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ABSTRACT
Objectives To assess the effects of occupational 
inhalable exposures on rheumatoid arthritis (RA) 
development and their interactions with smoking and 
RA- risk genes, stratifying by presence of anticitrullinated 
protein antibodies (ACPA).
Methods Data came from the Swedish Epidemiological 
Investigation of RA, consisting of 4033 incident RA 
cases and 6485 matched controls. Occupational 
histories were retrieved, combining with a Swedish 
national job- exposure matrix, to estimate exposure to 
32 inhalable agents. Genetic data were used to define 
Genetic Risk Score (GRS) or carrying any copy of human 
leucocyte antigen class II shared epitope (HLA- SE) 
alleles. Associations were identified with unconditional 
logistical regression models. Attributable proportion due 
to interaction was estimated to evaluate presence of 
interaction.
Results Exposure to any occupational inhalable agents 
was associated with increased risk for ACPA- positive 
RA (OR 1.25, 95% CI 1.12 to 1.38). The risk increased 
as number of exposed agents increased (Ptrend<0.001) 
or duration of exposure elongated (Ptrend<0.001). 
When jointly considering exposure to any occupational 
inhalable agents, smoking and high GRS, a markedly 
elevated risk for ACPA- positive RA was observed among 
the triple- exposed group compared with those not 
exposed to any (OR 18.22, 95% CI 11.77 to 28.19). 
Significant interactions were found between occupational 
inhalable agents and smoking/genetic factors (high GRS 
or HLA- SE) in ACPA- positive RA.
Conclusions Occupational inhalable agents could act 
as important environmental triggers in RA development 
and interact with smoking and RA- risk genes leading 
to excessive risk for ACPA- positive RA. Future studies 
are warranted to assess preventive strategies aimed at 
reducing occupational hazards and smoking, especially 
among those who are genetically vulnerable.

BACKGROUND
Rheumatoid arthritis (RA) is a chronic autoimmune 
joint disorder characterised by painful and disabling 
polyarthritis, affecting commonly 0.3%–1.0% of 
the global population.1 2 External exposures such 
as smoking have been recognised as important 
environmental risk factors for RA, while human 
leucocyte antigen class II shared epitope (HLA- SE) 
alleles constitute the major genetic risk factors.3–6 
A strikingly 21- fold increased risk of developing 
anticitrullinated protein/peptide antibodies positive 

(ACPA- positive) RA has been reported for smokers 
carrying two copies of HLA- SE alleles, leading to 
the formulation of an aetiological hypothesis where 
autoimmunity to citrullinated autoantigens occurs 
after activation of HLA- SE restricted immunity 
to autoantigens generated in lungs by smoking.7–9 
Notably, the observations forming the basis of this 
hypothesis are made only for the ACPA- positive 
subtype.7 10 11

Over recent years additional environmental 
inhalable exposures have been linked to risk for 
RA, including silica dust, asbestos and textile dust, 
whereas studies on effects of air pollution have 
yielded variable results.12 13 However, there is still a 
lack of knowledge of the impact on risk for RA from 
many different environmental exposures affecting 
airways that occur in occupational situations 
worldwide. Furthermore, the studies on inhalant–
RA associations that exist have rarely considered 
personal smoking habits or genetic backgrounds in 
the same context and only in few cases subdivided 
RA in serologically defined subsets.

From this background and provided that occu-
pational environmental airway exposures consti-
tute potentially modifiable causes of RA, we set 
out to investigate the impact of such exposures on 
risk for the two major subtypes of RA, taking also 
smoking and genetic constitution into account. For 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Cigarette smoking has been shown to increase 
the risk of developing rheumatoid arthritis 
(RA), but little is known about the effects of 
occupational inhalable agents on RA.

WHAT THIS STUDY ADDS
 ⇒ Our results suggest that exposure to 
occupational inhalable agents increases the risk 
of developing RA and interacts with smoking 
and RA- risk genes leading to an excessive risk 
for anticitrullinated protein antibodies- positive 
RA.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Our study emphasises the importance 
of occupational respiratory protections, 
particularly for individuals who are genetically 
predisposed to RA.
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this purpose, we used data from the large case–control study, 
Epidemiological Investigation of RA (EIRA), which enabled us to 
investigate the associations between multiple occupational inhal-
able exposures and risk of RA, as well as their interactions with 
smoking and genetic variants.

METHODS
Study base
The EIRA is a Swedish population- based case–control study that 
comprises participants over the age of 18 in southern/central 
regions of Sweden. Cases were newly onset patients with RA 
diagnosed by a rheumatologist, based on the American College 
of Rheumatology (ACR) 1987 criteria or the more recently 
introduced ACR/the Grading of Recommendations Assessment, 
Development and Evaluation 2010 criteria. Controls were 
randomly selected from the nationwide population register 
shortly after case identification and matched on age, sex and 
residential area. The year of first symptom onset was registered 
for cases and taken as the index year for matched controls. Infor-
mation regarding demographics, work history and lifestyles was 
collected by self- administrated questionnaires, and blood samples 
were collected for anticitrulline antibody test and genotyping.

During the period of 1996–2017, 4251 cases and 6934 
controls participated in EIRA. After excluding participants who 
missed information on occupational history or important covari-
ates, 4033 cases and 6485 controls were available for ques-
tionnaire data; approximately 3400 cases and 2800 controls 
had concomitant genetic data. Exclusion criteria are shown in 
figure 1A.

Patient and public involvement
No patients or members of the public were directly involved in 
the design or conduct of this study.

Exposure
The participants were asked to provide information on job titles, 
start year and end year for up to 14 working periods. To deter-
mine exposures to inhalable agents across different occupations 
and working periods, we applied a job- exposure matrix (JEM) 
developed for working conditions in Sweden, which contained 
assessment of prevalence and concentration of 47 inhalable 
agents.14 Details regarding the quantification of exposures are 

shown in figure 1B. We classified the exposures into binary vari-
ables as ever exposed versus never exposed (to a particular agent) 
with zero as cut- off. The participants who were possibly exposed 
to any of the 47 inhalable agents were classified as exposed to any 
agents. To ensure statistical power, we only retained agents with 
>50 exposed individuals in our agent- specific analysis, resulting 
in 32 agents. Our reference group consisted of individuals who 
were not exposed to any agents (0/47 agents in the JEM).

Covariates
Genetic risk score and HLA-SE alleles
We included participants of European ancestry for genetic analysis. 
To get an appropriate genetic metrics for a European population 
and avoid overlapping, we retrieved the genetic summary statis-
tics for the European- ancestral subpopulations from the hitherto 
largest RA genome- wide association study (GWAS).15 We meta- 
analysed summary statistics of participating studies after excluding 
EIRA, which resulted in 13 264 RA cases and 42 879 controls. We 
then computed the Genetic Risk Score (GRS) for EIRA participants 
using LDpred2 software with weights from this RA meta- GWAS.16 
Participants were classified into carrying high versus low genetic 
burden based on the median values of GRS among controls.

In addition to GRS, we complementarily incorporated and 
investigated the primary RA risk genes summarised as presence 
of HLA- SE alleles,17 18 with participants classified as carriers 
or non- carriers based on the presence of any copy of HLA- SE 
alleles.

Other covariates
Participants reported never smoked were classified as non- 
smokers, while those reported as current smokers, ex- smokers 
or non- regular smokers were classified as ever smokers. Alcohol 
consumption was defined as non- drinkers and ever drinkers. 
Body mass index (BMI) (kg/m2) was categorised into <20, 
20–25 and >25. Levels of education were classified into primary 
education, secondary education and with a university degree. 
Residential areas were categorised into 16 counties. Age in years 
was included as a continuous variable. Sex was binary as male 
and female.

Statistical analysis
We first compared the basic characteristics of each of the two RA 
subtypes (ACPA- positive and ACPA- negative) with the controls, 

Figure 1 Flow chart of data handling in the current study. (A) Exclusion criteria of study participants. (B) Definition of exposure to occupational 
inhalable agents using the Swedish national job- exposure matrix (JEM). BMI, body mass index; GRS, Genetic Risk Score.
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using t- tests for continuous variables and χ2 tests for categor-
ical variables. We then estimated the association of exposure to 
each inhalable agent with the risk of developing overall RA as 
well as with ACPA- based subtypes through unconditional logistic 
regressions with adjustment for matching factors.

Occupational hazardous agents often coexist. To account for 
potential correlations among inhalable agents, we calculated 
Pearson’s correlation coefficients pair- wising all 32 agents and 
‘clumped’ these agents with a significant P- threshold of 1.0×10−4 
(0.05/496 pairs) and a correlation coefficient threshold of 0.4 
(moderate correlation), through which a total of 16 independent 
collections of inhalable agents (therefore 16 index agents) were 
identified. These 16 index agents were used as main exposures 
in our subsequent analyses.

To understand the accumulated effect of inhalable agents, 
we classified participants into five groups based on their total 
numbers of exposures (exposed to 1, 2, 3, 4 or ≥5 of the 16 
independent index agents) or quantiles of exposure duration 
(0–3.3, 3.3–8.0, 8.0–1.5, 1.5–24.0, 24.0–51.0 years of exposure 
to any agents). We evaluated an exposure–response relationship 
comparing each of the five exposed groups with the reference 
group (individuals not exposed to any agents).

To investigate the joint effect of inhalable agents, smoking and 
genetic predisposition (high GRS or carrying HLA- SE alleles), 
we categorised participants into seven groups based on their 
exposure status to any of the three factors (only exposed to 
one factor, only exposed to two factors or triple- exposed). We 

performed analysis comparing each of the seven exposed groups 
with the reference group (individuals not exposed to any occu-
pational inhalable agents, non- smoker and with low GRS or non- 
HLA- SE- carriers). To explore the gene–environment (G×E) or 
E×E interaction effect among inhalable agents, smoking and 
genetic predisposition (high GRS or carrying HLA- SE alleles), 
we estimated the additive interaction defined as departure from 
the additivity of effects.19

All analyses were conducted using unconditional regres-
sion models, with age, sex, residential area, BMI, smoking, 
drinking and levels of education commonly included as covari-
ates. All analyses were performed in RA overall as well as strat-
ified into ACPA- based subtypes. For analysis involving genetic 
data, principal components 1- 10 were additionally included to 
control for population stratification. To account for multiple 
testing, statistical significance was set at a stringent P- threshold 
of 1.6×10−3 (0.05/32), while suggestive significance was set 
at 1.6×10−3<P<0.05. More details for our methods were 
described in online supplemental methods.

RESULTS
Basic characteristics of RA cases and controls are shown in 
table 1. Compared with controls, both ACPA- positive and 
ACPA- negative cases were more likely to smoke, drink less, be 
overweight and be without a university degree. Compared with 
ACPA- negative cases, ACPA- positive cases were slightly younger, 

Table 1 Basic characteristics of the study participants

Characteristics

Overall RA cases

Controls

P for ACPA- 
positive cases 
versus controls

P for ACPA- 
negative cases 
versus controls

P for ACPA- positive 
versus ACPA- 
negative casesACPA- positive cases ACPA- negative cases

Total N 2642 1391 6485

Age, mean (SD) 52.93 (12.44) 55.18 (13.07) 53.83 (12.82) 0.002 <0.001 <0.001

Women, N (%) 1908 (72) 946 (68) 4609 (71) 0.28 0.025 0.0058

Education, N (%)

  Primary education 317 (12) 190 (14) 537 (8) <0.001 <0.001 0.18

  Secondary education 1678 (64) 846 (61) 3760 (58)

  University degree 647 (24) 355 (26) 2188 (34)

Smoking status, N (%)

  Non- smoker 791 (30) 539 (39) 2951 (46) <0.001 <0.001 <0.001

  Ever smoker 1851 (70) 852 (61) 3534 (54)

Alcohol drinking, N (%)

  Non- drinker 254 (10) 123 (9) 400 6) <0.001 <0.001 0.46

  Ever drinker 2388 (90) 1268 (91) 6085 (94)

BMI, N (%)

  <20 kg/m2 188 (7) 85 (6) 378 (6) 0.042 <0.001 0.010

  20–25 kg/m2 1195 (45) 574 (41) 3047 (47)

  >25 kg/m2 1259 (48) 732 (53) 3060 (47)

Participants with genetic data, N (%) 2271 (86) 1165 (84) 2838 (44) <0.001 <0.001 0.068

  High genetic predisposition to RA 1949 (86) 670 (58) 1416 (50) <0.001 <0.001 <0.001

Participants with HLA- DRB1 genotypes 
available, N (%)

2232 (84) 1171 (84) 2766 (43) <0.001 <0.001 0.84

  With any copy of HLA- SE allele, N (%) 1886 (84) 638 (54) 1451 (52) <0.001 0.26 <0.001

Ever exposed to any occupational inhalable 
agents, N (%)

1928 (73) 1007 (72) 4371 (67) <0.001 <0.001 0.72

Ever exposed to any occupational inhalable 
agent among women, N (%)

1307 (69) 656 (69) 3003 (65) 0.010 0.015 0.68

Ever exposed to any occupational inhalable 
agent among men, N (%)

621 (85) 351 (79) 1368 (73) <0.001 0.012 0.015

ACPA, anticitrullinated protein antibodies; BMI, body mass index; RA, rheumatoid arthritis.
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more likely to be women and smokers, had high GRS and more 
HLA- SE carriers. In terms of occupational inhalable agents, 73% 
of ACPA- positive cases and 72% of ACPA- negative cases were 
ever exposed, significantly higher than controls (67%).

Primary associations of exposure to occupational inhalable 
agents and RA risk
As shown in figure 2A and online supplemental table 1, expo-
sure to any occupational inhalable agents was associated with 
a significantly increased risk of RA overall (OR 1.21, 95% CI 
1.11 to 1.33, p=2.4×10−5). The association remained consis-
tent in ACPA- positive subtype (OR 1.25, 95% CI 1.12 to 1.38, 

p=3.9×10−5), while attenuated in ACPA- negative subtype (OR 
1.18, 95% CI 1.03 to 1.34, p=0.016). When stratified by sex, 
exposure to any occupational inhalable agents was associated 
with a higher risk of developing overall (OR 1.40, 95% CI 1.15 
to 1.70, p=7.4×10−4) and ACPA- positive RA (OR 1.66, 95% 
CI 1.30 to 2.11, p=4.2×10−5) in men than in women (overall 
RA: OR 1.13, 95% CI 1.02 to 1.25, p=0.022; ACPA- positive 
RA: OR 1.13, 95% CI 1.00 to 1.27, p=0.05; Psex- difference<0.05) 
(online supplemental table 2).

When looking into each of the 32 inhalable agents (figure 2A 
and online supplemental table 1), we observed distinct associ-
ation patterns in RA subtypes. The point estimates for all 32 

Figure 2 Primary associations between occupational inhalable agents and RA risk. (A) Associations between occupational inhalable agents and 
risk for RA. Results are shown for overall RA, as well as ACPA- positive and ACPA- negative subtypes. Estimates were adjusted for age, sex, residential 
area, smoking, alcohol drinking, education and body mass index. (B) Pairwise correlation of 32 occupational inhalable agents. ACPA, anticitrullinated 
protein antibodies; RA, rheumatoid arthritis.

Figure 3 Exposure–response relationship between occupational inhalable agents and RA. (A) Participants were classified into exposed to 1, 
2, 3, 4 or ≥5 agents out of the 16 independent agent collections and compared with non- exposed group (not exposed to any of the 47 agents). 
(B) Participants were classified into five subsets with exposure durations of 0–3.3, 3.3–8.0, 8.0–1.5, 1.5–24.0, 24.0–51.0 years (to any agents) 
and compared with non- exposed group (not exposed to any of the 47 agents). Results are shown for overall RA, as well as ACPA- positive and 
ACPA- negative subtypes. Estimates were adjusted for age, sex, residential area, smoking, alcohol drinking, education and body mass index. ACPA, 
anticitrullinated protein antibodies; RA, rheumatoid arthritis.
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agents in ACPA- positive RA were greater than the corresponding 
estimates in ACPA- negative RA. Specifically, 17 out of 32 
agents were strongly associated with an increased risk of ACPA- 
positive RA (p<1.6×10−3, ORs raging from 1.25 to 2.38); 
meanwhile, none of the agents withstood Bonferroni correction 
(p<1.6×10−3) for ACPA- negative RA—the strongest association 
for ACPA- negative RA (in terms of significance) were found for 
quartz dust (p=2.0×10−3), followed by asbestos (p=5.8×10−3) 
and detergents (p=6.8×10−3).

Multiple occupational hazards are likely coexist in the same 
work environment, reflected by our clustering plot (figure 2B). 
After clumping, 16 collections of agents that were mutually 
independent to each other were identified (online supplemental 
figure 1). The risk of developing RA increased as the numbers of 
exposed agents (out of the 16) increased (Ptrend<0.001 for overall 
RA and both subtypes) (figure 3A and online supplemental 
table 3) or as duration of exposure (to any agents) elongated 
(Ptrend<0.001 for overall and ACPA- positive RA) (figure 3B and 
online supplemental table 4).

Joint effects of occupational inhalable agents, smoking and 
genetic predisposition on RA risk
When simultaneously analysing inhalable agents (exposed to any 
agent), smoking and high GRS, participants who were triple- 
exposed had a higher risk of developing RA overall compared 
with those who were not exposed to any of the three factors (OR 
5.50, 95% CI 4.23 to 7.14, p=1.8×10−37). For ACPA- positive 
subtype, the estimated OR was 18.22 (95% CI 11.77 to 28.19, 
p=8.2×10−39), notably higher than an OR of 1.69 (95% CI 
1.25 to 2.29, p=6.1×10−4) observed in ACPA- negative subtype 
(table 2).

More importantly, across the 16 specific collections of agents, a 
large risk of developing RA in the triple- exposed group (number 
of individuals in this group >30 for robustness) was observed 
for ACPA- positive subtype with ORs ranging from 18.0 to 45.1, 
while the estimates for ACPA- negative subtype were weaker with 
ORs ranging from 0.85 to 2.64 (see results for four common 
collections in figure 4, for all 32 agents in online supplemental 
table 4). When replacing GRS with HLA- SE, a similar pattern 
was observed—a strikingly increased risk in the triple- exposed 
group was found exclusively in ACPA- positive subtype, with 
ORs ranging from 8.6 to 25.9 (online supplemental table 6).

G×E and E×E interaction effects
Regarding G×E interaction for the 16 independent collections 
of inhalable agents, we observed an additive interaction between 
high GRS and gasoline engine exhaust (attributable proportion 
(AP) 0.52, 95% CI 0.23 to 0.80, p=4.1×10−4), asbestos (AP 
0.44, 95% CI 0.13 to 0.74, p=0.0055), carbon monoxide (AP 
0.23, 95% CI 0.01 to 0.45, p=0.042), fungicide (AP 0.56, 95% 
CI 0.19 to 0.93, p=0.0031) and quartz dust (AP 0.36, 95% CI 
0.08 to 0.63, p=0.01), all restricted to ACPA- positive RA (online 
supplemental table 7). When replacing GRS with HLA- SE 
alleles, a similar synergistic effect remained for gasoline engine 
exhaust (AP 0.48, 95% CI 0.09 to 0.60, p=0.003), asbestos 
(AP 0.41, 95% CI 0.08 to 0.75, p=0.016), carbon monoxide 
(AP 0.29, 95% CI 0.07 to 0.51, p=0.01) and quartz dust (AP 
0.42, 95% CI 0.15 to 0.68, p=0.0024), all restricted to ACPA- 
positive RA (online supplemental table 8). Despite the compa-
rable APs (interaction effects) observed for GRS and HLA- SE 
alleles, participants with a high GRS generally had a larger point 
estimate for the risk of developing RA than those who carried 
HLA- SE alleles under exposure to asbestos (OR for high GRS vs Ta
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HLA- SE: 14.20 vs 9.97), carbon monoxide (9.84 vs 7.04), gaso-
line engine exhaust (17.06 vs 10.79) and quartz dust (12.42 vs 
9.48). On the contrary, no apparent G×E interaction was found 
for ACPA- negative RA (online supplemental tables 7–8) .

Regarding agent–smoking (E×E) interaction, significant 
interactions between exposure to any agent and smoking 
were observed in RA overall (AP 0.19, 95% CI 0.08 to 0.31, 
p=0.0011) (online supplemental table 9). Interesting findings 
included a strong synergistic effect of smoking with the collec-
tion containing carbon monoxide (overall RA: AP 0.30, 95% 
CI 0.14 to 0.46, p=3.5×10−4; ACPA- positive subtype: AP 0.30, 
95% CI 0.12 to 0.47, p=9.8×10−4) and detergents (overall RA: 
AP 0.26, 95% CI 0.14 to 0.37, p=1.4×10−5; ACPA- positive 
subtype: AP 0.25, 95% CI 0.12 to 0.37, p=1.3×10−4). Never-
theless, no apparent E×E interaction was found for ACPA- 
negative subtype (online supplemental table 9).

DISCUSSION
Our study supports a general link between occupational inhal-
able agents and risk of RA, with clear restriction towards ACPA- 
positive rather than ACPA- negative RA and with higher ORs 
for risk in men than in women. We also observed an expo-
sure–response relationship, in which the risk of ACPA- positive 
RA increased either with an increased duration or with an 
increased number of exposed agents. When taking smoking and 
genes into account, an 18- fold higher risk of developing ACPA- 
positive RA was observed in the triple- exposed group (any agent, 
smoking and high GRS) compared with the non- exposed refer-
ence group. Furthermore, a positive G×E interaction between 

inhalable agents and genetic predisposition was observed in our 
study, additionally supports a trigger role for the environmental 
exposures.

Inhalable exposures have long been proposed as 
important risk factors for RA, particularly for seropositive 
subtype.3 8 20 However, so far relatively few studies have investi-
gated the inhalant–RA relationship, most of which only covered 
a limited number of exposures, rarely controlled for important 
confounders and usually lacked statistical power to stratify cases 
by seropositivity.12 Briefly, studies have reported silica, asbestos, 
textile dust, organic solvents, oil mist and pesticides to signifi-
cantly affect RA risk.21–27 Our results, which comprehensively 
interrogated 32 agents summarising information from 10 518 
individuals largely extend previous observations by providing 
novel dimensions. We successfully validated the hazardous role 
of quartz dust (silica), asbestos, toluene (organic solvents), oil 
mist and pesticides in RA, while additionally identified several 
common inhalable agents not investigated before in relation to 
RA, including detergents, carbon monoxide, pulp or paper dust, 
gasoline engine exhaust and welding fume. However, the effect 
of textile dust, reported as a risk factor in a Malaysian case–
control study involving 910 female RA case and 910 age, sex 
matched controls,24 failed to be replicated in our Swedish popu-
lation. Indeed, most individuals assessed as exposed to textile 
dust in our data worked as painting teachers, tailors and packers, 
in which both intensity and characteristics of textile exposure 
might differ from Malaysian textile workers.

Noteworthily, we observed a sex difference shown as exposure 
to occupational inhalable agents affect male patients with RA 

Figure 4 The combined effects of four common inhalable agents, smoking and high genetic risk score with risk for RA. Results are shown for ACPA- 
positive and ACPA- negative subtypes. Estimates were adjusted for age, sex, residential area, body mass index, levels of education, alcohol drinking 
and principal components 1–10. ACPA, anticitrullinated protein antibodies; RA, rheumatoid arthritis.
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more severely than females. Indeed, men and women presented 
different exposure patterns.28 According to our data, men had 
an average longer duration of occupational exposure (11.6 vs 
7.1 years, p<0.001) and were exposed to more agents consid-
ered hazardous. The top five exposures in men were detergents 
(percentage exposed: 33%), carbon monoxide (31%), stone and 
concrete (26%), iron (22%) and polycyclic aromatic hydrocar-
bons (17%), while the top exposures in women were detergents 
(51%), pulp or paper dust (5%) and carbon monoxide (4%). 
This underlying relationship was further confirmed in our 
exposure–response analysis showing that the risk of developing 
RA increased either with elongated exposure duration or with 
increased number of exposed agents. Taken together, our results 
corroborated with each other, emphasising occupational inhal-
able exposures as an important risk factor for RA development 
and reflecting a general effect of inhalants on RA pathogenesis as 
well as highlighting lung as an important site for triggering RA. 
Indeed, respiratory disorders, both acute and chronic, have been 
recognised as risk factors for RA, which might partially affect 
the link between occupational inhalable exposures and RA.29–32

Our study also reveals distinct inhalant–RA association 
patterns for ACPA- based subtypes, which extends previous 
epidemiological findings and further emphasise the effect 
of inhalable exposures possibly restricted in ACPA- positive 
RA.7 21 26 ACPA was found in the sputum of individuals who 
were seronegative but considered to be at risk for RA due to 
family history. In these individuals the ratio of autoantibody to 
total Ig was thus higher in sputum than in serum.33 Also in early 
ACPA- positive RA, levels of ACPA were higher in bronchoal-
veolar fluids than in serum.34 These evidence indicated a local 
production of RA- related autoantibodies, such as ACPA, in lungs 
and provided a possible explanation for the specific linkage of 
provocation by inhalable exposures to ACPA- positive RA. Typi-
cally, ACPA- positive RA has a worse prognosis with higher rates 
of erosive damage and is usually linked with more genetic and 
environmental risk factors as compared with ACPA- negative RA, 
which is believed to constitute a heterogeneous group of RA with 
so far unknown aetiologies.10 11 35 36

Calculation of additive interaction has been described as the 
most appropriate approach to identify ‘sufficient cause interac-
tions’ and to inform on disease mechanism.37 38 We observed 
a significant interaction between exposure to asbestos, carbon 
monoxide, gasoline engine exhaust, and quartz dust and genetic 
predisposition for the risk of ACPA- positive RA. Notably though, 
high GRS combined with these agents contributed to a higher 
point- estimated risk of developing RA in the double- exposed 
subgroups than if combined with HLA- SE alleles. A possible 
explanation might be that the GRS which was constructed based 
on genome- wide genetic markers reflecting a larger part of RA 
heritability than HLA- SE and thereby has a better predictive 
ability. The higher- risk figures and interaction results for GRS 
as compared with HLA- SE may also indicate that GRS interacts 
with inhalable agents via molecular pathways not fully captured 
by investigations restricted to HLA- SE alleles.

Noteworthily, detergents (OR 1.27, 95% CI 1.13 to 1.42) and 
pulp or paper dust (OR 1.57, 95% CI 1.26 to 1.96), despite their 
strong primary associations with ACPA- positive RA, yielded 
APs close to 0 for the interaction with either high GRS (deter-
gents: AP 0.00, 95% CI −0.17 to 0.17; pulp or paper dust: AP 
0.02, 95% CI −0.33 to 0.36) or HLA- SE alleles (detergents: 
AP 0.07, 95% CI −0.10 to 0.25; pulp or paper dust: AP 0.06, 
95% CI −0.3 to 0.42). These findings of different influences of 
gene–environment interactions between different inhaled agents 
imply that distinct pathogenetic pathways may be active after 

exposure to different inhaled occupational agents and that some 
of these pathways are different from those previously proposed 
for smoking.34 39

Despite the substantial advantages of our current study 
including its large sample size, multiple exposures, being able to 
account for personal smoking and genetic background as well as 
adjust for important confounders, we must acknowledge several 
limitations. First, information on occupation was retrospec-
tively collected, which might introduce recall bias. We, however, 
expect such bias to be modest given our population- based 
design, recruitment of incident cases and the fact that occupa-
tional careers are important life events that are less likely to be 
neglected. Second, although JEM is a validated tool widely used 
to estimate job- exposure status in large- scale studies, it might 
lead to nondifferential misclassification, that is, participants who 
ever worked in any occupation assessed with a high probability 
of exposure (>50% in this study, not necessarily 100%) would 
be defined as exposed. However, such non- differential misclas-
sification is expected to underestimate the associations meaning 
the true associations are even stronger. Third, because certain 
kinds of inhalable agents often coexist, it is difficult to identify 
the independent relationship for one of these agents with RA 
risk due to limited size of participants who were only exposed to 
one agent in this study. Finally, the sample size of ACPA- negative 
cases were relatively small, and further studies with larger 
samples are warranted to re- examine the potential associations 
between occupational inhalable agents and ACPA- negative RA.

To conclude, our study shows that inhalable, mainly occupa-
tional exposures act as important environmental risk factors in 
RA development, especially in ACPA- positive RA. The markedly 
increased risk for RA after exposure of smoking and occupational 
inhalable agents observed among individuals carrying genetic 
variants common in Swedish as well as in most Caucasian popu-
lations strongly suggests the implementation of broad preventive 
strategies such as quit smoking and mitigation of occupational 
hazards. Notably, it is likely that similar effects on major histo-
compatibility complex (MHC)–environmental interactions seen 
here for a Caucasian population may be present also in other, for 
example, Asian populations as MHC- class II smoking interac-
tions and high risk for ACPA- positive RA has been described also 
for Asia.40 41 Emphasis on the assessment and implementation 
of preventive strategies is thus warranted in industries world-
wide, something that may in the future also involve awareness 
of genetic vulnerability, for example, through family history or 
testing for genetic variants predisposing for RA. Overall, our 
data provide a novel and quite dramatic emphasis on the role 
of occupational exposures in the aetiology of seropositive RA, 
calling for extended measures to reduce these exposures as part 
of international collaborative efforts to reduce morbidities due 
to working life.
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