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Abstract

Introduction: Systemic lupus erythematosus (SLE) is a multi-system inflammatory autoimmune 

disease of incompletely understood etiology. It is thought that environmental exposures “trigger” 

or accelerate the disease in genetically-predisposed individuals.

Areas covered: Substantial epidemiological evidence exists to support the association between 

cigarette smoking and the risk of incident SLE. Recent evidence points to current smoking as the 

specific risk factor, with decreasing risk 5 years after smoking cessation, and the greatest risk for 

disease characterized by the presence of SLE- specific autoantibodies. Research has begun to 

search for possible explanations for the temporal nature of the relationship between current 

smoking and autoantibody positive-SLE. Here we review potential biologic mechanisms linking 

smoking and SLE risk, including effects upon T and B cells, inflammatory cytokines, oxidative 

stress, and the formation of short-lived DNA adducts.

Expert Commentary: The directions for future research in this field include studies of gene-

environment interactions, epigenetics, metabolomics and putative biologic mechanisms.
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1.0 Introduction

Systemic lupus erythematosus (SLE) is an inflammatory rheumatic disease of immunologic 

origin. It can present in any number of ways affecting multiple systems of the body: from 

autoantibody production, fever and rash to polyarthritis, pericarditis and nephritis [1]. Due to 

the heterogeneous nature of the disease, there is not one phenotype that encompasses all 

presentations of SLE. The lack of uniformity among SLE patients has made the study of the 

etiology of the disease complex.

2.0 Genes and Environment both play roles in SLE Pathogenesis

A widely-accepted etiologic model of SLE is that environmental exposures “trigger” the 

disease in genetically predisposed individuals [1,2]. That is, both genetics and environmental 
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factors play pivotal roles in the development of the disease. Between 80–90% of SLE cases 

are in women, and disease severity is much greater in African-American and non-white 

populations [3,4]. Additionally, 5–12% of first-degree relatives of individuals with SLE will 

develop the disease [5]. Studies of twin concordance can be used in epidemiology to discern 

both the role of genetics and the influence of environmental factors on disease susceptibility. 

Twin studies in SLE have shown much higher disease concordance in monozygotic twins 

(24%–57%) than in dizygotic twins, indicating there is a genetic component to the disease 

[6–10]. However, even with monozygotic twins the disease concordance is not 100%, 

indicating genetics do not fully explain a person’s risk for developing SLE. Thus, we can 

look to the interaction of environmental factors with genetics, which may help us understand 

both SLE disease susceptibility and mechanistic pathways in its development.

Strong epidemiological evidence exists linking a number of environmental factors, including 

crystalline silica exposure [11–13], oral contraceptive use [14,15], and current cigarette 

smoking [16–18] to the development of SLE. Smoking has been causally linked to the 

development of other autoimmune diseases, including rheumatoid arthritis (RA) and Graves’ 

disease [19–23]. In RA, smoking is associated with seropositivity of the rheumatoid factor 

(RF) even in subjects who do not have rheumatoid arthritis [24], suggesting smoking is 

associated not only with autoimmune disease onset, but may contribute specifically to 

autoantibody formation in this disease. As in RA, significant epidemiological evidence also 

exists to support the association between cigarette smoking and the risk of incident SLE.

3.0 Epidemiologic Evidence linking Smoking to Increased SLE Risk

A number of past observational studies, both case-control and cohort designs, suggest 

cigarette smoking is related to increased risk of developing SLE, while a few others have not 

found a clear association [18,25–30]. The case-control studies span a wide range of 

geographic locations, and also vary widely in smoking exposure collection methods (i.e. 

definition of smoking status, specificity questions defining an exposure window) and SLE 

phenotype. Prospective cohort studies help alleviate some of the recall bias present in case-

control studies, and are particularly useful in examining smoking exposure data as they are 

collected before the onset of disease. A meta-analysis of seven case-control and two cohort 

studies that assessed cigarette smoking as a risk factor for developing SLE found a 

significant risk for the development of SLE among current smokers compared to non-

smokers (OR 1.50, 95% CI 1.09–2.08), but not past smokers (OR 0.98, 95% CI 0.75–1.27) 

[16]. A later meta-analysis with a couple of newer case-control studies confirmed these 

findings [31].

A growing body of evidence thus points to current smoking specifically as a risk factor for 

incident SLE, and research in the field has begun to search for possible explanations for the 

temporal nature of the relationship between smoking and the disease. A recent large cohort 

study involving more than 238,000 women followed in the prospective Nurses’ Health Study 

cohorts confirmed that the increased risk of developing SLE was primarily only among 

current smokers, or past smokers who had quit recently (within 4–5 years) [16]. After this 

window of time, a smoker’s risk of developing SLE returned to that of a lifelong non-

smoker. That is, the effects of cigarette smoking as they relate to SLE development are 
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potentially reversible. This impermanence implies a biological pathway that is potentially 

reversible.

3.1 Smoking and SLE-specific autoantibodies

Another important development in the study of environmental exposures and SLE risk has 

been the stratification of SLE subtypes by autoantibody. SLE is a heterogeneous disease 

characterized by both clinical manifestations and presence of autoantibodies. Just as RA is 

classified as seronegative or seropositive based on the presence of disease-specific 

antibodies (RF, anti-CCP), SLE can be classified by the presence of one or many different 

autoantibodies including many ENAs (anti-Sm, anti-SSA/SSB, anti-RNP) and anti-dsDNA. 

The anti-dsDNA/autoantibody positive subgroup of SLE is of particular interest because it 

represents a more severe phenotype of the disease [32]. Anti-dsDNA positive SLE patients 

are more likely to develop nephritis and vasculitis, two of the worse disease manifestations. 

Given the homogeneity in this more specific phenotype, and the fact that anti-dsDNA 

autoantibodies are very specific to SLE [33,34], it is hypothesized that this subtype of SLE 

could have a different pathogenesis than the more heterogeneous, generalized disease. In the 

recent work from the Nurses’ Health Study by Barbhaiya et al. [32], the association of 

smoking with incident SLE risk was examined stratified by anti-dsDNA status: current 

smoking was strongly associated with the risk of anti-dsDNA+ SLE (hazard ratio, HR 1.86) 

[Figure 1]. Risk of anti-dsDNA+ SLE was almost doubled among current smokers, and 

increased by 60% among people with >10 pack-years of smoking. However, a more recent 

study did not uncover associations between cigarette smoking and anti-dsDNA antibodies 

among healthy individuals and those at increased risk for developing SLE by virtue of a 

strong family history [35], perhaps because the development of these antibodies is highly 

specific for SLE.

3.2 Potential gene-environment interactions

Interactions between genetic and environmental factors are critical in disease etiology, but 

have yet to be well examined in SLE. Genetic and environmental risk factors must be 

studied simultaneously to uncover the pathogenic mechanisms involved in SLE risk. In 

statistical terms, a gene-environment interaction is present when the effect of genotype on 

disease risk depends on the level of exposure to an environmental factor, or vice versa 

[36,37]. The multiple gene-environment interactions that could occur may explain why no 

single gene or single environmental factor has been found to be associated with SLE in most 

individuals. Some genes, such as PTPN22 and certain HLA types, have been associated with 

increased risk of several autoimmune diseases and may be general “autoimmune 

susceptibility genes,” responsible for common steps in the break of immune tolerance. 

Similarly, some environmental exposures may act to trigger several autoimmune diseases, 

acting non-specifically to cause systemic inflammation, oxidative stress and the up-

regulation of many genetic pathways via epigenetic mechanisms. Other exposures may be 

related to risks of specific autoimmune diseases and subtypes, given their biologic effects 

and the underlying genetic susceptibility of the individual. Analyses of gene-environment 

interactions and their relationships to immune phenomena have been very informative in RA 

[38–42], are an essential next step in the study of SLE etiology, and may lead to new 
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strategies for identification of those at highest risk and for prevention of this severe 

autoimmune disease.

To date, there have been only a few investigations into gene-environment interactions in SLE 

susceptibility and these have been limited by relatively small sample sizes. In a study of 152 

SLE cases and 427 controls in Japan, smoking and two candidate SLE risk genes, STAT4 
and TNFRSF1B, were studied [43]. An interaction between smoking (as ever/never) and 

TNFRSF1B risk genotypes GG or GT was found, with an OR of 5.42 (95%CI 2.48, 11.84) 

for SLE in the presence of both factors and a significant attributable proportion of 0.49 (49% 

of the excess risk of SLE among smokers with a G allele was due to an interaction). No 

interaction between smoking and STAT4 SLE risk alleles was found. These findings suggest 

that smoking and the TNFRSF1B risk genotype act together along the same biologic 

pathway to increase SLE risk (although TNFRSF1B has not been confirmed as a SLE risk 

gene in other populations [44]). This research group has also studied interactions between 

smoking and detoxification genes CYP1A1, GSTM1, N-acetyltransferase-2 (NAT2) in SLE 

risk in the same population. An interaction between smoking (ever/never) and the NAT2 
slow acetylator genotype was found with OR 6.44, 95%CI 3.07, 13.52 in the presence of 

both risk factors and a significant attributable proportion due to interaction of 0.50[45]. The 

NAT2 enzyme is responsible for detoxification of arylamines produced by cigarette smoking 

(and reduces the oxidation of these compounds) [46]. Those who possess the slow-acetylator 

genotype may be particularly susceptible to smoking’s effects. Similarly, ever smokers with 

the CYP1A1/GSTM1 risk genotype had significantly elevated SLE risk (OR 17.5, 95%CI 

3.20, 95.9), again pointing to genes involved in handling of toxic exposures, such as the 

many contained in cigarette smoke [47]. Gene-environment interaction between a different 

exposure, ultraviolet light, and GST risk polymorphisms was also reported in 43 cases and 

298 controls in the Carolina Lupus Study, with an elevated risk among those with both 

factors [48]. Additionally, the Roxbury Lupus study studied 93 SLE cases and found a gene-

environment interaction between residential proximity to toxic waste sites and GST risk 

genotypes in influencing earlier age at SLE onset [45,49].

4.0 Potential Biologic Mechanisms for the Association of Smoking with 

Increased Risk of SLE [Figure 2]

There are many models of how environmental exposures may putatively contribute to SLE 

pathogenesis, among them, oxidative stress involving intracellular organelles such as 

mitochondria and endoplasmic reticulum [50–52], elevated cytokine-driven systemic 

inflammation accelerating autoimmune disease onset [53–55], and impaired T- and B-cell 

function [56–60]. Given the well-documented in vivo effects of cigarette smoke, there are 

many different biologic pathways in which it may be causally related to SLE. Cigarette 

smoke contains at least 50 known carcinogens, including tars, nicotine, carbon monoxide, 

and polycyclic aromatic hydrocarbons [28]. It exists in two phases: a tar/particulate phase 

and a gaseous phase, both of which are highly carcinogenic [50]. Cigarette smoke increases 

expression of the Fas (CD95) membrane receptor on B and CD4 T lymphocyte cell surfaces 

[61]. CD95 is an essential membrane receptor; it transmits signals for apoptosis 

(programmed cell death) in lymphocytes [62], thereby playing a large role in immune 
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homeostasis. With increased expression of CD95 on their surfaces, these cells are more 

sensitive to apoptotic signals and thus likely undergo apoptosis unnecessarily. This 

potentially induces autoimmunity by overburdening the clearance mechanisms for apoptotic 

material, which are not intended to handle excessive clearance [63]. Cigarette smoke has 

been demonstrated to impair T-cell function, reducing natural killer cells and impairing both 

humoral and cell-mediated immunity [64–66]. Moreover, it is possible that cigarette smoke 

could influence the function of T cells in SLE pathogenesis, including Th17 and Th22 cell 

functions, via the aryl hydrocarbon receptor (AhR), which has been shown to be activated by 

benzopyrenes present in cigarette smoke [67,68].

4.1 Oxidative stress and increased concentrations of inflammatory markers from 
cigarette smoke may be associated with incident SLE

Another likely mechanism by which cigarette smoke may be associated with incident SLE is 

via oxidative stress. Both the tar and particulate phases of cigarette smoke contain high 

concentrations of free radicals and are capable of activating endogenous sources of them as 

well [69,70]. Oxidative stress and abnormal mitochondrial function, as well as endoplasmic 

reticulum stress, are strongly implicated in SLE pathogenesis [51,52]. Free radicals also 

interact with DNA and cause epigenetic changes as well as mutations [50]. It is also possible 

that the reactive oxygen species produced by tobacco smoke metabolism damage DNA, 

leading to the formation of DNA adducts [71]. Freemer et. al [71] previously reported an 

association of smoking with anti-dsDNA+ SLE among current smokers. They found that 

SLE patients who were current smokers at the time of evaluation (for anti-dsDNA) were 

more likely to be seropositive than nonsmokers. This suggests that smoking may play a role 

in anti-dsDNA autoantibody formation. While anti-dsDNA autoantibodies are known 

markers of SLE disease activity, there is also evidence they may play a role in disease 

pathogenesis [72]. There are few animal models of SLE and cigarette smoke exposure. In 

one murine model of SLE, animals exposed to both low- and high-dose cigarette smoke 

showed an increased IgG anti-chromatin activity, which continued up to 4 months after 

smoke exposure cessation [73]. Thus, it is possible that smoking may induce anti-dsDNA+ 

SLE by inducing production of anti-dsDNA autoantibodies [71]. They propose an 

explanation for smoking-induced anti-dsDNA autoantibody formation: metabolism of 

cigarette smoke produces reactive oxygen species (ROS), which are known to damage both 

DNA and endogenous proteins [74,75]. The damage of DNA causes DNA adducts to form. 

These DNA adducts are recognized as foreign, and thus the body produces autoantibodies to 

them. It has been shown that SLE patients have higher levels of DNA adducts than do 

controls [76]. These DNA adducts have a half-life of 9–13 weeks [77], which provides a 

possible explanation for why an increased risk of developing anti-dsDNA+ SLE is only seen 

in current smokers.

By non-specifically activating cytokine-driven pathways of systemic inflammation, cigarette 

smoking may also play a role in lowering the threshold for SLE onset. Smoking is known to 

affect the concentration and activation of some WBCs, including leukocytes, which are 

associated with increased concentrations of the inflammatory markers CRP and IL-6 [78–

81]. As SLE is a multisystem inflammatory disease, the effect of cigarette smoke on 
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generalized markers of inflammation may non-specifically accelerate the onset and/or 

severity of disease.

4.2 Epigenetic modifications from exposure to cigarette smoke may yield autoimmune-
inducing effects

Epigenetic modifications, heritable from one cell cycle to the next, regulate DNA 

transcription, but do not alter nucleotide sequence and are potentially reversible [82]. As 

only a small, specific subset of genes need to be expressed in any given human cell, there 

must be some sort of regulatory system in place to control which genes are exposed and 

open to transcription, and when. Two of the major mechanisms of epigenetic regulation, 

methylation and acetylation, are known to be influenced by environmental factors [83] and 

many epigenetic changes have been described as a result of exposure to cigarette smoke 

[84]. Thus, it is quite possible autoimmune-inducing effects of cigarette smoke act via 

epigenetic modifications, although this has not been well studied to our knowledge.

In a murine model, injecting epigenetically modified, demethylated DNA into CD4+ T cells 

was shown to yield a lupus-like syndrome in the mice [85,86]. Other studies have shown 

differential DNA methylation patterns with twin discordance in SLE specifically [87,88]. 

The evidence potentially linking epigenetic modifications to SLE is growing, and represents 

a field that warrants significantly more research.

5.0 Expert Commentary

Although large strides in understanding SLE’s complex pathogenesis have been made in 

recent years, ongoing investigation is warranted.

Research examining gene-environment interactions in the context of a genome-wide 

association study (GWAS) has the potential to be informative. GWAS evaluates hundreds of 

thousands of genetic loci for association with disease [89]. We can compare the genetic 

profiles of SLE cases to those of healthy controls by selecting a subset of single nucleotide 

polymorphisms (SNPs) to look at, either on genes thought to be related to SLE, or genes that 

are located near SLE gene candidates (by high linkage disequilibrium). By controlling for 

other factors that can contribute to significant genetic differences (age, sex, race), we can use 

GWAS to help narrow down which genes are more likely to be related to SLE, based on 

statistical associations with the likelihood of SLE development [41]. Future research could 

investigate gene-smoking interactions in determining SLE risk. Synergy between a genotype 

and smoking would indicate that smoking acts through a specific gene or set of genes to 

increase the risk of SLE. There is still much work to be done in this field.

Studying how environmental exposures could lead to epigenetic modifications and thus 

influence autoimmune disease risk is complex and a nascent field. There are little human 

data in SLE; in cancer and other diseases there is more. A study of twins discordant for SLE 

has pointed to epigenetic differences playing a role in SLE pathogenesis [88], but epigenetic 

modifications are difficult to study in humans given the long-lasting cumulative effects of a 

lifetime of many different potential exposures. Well-designed, in vitro, animal and human 
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studies may soon shed light on how smoking and other environmental exposures influence 

gene expression and then downstream risk of complex autoimmune diseases, including SLE.

Metabolomics (the study of metabolites and their relationship to disease) may also help us 

understand how environmental factors interact with genetics and influence disease risk [41]. 

Metabolic shifts and abnormal metabolites may be mediators on the pathway between 

current smoking and the onset of SLE. Basic science research into the myriad biologic 

effects of cigarette smoke can certainly help us understand how this carcinogen may have an 

effect on SLE pathogenesis. Studies with particularly susceptible groups, such as family 

members of people with SLE, or people with a high genetic risk profile, are also helping to 

investigate genetic causes of SLE and the immunologic events preceding its onset [90].

6.0 Five-Year View

It is hoped that within five years research will have identified specific gene-environment 

interactions, leading to a greater understanding of SLE pathogenesis. The study of smoking 

and other environmental exposures in relation to epigenetic modifications, intracellular 

oxidative stress and autoantibody production will likely uncover new targets and means of 

preventing SLE.

7.0 Conclusion

Ultimately, we are seeking to solve a very complicated puzzle that is the specific 

pathogenesis of SLE. We have a wealth of evidence to support the fact that SLE arises from 

a combination of genetic factors and environmental exposures and likely stochastic factors 

as well. Identifying the environmental causes of SLE and determining how they act holds 

great potential. Not only are such studies giving us clues to the biologic mechanisms of 

disease that could be targeted and interrupted, but also, exposure to environmental factors 

can be modified, presenting an opportunity for disease prevention.
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8.0

Key Issues

• The interaction of environmental and genetics factors may help us to 

understand both SLE disease susceptibility and mechanistic pathways in its 

development.

• A growing body of evidence suggests current smoking specifically is a risk 

factor for incident SLE, with risk decreasing significantly 4–5 years after 

smoking cessation.

• Some genes, such as PTPN22 and certain HLA types, may be general 

“autoimmune susceptibility genes,” just as some environmental exposures 

may act non-specifically to trigger several autoimmune diseases.

• There are many models of how environmental exposures may putatively 

contribute to SLE pathogenesis, including oxidative stress, elevated systemic 

inflammation, and impaired T- and B-cell function.

• Future research in this field should include examining gene-environment 

interactions in the context of a genome-wide association study (GWAS), 

epigenetic differences and their potential role in SLE pathogenesis, and 

metabolomics, the study of metabolites and their relationship to disease.
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Figure 1: 
Association of smoking cessation and risk of anti-double stranded DNA positive (dsDNA+) 

SLE among participants in Nurses’ Health Study and Nurses’ Health Study II. p for 

heterogeneity between the cohorts >0.05 for all analyses. *Adjusted for age, race, 

questionnaire cycle, cohort, alcohol intake, body mass index, median family income from 

US census, oral contraceptive use and menopausal status/postmenopausal hormone use. CI, 

confidence interval; HR, hazard ratio; MV, multivariable; SLE, systemic lupus 

erythematosus. From Barbhaiya M, Tedeschi SK, Lu B, et al., Cigarette smoking and the 
risk of systemic lupus erythematosus, overall and by anti-double stranded DNA antibody 
subtype, in the Nurses’ Health Study cohorts. Ann Rheum Dis, 2018. 77(2): p. 196–202; 

with permission.
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Figure 2: 
Schematic showing the potential biologic mechanisms linking smoking and SLE risk. It is 

thought that environmental exposures “trigger” or accelerate the disease in genetically-

predisposed individuals. Substantial epidemiological evidence exists to support the 

association between cigarette smoking and the risk of incident SLE.
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Table 1:

Summary of current epidemiological data on smoking and lupuss

Author [ref.] Year Study Type Finding

Costenbader et al. [16] 2004
Meta-analysis 9 case-

control + 2 cohort 
studies

Current smoking was associated with an increased risk of SLE.
Current smoking

OR: 1.50
Past smoking

OR: 0.98
Never smoked
OR: 1.0 (ref)

Jiang et al. [31] 2015
Meta-analysis 11 case-

control + 2 cohort 
studies

Smoking was associated with an increased risk of SLE.
Current smoking

OR: 1.56
Past smoking

OR: 1.23
Never smoked
OR: 1.0 (ref.)

Freemer et al. [71] 2006 Case-only

Current smoking was associated with a higher risk of dsDNA seropositivity 
among SLE patients.

Current smoking
OR: 4.0

Never smoked
OR: 1.0 (ref.)

Young et al. [35] 2014 Cohort Smoking was not associated with increased risk of autoantibody production in 
SLE patients or in healthy controls.

Barbhaiya et al. [32] 2018 Cohort

Current smoking was associated with anmti-dsDNA+ SLE.
Current smoking

HR: 1.86
Past smoking

HR: 1.31
Never smoked
HR: 1.0 (ref.)
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