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Chronic obstructive pulmonary disease (COPD) is a 
debilitating respiratory disorder defined by progressive and 
largely irreversible airflow limitation (1). In an individual 
patient, various pathological conditions contribute to 
the clinical presentation of COPD, including: chronic 
bronchitis, characterized by persistent inflammation, 
remodelling and mucus hypersecretion in the airways; and 
emphysema, characterized by small airway/parenchymal 
destruction and alveolar airspace enlargement (1). Notably, 
exposure to cigarette smoke is a well-known risk factor 
for the development of COPD, with over 90% of COPD 
deaths occurring in individuals with a history of smoking 
(1,2). To gain mechanistic insight into how smoking 
promotes COPD, numerous studies have investigated the 
effects of tobacco smoke on biological and, in particular, 
immunological processes that may contribute to disease 
development and progression. Here, we present a broadly-
encompassing framework within which to contextualize 
these effects (Figure 1). We propose that the effects of 
cigarette smoke on immune processes that drive COPD 
pathogenesis fall into three categories: (I) attenuation of 
cellular viability and barrier functions in the pulmonary 
environment; (II) mediation of local danger signalling; 
and (III) alteration of cellular responses to secondary 
inflammatory stimuli. Notably, many of these effects 
appear to represent the misappropriation of homeostatic 
immunological and biological processes into responses 
that promote continual tissue damage in the pulmonary 
environment. In this manner, the immune system is both 
the victim of cigarette smoke exposure with regards to host 
defense, and an aggressor in the pathogenesis of COPD. 

Attenuation of cellular viability and intrinsic 
barrier functions 

Tobacco smoke is known to contain thousands of 
different chemical compounds, including: nicotine; toxic 
compounds, such as ammonia and carbon monoxide; 
reactive oxygen species; and carcinogens, such as benzo[a]
pyrene and acrolein (3). Consequently, cigarette smoke 
has been described to have direct effects on the viability 
and intrinsic barrier function of resident pulmonary cells. 
For instance, cigarette smoke has been described to elicit 
apoptosis in alveolar epithelial cells (4). Importantly, 
high levels of apoptosis have been noted in the lungs 
of emphysematous COPD patients, suggesting that the 
smoke-induced programmed cell death may contribute 
to alveolar destruction (4). Notably, the apoptosis of cells 
exposed to toxic stimuli, such as cigarette smoke, likely 
represent evolutionarily-conserved processes aimed at 
maintaining tissue homeostasis. Specifically, if cells damaged 
by environmental stimuli are allowed to accumulate, 
they may undergo necrosis to cause damaging secondary 
inflammation. Apoptosis, in contrast, offers a controlled, 
non-inflammatory form of cell death. Moreover, given 
the mutagenic nature of cigarette smoke, DNA damage 
may lead to cellular transformation and the development 
of cancer. Thus, programmed cell death likely comprises 
a beneficial, homeostatic response to tobacco smoke 
exposure. However, in the context of chronic exposure these 
processes contribute to excessive epithelial cell death and, 
consequently, the loss of alveolar and small airway integrity, 
ultimately compromising lung function in smoking 
individuals.
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In addition to compromising cell viability, cigarette 
smoke has been reported to impair intrinsic barrier 
functions within the respiratory tract. For instance, 
smoke exposure is known to reduce lung cilia length, 
and compromise pulmonary mucociliary clearance (5-7).  
In healthy individuals, this process normally facilitates 
the upward transit of foreign particles, such as inhaled 
pathogens and debris, out of the respiratory system and into 
the digestive tract, thereby precluding dangerous pulmonary 
inflammatory responses (8). Mechanistically, the detrimental 
effects of cigarette smoke on mucociliary clearance has 
been attributed to increased expression of iron-responsive 
element-binding protein (IRP) 2 and mitochondrial iron 
loading in ciliated epithelial cells within the lungs (6).  
Ultimately, this appears to promote mitochondrial 
dysfunction and epithelial cell death, thus impairing 
the mucociliary ‘escalator’ capacity of the respiratory 

epithelium (6). However, IRP-mediated mitochondrial iron 
metabolism is critical to various cellular processes, including 
the facilitation of protein function via the generation of 
iron-based enzyme co-factors, as well as proliferation (9). 
Thus, through the inappropriate activation of molecular 
pathways associated with cellular iron metabolism, cigarette 
smoke compromises mucociliary clearance, resulting in the 
accumulation of inflammatory pathogens and debris in the 
respiratory tract.

Moreover, cigarette smoke exposure may decrease 
the ability of host epithelial cells to maintain an intrinsic 
humoral barrier against inhaled microbes. For instance, in 
severe COPD, epithelial cells in the airways are observed to 
have reduced expression of the polymeric immunoglobulin 
receptor (pIgR) (10), which is responsible for the transport 
of secretory immunoglobulin (sIg)A from the lamina propria 
into the lumen (11). When localized within the mucous 
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Figure 1 Categorization of interactions between cigarette smoke and the host immune system that have been implicated in facilitating 
COPD pathogenesis. Cigarette smoke has been demonstrated to: (I) compromise the viability and barrier function of cells in the pulmonary 
environment; (II) mediate local danger signaling, and; (III) alter the nature of immune responses to secondary inflammatory stimuli. The net 
product of these interactions results in the direct damage of pulmonary cells, as well as in an enhanced induction of inflammatory processes 
and recruitment of inflammatory cells, such as neutrophils and macrophages, into the lungs. Ultimately, these processes are thought to 
contribute to the development of lung pathologies, such as emphysema and chronic bronchitis, resulting in airflow limitation and the onset/
progression of chronic obstructive pulmonary disease (COPD). MCC, mucociliary clearance; pIgR, poly-immunoglobulin receptor; IgA, 
immunoglobulin A; LPS, lipopolysaccharide; PAMP/DAMP, pathogen/danger-associated molecular pattern; ILC, innate lymphoid cell.
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lining in the airway, sIgA normally serves to neutralize 
incoming microbes and prevent their contact with the 
apical epithelial surface, a process known as “immune 
exclusion” (12). However, data from both pIgR deficient 
mice (13) and the airways of COPD patients (14) have 
suggested that the absence of this receptor, and subsequent 
IgA loss, leads to bacterial invasion of the epithelium. 
Subsequently, this leads to the initiation of local, nuclear 
factor (NF)κB-mediated inflammatory processes, resulting 
in macrophage and neutrophil recruitment, and, over time, 
increased collagen deposition and airspace enlargement (13). 
Although the mechanisms that drive epithelial pIgR loss 
in severe COPD has yet to be conclusively determined, it 
has been suggested that the overexpression of transforming 
growth factor (TGF)-β1, a cytokine known to be produced 
in response to oxidative components within cigarette smoke 
(15), contributes to transcriptional downregulation of 
pIgR (10). Notably, TGF-β1 secretion has been implicated 
in facilitating pulmonary repair processes in response to 
cytotoxic damage, in part through the activation of lung 
fibroblasts (16). Thus, downregulation of pIgR in the 
lungs of patients with severe COPD, and the consequent 
reduction in IgA barrier integrity, may occur as a result of 
continual TGF-β1 secretion following chronic attempts 
to repair cigarette smoke-induced tissue damage (10). 
Overall, compromised cellular barrier function and viability 
in the context of the smoke-exposed lung seems to both 
compromise pulmonary pathogen resistance, and contribute 
to COPD pathogenesis. 

Mediation of local danger signaling

In addition to directly affecting the viability and intrinsic 
function of resident lung cells, components of cigarette 
smoke are able to act as, create, or promote the release of 
danger signals. These signals, in turn, are able to induce 
inflammatory responses that promote collateral damage 
within the respiratory tract. For instance, cigarette smoke 
exposure has been shown to elicit Toll-like receptor 
(TLR)4 activation in both ex vivo human systems using 
peripheral blood-derived monocytes (17), as well as in 
in vivo murine models (18). Of note, this effect may be 
mediated through bioactive lipopolysaccharide (LPS) 
contained within combusted tobacco smoke (19), and/or in 
an LPS-independent manner (17). Downstream of TLR 
signaling, Myeloid differentiation primary-response protein 
(MyD)88/NFκB pathway activation is able to elicit the 
production of interleukin (IL)-8, chemokine C-X-C motif 

ligand (CXCL)-1, and other pro-inflammatory mediators 
that are capable of promoting the recruitment of monocytes 
and neutrophils into the lung (20). Of note, TLR4 
activation by cigarette smoke resembles a normal immune 
response to common, LPS-expressing Gram-negative 
bacterial pathogens, such as Haemophilus (H.) influenzae, 
Moraxella catarrhalis, and Pseudomonas aeruginosa. Both 
monocyte-derived macrophages and neutrophils are useful 
in combatting such bacterial infections, given that they 
are professional phagocytes. However, when continually 
recruited in the context of chronic cigarette smoke 
exposure, these cells are thought to mediate collateral 
damage. Neutrophils and macrophages are able to produce 
proteolytic enzymes, including matrix metalloproteinases 
(MMPs), and neutrophil elastase (NE), that cleave integral 
extracellular matrix proteins such as collagen and elastin, 
thus facilitating alveolar destruction (20). In addition, 
macrophages are a source of TGF-β1 that can act on 
local fibroblasts to facilitate fibrotic remodelling of the 
airways, thereby contributing to bronchitis (20). Therefore, 
through the chronic activation of innate immune signaling 
pathways which normally facilitate the clearance of bacterial 
pathogens, cigarette smoke may drive inappropriate 
inflammatory processes that contribute to COPD-related 
pathologies, such as airspace enlargement and bronchitis. 

In addition to containing components such as LPS, 
cigarette smoke may compound inflammatory processes 
by facilitating the release of endogenous danger signals. 
For instance, cigarette smoke is known to cause necrosis 
of epithelial cells and neutrophils, a form of inflammatory 
cell death that results in the release of danger-associated 
molecular patterns (DAMPs) (21,22). On one hand, the 
DAMPs released following necrosis are useful, in that they 
can recruit phagocytes to the site of cell death to mediate 
efferocytosis, the phagocytic clearance of cellular debris (23). 
However, chronic smoke exposure and necrotic DAMP 
release can contribute to the sustained recruitment of 
neutrophils and monocytes, which can in turn perpetuate 
lung tissue damage.

Finally, cigarette smoke can facilitate the generation 
of novel danger signals within the lung environment. 
For instance, components of tobacco smoke are known 
to facilitate lipid peroxidation, producing highly reactive 
oxidative products such as 4-hydroxy-2-nonenal (4-
HNE) which accumulate in the lungs of COPD patients 
(24,25). Notably, oxidized lipids are readily consumed 
by alveolar macrophages, and stimulate, in mice, IL-1α 
secretion by these cells (26). This, in turn, is thought to 
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elicit granulocyte-macrophage colony stimulating factor 
(GM-CSF) production by local alveolar epithelial cells, 
presumably to facilitate the recruitment of additional 
phagocytes to assist with damaged lipid clearance. Notably, 
IL-1α produced by alveolar macrophages in other contexts, 
such as following non-typeable H. influenzae (NTHi) 
infection, has been shown to facilitate neutrophilic influx 
into the lungs by stimulating the secretion of CXCL5 by 
alveolar epithelial cells (27). Thus, it appears that although 
IL-1α production in response to oxidized lipids within 
the smoke-exposed murine lung promotes homeostasis 
by increasing macrophage-mediated lipid clearance, it 
concurrently seems to facilitate collateral damage to lung 
tissue by facilitating the recruitment of proteolytic enzyme-
producing macrophages and neutrophils into the pulmonary 
environment. Ultimately, whether mediated by the direct 
activation of pattern-recognition receptors and the release 
of pro-inflammatory cytokines, the generation of reactive 
intermediates, or through the release of DAMPs as a by-
product of necrosis, cigarette smoke can facilitate the 
mediation of danger signaling within the lung to promote 
a pro-inflammatory environment prone to inducing tissue 
damage.

Alteration of cellular responses to secondary 
inflammatory stimuli

Finally, through chronic stimulation, cigarette smoke 
alters the nature of immune responses against secondary 
stimuli such as bacterial and viral pathogens. Specifically, 
smoke exposure fundamentally skews normal antimicrobial 
immune responses in a manner prone to inducing further 
damage upon pathogen exposure. Clinically, these aberrant 
immune responses to pathogens may explain the notably 
increased risk of lower respiratory tract infections observed 
in smokers (28), and may contribute to the presentation 
of acute exacerbations of COPD following microbial 
infection (29). For instance, cigarette smoke is well known 
to reduce the capacity of alveolar macrophages to perform 
phagocytosis (30), a process that is critically important to 
destroy pathogens that enter the lower airways, as well as 
facilitate the clearance of dead and dying cells. In addition, 
cigarette smoke skews the ability of these macrophages to 
produce specific pro-inflammatory cytokines in response to 
pathogen exposure. For instance, tobacco smoke has been 
observed to prime murine alveolar macrophages to produce 
excessive amounts of IL-1α and monocyte chemotactic 
protein (MCP)-1 in response to stimulation with NTHi 

(27,31). Concurrently, however, these cells are reduced in 
their ability to secrete tumour necrosis factor (TNF)-α. 
Of note, these findings are concurrent with observations 
of increased lung compliance and airspace enlargement in 
smoke-exposed, infected mice (27). This skewed expression 
of pro-inflammatory mediators following cigarette smoke 
may represent a form of “trained innate immunity”, or 
innate immune “memory”, wherein exposure to a stimuli 
(here, cigarette smoke) alters baseline cellular activity and/
or responses to secondary stimuli for a prolonged period of 
time (32). On one hand, the inhibition of TNF-α secretion 
is reminiscent of endotoxin tolerance, a phenomenon that is 
thought to have evolved as a mechanism to autoregulate the 
potent inflammatory effects of endotoxin experienced in the 
context of sequential exposure to Gram-negative bacterial 
products (33). In contrast, the enhanced production of  
IL-1α and MCP-1 by smoke-exposed alveolar macrophages 
may constitute a trained response similar to that observed 
following vaccination with bacille Calmette-Guérin (BCG), 
an attenuated Mycobacterium tuberculosis strain, wherein 
human peripheral blood mononuclear cells were shown 
to produce greater levels of IL-1β and TNF-α in response 
to unrelated pathogens, such as Staphylococcus aureus and 
Candida albicans, after vaccination (34). Ultimately, while 
pathogen-induced innate memory or endotoxin tolerance 
may be beneficial in specific contexts, the supposed 
“trained innate immunity” observed in cigarette smoke-
exposed alveolar macrophages can seemingly promote 
skewed antimicrobial inflammatory responses in response 
to pathogen exposure. This, in turn, may thereby promote 
collateral tissue damage and the development of COPD-
associated pathologies. 

Interestingly, inflammatory responses to viral stimuli 
seem to be additionally altered in the lung following 
cigarette smoke exposure. For instance, cigarette smoke 
increases IL-33 release by lung epithelial cells upon viral 
infection, and concurrently promotes increased expression 
of the IL-33 receptor ST2 on lung macrophages (35). 
Interestingly, IL-33-primed macrophages have been shown 
to produce heightened levels of TNF-α and IL-12 upon 
viral sensing, for example through TLR3 ligation (35). 
Given that IL-33 is thought to act as a DAMP following 
its release from lysed epithelial cells (36), this indirect pro-
inflammatory effect of cigarette smoke on macrophages 
via IL-33 appears to co-opt a natural response to danger 
signals in the lung environment. Notably, concurrent with 
the effects of smoke on macrophage function is a change 
in the ability of innate lymphoid cells (ILCs) to respond to 
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pulmonary pathogens (35,37). ILCs are a lymphoid-lineage 
group of cells that do not display antigen-specificity, whose 
effector functions largely entail specific cytokine release 
in various homeostatic and inflammatory contexts (38).  
In particular, smoke exposure has been shown to facilitate 
a shift within lung ILC2 cells, which typically produce 
IL-4 and other Th2-type cytokines, towards an ILC1-like 
phenotype (37). Subsequently, ILC1 cells were noted to 
have an augmented capacity to secrete cytokines such as 
IL-6, IL-12, TNF-α and interferon (IFN)-γ in response to 
influenza infection (37). Notably, infection with influenza 
virus independent of cigarette smoke exposure was also 
able to promote the accumulation of ILC1-like cells 
in the lung (37). These findings suggest the ILC2-to-
ILC1 shift observed following cigarette smoke exposure 
represents an inappropriate activation of homeostatic, 
ILC-mediated antimicrobial mechanisms in the absence of 
infection, thereby predisposing the lung towards excessive 
inflammation upon virus exposure. Interestingly, in this 
study the proportion of circulating ILC1s was observed to 
be inversely correlated with forced expiratory volume in 
one second (FEV1 % predicted) in COPD patients, and 
shown to increase in patients with frequent exacerbations 
(≥2 per year) (37). Consequently, it appears that cigarette 
smoke may contribute to COPD pathogenesis by directly 
facilitating ILC1 polarization in the lung, thereby enhancing 
inflammatory responses to inhaled viruses and promoting 
harmful acute disease exacerbations. Notably, if optimal 
antimicrobial immunity is characterized by immune 
responses of an appropriate measure that limit tissue damage, 
then the skewed phenotypic profiles of macrophages and 
ILCs observed in the context of cigarette smoke may 
indirectly represent a form compromised pulmonary host 
defense. Thus, these examples illustrate how host immunity 
is both victimized by tobacco smoke in terms of host defense, 
and concurrently seem to mediate COPD pathogenesis. 

Conclusions

Chronic obstructive pulmonary disease (COPD) currently 
represents the third-leading cause of death worldwide (39). 
However, to date, only therapeutic interventions aimed 
at providing symptomatic relief, such as corticosteroids, 
bronchodilators, and phosphodiesterase-4 inhibitors, are 
available to treat patients with COPD (1). Troublingly, 
however, to date no treatments exist that were designed 
to interrupt the cellular or molecular mechanisms 
that drive disease progression. Ultimately, this lack of 

disease-modifying therapies stems from an incomplete 
understanding of the mechanisms that drive COPD 
pathogenesis. Thus, although the continual promotion of 
smoking cessation remains a priority, further mechanistic 
studies are essential to alleviating the burden of COPD on 
our health care systems.

It must be noted that, although approximately 90% of 
COPD-related deaths are attributable to prior or current 
smoking, the effects of cigarette smoke exposure cannot 
fully explain the pathogenesis of COPD, as only 25–40% 
of continuous smokers go on to develop the disease (2). A 
more comprehensive understanding of COPD pathogenesis 
must transcend this single variable, to include other risk 
factors such as genetics, development influences, pollution 
exposure, and concurrent atopy that may synergize to drive 
disease progression. However, given that cigarette smoke 
exposure is the leading risk factor for COPD development, 
understanding how it affects the immune system is critical 
to achieve an integrated mechanistic understanding of 
COPD pathogenesis, and ultimately developing disease-
modifying interventions to halt disease progression. To this 
end, many studies have implicated the effects of cigarette 
smoke on various aspects of the host immune system as 
playing a role in driving the development of COPD-
associated pathologies, such as bronchitis and emphysema. 
Using a simple framework, we suggest that the effects of 
cigarette smoke exposure on host immune processes may 
be classified as: directly damaging resident host cells in the 
pulmonary environment, and/or attenuating cellular barrier 
functions; serving as, creating, or promoting the release 
of danger signals to promote destructive inflammation; 
and altering the capability of immune cells to respond to 
secondary stimuli such as bacterial and viral pathogens. 
Through this framework, it becomes evident that many 
of the immunological and biological processes that are 
thought to contribute to COPD pathogenesis represent 
inappropriate utilization of homeostatic functions, such 
as programmed cell death and antimicrobial mechanisms. 
Furthermore, the examples provided illustrate that functions 
of the respiratory immune system are victimized by chronic 
tobacco smoke exposure to the detriment of host defense 
and, at the same time, misappropriated into antagonizing 
pulmonary homeostasis, promoting tissue destruction, and 
driving COPD pathogenesis. 
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