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Abstract: The link between air pollution and adverse pulmonary health effects is well 

established. The National Ambient Air Quality Standards were formulated to protect human 

health. These standards are strictly enforced based on strong associations between elevated air 

pollution levels and increased emergency room visits and hospitalizations due to respiratory 

conditions. Impacts of air pollution on lung health occur due to the direct interaction between 

the external environment and internal biological systems and processes. The innate immune 

system is one of the first lines of defense against inhaled air contaminants and is characterized 

by activation of key signaling pathways and inflammatory cell recruitment to the lung. Numerous 

independent and often redundant pathways participate in innate and adaptive immune responses. 

Given the impact of air pollution on human health, extensive research efforts have aimed to 

characterize the mechanisms of response to various air pollutants and evaluate risk factors 

contributing to individual susceptibility. A significant body of evidence exists to document air 

pollution–induced alterations in proinflammatory or oxidative signaling molecules. However, 

the role of specific pathways participating in the propagation of the inflammatory effects 

remains unclear. One hypothesis for interindividual susceptibility to inhaled air pollutants is 

that genetic polymorphisms in inflammatory or oxidative stress pathways may contribute to the 

diverse range of the inflammatory response. Activation of numerous receptors associated with 

airway cells culminates in the translocation of nuclear factor-kappa B and other transcription 

factors to the nucleus, and therefore initiation of altered signaling of proinflammatory mediators. 

Alterations in the transcription and expression of inflammatory mediators following exposure 

to air pollution are well documented. However, the interaction between specific air pollutants 

and specific cell surface and intracellular receptors has not been clearly defined. Involvement 

of specific pathways in the innate immune response may be dependent on differential physical 

and chemical characteristics of air pollution. One pathway implicated in the response to inhaled 

air pollutants is initiated by the activation of Toll-like receptors (TLRs). TLRs and downstream 

proinflammatory mediators are well studied for their role in pathogen response, yet gaps in the 

understanding of TLR response to nonpathogenic agents, such as air pollution, exist. TLRs 

are associated with inflammation and allergy, and emerging evidence suggests they may also 

play a role in the response and susceptibility to air pollution. However, the specific component, 

exogenous or endogenous, responsible for the association between air pollution and TLR 

activation has yet to be clearly identified. Improved understanding of pulmonary response 

mechanisms and potential mediators of susceptibility to air pollution, including the role of 

TLRs, may contribute to a reduction of the health burden of air pollution–induced detriments 

to lung health. This review provides a background of air pollution, health effects associated 

with exposure to air pollution, and potential contributors to interindividual variability, with a 

specific focus on TLRs as potential modulators of the immune response.
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Introduction
Considerable epidemiological and toxicological studies have 

established a clear link between exposure to air pollution 

and adverse pulmonary health effects. To protect human 

health, the United States Environmental Protection Agency 

established the National Ambient Air Quality Standards 

(NAAQS) to regulate “criteria” air pollutants: ozone (O
3
), 

particulate matter (PM), nitrogen oxides (NO
x
), sulfur 

oxides (SO
x
), lead, and carbon monoxide (CO). Regulation 

of these criteria air pollutants through the Clean Air Act 

(CAA) is based on scientific evidence that exposure to air 

pollution is associated with the development (long-term 

effect) or exacerbation (short-term effect) of a variety of 

respiratory conditions. As required by the CAA, the NAAQS 

are routinely reevaluated to ensure that they are protective 

for both healthy and sensitive individuals. Acute and chronic 

exposure to atmospheric gases and PM are associated with 

increased emergency room visits and hospital admissions for 

exacerbations of pulmonary conditions, including asthma 

and chronic obstructive pulmonary disease (COPD). Since 

their enactment, the NAAQS designations and subsequent 

regulation have contributed to reduced air pollution levels 

for improved public health benefit. However, despite these 

successful reductions in ambient air pollution, adverse human 

health effects from these key pollutants may still occur at low 

levels of exposure. The potential impacts of adverse health 

effects of low levels of air pollution is of particular concern 

for susceptible populations, including children, the elderly, 

and those with preexisting respiratory conditions.

Inhaled pollutants initiate rapid and efficient pulmonary 

defense mechanisms following interaction with airway 

cells as part of the evolutionarily conserved innate 

immune response. These cellular and biochemical defense 

mechanisms function to prevent excessive tissue damage and 

are orchestrated through numerous redundant inflammatory 

and oxidative stress pathways. Inhaled agents, including 

microbes, allergens, and oxidants or foreign agents, 

may activate these pathways through receptor- and/or 

nonreceptor-mediated signaling. Further, these effects may 

result from direct interaction of air pollutants with various 

receptors or via interactions with secondary mediators 

within these inflammatory pathways. Despite convincing 

evidence that two of the most abundant air pollutants, O
3
 and 

PM, contribute to the detriment of lung health, the exact 

component(s) of air pollution responsible for these effects 

remains to be elucidated.

For this reason, numerous investigations of air 

pollution–induced health effects are under way to understand 

the mechanism behind the inflammatory response to inhaled 

air pollutants using human, laboratory, and cellular models. 

Additionally, several studies suggest that the physical and 

chemical nature of the air pollutant, influenced by many 

factors including particle size, season and location,1–4 

contributes to pollutant-specific inflammatory pathways. 

Due to their role as a target for exogenous and endogenous 

ligands, Toll-like receptors (TLRs), traditionally known to be 

activated by pathogens, have been identified as participants 

in the inflammatory response to noninfectious agents, 

including air pollution.5 However, further investigations into 

the interactions between TLRs and their various ligands are 

needed to clarify these relationships. Bauer and colleagues 

recently summarized evidence for several air pollutants, 

including PM and O
3 
, and potential mechanisms for initiation 

of the inflammatory response.6 In summarizing the role of 

TLRs in air pollution-induced health effects, several themes 

emerged that further emphasize the potential for pollutant-

specific mechanisms governed by direct and/or indirect 

activation of TLRs through secondary mediators or reactive 

oxygen species.6 Regardless of the precise mechanism 

of activation, TLR involvement in the response to air 

pollution represents a potential avenue to improve scientific 

understanding of adverse pulmonary health impacts. This 

is especially relevant in considering that variability in 

TLR expression, whether genetic or a side effect of air 

pollutant exposure, may contribute to susceptibility and 

interindividual variability in responses to air pollution and 

burden of pulmonary diseases. This review begins with a 

general overview of the pulmonary inflammatory response to 

inhaled air pollutants, with special emphasis on O
3
 and PM, 

and continues with more specific discussion of the potential 

role of TLRs in these responses.

Ambient air pollution
The ubiquitous nature of ambient air pollution makes it an 

important public health concern. It is critical to understand 

the physical and chemical nature of air pollution in order 

to interpret and evaluate the adverse pulmonary health 

outcomes. The potential oxidant potential of air pollution 

makes it a powerful trigger for pulmonary oxidative stress 

and inflammation that can initiate responses in the lungs via 

numerous pathways. Gaseous and particulate components 

of air pollution arise from a variety of anthropogenic and 

natural physical and chemical processes, which are classified 

as either primary or secondary pollutants based on their 

source of origin. Primary air pollutants are emitted into the 

atmosphere directly from mobile or stationary sources, such 
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as automobiles, factories, and biomass burning. Secondary 

pollutants are formed through photochemical reactions of 

primary pollutants in the atmosphere and are not directly 

emitted. The majority of the criteria pollutants are primary 

pollutants with the exception of O
3
, which is a secondary 

pollutant. O
3
 is a powerful oxidant that poses a critical 

risk to lung health when present in the lower atmosphere. 

Ground-level O
3
 arises from sunlight-catalyzed reactions 

between NO
x
 and volatile organic compounds (VOCs) 

emitted from motor vehicle exhaust and industrial emissions. 

The role of sunlight in this reaction means that peak O
3
 levels 

occur during the day and during summertime.

PM can be both directly emitted and formed through 

the atmospheric physical and chemical transformations 

of precursor gases, such as VOCs, SO
x
, and NO

x
. Particle 

size uniquely impacts deposition patterns within the lung, 

and therefore, is the basis for the NAAQS size- and mass-

based regulations.7–9 PM is regulated by mass per a given 

size, with size cutoffs being PM
10

 (mean mass aerodynamic 

diameter [MMAD] between 2.5 µm and 10 µm) and 

PM
2.5

 (MMAD , 2.5 µm). Similar to O
3
, the physical and 

chemical nature of PM and its complex components make it 

a potentially robust oxidant and inflammatory agent. PM
10

 is 

mechanically generated from crushing, grinding, or abrading 

of surfaces, such as crustal materials, sea salt, plant and 

animal debris, tires, and brake pads, followed by suspension 

into the atmosphere. In agricultural environments, PM
10

 may 

become contaminated with microbial components such as 

fungi or bacteria.10,11 PM
2.5

 arises from fossil fuel and biomass 

combustion, high-temperature processes, refineries, and 

atmospheric reactions such as nucleation and condensation 

of primary gaseous pollutants and atmospheric oxidation of 

SO
x
, NO

x
, and VOCs.12–14 Due to the nature of PM generation 

and atmospheric processing and transformation, redox active 

components, such as transition metals and organic carbon 

species, such as polycyclic aromatic hydrocarbons and 

quinones, comprise or associate with ambient PM as part of 

the core or adsorbed to the particle surface.15 The association 

between PM and redox-active components is the basis for a 

hypothesis to explain the ability of PM to induce pulmonary 

oxidative stress and inflammation.16–19

General pulmonary health impacts 
of air pollution
Air pollution has been implicated in the development of 

acute inflammation and respiratory symptoms and the 

exacerbation of chronic inflammatory conditions, such as 

asthma and COPD.20 Numerous epidemiological studies 

support associations between respiratory morbidity and 

exposure to PM, O
3
, and other inhalable pollutants and report 

a range in the severity of impacts from shortness of breath 

and cough to premature mortality associated with exposure 

to even low levels of air pollution.21–24 Numerous studies 

investigating the health effects of air pollutants use both 

clinical, such as changes in lung-function parameters, and 

subclinical measures, such as alterations in inflammatory 

mediators, to describe adverse pulmonary impacts.

Many inflammatory mediators are significant players 

in both cellular and physiological responses to inhaled PM 

and O
3
. O

3
-induced alterations in interleukin (IL)-5, -8, and 

granulocyte-macrophage colony-stimulating factor were 

significantly increased in asthmatics compared to control 

subjects.25 A recent review discussed evidence for the 

role of specific cytokines and chemokines, including IL-1 

(α and β), IL-6, keratinocyte chemoattractant (mouse 

homologue for IL-8) and tumor necrosis factor (TNF)-α 

in both inflammatory and physiologic responses to O
3
 

exposure.26 Healthy human subjects exposed to concentrated 

ambient particles developed pulmonary inflammation 

characterized by increased presence of inflammatory cells 

and alterations in IL-8 expression in the lung lavage fluid.27,28 

Similarly, human subjects exposed to diesel particulates, a 

major component of ambient PM, developed neutrophilic 

airway inflammation and increased IL-8 expression and had 

altered levels of oxidative stress markers myeloperoxidase 

and reduced glutathione and urate.29 Allen and colleagues 

measured an association between ambient PM exposure and 

significant alterations in inflammatory (exhaled NO) and 

lung-function measurements in children.30 Adult exposure 

to urban London PM for 2 hours was associated with 

asymptomatic but consistent reductions in lung function 

(forced expiratory volume in 1 second and forced vital 

capacity) and increased neutrophilic inflammation that was 

more pronounced in those with moderate compared to mild 

asthma.31 Exposure to 0.08-ppm O
3
 was associated with 

increased airway inflammation and promotion of antigen-

presenting cell phenotypes 18 hours following exposure.32 

Healthy human subjects exposed to 0.6-ppm O
3
, a level below 

the current 0.8-ppm standard, had significant O
3
-induced 

decreases in lung function and increased neutrophilic 

inflammation in the airways compared to subjects exposed to 

clean air.33 Other investigators report that atopic individuals, 

even those without asthma, had enhanced inflammatory 

responses to inhaled O
3
 compared to healthy subjects at O

3
 

levels within current NAAQS standards.34,35 Taken together, 

this experimental evidence provides biological plausibility for 
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associations between clinical and subclinical manifestations 

of adverse pulmonary health effects and exposure to ambient 

air pollutants while providing some indication of potential 

mechanisms involved.

Symptoms induced by exposure to air pollution, as 

described above, pose a significant risk to those with 

preexisting respiratory disease, such as asthma or COPD. 

Increased or unresolved inflammation or detriments in 

lung function can have much greater consequences for 

these individuals as compared to healthy individuals. 

Asthma and COPD are characterized by chronic pulmonary 

inflammation but differ in mechanism of development, 

degree of airway remodeling, and physiological alterations. 

Asthma is an allergic respiratory disease characterized by 

airway inflammation and bronchial hyperresponsiveness. 

Development and exacerbation of asthma symptoms are 

associated with exposure to air pollution, specifically 

O
3
 and PM, and can act as an adjuvant to enhance the 

inflammatory response. In Southern California’s Children’s 

Health Study, adverse impacts on lung function were 

associated with both O
3
 and PM exposure.36 Susceptibility 

to impacts of air pollution later in life may be due to impacts 

on lung development in utero and throughout childhood 

that contribute to an asthmatic or susceptible phenotype 

later in life.37–40 Vedal and colleagues demonstrated an 

increased susceptibility to reductions in peak expiratory 

flow and increased cough, phlegm production, and sore 

throat in children with asthma.41 Exacerbated responses 

in asthmatic compared to healthy adult individuals may 

be related to altered PM-deposition patterns due to altered 

airway physiology and remodeling, such as hypertrophy of 

bronchial smooth muscle, transformation of fibroblasts to 

myofibroblasts, and deposition of subepithelial collagen.42,43 

This represents a particular concern in environments where 

bioaerosols may deposit with a greater frequency in those 

individuals with pathological alterations of the lung.

COPD is a progressive inflammatory condition of the 

airways, pulmonary vessels, and lung parenchyma, and is 

characterized by decreased lung function due to airflow 

obstruction and airway remodeling.44,45 Short-term exposure 

to air pollution is associated with increased hospitalizations 

in COPD patients, who often are hospitalized due to impaired 

defense against infection.46–48 In contrast to asthma, it remains 

unclear if long-term exposure to air pollution contributes to the 

development of COPD; however, associations exist between 

exacerbations of preexisting COPD due to short-term air 

pollution exposure.20,45 Smoking is a known risk factor for the 

development of COPD, but not all smokers develop COPD.  

This discrepancy may be due to family history and/or 

genetic polymorphisms that alter patterns of susceptibility. 

Air pollution may also directly impact inflammatory cells, 

specifically the alveolar macrophage, or receptors within the 

lung and their response to infection, which may contribute 

to aggravating existing diseases.49–51

General inflammatory signaling 
mechanisms and pathways
While no two air pollutants are physically or chemically 

identical, oxidative stress and inflammation are two primary 

mechanisms implicated in pulmonary cell injury and tissue 

damage following exposure to air pollution in general. The 

pulmonary response to inhaled pollutants is multidimensional, 

with several lines of often synergistic and redundant defense 

mechanisms participating in the maintenance of homeostasis. 

Pulmonary inflammation is orchestrated through the 

actions of the innate and adaptive immune systems, which 

are associated with specific airway cell types. In general, 

activation of the immune system is initiated and propagated 

through several well-established pathways that are initiated 

in response to tissue injury and inflammation or recognition 

of specific molecular patterns associated with pathogens 

or host-derived secondary mediators. Although pollutant-

specific mechanisms of air pollution–induced inflammation 

remain unclear, common patterns of immune response 

include activation of phagocytic cells, clearance of foreign 

agents, antibody-mediated immunity, cellular influx, and 

increases in pulmonary epithelial cell permeability.52–54 These 

patterns represent some of the hallmark pathologies of many 

pulmonary diseases.

Mechanisms of air pollution–induced activation of the 

inflammatory response have been extensively investigated. 

As shown in Figure 1, ambient air pollutants contribute to 

the initiation of the inflammatory response and cytotoxic 

effects within the lung as a result of direct or indirect 

impacts of air pollutants on airway and inflammatory cells. 

Propagation of the inflammatory response occurs through 

numerous signaling pathways that are mediated by interaction 

of various exogenous and host-derived ligands with cell-

surface or intracellular receptors. Some of the well-known 

inflammatory response pathways include the arachidonic 

acid/cyclooxygenase (COX) pathway, the nuclear factor-

kappa B (NF-κB) pathway, and the TLR pathway.

Considering the prominent role of NF-κB in the pathology 

of pulmonary disease and what is known about the 

molecular biology of this transcription factor, it is critical 

to understand the impacts of air pollution on this central 
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Figure 1 Pulmonary response to air pollution. 
Notes: Toll-like receptor (TLR)-related signaling pathways can be activated by exogenous ligands, both pathogenic and nonpathogenic, as well as endogenous agonists. 
Nonpathogenic agents, such as air pollution, interact with pulmonary epithelium and airway leukocytes such as alveolar macrophages (AM), neutrophils (PMN), and dendritic 
cells (DC). Air pollution can directly initiate cell damage and increase oxidant stress to produce downstream activation of inflammatory responses through numerous redundant 
pathways involving 1. nuclear factor kappa B, arachidonic acid/cyclooxygenase, and TLRs (detailed in Figure 3). Additionally, air pollution can indirectly induce inflammatory 
effects through endogenous agonists for TLRs that are products of tissue injury and repair. Endogenous ligands for TLRs include danger-associated molecular patterns (DAMPs) 
such as heat-shock proteins (HSP); reactive oxygen species (ROS), tissue matrix breakdown products such as hyaluronan; surfactant protein A, and fibrinogen.

inflammatory pathway.55 External or internal stimuli, 

including viral or bacterial infection, free radicals, and 

cytokines, can trigger the activation of NF-κB and facilitate 

its translocation to the nucleus for transcription of additional 

proinflammatory mediators, including cytokines and 

chemokines, adhesion molecules, and protein kinases, to 

further propagate and resolve the insult.56,57 Figure 1 details 

the interaction of air pollutants with airway cells. Activation 

of NF-κB and mitogen-activated protein kinases lead to the 

production of proinflammatory mediators, including IL-1, 

-6, and -12, TNF-α, several interferons and nitric oxide. 

Upregulation of additional mediators involved in propagation 

and resolution of the inflammatory events, including enzymes 

associated with tissue and cellular damage, microorganism 

defense, arachidonic acid metabolites such as prostaglandins, 

and fibrotic and fibrinolytic processes in response to air 

pollution, have also been reported.53,58–61 In the absence of 

efficient resolution mechanisms present in individuals with 

preexisting diseases, these mediators have the potential to 

damage the pulmonary epithelium and impair host defense, 

and may ultimately cause further tissue destruction and 

functional impairment.53

variability in the response to air pollution
There is clear evidence for increased susceptibility to air 

pollution–induced health effects in several sensitive sub-

groups of the population. Harmful effects of air pollution 

can be modified by an individual’s susceptibility relating 
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to genetic factors, age, diet, health status, pre-existing 

health conditions, and socioeconomic status. Variability 

in response to air pollution may be associated with genetic 

differences or polymorphisms that convey an increased risk 

for an individual.62–64 Identification of susceptible subgroups 

of the population who may be particularly vulnerable to 

air pollution–induced health effects is critical in order to 

characterize and possibly mitigate potential contributors 

to interindividual variability and the burden of pulmonary 

diseases.64

Due to the central role of inflammation and oxidative 

stress in the response to air pollution, genes that modulate 

inflammation and antioxidant defense mechanisms are 

considered to contribute to interindividual variability 

in response to air pollution.33 Genetically standardized 

animal models have been used to identify candidate 

genes that may convey an increased susceptibility to air 

pollution–induced health impacts on chromosomes 4, 11, 

and 17. These studies report correlations between several 

hallmarks of respiratory health effects, including lung 

hyperpermeability, injury and inflammation, and genetic 

differences within these chromosomes.62 Some of the 

candidate genes include those involved with inflammation, 

including TLR4, TNFA, glutathione peroxidase 1 (GPX1), 

and xanthine dehydrogenase (XDH); metabolizing enzymes, 

such as glutathione S-transferase mu 1 (GSTM1), glutathione 

S-transferase P1 (GSTP1) and nicotimamide adenine 

dinucleotide phosphate quinine oxidoreductase (NQO1); 

and other small inducible cytokines, many of which are 

activated through NF-κB transcription factor signaling.62,64 

There is evidence that GSTM1, present in the airways and 

completely absent in 50% of the population, may contribute 

to reduced lung function in deficient individuals.33 The 

deletion of GSTM1 is highly prevalent and is thus the most 

commonly studied polymorphism, followed by GSTP1. 

Recently, polymorphisms in a variety of TLR genes have 

been associated with asthma and atopy in humans and 

represent a potential target for prevention and therapy for 

these inflammatory lung diseases. The role of TLR genes in 

air pollution–induced health effects will be discussed in more 

detail in a subsequent section of this review.

In addition to genetic factors, age may highly influence 

pulmonary response to air pollution, with children and 

the elderly being particularly vulnerable. For example, 

Halonen and colleagues report increased susceptibility of 

children (,15 years) to O
3
-induced asthma exacerbations 

as well as positive associations between respiratory hospital 

admissions in the elderly ($65 years old) that were not 

observed in adults (16–64 years).65 Children’s sensitivity to 

adverse pulmonary health effects may be attributed to the 

developmental stage of the respiratory tract, the immaturity 

of immune and antioxidant enzyme systems, and the fact that 

they spend more time outdoors while breathing more air per 

kilogram of body weight than adults.38,66–68 In a group of elderly 

individuals, both PM and O
3
 were correlated with hospital 

admissions for respiratory conditions for individuals aged 

70–79 years.69 Further, a recent meta-analysis of previously 

conducted studies confirmed significant associations between 

short-term O
3
 exposure and respiratory hospitalizations, with 

the strongest association during the summer months and for 

elderly populations.70

Socioeconomic factors may play a secondary role in 

interindividual variability in adverse pulmonary health 

outcomes. Strong evidence suggests a disproportionate risk 

among minority and lower-income communities, which is 

compounded by low socioeconomic status.71–73 Miranda 

et al report that low-income and minority communities 

tend to experience higher ambient pollution levels, placing 

children or the elderly residing in these highly impacted 

communities at an even greater risk of developing or 

exacerbating respiratory conditions.74 For example, Cakmak 

et al reported that individuals who did not complete primary 

school had an increased risk of mortality due to air pollution 

exposure compared to those with a university education.75 

This increased risk was further increased in the elderly who 

did not complete primary school.

Air pollution and Toll-like receptors 
(TLRs)
The participation of TLRs in the response to air pollution is 

of interest because of their documented role in the inflam-

matory response, including allergy and atopy. Given the 

close interaction between the external environment and the 

lung, TLRs have been implicated in lung-associated immune 

responses, including airway hyperresponsiveness (AHR) 

and allergic asthma.76 Further, TLRs and their identified and 

potential ligands and downstream mediators may play a role 

in the response and susceptibility to air pollution–induced 

pulmonary effects. The role of TLRs in pulmonary disease 

has been investigated largely by comparing disease incidence 

among people with and without certain identified genetic 

polymorphisms.77 Dysfunction and unregulated activa-

tion of the TLR pathway can contribute to decreased lung 

function and the pathogenesis of acute and chronic lung 

inflammatory diseases, including asthma, COPD, and cystic 

fibrosis.78,79 Deletions and/or mutations in TLRs or critical 
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proteins within the TLR pathway may contribute both to 

underlying pathology and either exacerbation or protection 

from TLR-mediated effects. Therefore, the remainder of 

this review focuses on the role of this signaling pathway in 

eliciting and propagating the inflammatory response, as well 

as the potential role of genetic variability in modification 

of responses to air pollution and their associations with 

disease.

TLR structure and function
TLRs are evolutionarily conserved receptors involved in 

innate and adaptive immune responses. In general, TLRs 

alert the pulmonary system to the presence of foreign 

agents in order to mount a concerted response and ultimate 

removal of the agent.80 TLRs not only orchestrate a rapid and 

robust response to pathogens or foreign agents to maintain 

homeostasis in response to inhaled agents, but also play a role 

in the development or exacerbation of respiratory diseases 

such as allergic asthma.81 TLRs are one of many pattern 

recognition receptors that facilitate recognition of pathogen-

associated molecular patterns (PAMPs) and endogenous 

danger-associated molecular patterns (DAMPs) to provide a 

targeted response to a variety of exogenous and endogenous 

host-derived agents (Table 1). In response to TLR activation, 

resident and recruited pulmonary monocytes, macrophages, 

neutrophils, epithelial and endothelial cells, and dendritic 

cells act as surveyors of the pulmonary environment in order 

to efficiently respond to a foreign agent. Of these cell types, 

antigen-presenting cells such as macrophages and dendritic 

cells may be particularly important participants in host defense 

as it relates to the role of TLRs in the adaptive immune 

response.82 TLRs recognize PAMP, which due to their critical 

role in the biological function of the pathogens are not subject 

to high mutation rates.83 The signaling pathways for TLR and 

general inflammatory insults are similar in their utilization 

of the translocation of NF-κB to the nucleus and subsequent 

release of proinflammatory cytokines and chemokines. 

Therefore, the potential for synergistic interaction in the 

propagation of the inflammatory response exists.

Several recent reviews discuss TLR pathway activation 

and signaling in detail.6,81,84,85 As shown in Table 1, TLRs are 

found on the surface of a multitude of cells (TLR1-6, 10) 

and intracellularly within endosomes (TLR3, 7/8, 9).85 

TLR structure, detailed in Figure 2, is characterized by an 

amino-terminal extracellular leucine-rich repeat domain 

and an intracellular Toll/IL-1 receptor (TIR) responsible 

for ligand binding and signal transduction, respectively.80 

The TLR family of receptors are type 1 integral membrane 

glycoproteins with structural homology in the cytoplasmic 

region to the larger superfamily of IL-1 receptors.84 TLR 

activation, shown in Figure 3, can occur via two pathways: 

(1) the myeloid differentiation primary-response protein 

88 (MyD88)-dependent pathway, and (2) the MyD88-

independent pathway. These two pathways correspond to 

early and late-phase NF-κB signaling and pathway-specific 

induction of proinflammatory cytokines and chemokines 

or interferon signaling.84 With the exception of TLR3, the 

majority of TLRs activate the MyD88-dependent pathway. 

Briefly, the MyD88 pathway begins with ligand binding to 

TLRs at the cell or endosomal surface that initiates protein–

protein interactions at the intracellular TIR domain activating 

adapter protein MyD88, which promotes association 

with IL-1 receptor–associated kinases (IRAK) 1 and 4. 

TNF-associated factor 6 is recruited to IRAK-1, followed 

by the activation IκB kinase, which phosphorylates IκB and 

leads to activation of mitogen-activated protein kinase and, 

ultimately, the release and translocation of NF-κB into the 

nucleus. NF-κB activation induces transcription of proin-

flammatory cytokines TNF-α, IL-1β, IL-6, IL-8, IL-12, and 

keratinocyte chemoattractant.79,86 An intermediate MyD88-

dependent pathway requires additional adaptor molecules, 

such as MyD88 adaptor-like TIR domain-containing 

adaptor protein. The MyD88-independent pathway utilizes 

adaptor protein TIR-domain-containing adapter-inducing 

interferon-β (TRIF), TRIF-related adaptor molecule to 

signal transforming growth factor beta-activated kinase–

binding kinase 1 and retinoic acid–inducible protein, and, 

finally, transcription factors interferon regulatory factor 3 

and 7. These two transcription factors induce upregulation 

of effector molecules and interferon (IFN)-inducible genes, 

such as IFN-gamma-induced protein 1 and IFN-β.81,84,87

TLR signaling can be initiated through the interaction 

of numerous exogenous and endogenous ligands specific to 

a wide variety of TLRs. As detailed in Table 1, exogenous 

ligands include viruses and cell wall components of Gram-

positive and Gram-negative bacteria such as bacterial 

endotoxin/lipopolysaccharide, a well known inflammatory 

agent. PM in particular represents an avenue for introduction 

of TLR-activating allergens and microbes into the lungs 

and presents a particular concern for those with preexisting 

respiratory conditions that prevent efficient clearance of 

these agents from the lungs. Numerous reports indicate 

that respirable dusts, ie, PM
10

, are often associated 

with pathogenic components or bioaerosols containing 

microorganisms and microbial components.88–91 Respiratory 

symptoms in response to inhaled bioaerosols present in 
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Table 1 Toll-like receptors and associated ligands

TLR # Prominent  
cell type

Associated  
lung disease

Ligands Source/description

1 Multiple Asthma Lipoproteins (triacyl lipopeptides)  
soluble factors

Bacteria

Lipoproteins, peptidoglycans,  
lipoteichoic acid

Gram-positive bacteria cell wall components

Lipoarabinomannan,  
Mycolylarabinogalactan, lymosan (yeast)

Mycobacterial cell-wall components

Phenol-soluble modulin Anti-microbial
Glycoinositolphospholipids Cell surface membrane component

2 AM, myeloid DC Asthma Glycolipids Cell surface membrane component
Porins Cell surface membrane component  

(gram-positive)
Atypical lipopolysaccharide Cell wall of gram-negative bacteria
Necrotic cells Induced by air pollution and endogenous media
Heat-shock protein 70* Host

3 AM, myeloid DC dsRNA viruses (ie, west Nile virus)
LPS Cell wall of gram-negative bacteria
Taxol Plant-derived anti-cancer agent
Fusion protein Cancer
Envelope protein viruses
Heat-shock protein 60* Host; DAMP
Heat-shock protein 70* Host; DAMP
Fibrinogen* Host; DAMP, present in circulation

4 AM, myeloid DC Pneumonia,  
asthma, COPD

Surfactant protein A 
Fibronectin*

Host; DAMP, pulmonary surfactant
Host; DAMP, degradation product  
of macromol

Oligosaccharides of hyaluronic acid* Host; DAMP, degradation product  
of extracellu

High mobility group box 1  
protein (HMGB1)

Host; DAMP, degradation product  
of macromol

Polysaccharide fragments of heparan  
sulphate*

Host; DAMP, degradation product  
of macromol

B-defensin 2 Host; DAMP, antimicrobial molecules
Uric acid, adensine triphosphate (ATP) Host; DAMP
ROS Host; DAMP, antimicrobial molecules

5 AM Pneumonia Flagellin Bacteria
Diacyl lipopeptides Mycoplasma

6 AM Asthma Lipoteichoic acid Gram-positive bacteria cell wall components
Zymosan Mycobacterial cell-wall component
Single-stranded RNA viruses
Imidazoquinolines Anti-viral derivatives

7 Plasmacytoid DC Asthma Loxoribine
Bropirimine
Single-stranded RNA

Anti-cancer agent
Anti-viral and anti-cancer agent
viruses

8 Plasmacytoid DC Asthma Imidazoquinolines Anti-viral and anti-allergic
9 Plasmacytoid,  

myeloid DC
Asthma non methylated CpG DNA Bacteria and viruses

10 Plasmacytoid DC, B cells Asthma ND ND
11 AM, DC Uropathogenic bacteria E. coli

Note: *May be complicated by biological contamination. 
Adapted from Beg,82 Akira and Takeda,84 Tsan and Gao,5 Chaudhuri et al,86 Kovach and Standiford.85

Abbreviations: AM, alveolar macrophages; DC, dendritic cells; DAMP, danger-associated molecular pattern; ND, not determined.

numerous occupational environments including swine 

confinement houses, poultry farms, and during hay handling 

have been reported.92 Mechanistic studies have confirmed the 

presence of microbial components on PM samples and their 

ability to produce TLR-mediated signaling.93 These studies 

demonstrate significant enhancement of the biological 

response to inactive PM with the addition of low levels of 

bacterial contamination. While this represents activation 

of TLR by a known ligand, it is likely that a different 

mechanism governs TLR involvement in the response to O
3
. 

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

50

Plummer et al

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Interferon, Cytokine and Mediator Research 2012:4

Recent mechanistic studies suggest that O
3
-induced signaling 

involves TLR2 and TLR4 activation and culminates in the 

upregulation of numerous downstream effector molecules, 

such as increased MyD88 and heat-shock protein 70.87,94 

However, the gaseous nature of O
3
 means that an alternate 

mechanism is likely responsible for TLR involvement in 

O
3
-induced inflammation. Although TLR2 and TLR4 have 

been studied as noted in the aforementioned studies, future 

research is needed to define the role of the remaining TLRs 

(TLR1, TLR3, TLR5-12) in air pollution–induced injury 

and disease.

One such mechanism may involve the potential activation 

of TLR-related signaling pathways by endogenous TLR 

agonists. Many endogenous, host-derived agonists are 

products of tissue injury and repair, which if not removed 

can contribute to further inflammation.95 Many of these 

ligands have documented associations with exposure to 

ambient air pollutants including PM and O
3
 to their potent 

oxidant properties. Endogenous ligands for TLR include 

TIR 

domain

LRRs

Figure 2 TLR structure. 
Notes: Toll-like receptors (TLRs) have three highly homologous regions in the 
Toll/interleukin-1R (TIR) domain, known as boxes 1, 2, and 3. TLRs have tandem 
repeats of leucine-rich regions (LRRs). Dimerization of these TLR monomers 
can be between two identical isoforms (homodimerization) or two different 
isoforms (heterodimerization) which may activate different downstream signaling 
pathways.

MyD88

TRAF6

NF-κB

IRAK1 IRAK4

IKKγ

IKKα IKKβ

IκB

p50 p65

p50 p65

Pro-inflammatory cytokines

Nucleus

Cytoplasm

TRIF

RIP-1

MyD88
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TLR5/11/12 TLR4
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Endosome

TLR
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Extracellular

Intracellular
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Figure 3 TLR signaling pathways. 
Notes: Toll-like receptors (TLRs) are present both on the cell surface and intracellularly within endosomes. Downstream production of proinflammatory cytokines 
or interferon (IFN)-inducible genes is achieved through MyD88-dependent or independent signaling. Both cell surface and intracellular isoforms signal through MyD88-
dependent or independent pathways. Cell surface isoforms include TLR1, 2, 4, 5, 6, 11, and 12. Intracellular isoforms include TLR3, 7, 8, and 9. Each pathway involves adaptor 
proteins, kinases, and transciption factors as detailed in the text.
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DAMPs, such as heat shock proteins (HSPs); antimicrobial 

molecules, such as defensins and reactive oxygen species; 

proteins released during apoptosis or necrosis; other tissue 

matrix breakdown products, such as hyaluronan; surfactant 

protein A; and fibrinogen.86,96 Uric acid and adenosine 

triphosphate may also contribute to the inflammatory 

response, with adenosine triphosphate having the added 

potential for participating in a variety of alterations associ-

ated with allergic asthma.96

As mentioned above, many endogenous agonists, 

specif ically HSP, are also reported to be upregulated 

following inhalation of air pollution. These reports are 

critical in understanding the complementary roles of the 

redundant pathways involved in the response to insult or 

injury within the lung. Using a genetically modified HSP 

knockout (KO) mouse strain exposed to O
3
, investigators 

concluded that HSP70 played a critical role as an effector 

molecule downstream of TLR4-derived pulmonary 

inflammation based on evaluation of inflammatory cell 

recruitment and increases in protein in the bronchoalveolar 

lavage fluid.87 O
3
 has also been documented to induce 

apoptosis and cytotoxicity as well as the production of 

reactive oxygen species and HSP in human alveolar 

epithelial cells.97 PM has been shown to upregulate HSPs 

both in vivo and in lung epithelial cells.3,5,98 It is important 

to note that further research into the role of endogenous 

ligands is needed, as potential microbial contamination is 

often a concern, and the precise role of these ligands is an 

active area of research.5,82,99

Numerous in vivo studies support a role for TLR in air 

pollution–induced inflammation and have used genetically 

modified mice with TLR KO or point mutations to establish 

its role in the inflammatory response. One study investigated 

the role of TLR4 in the physiologic and biologic response 

to lipopolysaccharide, O
3
, and residual oil fly ash, a PM 

surrogate.100 Investigators found differing involvement 

of TLRs depending, on the nature of the exposure, 

supporting the concept that different pollutants have unique 

mechanisms for the involvement of TLR. Specifically, 

subchronic but not acute exposure to O
3
 was TLR-

dependent and airway physiology was significantly altered 

in the absence of a significant impact on the neutrophilic 

inflammatory response. Hollingsworth and colleagues 

also confirmed that O
3
-induced AHR was TLR-dependent 

since it was absent in TLR4 KO mice, despite the presence 

of neutrophilic inflammation.101 Similarly, TLR4 and 

pulmonary hyperpermeability were differentially expressed 

in O
3
-susceptible mice compared to O

3
-resistant mice.102 

Another study demonstrated that expected inflammatory 

responses were attenuated in the absence of TLR2 or 4, 

suggesting a health-protective benefit of TLR.103 Authors 

concluded that adaptor protein MyD88 was critical in the 

development of O
3
-induced AHR, neutrophil recruitment 

and cytokine and chemokine induction. Following 

exposure to diesel particulates, C3H/HeJ mice with a 

TLR4 point mutation had significantly fewer neutrophils 

in bronchoalveolar lavage and lower expression of MIP-1 

compared to control (C3H/HeN) mice.104 Given the evidence 

for TLR participation in air pollution–induced pulmonary 

responses, further mechanistic studies are warranted with 

consideration for TLR structure, function, and potential 

ligands.

TLR and interindividual variability  
in disease susceptibility
TLR is clearly involved in numerous inflammatory diseases 

such as asthma, sepsis, and atheroscelerosis, many of which 

are further impacted by exposure to air pollutants.37,105,106 

Recently, the role of TLR has expanded from being 

solely associated with inflammation to include allergy and 

atopy.107 Contributions of both environmental impacts and 

genetic variability on TLR expression and function are two 

potential avenues leading to considerable variability in 

individual susceptibility to ambient air pollution–induced 

health impacts.

Exposure to ambient air pollution may modulate the 

expression of pulmonary TLRs, thus increasing an indi-

vidual’s susceptibility to adverse pulmonary health impacts 

due to a blunted ability to respond to a subsequent insult or 

microbial event. The risk of additional pulmonary impacts 

resulting from air pollution may present further concern for 

individuals with pulmonary infections. Modulation of TLRs 

in response to environmental tobacco smoke, comprised 

of combustion-generated gases and particulates, has been 

reported. TLR2, known to recognize mycobacterial com-

ponents, has decreased expression in the lungs of smokers, 

indicating that the immune response to tuberculosis-like 

organisms may be suboptimal following repeated exposure 

to tobacco smoke.108 Similarly, von Scheele and colleagues 

reported tobacco smoke–induced differences in regulation 

of TLR2 in two groups of smokers with COPD compared 

to nonsmokers.109 Taken together, these reports suggest that 

chronic exposure to high levels of an inhaled pollutant, such 

as that resulting from fossil fuel and biomass combustion, 
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may impact the lung by reducing its ability to respond to 

additional infection. Further research is needed to evalu-

ate this hypothesis in the context of exposure to inhaled air 

pollution.

Genetic polymorphisms may contribute to interindividual 

variability in the susceptibility to air pollution–induced 

inflammatory lung diseases. The impact of TLR dysfunc-

tion resulting from genetic polymorphisms has implications 

for an altered innate immune response and an increased 

susceptibility and predisposition to infections. Dysfunction 

or absence of important molecules within inflammatory 

signaling pathways may lead to decreased signaling in 

response to TLR agonists and may ultimately impact innate 

and adaptive immune responses.110 However, as discussed 

previously, dysfunction in the TLR pathway may also have 

health-protective potential. In a recent study of asthmatics, 

two consistent genotypic differences in TLR4 and CD14 

were significantly less frequent in asthmatics compared to 

healthy individuals, suggesting that these polymorphisms 

may be health protective.111

As shown in Table 1, incidences of inflammatory 

diseases are influenced by polymorphisms in several TLRs, 

including 2, 7, 8, 9, and 10. Kormann and colleagues 

reported associations between TLR polymorphisms in TLRs 

1, 2, and 6 and asthma development in children living in 

urban locations.112 Several birth cohort studies from the 

Netherlands report a significant association between TLR 

polymorphisms that may result from TLR2 participation in 

Treg-cell signaling. Treg signaling is important in balancing 

immune responses to maintain or acquire tolerance against 

allergies.113 The mechanisms behind the role of TLR in 

asthma may be explained by the decreased activity of 

allergen-specific Treg cells and the reduced production of 

Th1 cytokines traditionally signaled by TLR4.110 Childhood 

asthma was significantly influenced by two TLR2 and four 

TLR4 polymorphisms in a cohort of children exposed 

to traffic-related air pollution including PM and NO
x
.114 

TLR7, 8, and 9 have also been associated with allergy and 

asthma; however, contrasting results are indicative of the 

need for further study.115,116 The importance of TLR7 and 

8 is supported by recent studies that demonstrate effective 

suppression of experimental asthma through induction 

of type 1 interferons.117 Taken together, there is strong 

evidence that TLRs play a significant role in the modulation 

of the innate and adaptive immune responses.

In addition to TLR polymorphisms, genetic variability 

in transcription factors involved in the TLR pathway may 

also play a role in susceptibility to respiratory disease. For 

example, Kim et al demonstrated associations between AHR 

in children and polymorphisms within the IL-10 promoter, 

which is a critical region for immune-regulation and anti-

inflammatory responses.118 Reijmerink and colleagues 

identified several single-nucleotide polymorphisms in TLR-

related pathway genes, such as intracellular PAMP receptors, 

and reported associations between asthmatic phenotypes.119 

Research continues to identify novel TLR-related genes 

in the response to established ligands, and further studies 

using in vivo models and human subjects will elucidate the 

role of these novel findings in the pathology of pulmonary 

diseases.120

Lastly, while a detailed discussion of epigenetics is 

outside the scope of this review, recent evidence in a 

cohort of children suggests that short-term particulate 

matter exposure was associated with lower iNOS promoter 

methylation and that common promoter sequence variants in 

NOS2 significantly affect iNOS methylation.121 This evidence 

is some of the first to show contributions of genetic and 

epigenetic variations in air pollution–mediated phenotype 

expression.121 These investigators believe that this approach 

provides a unique tool to identify novel pathways possibly 

involved in individual susceptibility to ambient air pollution, 

and there will likely be significant research continuing in 

this direction.

Conclusion
An extensive body of literature outlines the strong 

association between exposure to air pollution and adverse 

pulmonary health outcomes, especially in susceptible 

populations. Ambient O
3
 and PM are two air pollutants 

with clear epidemiological associations between exposure 

and increased incidence of pulmonary inflammation and 

changes in lung function. A role for involvement of TLR 

in the development and exacerbation of pulmonary health 

effects has been documented in numerous epidemiological 

and toxicological studies. However, pollutant-specific 

mechanisms appear to be a biologically plausible explanation 

for the involvement of TLR in response to two pollutants 

with differing physical and chemical characteristics. 

Numerous studies have demonstrated a role for TLR as a 

receptor for both exogenous and host-derived endogenous 

ligand, derived from cells damaged by oxidants associated 

with air pollutants. An improved understanding of the nature 

of TLRs, their ligands, and signal transduction pathways 

represents a potential target for therapeutic and preventive 
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purposes.85 Research in this field has novel implications for 

reducing the overall health burden posed by exposure to air 

pollution and should be actively pursued.
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