and GIRH cohort. IgM is present on naïve B cells and contributes to 

the adaptive immune response and protection against inhaled pathogens129. 

Consequently, decreased IgM in cigarette smokers may predispose individuals 

to greater risk of infection and colonisation. Specifically, reduced IgM levels 

are associated with Streptococcus pneumoniae infection and septicemia251 as 

well as  diseases such as bronchitis, bronchiectasis, and pneumonia252. Notably, 

these pathologies are also associated with COPD149. In addition, cigarette smoke 

has been observed to attenuate upper respiratory tract immune responses leading 

to S. pneumoniae colonisation and dissemination31,253. It is plausible this 

increased dissemination into the lower airways remains uncontrolled through 

reduced IgM levels in current cigarette smokers, leading to the development of 

bronchitis and invasive pneumococcal disease.  

Current smoking status was further associated with decreased sputum 

IgM and IgG in mild to moderate COPD, but not in more severe disease. The 

mechanisms that lead to a decrease in antibody levels in patients with mild 

COPD who smoke is not known. Of note, the observed decreases were not 

associated with age, sex, or ICS dose. A possible mechanism resulting in this 

phenomenon is the transient decrease in T cell-mediated help in mild COPD254. 
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Decreases in T cell-mediated immunity may limit the ability of B cells to 

proliferate and produce antibodies. Alternatively, the absolute number of B and 

T cells that accumulate with worsening disease54,161 may compensate for any 

impaired mechanisms in patients with severe COPD and thus result in the 

recovery of antibody levels. Given the role of antibodies in host defence and the 

predisposition of cigarette smokers to infectious disease255, this work highlights 

the importance of understanding smoking history when analysing antibody 

levels in COPD. These data suggest that targeted antibody therapies such as 

intravenous immunoglobulin delivery could be of particular use in treating 

infectious disease in current cigarette smokers.      

Total sputum IgA was decreased in severe COPD subjects; however, 

current smoking status did not adversely alter IgA. Mechanisms resulting in IgA 

reduction in COPD likely mask decreases that are observed by cigarette 

smoking alone. For instance, the reduction in sputum IgA in patients with COPD 

may be in part a result of decreased pIgR, the receptor involved in IgA 

transcytosis into the alveolar space167. Notably, COPD is also associated with 

increased expression of TGF-β256. This has a two-fold impact upon IgA release. 

Firstly, TGF-β is involved in IgA class switching257 and will preferentially result 

in increased IgA production as compared to other antibody classes. However, 

secondly, increased TGF-β is also negatively correlated with bronchial 

expression of pIgR in COPD258 and thus will impair transcytosis mechanisms. 

Taken together, increased TGF-β and decreased pIgR expression in COPD 

suggest a mechanism which supports why lymphoid follicles are associated with 

IgA production259 but overall there is an impairment in the transcytosis of IgA 
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into the alveolar space. Subsequently, we propose airway remodelling processes 

in COPD limit the ability to transcytosis IgA masking any cigarette smoke-only 

impairment of antibody production. Overall, cigarette smoking and disease 

severity-related decreases in antibodies in patients with COPD offer the 

potential for opportunistic infections, as demonstrated by increased bacterial 

infection in IgA deficient areas in COPD lung sections168, to enter the 

respiratory tract and exacerbate disease.  

Reduced total sputum IgM and IgG antibodies in current cigarette 

smokers did not translate to decreased sputum IgM/G autoantibodies. Total IgM 

and IgG autoantibody levels as well as total IgG/M ANA and AT levels were 

unchanged based on current smoking status. We speculate that the cellular 

source of autoantibodies may differ from that of the majority of antibodies 

present in the lung. B-1 cells are known to spontaneously release nAb which 

can have self-reactive properties119,120. This innate-like, T cell independent 

property may bypass the cell-to-cell interactions necessary for B-2 antibody 

generation and release. Consequently, while affecting B-2 mediated antibody 

responses, the transient decreases in T cells observed in COPD254 leaves the B-

1 compartment unaffected. These data suggest sputum autoantibody generation 

is isolated from other B cell processes in the lung.     

5.2.2. Health consequences of altered (auto)antibodies in COPD 

Recent data demonstrated that a subset of patients who experience frequent 

exacerbations had antibody deficiencies172,173. In particular, serum IgG 

deficiencies in patients with COPD have been linked to increased hospitalisation 

rates260. In this study, we did not observe a relationship between total sputum 
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IgM, IgG and IgA and increased hospitalisation rates (Appendix Figure 3.). 

We stratified subjects based on lung function only and did not undertake 

subgroup analysis based on specific endotypes in order to maintain statistical 

power. These data proposes that antibody levels are not a reliable marker of 

AECOPD risk without further stratification of patient populations.  

Autoantibodies in COPD are proposed to offer insight into exacerbation 

risk. Clustering based approaches have identified two COPD endotypes with 

differences in autoantibodies, lung function, symptomatic scoring and blood 

cellular profiles, that were negatively or positively associated with AECOPD261. 

Based on a criteria of ≥ 1 hospitalisation in the past year, we did not observe 

either a positive or negative association between sputum or serum 

autoantibodies and AECOPD in GOLD-defined groups. In conjunction with 

Liang et al.261 this study demonstrated that any association between 

autoantibodies and AECOPD is specific to select patient endotypes and is not a 

robust reflection of autoantibody levels in GOLD stages. Taken together, these 

data do not support the use of sputum autoantibodies to predict frequent 

exacerbations in the general COPD population. However, in defined COPD 

endotypes autoantibodies may act a biomarker to predict those at risk of frequent 

AECOPD and thus, allow pre-emptive treatment to lessen the burden on health 

care resources. 

To date, investigators have proposed that autoantibodies in COPD 

contribute to airspace enlargement. This hypothesis is supported by a positive 

correlation between an increase of specificities that bind extracellular matrix 

components with worsening of gas exchange, as measured by DLCO
181. Lung 
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tissue sections from emphysema-dominant patients stained more strongly for 

deposited IgG than chronic bronchitis-dominant subjects186. Moreover, 

complement deposition, representative of a downstream process of antibody 

binding, has been reported in lung tissue sections of patients with COPD180. We 

observed weak positive correlation between serum IgM autoantibodies and % 

LAA-950 in the GIRH cohort. Notably, serum IgM AT specificities were more 

strongly positively correlated than IgM ANA with % LAA-950. These data 

support, albeit weakly, a link between AT expression and tissue destruction.  

The weak correlation between AT expression and airspace enlargement 

was not observed in the ADEPT cohort which assessed emphysema using DLCO, 

rather than % LAA-950. The differences between ADEPT and GIRH cohorts 

likely reflect the greater sensitivity of % LAA-950 as a densitometry 

measurement based directly on CT scans as compared to an indirect assessment 

of gas exchange via DLCO. Overall, these surrogate emphysema measurements 

suggest that any link between autoantibodies and emphysema is weak in a 

general COPD population. Thus, for functional studies, precise patient 

endotypes are needed to explore whether sputum autoantibodies are a causative 

agent or a consequence of tissue destruction.  

In the context of health, autoantibodies are typically assumed to be 

detrimental causing type II and III hypersensitivity reactions; however, 

autoantibodies have been shown to contribute to protective homeostatic 

processes192,200,201. This study detected sputum and serum autoantibodies in 

asymptomatic smokers and healthy controls alongside patients with COPD. 

This supports the notion that autoantibodies are part of a healthy immune system 
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and not simply a negative indicator of health. Consequently, any loss of 

autoantibodies and therefore the homeostatic role performed, has several 

implications for COPD pathogenesis. Our data demonstrated 16% of IgG 

sputum autoantibodies were downregulated compared to healthy controls. 

Moreover, of the differentially expressed serum autoantibodies the largest fold 

changes were observed in specificities that decreased. Therefore, autoantibody 

loss must be considered alongside the impact of increased autoantibodies and 

hypersensitivity reactions on disease pathogenesis.  

The best studied autoantibodies in relation to protective phenotypes are 

nAb and, in particular, specificities that target anti-nuclear antigens. For 

instance, autoantibodies are known to mediate apoptotic cell clearance 

(efferocytosis) via anti-nuclear antigens on the cell surface205,262. Efferocytosis 

is a critical process in the removal of apoptotic bodies from the local 

environment. Notably, in patients with COPD there is increased epithelial 

apoptosis193 which require efferocytotic clearance. The failure to effectively 

remove these apoptotic cells can lead to secondary necrosis and release of 

proinflammatory damage-associated molecular patterns (DAMPs)263. DAMP 

release, and recognition through pattern recognition receptors on innate immune 

cells, can promote prolonged inflammation264. Consequently, the loss of ANA 

specificities may lead to the accumulation of necrotic cells and the release of 

DAMPs contributing to a chronic inflammatory environment.  

In addition to sources of anti-nuclear antigens from apoptosis, cigarette 

smoke induces increased neutrophil infiltration and NETosis96,193. Neutrophil 

extracellular traps (NETs) expose several anti-nuclear antigens to the immune 
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system265. Autoantibodies targeting NET components and apoptotic bodies have 

previously been observed in patients with COPD186 and were decreased in this 

study. For instance, in both the ADEPT and GIRH cohorts, anti-histone and -

SmD autoantibodies decreased. These specificities target autoepitopes 

presented on the cell surface during apoptosis263,266 and in the chromatin 

structure released by neutrophils in NET formation263. In this regard, we showed 

a decreasing trend in the ability of sputum from patients with COPD to opsonise 

dying cells (Appendix Figure 4.). Therefore, decreased autoantibodies may 

lead to the failed ability to remove apoptotic bodies and contribute to chronic 

inflammation in patients with COPD. The role of autoantibodies in the removal 

of cellular debris and tissue homeostatic processes must be considered in 

addition to hypersensitivity reactions in disease.   

We showed that clustering on autoantibodies was not sufficient to define 

COPD status. This demonstrates that cigarette smokers, subjects at higher risk 

of disease onset, and healthy controls had indistinguishable autoantibody 

profiles compared to those of COPD subjects. However, this does not preclude 

the possibility that patients with COPD may develop autoantibodies against 

alternative autoepitopes or generate a T cell-meditated autoimmune component. 

Secondly, this unbiased autoantibody-driven clustering suggests that the 

differentially expressed autoantibodies in COPD are not a causative agent, but 

rather a consequence of disease. We speculate that if autoantibodies were a vital 

part of disease pathogenesis, then autoantibody specificities would be strongly 

conserved between patients and cohorts, as seen in autoimmune disease cohorts. 

Instead, specificities varied between COPD cohorts and had minimal 
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differential expression compared to controls. Thus, differentially expressed 

autoantibodies may contribute to chronic inflammation and disease progression 

but are likely a consequence of the inflammatory environment and not a primary 

factor in the development of COPD. Ultimately, these data suggest that 

autoantibodies, whether sputum or serum, are not a reliable biomarker to 

identify patients with COPD.    

5.2.3. Impaired fibrogenesis and tissue remodelling following cigarette smoke 

exposure 

Macrophages accumulate in the lungs of patients with cigarette smoke-

associated diseases such as COPD and IPF54,222 and are considered key in 

disease pathogenesis. Increasingly, studies are focusing on different pulmonary 

macrophage subpopulations and how each independent population influences 

respiratory disease. To date, the manner in which cigarette smoke exposure 

alters the composition of macrophage subpopulations is not fully understood. 

Studies in COPD showed IM to be more proinflammatory, but less phagocytic, 

than AM but have yet to investigate the contribution of different subpopulations 

to this phenotype45. We observed an increase of CD11b+ populations in lung 

tissue with IM1, -2, -3 and Mo-AM populations increased at 2-, 12- and 24-

weeks of exposure. These populations decreased following smoking cessation 

but trended to be elevated compared to room air mice. Notably, Res-AM 

populations were not expanded and displayed a decreasing trend at multiple 

cigarette smoke exposure timepoints. The increase in IM populations supports 

previous data by Xiong et al. that demonstrated an accumulation of interstitial 

CX3CR1+ mononuclear phagocytes, a marker shown to be expressed on IM1, -
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2 and -341,42, in cigarette smoke-exposed mice65. The increase in IM and Mo-

AM populations, both linked to a proinflammatory phenotype39,41,42,45, in 

cigarette smoke-exposed mice suggests the expansion of all CD11b+ 

macrophage populations need to be closely monitored in patients.  

The function of the different macrophage subpopulations following 

cigarette smoke exposure is yet to be elucidated. Notably, impaired macrophage 

phagocytosis is observed in cigarette smokers and patients with COPD58,59. The 

altered macrophage composition following cigarette smoke exposure may 

contribute to these clinical observations. IM subpopulations are reported to have 

decreased phagocytic ability than AM42. Of note, while Res-AM granularity 

increased 160% and 198% in the lung and BAL respectively following cigarette 

smoke exposure. Smaller increases in granularity were observed in CD11b+ 

populations suggestive of less phagocytic uptake in these subpopulations. As a 

proportion of the total pulmonary macrophage population, cigarette smoke 

exposure led to an increase in IM populations. This suggests an increased odds 

of IM populations to be sampled from lung sections and contribute to a 

perceived decrease in phagocytic ability of cigarette smoke-exposed 

macrophages. These data highlight a need to carefully characterise macrophage 

ontogeny to better delineate functional consequences to insult. 

Macrophages perform a vital role in the repair and regeneration of the 

tissue following damage267,268. Using a bleomycin model, we evaluated the 

impact of cigarette smoke on the ability of macrophages to facilitate tissue 

remodelling. Notably, CD11b+ macrophages211 and specifically Mo-AM39,41 

have been reported to be necessary for aberrant tissue remodelling processes. 
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Given, that cigarette smoke increases Mo-AM, a cell type associated with 

aberrant fibrogenesis and fibrosis39,41,211, we expected exacerbated fibrogenesis. 

In contrast, we observed attenuated fibrogenesis in cigarette smoke-exposed 

mice. Notably, bleomycin hydrolase, which inactivates bleomycin, has a 

relative low expression in the lungs compared to other tissues and decreased 

fibrogenesis likely does not represent an increase in bleomycin metabolism in 

the lungs269,270. Indeed, Mo-AM were decreased in cigarette smoke-exposed 

bleomycin-treated mice as compared to room air-exposed bleomycin-treated 

mice at day 21. Leading to this timepoint, we observed a decrease in wound 

healing genes and increased IM1 populations in bleomycin-treated mice at day 

7. IM1s perform a role in maintaining vascular integrity and thus may actively 

inhibit early aberrant tissue remodelling in cigarette smokers43. Thus, cigarette 

smoke attenuated profibrotic macrophage subpopulation expansion, expanded 

macrophage subpopulation with antifibrotic capacity and was associated with 

impaired fibrogenesis. These data highlight that composition changes in 

macrophage populations induced by cigarette smoke during the course of 

fibrogenesis may contribute to impaired wound healing observed in cigarette 

smokers following injury271.   

To complement our investigation of macrophage subpopulation 

composition during fibrogenesis, we assessed macrophage polarisation status. 

While macrophage polarisation is a spectrum whereby “M1” and “M2” 

expression markers are observed in fibrotic disease41, “M2” markers such as 

CD206 are linked strongly to wound healing responses272. Total alternatively-

activated CD11b+ CD206+ M2-like macrophages increased at day 7 and 21 in 
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cigarette smoke-exposed bleomycin treated mice. In contrast, total Res-AM 

CD206+ populations were unchanged at day 7 and decreased at day 21.  Notably, 

cigarette smoke-induced a predominant shift toward a M1-like profile at both 

day 7 and 21 post bleomycin in all subpopulations. This profile is suggestive of 

a proinflammatory rather than remodelling-like phenotype49 and consequently 

may contribute to the decreased fibrogenesis observed. Despite the predominate 

shift toward an M1-like profile, ex vivo analysis of adherent CD45+ lung cells 

observed no difference in collagen or urea production in TGF-β, Il-4 and Il-6 

stimulated room air or cigarette smoke exposed cells. Urea production is a 

functional measure of arginase activity, a M2-like function. This suggests in this 

model that cigarette smoke exposure does impair M2-like functions. This study 

does not preclude that other M2-like functions may be impaired or that the 

presence of increased number of M1-like macrophages support a 

proinflammatory response capable of extracellular matrix breakdown. In this 

regard, the induction of M1-like macrophages may serve as a balance to any 

aberrant remodelling stimulated by bleomycin.  

One mechanism which macrophages can directly affect the remodelling 

process is the accumulation of myofibroblasts, cells key to collagen secretion 

and protecting the tissue from mechanical stress273. In cigarette smoke-exposed 

bleomycin-treated mice, α-smooth muscle actin+ cells (myofibroblasts) were 

decreased compared to room air bleomycin-treated mice. This decrease in 

myofibroblasts was associated with decreased expression of MMP9 by CD45+ 

adhered cells. MMP9 performs a central role in TGF-β production247 and 

epithelial-mesenchymal transition248,249 which mediate myofibroblast 
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differentiation250. Notably MMP9 is shown to be increased in IPF274 and 

MMP9-deficency shown to confer protection against renal fibrosis275. Thus, 

these data suggest that decreased macrophage-associated MMP9 may limit 

fibrogenesis in cigarette smokers and led to impaired wound healing following 

injury.  

The attenuated fibrogenesis observed in cigarette smoke-exposed mice 

sheds light on processes occurring in IPF patients who continue to smoke. 

Multiple IPF studies have reported better patient survival rates in current 

smokers compared to non-smokers218,219. This could be interpreted as a 

“healthy” smoker affect but the skewed macrophage composition and 

polarisation observed in our model offers insight into a dichotomous cigarette 

smoke effect on fibrogenesis. Cigarette smoke beyond doubt causes frequent 

microinjuries to the epithelium likely via excessive oxidant activity, resulting in 

expanded profibrotic Mo-AM populations which plausibly increase the odds of 

fibrotic lesion development. However, with sustained cigarette smoke exposure 

the expansion of anti-fibrotic IM1 subpopulation and a proportional loss of Mo-

AM compared to those who do not smoke may lead to a slower disease 

progression. Therefore, we speculate while those subjects that continue to 

smoke cigarettes appear to have marginal improvements in morbidity this 

represents a slower disease onset.  
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5.3. Limitations and future direction 

5.3.1. COPD endotypes and patient characteristics 

One of the main objectives of this study was to assess the presence of 

autoantibodies in COPD to identify subjects at risk of developing disease or 

those with disease who are at risk of accelerated lung function decline. To this 

end, we performed a comprehensive retrospective analysis of matched serum 

and sputum autoantibodies in 224 individuals across three continents. As part 

of the ADEPT cohort controls, we assessed healthy controls as well as 

asymptomatic smokers. These healthy control subjects had no history of 

respiratory diseases and had quit smoking for at least one year prior to study 

enrolment. A similar control group was not recruited in the GIRH autoantibody 

cohort. Subsequently, the decreased expression of IgG sputum autoantibodies 

observed in the ADEPT cohort could not be validated. To note, patients with 

COPD had the same sputum autoimmune profile as GIRH and ADEPT 

asymptomatic smokers and ADPET healthy controls. This suggests that patients 

with COPD would not have a differing sputum autoantibody profile from 

additional healthy controls; however, further investigation of sputum 

autoantibodies in healthy individuals is warranted to fully understand 

consequences of decreased sputum autoantibodies in COPD.  

Sex differences are important to consider in disease pathogenesis. There 

is increasing evidence that demonstrates that sex differences are implicated in 

immune pathologies. For example, women are more likely to develop 

autoimmune disease than men276. The GIRH cohort included only male subjects. 

Therefore, this study may underrepresent differentially expressed 
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autoantibodies in the GIRH cohort. However, the ADEPT cohort was well 

represented by both men and women and no association between total sputum 

antibody levels or any autoantibodies and sex was observed. Furthermore, to 

address any sex differences, the analysis in chapter III was undertaken using 

regression analysis to adjust for sex and consequently, we evaluated and 

corrected for any influence of sex upon autoantibody measurements.   

Personalised medicine and the drive to determine patient specific 

endotypes is becoming increasingly important in modern medicine. COPD is a 

complex disease that is diagnosed using lung function and symptomatic score. 

Specific disease endotypes, such as emphysema-dominant, chronic bronchitis-

dominant, or exacerbation history provide greater resolution in immune 

mechanisms in COPD. Previous studies showed increased serum autoantibodies 

associated particularly with patients with emphysema-dominant COPD181,186. In 

the ADEPT cohort, there was no association between autoantibodies and DLCO 

in either the sputum or serum. In contrast, we reported a weak association 

between serum IgM AT and % LAA-950 in the GIRH cohort. The difference 

observed in cohorts may reflect the inability to confirm the presence of 

emphysema and stringently stratify subjects. Consequently, stratifying 

heterogenous diseases such as COPD into precise pathologies, such as 

emphysema- or chronic bronchitis-dominant, is of benefit to future COPD 

studies and should become standard practice. To this end, stratification of 

subject endotypes based on exacerbation status is needed to fully understand the 

contribution of specific sputum autoantibody profiles to increased or reduced 

AECOPD events. Together, a systematic breakdown of COPD endotypes is 
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needed and will aid investigation of immune processes and thus assist the design 

of future treatments.  

5.3.2. IgA assessment 

There is an emerging literature regarding the role of IgA in COPD pathogenesis. 

Strikingly, in addition to data from this thesis, several studies reported decreased 

total IgA in COPD166,168,169. Decreased IgA has been shown to enable 

endogenous bacteria to recruit monocyte-derived dendritic cells into the 

airways169. It is this increase in monocyte-derived dendritic cells that can then 

mediate aberrant T cell responses, thus leading to airway remodelling169. These 

data and ours, seem in contrast to studies that observed increases in lymphoid 

follicle-associated IgA259. An investigation to address this dichotomy of 

increased lymphoid follicle associated IgA but decreased airway IgA167,259 is 

needed.   

COPD autoantibody studies have focused on serum IgG and 

IgM180,184,186. These isotypes are commonly assessed in studies of autoimmune 

disease. Thus, we aimed to validate the presence of serum IgG and IgM 

autoantibodies and expand on these analyses in the sputum. Studies are also now 

warranted to investigate the presence of IgA autoantibodies in COPD. To note, 

the role of IgA autoantibodies in autoimmune disease as a whole is currently not 

well understood. As IgA is associated with the mucosal surface barrier 

protection, the assessment of sputum IgA autoantibodies in autoimmune disease 

offers opportunities to better understand respiratory diseases. 
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5.3.3. Cigarette smoke-modified neoepitopes and neo-autoantibodies 

The autoantigen array used in this work provided a validated platform to 

measure a broad assortment of common autoantibodies. Cigarette smoke is a 

complex insult and can induce modifications including, but are not limited to, 

citrullination, carbonylation and carbamylation277–279. It is plausible that 

development of anti-neoepitope antibodies may contribute to chronic 

inflammation in COPD. In matched serum and sputum samples from the 

ADEPT cohort, we reported no difference in IgG anti-cyclic citrullinated 

peptides or IgG/IgA anti-cyclic citrullinated peptides, between patients with 

COPD and asymptomatic smoker or healthy controls (Appendix Figure 5.). 

Further investigation of neoepitopes caused by cigarette smoked-related 

oxidants which can induce carbonyl adducts or carbamylation are needed. 

Carbamylation may prove an optimal start as myeloperoxidase, a molecule 

known to be elevated in COPD, is the main trigger for homocitrulline 

development and neo-autoantigen generation155,280. In summary, to 

comprehensively assess autoantibodies in COPD, cigarette smoke-modified 

epitopes and neo-autoantibody generation require further investigation.   

5.3.4. T cell-mediated autoimmunity  

This thesis focused on the presence of autoantibodies as a measure of 

autoimmunity in COPD. This approach was taken to address the variable 

expression of autoantibodies in the serum of patients with COPD180–182. 

Moreover, offer insight to the a potential functional link between B cell-rich 

lymphoid follicles in the small airways161 and emphysema162. Ultimately, this 

study found limited evidence of differential expression of autoantibodies in 
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COPD. However, B cells only represent one arm of the adaptive immune 

response, with T cells also potential contributors to autoimmune disease.  For 

instance, programmed death receptor (PD)-1 and corresponding programmed 

death receptor ligand (PD-L)1 provide a mechanism to regulate the immune 

response, and in particular perform a key role in inhibiting T cell activation281. 

In the peripheral blood and lung tissue samples of patients with COPD, CD4+ 

and CD8+ T cells have increased PD-1 expression108,282. In contrast, data suggest 

that PD-L1 expression on antigen presenting cells is reduced in COPD108,283. An 

imbalance in PD-1/PD-L1 homeostasis may perform a pivotal role the 

development of autoreactive T cells leading to type IV hypersensitivities. These 

cell-mediated reactions have the potential to contribute to the chronic 

inflammation in patients with COPD.   

5.3.5. Cigarette smoke-associated antibody decreases 

In current cigarette smokers with mild to moderate COPD, total sputum IgM 

and IgG was decreased; however, IgM and IgG sputum autoantibodies were not 

changed. The mechanism underlying the impact of cigarette smoke on sputum 

total antibodies but not autoantibodies is not known. Given that T cells are 

transiently decreased in COPD254 and that B-1 cells spontaneously release nAb 

in the absence of T cell help119,120, studies focusing on the cellular source of 

COPD autoantibodies are needed. These studies will elucidate the impact of 

cigarette smoke on the autoantibody development.  

To complement studies to assess the source of autoantibodies in COPD, 

studies assessing the impact of cigarette smoke on autoantibody transport to the 

alveolar space are needed. Tissue remodelling processes in the lung are shown 
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to decrease pIgR expression and consequently reduce Ig transcytosis into the 

alveolar space168,169,171. Further investigation of the impact of tissue remodelling 

processes in current cigarette smokers is needed to elucidate mechanisms of 

airway antibody and autoantibody deficiency.  

5.3.6. Macrophage subpopulation function  

CD11b+ macrophages are expanded following cigarette smoke exposure. The 

functional consequence of increased CD11b+ macrophages in the context of 

respiratory disease development needs to be further assessed. Using a model of 

concurrent bleomycin-induced lung injury, we observed an attenuated 

fibrogenesis and tissue remodelling following cigarette smoke exposure. To 

further elucidate the impact of cigarette smoke on the function of macrophage 

subpopulations, transcriptional analysis of each subpopulation would provide a 

powerful method to probe differences in each subpopulation regardless of low 

recoverable cell numbers. This bleomycin model just represents one model to 

assess the impact of cigarette smoke on macrophage function. Given that 

cigarette smokers are susceptible to increased infections255, alternative models 

with a focus on bacterial or viral stimuli would provide another relevant 

assessment of the functional impact of cigarette smoke on macrophages. 

Investigation of specific functional responses of each macrophage 

subpopulation in cigarette smoke-induced inflammation will enable future 

therapies to target the subpopulations responsible for disease pathogenesis while 

not ablating subpopulations needed to maintain tissue homeostasis.  

Understanding the composition and function of macrophage 

subpopulations in COPD is of vital importance. Macrophages are central in 
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facilitating cigarette smoking-mediated immunopathology245 and remain 

elevated following smoking cessation54. Blocking the expansion of pathogenic 

subpopulations and alleviating pathology would provide novel strategies to treat 

patients with COPD and other cigarette-associated respiratory diseases. 

Targeted approaches at blocking IM recruitment via chemokines such as CCL2, 

CCL3 or CX3CL1 might pose novel intervention strategies to halt disease. 

Furthermore, we showed that IL-1α is an important component in the 

recruitment and proliferation of macrophage subpopulations following cigarette 

smoke exposure. Further studies in transgenic and conditional knockout models 

are required to better understand the contribution of each subpopulation to 

pathology. These studies would direct focused treatment of singular 

subpopulations aimed at halting pathology without compromising immunity. 

Future therapeutics aimed at blocking the expansion of CD11b+ macrophage 

subpopulations may provide a new strategy to halt accelerated lung function 

decline.  

5.4. Concluding remarks 

In this thesis, we evaluated the impact of cigarette smoke on the immune cells 

and mediators. The first study (published in the European Respiratory Journal) 

demonstrated that sputum was a viable matrix to assess antibody levels in 

individuals with COPD. This study demonstrated that patients with severe 

COPD had decreases in sputum IgA. In addition, this study highlighted that 

current smoking status is associated with reduced IgM and IgG sputum 

antibodies in mild to moderate COPD. These data emphasise the need to assess 
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current cigarette smoking status when sampling respiratory matrixes such as 

sputa.  

In the second study (published in the American Journal of Physiology 

Lung Cellular and Molecular Physiology), we observed that autoantibodies are 

present in the sputum and serum of patients with COPD. Despite COPD being 

a respiratory disease, a more diverse IgM and IgG autoantibody repertoire was 

observed in the serum than the sputum. With COPD status, a proportion of 

serum IgM and IgG autoantibodies were differentially expressed, but this 

expression was not strongly associated with any clinical parameter. Overall, we 

found an individual’s autoantibody profile was not sufficient to determine 

COPD disease status. These data suggests that autoantibodies do not provide a 

reliable biomarker for COPD identification for disease interception therapies.   

In the third study (in review at Frontiers in Immunology), we 

demonstrated that cigarette smoke exposure altered the composition of 

pulmonary macrophage subpopulations resulting in expansion of CD11b+ 

populations. This expansion in CD11b+ populations, specifically Mo-AM and 

IM3, was dependent on IL-1α. This altered macrophage composition was 

associated with attenuated fibrogenesis in a mouse model of bleomycin-induced 

lung injury. In summary, this study showed that cigarette smoke altered the 

composition of macrophage subpopulations in the lungs. These changes in 

composition were associated with impaired tissue remodelling and offered 

insight into impaired wound healing processes in cigarette smokers. Halting the 

accumulation of CD11b+ macrophages following cigarette smoke exposure may 
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provide a mechanism to improve outcome in cigarette smoke-associated 

disease. 

Overall, the work presented in this thesis explored the impact of cigarette 

smoke on the immunopathogenesis of respiratory disease. This work has 

increased the awareness of current cigarette smoking status on the assessment 

of total antibodies, demonstrating antibody decreases in current smokers. This 

sheds light on mechanisms which increase the susceptibility of cigarette 

smokers to infectious disease and COPD exacerbation. Moreover, this worked 

provided evidence that autoantibodies in COPD do not provide a reliable 

biomarker with which to identify individuals with disease. Lastly, we 

demonstrated that cigarette smoke exposure altered pulmonary macrophage 

subpopulation composition, increasing CD11b+ subpopulations, and this was 

associated with impaired tissue remodelling. Overall, this thesis highlighted the 

determinantal impact of cigarette smoke on (auto)antibody levels and 

pulmonary macrophage composition.    
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Appendix Figure 1. DTT and PBS processing buffers are comparable in 

matched sputum samples. (A) Paired analysis of matched subject samples 

processed in PBS or DTT. Bold line represents median Ig recovery per isotype. 

(B) Spike recovery of 4.1mg of immunoglobulin in processed samples. Mean ± 

SD. Paired Wilcoxon T test (A-B). Two-way ANNOVA with repeated measures 

(C).  *p = <0.05. 
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Ig Standard IgM IgA IgG 

Pre-

treatment 
PBS DTT PBS DTT PBS DTT 

ng/mL 

(±SD) 
130.1 ± 

17.7 

59.0 ± 

5.0 

8.0 ± 

0.3 

7.3 ± 0.5 115.2 ± 

10.6 

133.1 ± 

10.2 

p value    <0.0001   0.0182   0.0138 

% PBS 

recovery 
 

  45.3   92.3   115.5 

 

Table 1. Sandwich ELISA processing buffer interference. Ig standard pre-

treated for 15 minutes with 0.1% DTT or PBS. Sample then diluted 4-fold in 

PBS prior to Ig detection. Welch’s T test. 
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Appendix Figure 2. Macrophage subpopulation composition following 

cigarette smoke cessation. Mice were cigarette smoke exposed for 8-weeks. 

Mice then either continued cigarette smoking or were exposed to room air only 

for an addition 4 or 16-weeks for a total exposure protocol of 12 or 24-weeks.  

RA – room air (open). CS – cigarette smoke (grey). Ces. – cessation (cross-

hatched). *p = <0.05. Ordinary one-way ANNOVA.  
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Appendix Figure 3. Total IgM, IgG and IgA antibodies were not associated 

with increased hospitalisation visits. IgM, IgG and IgA antibodies from 

patients with COPD stratified into subjects with stable disease in the previous 

year versus those subjects who experiment greater than one hospitalisation event 

because of an acute exacerbation of COPD. (A) All COPD subjects. (B) 

Subjects split into greater than or less than 50% forced expiratory volume in 1 

second. Median ± Interquartile range.   
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Appendix Figure 4. Autoantibodies opsonise dying A549 epithelial cells. % 

opsonisation of ADEPT sputum IgG and IgM antibodies versus A549 cells 

induced to undergo apoptosis by cigarette smoke extract. AU – Arbitrary units. 

MFI – Median fluorescence intensity. *p = < 0.05. HC – Healthy control, AS – 

Asymptomatic smokers.  
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Appendix Figure 5. Anti-cyclic citrullinated peptide (CCP) do no increase 

in induced sputum and serum. IgG CCP3 serum and IgG/A CCP3.1 sputum 

autoantibodies were measured by ELISA in the ADEPT cohort. Each point 

represents one subject. Plots (A-D) show median and inter-quartile range. *p = 

< 0.05. AU – Arbitrary units. HC – Healthy control, AS – Asymptomatic 

smokers 
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