
Gene environment interaction from international cohorts

Adam Gaffney, M.D.1 and David C. Christiani, M.D., M.P.H., M.S.2

Adam Gaffney: agaffney@mgh.harvard.edu; David C. Christiani: dchris@hsph.harvard.edu
1Fellow in Pulmonary and Critical Care Medicine, Massachusetts General Hospital, Beth Israel 
Deaconess, and Harvard Medical School Program, 55 Fruit Street, Boston, MA 02114

2Elkan Blout Professor of Environmental Genetics, Departments of Environmental Health and 
Epidemiology, Harvard School of Public Health, Department of Medicine, Harvard Medical 
School, Massachusetts General Hospital, Boston, MA 02115

Abstract

Environmental and occupational pulmonary diseases impose a substantial burden of morbidity and 

mortality on the global population. However, it has been long observed that only some of those 

who are exposed to pulmonary toxicants go on to develop disease; increasingly, it is being 

recognized that genetic differences may underlie some of this person-to-person variability. Studies 

performed throughout the globe are demonstrating important gene-by-environment interactions for 

diseases as diverse as chronic beryllium disease, coal workers’ pneumoconiosis, silicosis, 

asbestosis, bysinnosis, occupational asthma, and pollution-associated asthma. These findings have, 

in many instances, elucidated the pathogenesis of these highly complex diseases. At the same 

time, however, translation of this research into clinical practice has, for good reasons, proceeded 

slowly. No genetic test has yet emerged with sufficiently robust operating characteristics to be 

clearly useful or practicable in an occupational or environmental setting. Additionally, 

occupational genetic testing raises serious ethical and policy concerns. Therefore, the primary 

objective must remain ensuring that the workplace and the environment are safe for all.
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Situated at the interface of organism and nature, the lung is particularly susceptible to toxins 

in the environment and the workplace. Above a certain exposure threshold, all individuals 

will suffer deleterious consequences from such toxins. Below that threshold, however, the 

response varies from individual to individual. Why do some develop occupational and 

environmental disease, while others with apparently similar exposures remain healthy? 

Though additional environmental cofactors no doubt play a role, a widening body of 

evidence demonstrates that genetic variation is important in modifying individual 

susceptibility to these diseases.

In this review, we will explore how this relationship plays out in the case of multiple 

environmental and occupational lung diseases, including chronic beryllium disease, other 

pneumoconioses, asthma, and byssinosis (a summary of notable gene–environment 
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interactions and their putative mechanism can be found in Table 1). Through an exploration 

of how genes predispose to disease, several points will become clear. First, we will see that 

there are considerable points of commonality in the pathogenesis of these varied illnesses. 

The role of oxidative stress, and the individual capacity to counter it, will emerge again and 

again as a key mediator of disease. The role of the innate immune response— and the 

manner in which polymorphisms in relevant genes might affect it—is likewise a point of 

connection. Finally, the complexity of occupational and environmental lung diseases will 

become evident. No one gene is “high penetrance” (or, in epidemiologic terms, relative risk), 

and thus disease producing. Instead, these genes confer susceptibility in the presence of 

exposure; multiple gene–gene and gene–environment interactions may further modify the 

individual response to a particular exposure. As Fig. 1 demonstrates, genetic susceptibility 

may play a role in essentially every step in the pathway between exposure and disease 

development.

Before proceeding, it is worthwhile commenting on the benefits of studying genetic 

susceptibility to occupational and environmental lung disease. We can group the potential 

utility of such research in two categories. First, as we will see in this review, an 

understanding of genetic susceptibility helps elucidate the pathogenesis of disease. Such an 

understanding may, in the future, be useful in determining targets for therapy. In the case of 

pollution-associated asthma, for instance, such work has helped underscore which 

asthmatics might most benefit from increased antioxidant intake.1,2

Second, an understanding of genetic susceptibility may help identify “at-risk” individuals. 

This, in turn, could provide information about which individuals should avoid exposure 

altogether (if that is a possibility), or perhaps about how individual exposure limits might be 

determined on the basis of genetic susceptibility. Here, however, we are on tenuous ground.3 

A genetic test must have sufficient operating characteristics—high sensitivity, specificity, or 

both—to be clinically useful, and genes which confer only modestly increased susceptibility 

to disease are unlikely to reach that standard. In addition, significant ethical concerns arise 

with the genetic testing of workers.3 Such factors must be seriously considered before any 

translation of genetic testing into the workplace and clinic is advocated.

Gene–Beryllium Interactions

Chronic beryllium disease (CBD) is an occupational lung disease resulting from an 

exaggerated immunologic response to beryllium exposure. Beryllium is used widely in 

industry on account of its physical properties, including its high tensile strength and melting 

point, its ability to resist corrosion, and its low density.4,5 These properties make it useful in 

various industries worldwide, such as aerospace, defense, atomic energy, electronics, and 

telecommunications.4,6 Though the introduction of exposure standards has dramatically 

reduced the incidence of acute beryllium toxicity, beryllium workers remain at risk for 

immune-mediated CBD.7,8 Clinically and pathologically, CBD cannot be distinguished from 

sarcoidosis; organ damage results from granulomatous inflammation that most commonly 

involves the lung.
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Research in recent decades has greatly expanded our understanding of the immune response 

to CBD, and of the genetic factors that underlie variability in this response. A proportion of 

beryllium-exposed individuals develop sensitization as the result of a cell-mediated immune 

response. This response is mediated by the interaction of human leukocyte antigen (HLA) 

class II on antigen presenting cells (APCs) with CD4+ T cells.5 An individual’s sensitization 

to beryllium can be assessed by the beryllium lymphocyte proliferation test, in which the 

patient’s lymphocytes are exposed to beryllium salts.6 A proportion of these sensitized 

individuals go on to develop CBD, in which a deleterious Th1 immune response results in 

clinical manifestations of disease.5

However, only a minority of beryllium-exposed individuals develops sensitization, and only 

some of these individuals go on to develop CBD. Thus, it has been hypothesized that a 

genetic predisposition might play a role in the pathogenesis of CBD. The role of a specific 

genetic factor was first demonstrated in an important study by Richeldi et al, who evaluated 

the association between the HLA-DP gene and CBD.9 In 33 CBD cases and 44 controls, 

they found a negative association between disease and the HLA-DPB100401 allele, and a 

positive association with HLA-DPB100201.9 Through sequence analysis, the investigators 

demonstrated that the primary difference between these two alleles was the presence of a 

glutamic acid residue at position 69 (Glu69)9: 97% of the CBD cases expressed the HLA-

DPB100201-associated glutamic acid at residue 69, as compared with only 30% of 

controls.9

Subsequent work has shed more light on the complex interaction between genotype, 

beryllium sensitization and CBD. Though one group found no association between HLA-

DPB1Glu69 and sensitization, multiple subsequent studies have found an association 

between HLA-DPB1Glu69 alleles in patients with both sensitization and disease.10–15 In 

one study among beryllium workers, having the HLA-DPB1Glu69 marker provided additive 

predictive effect to a known exposure risk factor, machining, which increases exposure to 

particulates.16 There is also evidence that it is not only the Glu69 marker but also the 

presence of specific (and uncommon) Glu69 alleles that puts individuals at the greatest 

risk.17,18 In addition, genetic dose matters: allele number seems to be an important factor 

influencing the development of sensitization, the development of disease, and possibly the 

severity of disease.14,15

Such work clearly demonstrates a role for HLA-DPB1Glu69 in the pathogenesis of 

beryllium sensitization and disease. Subsequent research has demonstrated that the 

mechanism for this finding relates to the critical role that Glu69 plays in beryllium 

presentation. T-cell clones isolated from patients with CBD, for instance, only proliferate in 

response to beryllium that is presented by cells with the Glu69 marker; changing this one 

amino acid alone eliminates the response altogether.19 Similarly, using beryllium-specific T-

cell lines isolated from the lungs of CBD-affected patients, Fontenot et al found that 

monoclonal antibodies to the class II MHC molecule HLA-DP selectively inhibited 

beryllium antigen presentation.20 Ongoing research is exploring the precise mechanism by 

which glu69 mediates beryllium presentation, but the evidence is clear for a direct 

interaction between beryllium and the HLA-DPB1Glu69 molecule.21 Several studies have 

suggested that specific characteristics of the peptide-binding pocket—for instance, a more 
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negative charge—might explain why different alleles result in a differential ability to bind 

beryllium and mediate disease.18,22,23

Together, this research tells a convincing story about the role that a specific genetic factor—

Glu69—plays in the presentation of beryllium and the resultant immune response. However, 

some 15% of patients with sensitization or disease lack Glu69, suggesting that there must be 

other pathways by which beryllium can instigate a hypersensitivity response.15 Further light 

has been shed on this question through investigation of sensitized HLA-DPGlu69-negative 

patients, with evidence pointing to a role of HLA-DR and HLA-DQ genes in both 

sensitization and disease progression. Among HLA-DPGlu69-negative patients, for instance, 

HLA-DRPhe47 has been shown to confer risk for beryllium hypersensitivity; given 

structural characteristics of the molecule, it is suggested that HLA-DRPhe47 might bind and 

present beryllium to t cells.24 Other genetic factors could help explain why some patients 

with HLA-DPB1–69 and beryllium hypersensitivity progress to clinical disease, and others 

do not.13 Rossman et al, for instance, found associations between particular HLA-DQ and 

HLA-DR genes in those with CBD compared with those with hypersensitivity without 

disease, suggesting that these HLA haplotypes might confer risk for progression among the 

sensitized.13 Other work has supported associations between particular HLA-DR and HLA-

DQ phenotypes and beryllium hypersensitivity and disease.10,15

Other candidate susceptibility genes may also play a role. The association between 

angiotensin-converting enzyme (ACE) activity and CBD disease severity led to the 

hypothesis that the ACE genotype might predispose to disease; however, no clear association 

has been found between ACE genotype and disease.25 Because beryllium-induced tumor 

necrosis factor-α (TNF-α) production might play a role in the pathogenesis of CBD, it has 

been postulated that polymorphisms in this gene may affect disease development.26 In one 

study, a polymorphism in the TNF-α promoter gene (TNF2 A allele at -308) was shown to 

be associated with increased production of beryllium-stimulated TNF-α, while increased 

TNF-α was associated with markers of disease severity.26 Others have found an association 

between TNF-α-30802 and beryllium sensitization.10 In addition, it seems that beryllium 

exposure stimulates mononuclear cells to release TNF-α in patients with and without 

disease, and even with complete HLA-DP inhibition, suggesting an independent role of 

TNF-α in CBD development.27

Though this work has profoundly increased our understanding of CBD, the clinical 

implications of these findings remain unclear. Even the best validated risk factor—HLA-

DPB1Glu69—has a low positive predictive value for the development of CBD in the 

workplace.28 Between imperfect testing characteristics, serious ethical concerns that arise 

from the genetic screening of workers, the potential for genetic discrimination, and the lack 

of specific interventions to further protect “at risk” workers, most continue to recommend 

against the implementation of routine genetic testing in the beryllium industry at present.8,28

Other Pneumoconioses

The variable relationship between dust exposure and the development of the “classic” 

pneumoconiosis has similarly suggested that genetic predisposition may play in modifying 
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the individual response to these toxicants. Work elucidating the biologic mechanisms of 

pneumoconiosis has produced several candidate susceptibility genes.29 Nevertheless, many 

of these associations remain tentative, and no candidate genes approach the stage of clinical 

utility at present.

Coal dust exposure, for instance, has been associated with elevated levels of inflammatory 

cytokines (including TNF-α, interleukin [IL]-1, IL-6, and IL-1β) as well as markers of 

oxidative stress.30 Consistent with this pathophysiology, some groups have found various 

associations between polymorphisms of the TNF-α gene and coal workers’ 

pneumoconiosis.31–34 However, a large study of 648 coal workers found no associations 

between individual polymorphisms in various inflammatory cytokines (including TNF-α) 

and the development of progressive massive fibrosis.35 Another group, however, found an 

association between polymorphisms in IL-18 and the progression and prevalence of 

fibrosis.36 Associations between polymorphisms in mannose-binding lectin (which plays a 

role in innate immunity) and heat-shock protein 70 (which plays a role in the response to 

stress and injury) with coal workers’ pneumoconiosis have also been suggested.37,38 Overall, 

further study is necessary to confirm these associations.

Exposure to asbestos fibers also results in oxidative stress, and this may be an important 

pathway to the development of fibrosis.39 The GSTM1 null genotype (which reduces 

antioxidant activity) has been associated with the development of asbestos-induced lung 

disease in some studies but not in others.40–43 In one study, the combination of a GSTM1 

null with NAT2 slow-acetylator genotype had an additive effect in increasing the risk of 

developing both malignant and nonmalignant asbestos-induced lung disease.43 Possible but 

variable associations between disease risk and polymorphisms in other genes involved in the 

response to oxidative stress, such as superoxide dismutase 2 (SOD2), GSTT1, GSTP1, and 

NLRP3, have also been suggested.41,42,44–46 Gene–gene and other gene– environment 

interactions (for instance, involving smoking) may also play a role in modifying the risk of 

asbestosis.47

Gene–environment interactions in the case of silicosis have also been demonstrated. Our 

understanding of the mechanisms of silica-induced pulmonary toxicity has been greatly 

elucidated by recent research. Silica results in the production of reactive oxygen species 

(ROS) both directly on the particle surface and indirectly through downstream effects 

following phagocytosis.48 Following phagocytosis, silica activates the NALP3 

inflammasome complex, which results in the release of proinflammatory cytokines including 

IL-1β and IL-19 and in the generation of ROS; endotoxin priming and resultant activation of 

nuclear factor kappa-light-chain enhancer of activated B cells (NF-κB) may also play a 

role.48 The hypothesis that cytokine polymorphisms influence the development and 

progression of silicosis would be consistent with this understanding of the pathophysiology 

of the disease.49 Indeed, polymorphisms in genes for the IL-1 receptor (IL-1R) and TNF-α 

have been associated with the development of silicosis in some, but not all, studies.50–55 A 

study involving miners in South Africa found an association between rare TNF-α 

polymorphisms and severe, but not mild, silicosis.52 More recently, a meta-analysis pooling 

data from nine studies involving 1,267 cases and 1,214 controls from China, the United 

States, and South Africa found a significant association between the TNF-α-308G/A 

Gaffney and Christiani Page 5

Semin Respir Crit Care Med. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



polymorphism and the risk of silicosis.56 Another study found an association between NF-

κB genotype and the risk of silicosis, another biologically plausible susceptibility gene.54

However, in summary, it is clear that further work is needed to better elucidate how 

genotype modifies the response to silica, coal, and asbestos. At present, adequate protection 

of all exposed workers is the only appropriate approach.

Cotton Textile Workers: Gene–Endotoxin Interactions

“Byssinosis” is an occupational lung disease that has long been described among textile 

workers. In particular, cotton textile work has been associated with the development of 

chronic respiratory symptoms and an accelerated decline in forced expiratory volume in 1 

second (FEV1).57–59 Endotoxin exposure has been implicated as the key mediator of 

respiratory disease among these workers. For instance, a dose– response relationship 

between endotoxin exposure (but not overall dust exposure) and the development of 

spirometric abnormalities and respiratory symptoms has been described in the setting of 

acute endotoxin exposure.60,61 In one long-term cohort study of Chinese cotton textile 

workers, endotoxin exposure emerged as an independent predictor of increased longitudinal 

loss of FEV1 and forced vital capacity.59

Similar to the other occupational diseases discussed so far, only a minority of those exposed 

develops disease, suggesting that other factors must play a role in disease causation. There is 

emerging evidence that genetic factors modify the development of disease, and some of this 

evidence has helped to elucidate the pathogenesis of byssinosis. In animals and in vivo 

studies, endotoxin induces the production of ROS.62,63 These ROS may play a role in 

byssinosis. Because the enzyme microsomal epoxide hydrolase is a key detoxifier of ROS, it 

has been postulated that polymorphisms that cause differences in enzyme activity might 

modify disease development. This hypothesis was tested using a 20-year longitudinal cohort 

of cotton textile workers, in which workers were genotyped for two common genetic 

polymorphisms, Tyr113His (associated with decreased enzyme activity) and His139Arg 

(associated with faster enzyme activity).64 A significant interaction between FEV1 decline, 

endotoxin exposure, and genotype emerged, with a greater decline in lung function from 

endotoxin exposure among the “slow” activity genotypes.64

Polymorphisms of the TNF gene may also modify the development of byssinosis. TNF is an 

important cytokine in human health and disease, and has been associated with airway 

hyperresponsiveness and inflammation.65 Experimental endotoxin inhalation, in turn, may 

acutely induce increased TNF levels in blood and lung.66,67 Given that polymorphisms of 

the TNF gene are associated with variable production and expression of TNF, it has been 

hypothesized that such polymorphisms may modify the relationship between endotoxin 

exposure and lung disease.68 Using the same 20-year longitudinal cohort of Chinese cotton 

workers, Zhang et al demonstrated that endotoxin exposure was associated with a greater 

decline in FEV1 among those with the A allele of the TNF—308G/A polymorphism, which 

confers greater TNF activity.68
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A third approach has been to use genome-wide association to identify single nucleotide 

polymorphisms (SNPs) that are associated with lung function decline.69 In one exploratory 

study, two SNPs were found to be significantly associated with FEV1 decline (rs1910047 

and rs9469089) and another eight SNPs were identified as suggestive, many of which had 

biologically plausible functions.69 There was also evidence for multiple gene–gene and 

gene–environment interactions, with differing effects of endotoxin exposure among subjects 

with different SNPs.69

To summarize, like many occupational diseases, byssinosis is a complex disease. Although 

endotoxin has been demonstrated to be the primary environmental toxin responsible for lung 

disease among cotton workers, emerging evidence points to important gene–endotoxin 

interactions in disease pathogenesis. These interactions further add to our understanding of 

the role of oxidative stress and TNF-α in the development of byssinosis. However, currently, 

none of these genetic factors are sufficiently robust to be used clinically in the identification 

of at-risk workers.

Occupational Asthma: Gene–Diisocyanate Interactions

Occupational asthma imposes substantial costs and suffering worldwide.70 Diisocyanates are 

one major cause of occupational asthma. Workers exposed to diisocyanates include 

producers and handlers of polyurethane foam, urethane adhesives, and urethane molds.71 

Only a small proportion of exposed workers develop diisocyanate asthma (DA), which 

remains a complex and poorly understood disease. Work on gene–environment interactions, 

however, helps elucidate—at least to some degree—the mechanisms underlying it.

Given that occupational asthma can be thought of as an abnormal immune response to a 

workplace exposure, polymorphisms in genes involved in antigen presentation might 

plausibly be thought to modify the response to diisocyanates. Several investigators have 

explored associations between HLA class II alleles and the development of DA. Bignon et al 

evaluated differences in HLA class II genetic markers between a group of workers with DA 

(documented by inhalation challenge) and exposed workers without a history of disease, and 

identified alleles associated with disease susceptibility (DQB100503 and the combination 

DQB100201/0301) and protection (DQB100501).72 Balboni et al confirmed the positive 

association between DA and the DQB100503 allele and the negative association between 

DA and the DQB100501.73 These two alleles differ by only a single amino acid at position 

57 (aspartic acid for DQB100503 and valine for DQB100501); therefore, the investigators 

calculated the phenotypic frequency of asp57; evidence was found for a gene dose effect, 

suggesting that it may be of functional significance in disease development.73 Mapp et al 

also found that DQB100503 conferred risk and DQB100501 protection, and additionally 

demonstrated that DQA100104 was positively associated, and DQA100101 negatively 

associated, with DA.74 HLA allele DQB100501 may also confer protection against the 

development of asthma in sawmill workers exposed to western red cedar.75 In contrast, 

however, it should be noted that other work has found no significant associations between 

HLA alleles and disease.76 There is also no evidence for an association between the TNF 

gene or HLA class I antigens and DA.77
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A murine model has provided evidence that T helper 2 (Th2)-specific cytokines might play 

an important role in the pathogenesis of DA.78 In light of this evidence, Bernstein et al 

evaluated polymorphisms of Th2 cytokine genes in workers with and without DA.79 They 

found no association between disease and individual SNPs associated with genes IL4RA, 

IL-13, and a CD14 promoter.79 However, they did find a significant association between 

IL4RA polymorphisms and disease in those specifically with hexamethylene diisocyanate 

exposure.79 They also found evidence of gene–gene interactions, with significant 

associations emerging when IL4RA polymorphisms were combined with IL-13 and CD14 

polymorphisms.79

Diisocyanates and their metabolites are conjugated with glutathione by glutathione S-

transferases (GSTs), suggesting that polymorphisms in GST genes that affect enzyme 

function could modify the relationship between DA and asthma. Consistent with this 

hypothesis is the finding that an absence of the GSTM1 gene (the null phenotype) is 

associated with an increased risk of asthma.80 Another study has suggested the possibility 

that GSTP10Val homozygosity may confer protection against DA and airway 

hyperresponsiveness in a subset of workers with a prolonged exposure to toluene 

diiosyanate.81 Like GST, N-acetylcysteine (NAT) plays an important role as an antioxidant 

in the lung, and there is evidence that the “slow acetylator” NAT1 genotype increases the 

risk of developing asthma, particularly when combined with a GSTM1 null genotype.82 

Together, this evidence underscores the importance of oxidative stress in the development of 

DA.

A final line of research has used genome-wide association analysis to identify 

polymorphisms associated with DA. Kim et al conducted a GWA in 84 Korean patients with 

DA and 263 controls, and found catenin α-3, α-T catenin gene (CTNNA3) to be a potential 

candidate gene for DA susceptibility.83 This finding was confirmed in a Caucasian 

population in a larger study by Bernstein et al in 2013.84 The mechanism by which 

polymorphisms in CTNNA3 might modify disease development, however, remains elusive. 

Bernstein et al postulate that because CTNNA3 is an important component to the epithelial 

junctional complex, its reduced expression might theoretically contribute to an abnormal 

airway epithelial barrier, and therefore to DA, but this remains conjectural.84

To summarize, several gene–environment interactions with biologic plausibility have been 

identified in the case of DA, including HLA class II genes, genes associated with the Th2 

cytokine response, genes associated with antioxidant function, and a gene associated with 

epithelial junctional integrity. Further work will hopefully elucidate the pathophysiology not 

just of DA but also of other types of occupational asthma. A better understanding of the 

pathogenesis of occupational asthma may eventually contribute to our ability to prevent and 

treat it.

Asthma: Gene–Air Pollution Interactions

Outdoor pollution results in a substantial burden of morbidity and mortality throughout the 

world, contributing to 3.1% of annual disability-adjusted life years lost globally.85 Air 

pollution has long been associated with an increase in asthma exacerbations, but some 
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evidence suggests that it might incite new cases as well.86,87 Between urbanization and 

climate change, it is probable that this problem will worsen in coming decades.88–90

From the mechanistic standpoint, exposure to air pollution can lead to oxidative stress, 

which in turn has deleterious respiratory consequences.91 In children, for instance, exposure 

to sulfur dioxide (SO2), nitrogen dioxide (NO2), and particulate matter < 2.5 um (PM2.5) is 

associated with increased markers of oxidative stress in breath condensate, and also with 

reduced lung function.92 Exposure to traffic-related air pollutants, including black carbon 

and NO2, is also associated with increased markers of oxidative stress,93 as is exposure to 

PM2.5 in trucking industry workers.94

We now have some understanding of how air pollutants cause such oxidative stress, and how 

this in turn causes respiratory injury. Although low-level exposure to air pollutants might 

actually induce a protective response through upregulation of genes with antioxidant 

functions (e.g., NAD (P)H:quinone oxidoreductase 1 [NQO1] and GST), higher level 

exposures might eventually lead to a deleterious response.95 For instance, NO2, ozone, and 

PM exposure have all been linked with NF-KB expression; NF-KB, in turn, increases the 

expression of inflammatory cytokines such as TNF-α, IL-6, and IL-8.95

However, not all individuals respond the same to oxidative stress, and this has led to the 

hypothesis that genetic susceptibility may play a key role in modifying the pathogenesis of 

pollution-associated respiratory disease.95 For instance, large person-to-person variability in 

response to ozone exposure has been seen in the setting of acute ozone exposure.96 

Therefore, several investigators have explored how polymorphisms in genes involved in the 

response to oxidative stress might modify the airway response to air pollution. Candidate 

antioxidant genes include NQO1, GST (GSTM1 and GSTP1), and EPHX1.

NQO1 and GSTM1 are important phase II detoxifying enzymes that help mediate the 

response to oxidative stress.97 The combination of a wild-type NQO1 (NQO1 Pro/Pro) 

genotype and a null GSTM1 genotype has been associated with increased markers of 

oxidative stress after acute ozone exposure.98,99 Biologically, it is plausible why the null 

genotype of the antioxidant enzyme GST1—which decreases enzyme activity—would 

increase susceptibility to oxidative stress. However, why wild-type NQO1—which increases 

enzyme activity—also increases susceptibility is less clear. One explanation relies on the 

effects of NQO1 apart from its antioxidant properties: NQO1 catalyzes the reduction of 

quinones, which themselves generate ROS.97 For this reason, polymorphisms which reduce 

NQO1 activity might actually be protective against oxidative stress.97

Polymorphisms in these two genes are associated not only with ozone susceptibility but also 

with disease prevalence. In an early study, David et al evaluated the relationship between the 

NQO1 Pro187Ser polymorphism and the null GSTM1 polymorphism with asthma in 

children from Mexico City, an area with high ozone exposure.97 They found that while the 

NQO1 genotype alone did not affect asthma risk, among those subjects with the GSTM1 

null genotype, at least one NQO1 Ser187 allele significantly decreased the risk of asthma.97 

In a cohort of asthmatic children who participated in a randomized trial of antioxidants in 

Mexico (discussed later), a GSTM1 null genotype conferred an increased risk of ozone-
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associated episodes of difficult breathing (but not reduced lung function).100 Chen et al 

found an association between the combined GSTM1 null and wild-type NQO1 Pro187Pro 

genotype and ozone-related decreased lung function in females only.101 In the Children’s 

Health Study cohort, mean-while, the GSTM1 null genotype was associated with an 

increased incidence of new-onset asthma during adolescence.102 To summarize, the GSTM1 

null genotype—in some studies alone, in some studies in combination with other genotypes

—confers an increased risk for ozone susceptibility, asthma, and respiratory symptoms.

Evidence also suggests that nutritional factors may further modify the three-way relationship 

between genotype, environment, and disease. It has been shown in a randomized controlled 

trial that supplementation with antioxidant vitamins attenuates the relationship between 

ozone levels and reduced lung function in asthmatic children in Mexico City.1 But 

furthermore, the benefit of antioxidant supplementation seems to depend on genotype: 

GSTM1 null children had both increased susceptibility to the effect of ozone on lung 

function and increased benefit with antioxidant therapy.2 Consistent with these findings is 

evidence that deficient antioxidant intake increases the risk of ozone-induced reduced lung 

function in asthmatic children, and that this effect is potentially modified by the presence of 

polymorphisms in several antioxidant genes.103 Taken together, these data demonstrate that 

multiple genetic, environmental, and nutritional factors may interact to modify the 

respiratory response to oxidative stress in exposed individuals.

Several other candidate genes with antioxidant function have undergone investigation. Many 

studies, for instance, have pointed to a gene–environment interaction with a common GSTP1 

polymorphism that causes a Ile105Val substitution, although there is conflicting evidence as 

to whether this confers risk or protection.100–102,104–106 Another gene of interest is 

microsomal epoxide hydrolase (EPHX1), which plays a role in the metabolic response to 

activated polyaromatic hydrocarbons, which are generated from the burning of fossil 

fuels.107 In one study which used subjects from the Children’s Health Study population, 

high EPHX1 activity phenotypes increased the risk for lifetime asthma, an effect that was 

further modified by the presence of GSTP1 Val 105 alleles and proximity to a roadway.107 

Another antioxidant gene of interest is heme oxygenase 1 (HMOX-1). In the Children’s 

Health Study cohort, functional promoter variants in HMOX-1 were associated with a 

reduced risk of new-onset asthma, a protective effect which was confined to non-Hispanics 

and those in low-ozone communities.108

Several other genes outside of the antioxidant system have also been associated with 

pollution-induced airways disease. For instance, polymorphisms in TNF-α, which is thought 

to play a role in asthma pathogenesis, have been investigated. In one small study, the TNF-α 

308 G/G genotype conferred an increased susceptibility to acute changes in FEV1 after 

inhaled ozone challenge.109 Yet the effect of this genotype, which is thought to reduce TNF-

α expression, is unclear. For instance, the TNF-308 GG genotype was actually found to 

reduce the risk of lifetime wheezing and asthma in a group of 3,699 children from the 

Children’s Health Study.110 In addition, the protective effect of this allele was reduced in 

communities exposed to high ozone levels, suggesting that high levels of oxidative stress 

might overcome the protective effect of 308 GG.110 Further supporting this explanation is 

the finding that the protective effect of 308 GG in high-ozone communities was also reduced 

Gaffney and Christiani Page 10

Semin Respir Crit Care Med. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by the GSTM1 null genotypes, which (as we have seen) confers greater susceptibility to 

ozone.110 The protective effect of TNF-308GG (assuming it is confirmed) may, in other 

words, be overwhelmed in the setting of environmental conditions or other genetic factors. 

Other gene–environment interactions may also play a role here; the effect of TNF-α 

polymorphisms, for instance, may be modified by parental smoking.111 Finally, 

polymorphisms that modify the innate inflammatory response to air pollution have also been 

associated with asthma. Various variant alleles of Toll-like receptor 2 and 4 (TLR2 and 

TLR4), for instance, have been found to modify the effect of air pollution on asthma 

prevalence in children in one prospective birth cohort study in the Netherlands.112

To summarize, air pollution–associated respiratory disease is, to a large degree, mediated by 

oxidative stress. A body of research has demonstrated a biologically plausible link between 

common genetic variants and pollution-induced lung function decrements and lung disease.

Furthermore, multiple gene–gene and additional gene– environment interactions also play a 

role. For instance, antioxidant supplementation reduces, and antioxidant deficiency 

increases, susceptibility to ozone. In addition, the effect of both of these nutritional factors is 

further modified by antioxidant gene alleles.2 Together, this evidence not only elucidates our 

understanding of pollution-associated asthma but also raises important policy questions 

regarding optimal antioxidant intake among high-risk individuals, particularly during 

periods of high ozone levels.113

Conclusion

Worldwide, occupational and environmental lung disease causes substantial morbidity, 

disability, and death, and will continue to do so into the foreseeable future.85 Tackling the 

formidable challenge of this global burden necessitates furthering our understanding of the 

pathogenesis of these diseases and of their biological mechanisms. The study of gene–

environment interactions is one approach to do this. For instance, through a study of gene–

environment interactions, we have learned how the development of CBD depends on an 

appropriate beryllium-binding site being present on APCs. In the case of pneumoconiosis, 

byssinosis, pollution-associated asthma, and diisocyanate-induced asthma, we have seen 

how the ability to counter oxidative stress is critical in determining individual susceptibility 

to toxin exposure. In the case of pollution-induced asthma, this may have direct implications 

in terms of antioxidant supplementation and deficiency.

Yet the limitations of this approach should also be understood. First, it is unlikely that “high 

penetrance” genes—akin to the BRCA1 mutation—for these complex diseases will be 

discovered.8 In general, genetic testing for “low penetrance” genes is far less likely to have 

useful testing characteristics.3 But there are additional challenges with respect to 

environmental and occupational exposures. For instance, for those environment exposures 

which impact very large populations (e.g., ozone in Mexico City), genetic testing is 

unfeasible, even if it had more favorable testing characteristics. Testing of workers is even 

more problematic. Genetic testing can be considered an invasion of workers’ privacy. 

Employers are already relying on “workplace wellness initiatives” that incorporate batteries 

of questionnaires, laboratory tests, and biometric measurements that many find to be 
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intrusive.114 The addition of genetic testing may be perceived as a further violation of 

privacy and confidentiality. It has the capacity to lead to discrimination against workers 

perceived to be high risk, who may or may not have other employment opportunities.3 

Finally, perhaps the clearest argument relates to the fact that genetic testing could serve as a 

distraction from the far more important task of ensuring that the right to a safe workplace 

and environment is realized for us all.3
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Figure 1. 
Genetic susceptibility in occupational disease development (Adapted from Christiani et al.8)
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Table 1

Selected Gene-Environment Interactions

Clinical disease Exposure Genes/polymorphisms 
with possible 
environment-
interaction

Putative mechanism of effect modification

Chronic Beryllium Disease Beryllium HLA-DPB1Glu69 Mediates beryllium presentation by antigen presenting cells 
(APCs), perhaps by providing a Beryllium binding site.

HLA-DRPHe47 May mediate beryllium presentation.

TNF2-308A May increase production of Beryllium-stimulated TNF-α 
production.

Asbestosis Asbestos fibers GST genes, NAT2 slow-
acetylator genotype, 
SOD2

Genes with antioxidant activity might modify the response to 
asbestos-fiber induced oxidative-stress.

Silicosis Silica IL-1R, TNF-α Mediation of silica-induced pro-inflammatory cytokine 
production

Byssinosis Endotoxin Tyr113His Decreased microsomal epoxide hydrolase activity could slow 
detoxication of endotoxin-induced reactive oxygen species 
(ROS).

TNF 308A Amplification of endotoxin-induced TNF-α upregulation.

Asthma Diisocyanates (DA) HLA-DQB1*0503 Mediation of diisocyanate presentation by APCs, increasing 
risk of DA

IL4RA Mediation of the Th2-specific immune response to 
diisocyanates

GST genes Modification of diisocyanate and metabolite conjugation by 
glutathione

NAT1 “slow acetylator” 
genotype

Decreased antioxidant activity

CTNNA3 Hypothesized that polymorphisms in this component of the 
epithelial junctional complex could contribute to abnormal 
airway epithelial barrier and modified response to DA

Air pollution NQO1 Ser 187 The Ser polymorphism reduces enzyme activity, decreasing 
NQO1 reduction of quinones, and thereby protecting against 
oxidative stress.

GSTM1 null Abolished GST1 activity reduces ability to counter ozone-
induced oxidative stress.

GSTP1 Modifies response to oxidative stress

EPHX1 Modifies the metabolic response to polyaromatic 
hydrocarbons

HMOx-1 Modification of antioxidant response

TNF-308 GG Reduces TNF expression, which might attenuate ozone-
induced TNF production

TLR2, TLR4 Modify air pollution induced innate inflammatory response
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