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Abstract

Objective: We aimed to identify gene by respiratory tract disease interactions that increase RA 

risk.

Methods: In this case-control study using the Mass General Brigham Biobank, we matched 

incident RA cases, confirmed by ACR/EULAR criteria, to four controls on age, sex, and electronic 

health record history. Genetic exposures included a validated overall genetic risk score (GRS) for 

RA, a Human Leukocyte Antigen (HLA) GRS for RA, and the MUC5B promoter variant, an 

established risk factor for RA-associated interstitial lung disease (ILD). Preceding respiratory tract 
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diseases came from diagnosis codes (positive predictive value 86%). We estimated attributable 

proportions (AP) and multiplicative odds ratios (OR) with 95% confidence intervals (CI) for RA 

for each genetic and respiratory exposure using conditional logistic regression models, adjusting 

for potential confounders.

Results: We identified 653 incident RA cases and 2,607 matched controls (mean 54 years, 

76% female). The highest tertile of the overall GRS and the HLA GRS were both associated 

with increased RA risk (OR 2.28, 95% CI 1.89,2.74; OR 2.02, 95% CI 1.67–2.45). ILD and the 

HLA GRS exhibited a synergistic relationship for RA risk (OR for both exposures 4.30, 95% CI 

1.28,14.38; AP 0.51, 95% CI-0.16,1.18). Asthma and the MUC5B promoter variant also exhibited 

a synergistic interaction for seropositive RA (OR for both exposures 2.58, 95% CI 1.10,6.07; AP 

0.62, 95% CI 0.24,1.00).

Conclusion: ILD-HLA GRS and asthma-MUC5B promoter variant showed synergistic 

interactions for RA risk. Such interactions may prove useful for RA prevention and screening.
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INTRODUCTION

Increasing evidence suggests RA may originate in mucosal sites such as the lungs.1–4 Using 

the Epidemiological Investigation of Rheumatoid Arthritis (EIRA) case-control study, we 

showed that acute and chronic upper and lower respiratory disease groups were associated 

with over two-fold increased risk of RA, particularly in nonsmokers.5 Recent work from our 

own group also showed that asthma, pharyngitis, and sinusitis may also be novel risk factors 

for RA.3,6,7

Numerous studies have shown an interaction between other respiratory exposures and 

genes for RA risk. Uncovering such effect modifiers can facilitate breakthroughs in 

understanding disease. For example, cigarette smoking and the human leukocyte antigen 

(HLA) DRB1 shared epitope interact in a synergistic fashion to increase risk of RA over 

40-fold for anti-citrullinated peptide antibody (ACPA) positive RA.8–10 Recent studies have 

shown textile dust and occupational inhalants may also interact strongly with the shared 

epitope to increase ACPA positive RA risk (odds ratios [OR] 39 and 18 respectively).11,12 

Despite these strong gene-respiratory interactions, the interplay between RA risk genes and 

respiratory tract diseases for RA risk has not yet been studied.

Although the strongest genetic risk factor for RA is the HLA shared epitope, multiple 

additional RA risk genes outside of the HLA region have been identified that may also 

interact with respiratory tract diseases. Over 200 non-HLA single nucleotide polymorphisms 

(SNPs) have been associated with RA risk to date13,14 and combined into a genetic risk 

score (GRS) for RA.15 Since many of these SNPs relate to immune function, they could also 

influence susceptibility to respiratory tract diseases. In addition, a gain-of-function promoter 

variant in MUC5B was found to increase the risk of RA-associated interstitial lung disease 

(ILD) by three-fold.16 A recent study by our group showed that this association was stronger 
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for late-onset RA,17 possibly identifying a novel RA phenotype. These findings raise the 

question of whether RA risk alleles or MUC5B modify the relationship between other lung 

diseases and RA in certain RA subgroups.

To address these two gaps, we leveraged the Mass General Brigham (MGB) Biobank. We 

aimed to (1) identify how the RA GRS modifies the relationship between respiratory tract 

diseases and RA and (2) determine the interaction between MUC5B and prior respiratory 

tract diseases for RA risk. We hypothesized that preceding respiratory tract diseases 

including asthma, sinusitis, and pharyngitis interact synergistically with genetic risk factors 

for RA risk. Furthermore, we hypothesized that MUC5B increases the impact of both ILD 

and other respiratory disease such as asthma on risk of RA.

METHODS

Study Participants and Design

This case-control study took place within the MGB Biobank. This ongoing study includes 

blood samples, survey, and clinical data from the electronic health record (EHR) at MGB 

for over 130,000 participants.18 It recruited these participants from 2010 to present from 

clinical visits at Brigham and Women’s Hospital or Massachusetts General Hospital and 

affiliated sites. Participants provided blood samples at the time of biobank enrollment, 

yielding current genome-wide association study (GWAS) data for approximately 57,000 

individuals.

For this MGB biobank sub-study, we only analyzed participants with GWAS data available. 

We matched each incident RA case to four controls based on age (±5 years) at index 

date of RA onset, sex, and duration of prior EHR history at index date (±3 years). Index 

date for this study was the time of RA clinical diagnosis (or matched date for controls), 

as indicated by the first contact with a clinician related to RA symptoms or diagnosis on 

manual medical record review. This study received approval from the MGB institutional 

review board (protocol #2019P000264), obtained written informed consent, followed 

the STrengthening the Reporting of OBservational studies in Epidemiology (STROBE) 

guidelines, and complied with the Declaration of Helsinki.

Incident RA Cases

We identified potential RA cases using a validated Electronic Medical Records and 

Genomics (eMERGE) Network algorithm combined with natural language processing.19 

This algorithm has 97% specificity and 95% positive predictive value for RA by 2010 

American College of Rheumatology/European Alliance of Associations for Rheumatology 

(ACR/EULAR) criteria.20 We then verified all RA cases met 2010 ACR/EULAR criteria 

using medical record review.21 Inclusion criteria for this study included age 18 and older 

at index date of RA onset, available GWAS data, and at least five years of preceding EHR 

data in order to allow time for respiratory exposure accrual. We defined “seropositive” RA 

as presence of positive rheumatoid factor (RF) and/or ACPA, which both came from testing 

in clinical care. In our post-hoc analysis, we used a subset of RA cases with RA-ILD as 
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defined by clinically-obtained high-resolution CT showing interstitial lung abnormalities as 

reviewed by two radiologists and one pulmonologist.22

Controls

We required controls also have GWAS data and at least five years EHR history at MGB. 

In addition, we required they have available smoking data from Biobank enrollment 

questionnaire, no RA ever by the eMERGE algorithm,19 and no billing code for any other 

systemic rheumatic disease including autoinflammatory syndromes, ankylosing spondylitis, 

psoriatic arthritis, systemic connective tissue diseases, enteropathic arthropathies, juvenile 

idiopathic arthritis. We reviewed 100 records meeting our control definition and none had 

RA (negative predictive value 100%).

Genetic Factors

The MGB Biobank performed genotyping using the Illumina Multi-Ethnic Genotyping 

Array (MEGA, Illumina Inc., San Diego, CA) and Global Screening Array (GSA) chips. 

They performed imputation using the Michigan imputation server with Haplotype Reference 

Consortium (HRC) as the reference panel. We identified HLA amino acid information using 

the SNP2HLA computational strategy.23

The three genetic exposures of interest for this study included (1) overall RA weighted GRS 

(continuous), which added the score derived from recently-published non-HLA SNPs15 to 

the score from five RA risk amino acid positions in the HLA region,24 (2) HLA weighted 

GRS (continuous), composed of the score five RA risk amino acids alone,24 and (3) the 

MUC5B promoter variant rs35705950 (present [TT or GT] vs. absent [GG]).16 The GRS 

were weighted by the natural logarithm of the effect size estimate in prior large genetic 

studies.15,25 In this study, the overall GRS included only SNPs with information score ≥0.5, 

or 96 out of the 122 SNPs in the most recently published RA GWAS (see Supplementary 

Table S1).15

Respiratory Tract Disease Exposures

Respiratory tract disease exposures for this study included history of any respiratory tract 

disease, along with history of specific respiratory tract diseases including asthma, ILD, 

pharyngitis (both acute and chronic), pneumonia and acute lower respiratory tract diseases, 

and sinusitis (both acute and chronic). We previously ascertained these respiratory exposures 

using diagnosis codes,7 which had mean positive predictive value (PPV) of 86% for true 

respiratory disease as diagnosed by a physician. To be “exposed,” we required participants 

to have at least one inpatient or emergency room code or at least two outpatient diagnosis 

codes (at least 30 days apart for chronic respiratory diseases) before index date of RA onset. 

Participants could be “exposed” to more than one respiratory tract disease exposure. The 

reference or “unexposed” group included any participants not meeting the above criteria for 

that particular exposure.

Covariates

Covariates for this study included age at index date (continuous), sex (male, female), 

duration of EHR history at MGB prior to index date (continuous), biobank enrollment 
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year (continuous), genetic ancestry (10 principal components obtained from GWAS data),26 

self-reported education (four-year college or master’s/doctoral/professional degree, less than 

4-year college degree), body mass index (BMI) at index date (<20, 20-<25, 25-<30, 30+), 

smoking status as of biobank enrollment year (never, past, current), and smoking pack-years 

as of biobank enrollment year (continuous). Age, sex, EHR history, and BMI were obtained 

from the EHR. Enrollment year, education, smoking, and missing BMIs were obtained from 

MGB Biobank enrollment data. We obtained any remaining missing BMI and smoking data 

from manual medical record review.

Statistical Analysis

We compared normally distributed continuous variables using t-tests, non-normally 

distributed continuous variables using the Wilcoxon rank sum tests, and categorical variables 

using chi-squared tests. We studied the association between each genetic (n=3) and 

respiratory exposure (n=10) and RA using multivariable conditional logistic regression 

models to obtain OR with 95% confidence intervals (CI). Models adjusted for age, sex, 

EHR history, enrollment year, race and ethnicity by principal components, education, BMI, 

smoking status, and pack-years. Using the same models, we studied interactions on both the 

additive and multiplicative scales, as both can be biologically plausible depending on the 

circumstances.27 For additive interactions, we divided genetic risk into higher and lower risk 

groups using the cutoff of 67 percentile (highest tertile) in controls. We prespecified this 

threshold in our study protocol to achieve roughly even “GRS-low” and “GRS-high” groups 

for cases for power purposes. We then reported the attributable proportion due to interaction 

(AP) and relative excess risk due to interaction (RERI) when compared to the reference 

group without that respiratory tract disease and lower genetic risk.28 For multiplicative 

interactions, we used the continuous GRS for greater power and reported the interaction 

OR (per unit increase in GRS score). We then repeated analyses with RA serostatus as the 

outcome in secondary analyses.

The only missing covariate used in multivariable models was education history. We imputed 

missing education history using multiple imputation with all case/control and covariate 

data.29 Participants missing MUC5B data were excluded from those particular analyses. Pre-

planned sensitivity analyses stratified results by smoking status (never vs. ever), replicated 

the known gene-smoking interaction for RA risk as a positive control, and reported 

characteristics of participants missing education history or MUC5B compared to those 

with complete data. We conducted one post-hoc analysis to explore a significant interaction 

identified from the main analyses. That is, among RA-ILD cases, we calculated the OR for 

pre-RA asthma based on presence of MUC5B promoter variant. Throughout this study, we 

considered two-sided p<0.05 as statistically significant. All analyses were pre-specified in a 

study protocol and performed using SAS version 9.4 (SAS Institute Inc., Cary, NC).

RESULTS

Characteristics

We identified 2,283 confirmed RA cases in the MGB Biobank, of whom 1,625 had GWAS 

data available and were age 18 or older at RA onset. Among these, 653 had at least five 
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years EHR history prior to the index date of RA diagnosis and were thus included in this 

study. Out of the 641 RA cases with serostatus data available, 373 (58%) were seropositive. 

We matched the 653 RA cases to 2,607 controls (mean age 54, 76% female, median 12 years 

EHR history). RA cases were less likely to have White race or higher education and more 

likely to have obesity or history of smoking compared to controls (Table 1).

Individual Genetic and Respiratory Exposures

The highest tertile of RA GRS scores (both overall and HLA) were associated with over 

two-fold increased risk RA compared ot the other tertiles, especially seropositive RA (Table 

2). In addition, respiratory tract diseases including pharyngitis, pneumonia, and sinusitis 

were also associated with increased risk of RA (Table 2).

Interactions between GRS and Respiratory Tract Diseases

The only respiratory tract disease that showed evidence of a synergistic relationship with the 

GRS for RA risk was ILD (Table 3). This synergistic interaction was more prominent for the 

HLA GRS, where the OR for RA for ILD alone was 1.10 (95% CI 0.32,3.77), for the high 

HLA GRS alone was 2.00 (95% CI 1.66,2.43), but in the presence of both exposures was 

4.30 (95% CI 1.28,14.38; AP 0.51, 95% CI-0.16,1.18).

In contrast, most respiratory tract diseases and each GRS interacted in a negative or 

“antagonistic” fashion on the multiplicative scale (Table 3). That is, the risk of RA in the 

presence of both these genetic and respiratory tract disease exposures was less than expected 

(i.e. the sum) for the association between each exposure and RA alone. This antagonistic 

interaction was statistically significant for any respiratory tract disease as well as acute 

sinusitis (Table 3). For example, the odds of RA in the presence of any respiratory tract 

disease alone was 1.18 (95% CI 0.91,1.53) and the high overall GRS alone was 2.70 (95% 

CI 2.08,3.51). However, in the presence of both exposures, the OR for RA was only 2.25 

(95% CI 1.72,2.95). Although no interactions were statistically significant on the additive 

scale, a similar (antagonistic) direction of effect was observed for both any respiratory 

disease and acute sinusitis, and even more so for chronic rhinitis and pharyngitis and its 

interaction with the overall GRS (Table 3).

Interactions for RA Serostatus

The magnitude of the antagonistic interaction between the overall GRS with any respiratory 

tract disease was larger and statistically significant in seropositive RA (multiplicative OR 

0.74, 95% CI 0.59,0.94) compared to seronegative RA (OR 0.84, 95% CI 0.64,1.10). 

Although the antagonistic interaction between the GRS and chronic sinusitis was not 

statistically significant for all RA, it was significant for seropositive RA, with additive 

RERI −2.58 (95% CI −5.15,−0.21) and multiplicative OR 0.64 (95% CI 0.40,1.02). In 

contrast, asthma, pharyngitis (especially chronic), and acute sinusitis demonstrated stronger 

antagonistic interactions for seronegative RA, though none were statistically significant 

(Table 4).
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Interaction between MUC5B and Respiratory Tract Diseases

When subdivided by RA serostatus, asthma and the MUC5B promoter variant exhibited a 

synergistic interaction for seropositive RA (Table 5). That is, the OR for RA in the presence 

of both asthma and MUC5B was 2.58 (95% CI 1.10,6.07; AP 0.62, 95% CI 0.24,1.00; 

multiplicative OR 2.64, 95% CI 0.98,7.09). This interaction was not present for seronegative 

RA (see Supplementary Table S2). We found no evidence of an interaction between ILD and 

MUC5B for RA risk, though confidence intervals were wide (Table 5).

To examine the relationship between asthma and MUC5B in the context of RA-ILD, we 

performed a post-hoc analysis among 32 known RA-ILD cases in this cohort. RA-ILD cases 

with the MUC5B promoter variant had higher history of pre-RA asthma (25%) than those 

without the MUC5B promoter variant (9.5%; OR 3.2, 95% CI 0.5,22).

Sensitivity Analyses

The main gene-respiratory interaction results were largely similar by point estimates 

regardless of smoking status (see Supplementary Table S3). However, among ever smokers, 

the GRS exhibited a synergistic additive interaction with acute pharyngitis (AP 0.59, 95% 

CI 0.26,0.92) and an antagonistic multiplicative interaction with acute sinusitis (OR 0.44, 

95% CI 0.25,0.79) for RA risk. As a positive control, we replicated the known gene-smoking 

interaction for RA risk using the overall GRS and smoking status (never vs. ever). Indeed, 

we observed a positive association with AP 0.26 (95% CI 0.06,0.47) and RERI 0.86 (95% 

CI 0.10,1.62). Finally, only 333 (10.5%) participants were missing education history and 

249 (7.9%) missing MUC5B status. Participants with complete data were more likely to 

have White, non-Hispanic race and ethnicity and less smoking history compared to those 

with missing data (Supplementary Table S4).

DISCUSSION

In this study, we found a synergistic relationship between HLA risk alleles and ILD for 

RA risk. We also found that the MUC5B promoter variant may interact synergistically with 

history of asthma for an elevated risk of seropositive RA. Finally, we found that the RA GRS 

generally exhibits a mild negative or “antagonistic” interaction with most respiratory tract 

diseases for RA risk. These findings identify potential novel pathways for RA pathogenesis 

with potential clinical implications for RA prevention and screening.

The first key finding from this study was that we observed a synergistic relationship between 

the HLA GRS and ILD for RA risk. Although RA is known to increase risk of ILD,30,31 

this study and one prior study suggest that ILD may also increase risk of RA.5 These 

findings raise new questions about the direction of causality between ILD and RA. In 

addition, although a previous study showed that smoking and HLA alleles interacted for risk 

of RA-ILD,32 the interaction between HLA and ILD for RA risk has not previously been 

reported. This interaction was not statistically significant, but it had high point estimates. In 

the presence of both HLA and ILD, the odds of RA were increased over four-fold with AP 

over 0.5. This AP is similar in magnitude to the interaction between HLA shared epitope 

alleles and smoking for RA risk.33,34 It is possible that participants with ILD already had 
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RA (i.e., reverse causation). However, if participants already had RA, an interaction should 

have been present for both RA genetic risk scores rather than just the HLA GRS. The high 

risk we observed suggests that screening for HLA risk alleles in newly diagnosed ILD may 

be helpful in flagging patients for rheumatology evaluation. Due to small sample sizes, 

however, the association between ILD and RA and its interaction with HLA for RA risk 

should be replicated in larger cohorts.

The second main finding from this study was that the MUC5B promoter variant and asthma 

interacted synergistically for seropositive RA risk. Individuals with asthma have previously 

been shown to have altered MUC5B gene expression35 and increased risk for RA.5,36 Based 

on these relationships, asthma could simply mediate the relationship between the MUC5B 
promoter variant and RA risk. However, the MUC5B promoter variant is not associated 

with asthma in GWAS.37 Furthermore, we observed little association for either MUC5B 
or asthma separately for RA risk, but over a two-fold association in the presence of both. 

Another possibility to consider is that the asthma exposure in this study could simply 

represent misclassified ILD. However, we did not observe a synergistic relationship between 

ILD and MUC5B for RA risk. Instead, MUC5B and asthma could indeed interact to induce 

a certain phenotype of RA. Supporting this conclusion, we previously showed MUC5B 
was associated with RA-ILD particularly in the late-onset RA phenotype.17 Furthermore, 

our data suggested that a MUC5B-asthma pathway may not only increase risk of RA but 

possibly also RA-ILD. If so, preventing asthma flares might help reduce RA and/or RA-ILD 

onset in individuals with the MUC5B promoter variant. Therefore, this potential mechanistic 

pathway for RA onset merits replication. Future work should also study each RA risk 

locus separately with each respiratory disease to determine whether other gene-respiratory 

interaction pathways explain other subsets of RA.

Other than the interactions of ILD with HLA and asthma with MUC5B, we observed 

that RA risk genes interact with respiratory tract diseases in a generally negative or 

“antagonistic” fashion for RA risk. That is, the odds of RA in the presence of both exposures 

were lower than expected given the positive associations for each exposure alone. This 

antagonistic interaction was most prominent for any respiratory tract disease and sinusitis. 

The observation that this finding was stronger in seropositive RA for any respiratory disease 

and chronic sinusitis aligns with prior literature showing an interaction between RA risk 

genes and smoking or textile dust but only in ACPA-positive RA.8,11 It is possible that this 

interaction was spurious especially since the additive interactions, which are thought to be 

more biologically relevant,38 were not statistically significant. However, the measures of 

additive interaction trended in the same direction. Biologically speaking, RA risk alleles, 

which presumably bolster the immune system, might better help fight infections such as 

sinusitis and thereby reduce the inflammation that triggers RA. Alternatively, this negative 

or antagonistic interaction may have resulted from the “risk factor paradox,” where negative 

associations between risk factors arise from conditioning on the presence of RA in the cases 

but not the controls.39

Another explanation for the antagonistic interactions could be the fact that longer-term 

respiratory tract exposures are believed to be more associated with RA risk than recent ones. 
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For example, our past study found respiratory tract diseases 5–10 years or >10 years prior to 

RA were most associated with RA risk.6

A different study found air pollutants to be associated with RA only 10 or more years before 

RA onset,40 which might explain the lack of statistically significant interaction between 

air pollution and genes for RA risk.41 Similarly, distant respiratory tract disease exposures 

could have been missed by our 5 year EHR requirement. If they interact with RA risk alleles 

synergistically for RA risk, but more recent respiratory tract diseases do not, we expect the 

GRS exposed/respiratory “unexposed” group to have the higher odds of RA than the GRS 

exposed/respiratory “exposed” group. This is exactly what we observed. Thus, longer-term 

studies will be important to resolve this question.

Strengths of this study included its manual verification of RA status and date of diagnosis, 

data on RA serostatus, adjustment for important confounders such as smoking status and 

pack-years, and the relatively large sample size of incident RA cases and controls with 

GWAS data. There are also several important limitations to consider. First, the single 

geographical location of this study and the predominately White, non-Hispanic ancestry 

of participants limits generalizability to other locations and populations, especially for 

genetic data.42 Second, the small sample size of RA cases with certain respiratory tract 

diseases such as ILD led to wide confidence intervals. Larger studies are needed to replicate 

these results and improve precision of these estimates. Third, selection bias is possible for 

MGB Biobank participants in general and for this study’s controls given the requirement 

for smoking data. This requirement likely explains why controls were significantly higher 

educated than RA cases. Fourth, misclassification of exposures is possible. Although 

our previous study showed that diagnosis codes had high PPV for true respiratory tract 

diseases,7 participants classified as unexposed might have had exposures before entry into 

the MGB HealthCare system, in outside healthcare systems, or simply from not coming 

to clinical attention at all. Any of these possibilities would bias results towards the null. 

In addition, the HLA GRS we used did not incorporate protective alleles such as DERAA-

encoding HLA alleles.43 Fifth, smoking measured at time of MGB Biobank enrollment 

may not reflect smoking history prior to RA. This discrepancy may explain why we 

observed no difference in the association between respiratory diseases and RA by smoking 

status, as we had seen previously.5 Sixth, we performed many statistical tests, though 

all were pre-specified in our study protocol. Finally, unmeasured confounding is possible 

such as occupational inhalants or environmental pollutants, which are associated with both 

respiratory tract diseases and RA.12,40

Conclusion

In summary, ILD in the presence of HLA risk alleles and asthma in the presence of the 

MUC5B promoter variant both synergistically increased RA risk. In contrast, RA risk genes 

and most respiratory tract diseases interact in an antagonistic fashion for RA risk. Future 

studies should replicate these findings and seek to uncover additional interaction pathways, 

as they may have important implications for RA prevention and screening.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1.

Characteristics of the 653 incident Mass General Brigham Biobank RA cases and 2,607 matched controls with 

GWAS data and at least 5 years of EHR history

Characteristic RA cases (n=653) Controls (n=2607) p-value

Age in years, mean (SD) 54 (13) 54 (12) *

Female sex, n (%) 494 (76) 1971 (76) *

EHR history in years, median (IQR) 12 (9,17) 12 (8,16) *

Enrollment year, median (IQR) 2015 (2014–2017) 2016 (2014–2017) <0.001

Race and ethnicity, n (%) <0.0001

 Asian 18 (3) 50 (2)

 Black 49 (8) 91 (4)

 Hispanic 9 (1) 20 (1)

 Other 20 (3) 43 (2)

 White, non-Hispanic 529 (85) 2344 (92)

Education college or higher, n (%)** 377 (58) 1882 (72) <0.001

BMI, kg/m2, mean (SD) 29 (7) 28 (6) <0.001

Smoking status, n (%)** <0.001

 Never 320 (49) 1526 (59)

 Past 274 (42) 949 (36)

 Current 59 (9) 132 (5)

Smoking pack-years, mean (SD)** 10 (20) 6.6 (13) <0.001

BMI = body mass index, CI = confidence interval, EHR = electronic health record, GWAS = genome-wide association study, IQR = interquartile 
range, kg = kilograms, m = meters, RA = rheumatoid arthritis, SD = standard deviation

*
Matching factor

**
As of Mass General Brigham Biobank enrollment
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Table 2.

Association between individual genetic factors and respiratory tract diseases for incident RA risk, overall and 

by serostatus

Exposure

Number (%) or Mean (SD) Adjusted OR* (95% CI) for RA

RA cases 
(n=653)

Controls 
(n=2607) All RA (n=653)

Seropositive RA 
(n=373)

Seronegative RA 
(n=268)

Genetic factors

Overall genetic risk score

 Highest tertile, n (%) 344 (53) 868 (33) 2.28 (1.89,2.74) 3.57 (2.72,4.68) 1.33 (1.00,1.78)

 Continuous score 10.03 (1.3) 9.47 (1.0) 1.60 (1.47,1.75) 1.99 (1.76,2.26) 1.18 (1.03,1.34)

HLA genetic risk score

 Highest tertile, n (%) 318 (49) 866 (33) 2.02 (1.67,2.45) 2.76 (2.12,3.60) 1.23 (0.91,1.66)

 Continuous score 0.77 (1.0) 0.40 (0.8) 1.64 (1.48,1.82) 2.00 (1.73,2.31) 1.18 (1.00,1.40)

MUC5B promoter variant 
present, n (%)

99/607 (16) 416/2404 (17) 1.06 (0.82,1.36) 1.05 (0.73,1.50) 1.05 (0.72,1.53)

Respiratory tract diseases before 
index date*

Any respiratory tract disease, n 
(%)

331 (51) 1198 (46) 1.02 (0.85,1.24) 1.06 (0.82,1.38) 0.97 (0.72,1.30)

Asthma 92 (14) 302 (12) 1.00 (0.76,1.31) 1.22 (0.84,1.77) 0.86 (0.57,1.31)

Interstitial lung disease 11 (1.7) 20 (0.8) 1.57 (0.71,3.49) 2.48 (0.88,7.00) 0.69 (0.14,3.40)

Pharyngitis 80 (12) 220 (8.4) 1.34 (1.00,1.79) 1.19 (0.78,1.79) 1.66 (1.08,2.56)

 Acute pharyngitis or 
nasopharyngitis

63 (9.6) 160 (6.1) 1.45 (1.05,2.02) 1.17 (0.73,1.89) 2.08 (1.28,3.39)

 Chronic rhinitis and 
pharyngitis

23 (3.5) 76 (2.9) 1.06 (0.64,1.74) 1.41 (0.72,2.74) 0.74 (0.33,1.67)

Pneumonia and acute lower 
diseases

76 (12) 196 (7.5) 1.35 (1.00,1.81) 1.35 (0.90,2.01) 1.29 (0.81,2.06)

Sinusitis 70 (11) 198 (7.6) 1.38 (1.02,1.88) 1.34 (0.86,2.06) 1.32 (0.83,2.12)

 Acute sinusitis 38 (5.8) 96 (3.7) 1.56 (1.03,2.37) 1.37 (0.77,2.43) 1.76 (0.93,3.35)

 Chronic sinusitis 44 (6.7) 133 (5.1) 1.26 (0.86,1.83) 1.24 (0.72,2.12) 1.12 (0.64,1.97)

CI = confidence interval, HLA = human leukocyte antigen, OR = odds ratio, RA = rheumatoid arthritis, SD = standard deviation

*
Reference group was individuals with no respiratory tract disease codes prior to index date of RA diagnosis (or assigned date for matched 

controls). Adjusting for age, sex, EHR history, enrollment year, race and ethnicity by principal components, education, body mass index, smoking 
status, and pack-years.
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Table 3.

Interactions between the RA GRS and respiratory tract diseases for incident RA risk in the Mass General 

Brigham Biobank*

Adjusted* OR (95% CI) Gene-Respiratory Interactions

Respiratory tract 
disease

GRS-low/
Resp+

GRS-high/
Resp−

GRS-high/
Resp+ AP (95% CI) RERI (95% CI) Multiplicative OR

Overall GRS

Any respiratory 
tract disease

1.18 (0.91,1.53) 2.70 (2.08,3.51) 2.25 (1.72,2.95) −0.28 
(−0.64,0.08)

−0.63 
(−1.39,0.13)

0.80 (0.68,0.94)

Asthma 1.12 (0.78,1.61) 2.35 (1.93,2.88) 2.05 (1.38,3.06) −0.20 
(−0.71,0.30)

−0.42 
(−1.34,0.50)

0.88 (0.68,1.10)

Interstitial lung 
disease

1.65 (0.52,5.26) 2.28 (1.89,2.75) 3.03 (0.97,9.45) 0.03 (−1.00,1.00) 0.10 (−3.84,4.04) 1.37 (0.58,3.22)

Pharyngitis 1.52 (1.03,2.23) 2.34 (1.92,2.86) 2.83 (1.82,4.38) −0.01 
(−0.48,0.46)

−0.03 
(−1.34,1.28)

0.86 (0.67,1.11)

 Acute 
pharyngitis

1.48 (0.96,2.30) 2.28 (1.88,2.77) 3.47 (2.12,5.69) 0.20 (−0.22,0.62) 0.71 (−1.04,2.46) 0.87 (0.66,1.16)

 Chronic rhinitis/
pharyngitis

1.48 (0.80,2.75) 2.34 (1.94,2.83) 1.52 (0.67,3.48) −0.85 
(−2.47,0.76)

−1.30 
(−2.86,0.26)

0.76 (0.49,1.19)

Pneumonia and 
acute lower 
diseases

1.29 (0.84,1.96) 2.26 (1.86,2.75) 3.08 (1.99,4.77) 0.17 (−0.22,0.57) 0.53 (−0.88,1.94) 0.91 (0.70,1.19)

Sinusitis 1.61 (1.05,2.49) 2.36 (1.94,2.88) 2.45 (1.58,3.80) −0.22 
(−0.80,0.37)

−0.53 
(−1.79,0.74)

0.73 (0.55,0.96)

 Acute sinusitis 1.94 (1.12,3.37) 2.34 (1.93,2.83) 2.71 (1.46,5.03) −0.21 
(−1.03,0.61)

−0.56 
(−2.50,1.37)

0.68 (0.47,0.99)

 Chronic sinusitis 1.47 (0.86,2.52) 2.34 (1.93,2.84) 2.07 (1.22,3.50) −0.36 
(−1.00,0.44)

−0.74 
(−2.10,0.61)

0.73 (0.52,1.02)

HLA GRS

Any respiratory 
tract disease

1.14 (0.88,1.47) 2.28 (1.76,2.97) 2.03 (1.54,2.67) −0.19 
(−0.54,0.15)

−0.39 
(−1.06,0.28)

0.78 (0.64,0.95)

Asthma 0.89 (0.62,1.29) 1.95 (1.60,2.39) 2.26 (1.51,3.39) 0.18 (−0.17,0.54) 0.42 (−0.53,1.37) 0.99 (0.74,1.32)

Interstitial lung 
disease

1.10 (0.32,3.77) 2.00 (1.66,2.43) 4.30 (1.28,14.38) 0.51 (−0.16,1.00) 2.19 (−3.16,7.54) 1.24 (0.51,2.98)

Pharyngitis 1.36 (0.93,2.00) 2.03 (1.66,2.48) 2.75 (1.75,4.32) 0.13 (−0.29,0.55) 0.36 (−0.93,1.66) 0.88 (0.65,1.19)

 Acute 
pharyngitis

1.47 (0.96,2.25) 2.03 (1.66,2.47) 3.13 (1.85,5.28) 0.20 (−0.25,0.65) 0.63 (−1.06,2.32) 0.86 (0.61,1.22)

 Chronic rhinitis/
pharyngitis

1.11 (0.58,2.11) 2.03 (1.67,2.46) 2.03 (0.93,4.44) −0.05 
(−0.94,0.83)

−0.11 
(−1.84,1.62)

0.93 (0.54,1.62)

Pneumonia and 
acute lower 
diseases

1.54 (1.04,2.27) 2.09 (1.71,2.55) 2.38 (1.49,3.81) −0.10 
(−0.67,0.46)

−0.24 
(−1.50,1.01)

0.89 (0.64,1.23)

Sinusitis 1.47 (0.97,2.22) 2.05 (1.68,2.51) 2.44 (1.53,3.90) −0.03 
(−0.57,0.50)

−0.08 
(−1.36,1.19)

0.78 (0.56,1.09)

 Acute sinusitis 1.89 (1.12,3.20) 2.07 (1.71,2.52) 2.47 (1.26,4.83) −0.20 
(−1.00,0.68)

−0.50 
(−2.39,1.39)

0.63 (0.40,0.99)

 Chronic sinusitis 1.35 (0.80,2.26) 2.05 (1.69,2.50) 2.05 (1.17,3.56) −0.17 
(−0.91,0.56)

−0.36 
(−1.70,0.98)

0.78 (0.52,1.19)

AP = attributable proportion, CI = confidence interval, COPD = chronic obstructive pulmonary disease, GRS = genetic risk score, HLA = human 
leukocyte antigen, OR = odds ratio, RA = rheumatoid arthritis, RERI = relative excess risk due to interaction, Resp = respiratory tract exposure
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*
Reference group was individuals without respiratory tract disease exposure and lowest two GRS tertiles. Adjusting for age, sex, EHR history, 

enrollment year, race and ethnicity by principal components, education, body mass index, smoking status, and pack-years. Bold values are 
statistically significant (p<0.05).
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Table 4.

Interaction between the overall GRS and respiratory tract diseases for incident RA risk, stratified by serostatus

Adjusted* OR (95% CI) Overall GRS-Respiratory Interactions

Respiratory tract 
disease

GRS-low/
Resp+

GRS-high/
Resp−

GRS-high/
Resp+ AP (95% CI) RERI (95% CI) Multiplicative OR

Seropositive RA 
outcomes (n=373)

Any respiratory 
tract disease

1.40 (0.94,2.07) 4.68 
(3.21,6.84)

3.76 (2.54,5.57) −0.35 
(−0.83,0.13)

−1.32 
(−2.98,0.35)

0.74 (0.59,0.94)

Asthma 1.26 (0.71,2.22) 3.61 
(2.70,4.81)

4.15 (2.44,7.07) 0.07 
(−0.42,0.56)

0.29 (−1.88,2.45) 0.91 (0.65,1.26)

Interstitial lung 
disease

2.60 
(0.43,15.59)

3.57 
(2.71,4.69)

5.54 
(1.46,21.12)

0.07 
(−1.00,1.00)

0.38 (−8.33,9.09) 2.33 (0.58,9.47)

Pharyngitis 1.33 (0.72,2.45) 3.61 
(2.71,4.82)

4.58 (2.51,8.36) 0.14 
(−0.38,0.66)

0.64 (−2.05,3.33) 0.85 (0.59,1.22)

 Acute 
pharyngitis

1.13 (0.54,2.35) 3.51 
(2.65,4.66)

5.08 (2.59,9.95) 0.28 
(−0.20,0.77)

1.44 (−1.87,4.76) 0.90 (0.60,1.35)

 Chronic rhinitis/
pharyngitis

2.00 (0.81,4.93) 3.67 
(2.78,4.84)

4.33 
(1.50,12.51)

−0.08 
(−1.00,1.00)

−0.33 
(−5.18,4.51)

0.86 (0.46,1.64)

Pneumonia and 
acute lowerdiseases

1.39 (0.77,2.53) 3.59 
(2.70,4.77)

4.86 (2.64,8.94) 0.18 
(−0.33,0.69)

0.88 (−2.07,3.82) 0.95 (0.65,1.39)

Sinusitis 1.66 (0.85,3.23) 3.76 
(2.83,5.01)

3.45 (1.91,6.24) −0.28 
(−1.07,0.51)

−0.97 
(−3.25,1.32)

0.77 (0.52,1.15)

 Acute sinusitis 1.68 (0.72,3.94) 3.66 
(2.76,4.83)

3.93 (1.82,8.51) −0.10 
(−1.00,0.79)

−0.41 
(−3.65,2.84)

0.73 (0.44,1.22)

 Chronic sinusitis 2.02 (0.90,4.55) 3.85 
(2.90,5.10)

2.19 (1.04,4.61) −1.23 
(−3.03,0.57)

−2.58 
(−5.15,−0.21)

0.64 (0.40,1.02)

Seronegative RA 
(n=268)

Any respiratory 
tract disease

1.02 (0.71,1.48) 1.44 
(0.95,2.19)

1.27 (0.83,1.94) −0.15 
(0.75,0.45)

−0.19 
(−0.94,0.55)

0.84 (0.64,1.10)

Asthma 1.10 (0.67,1.81) 1.47 
(1.07,2.00)

0.80 (0.39,1.66) −0.96 
(−1.00,0.62)

−0.77 
(−1.66,0.12)

0.80 (0.55,1.16)

Interstitial lung 
disease

0.95 (0.18,4.92) 1.34 
(1.00,1.79)

N/A N/A −1.29 
(−2.92,0.35)

0.33 (0.06,1.99)

Pharyngitis 1.98 (1.17,3.34) 1.42 
(1.04,1.92)

1.69 (0.82,3.49) −0.41 
(−1.00,0.73)

−0.70 
(−2.26,0.86)

0.84 (0.56,1.26)

 Acute 
pharyngitis

2.33 (1.29,4.21) 1.38 
(1.02,1.87)

2.35 (1.05,5.24) −0.15 
(−1.00,0.90)

−0.36 
(−2.61,1.89)

0.82 (0.53,1.28)

 Chronic rhinitis/
pharyngitis

1.10 (0.45,2.68) 1.39 
(1.04,1.86)

0.30 (0.04,2.33) N/A −1.19 
(−2.41,0.03)

0.52 (0.21,1.32)

Pneumonia and 
acute lowerdiseases

1.29 (0.69,2.40) 1.33 
(0.81,1.80)

1.64 (0.81,3.32) 0.01 
(−0.83,0.86)

0.02 (−1.38,1.41) 0.83 (0.54,1.26)

Sinusitis 1.44 (0.79,2.64) 1.36 
(1.01,1.85)

1.53 (0.74,3.16) −0.19 
(−1.00,0.83)

−0.28 
(−1.69,1.12)

0.73 (0.47,1.14)

 Acute sinusitis 2.23 (1.03,4.80) 1.39 
(1.03,1.86)

1.55 (0.50,4.75) −0.69 
(−1.00,1.00)

−1.06 
(−3.47,1.34)

0.67 (0.36,1.25)

 Chronic sinusitis 0.95 (0.44,2.08) 1.30 
(0.97,1.76)

1.67 (0.75,3.73) 0.25 
(−0.51,1.00)

0.41 (−1.10,1.93) 0.90 (0.53,1.50)

AP = attributable proportion, CI = confidence interval, COPD = chronic obstructive pulmonary disease, GRS = genetic risk score, HLA = human 
leukocyte antigen, N/A = not applicable due to small sample size, OR = odds ratio, RA = rheumatoid arthritis, RERI = relative excess risk due to 
interaction, Resp = respiratory tract exposure
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*
Reference group was individuals without respiratory tract disease exposure and lowest two GRS tertiles. Adjusting for age, sex, EHR history, 

enrollment year, race and ethnicity by principal components, education, body mass index, smoking status, and pack-years. Bold values are 
statistically significant.
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Table 5.

Interaction between MUC5B promoter variant and respiratory tract diseases for incident seropositive RA risk

MUC5B-Respiratory Interactions

Respiratory tract 
disease

MUC5B-/
Resp+

MUC5B+/
Resp−

MUC5B+/
Resp+ AP (95% CI) RERI (95% CI) Multiplicative OR

Any respiratory 
tract disease

1.07 (0.80,1.44) 1.19 (0.73,1.93) 1.04 (0.59,1.82) −0.21 
(−1.04,0.62)

−0.22 
(−1.02,0.57)

0.81 (0.40,1.67)

Asthma 1.03 (0.68,1.58) 0.95 (0.63,1.43) 2.58 (1.10,6.07) 0.62 (0.24,1.00) 1.60 (−0.61,3.81) 2.64 (0.98,7.09)

Interstitial lung 
disease

2.71 (0.53,13.8) 1.07 (0.73,1.57) 1.97 (0.34,11.4) −0.41 
(−1.00,1.00)

−0.80 
(−6.40,4.79)

0.68 (0.06,7.57)

Pharyngitis 1.43 (0.89,2.30) 1.11 (0.75,1.65) 1.22 (0.42,3.53) −0.26 
(−1.00,1.19)

−0.32 
(−1.81,1.16)

0.77 (0.23,2.52)

 Acute 
pharyngitis

1.41 (0.83,2.40) 1.12 (0.76,1.64) 1.10 (0.26,4.65) −0.40 
(−1.00,1.00)

−0.44 
(−2.20,1.33)

0.69 (0.15,3.28)

 Chronic rhinitis/
pharyngitis

1.45 (0.65,3.27) 1.06 (0.72,1.56) 1.88 (0.50,7.12) 0.20 (−1.00,1.00) 0.37 (−2.39,3.13) 1.22 (0.25,5.92)

Pneumonia and 
acute lower 
diseases

1.44 (0.92,2.24) 1.12 (0.75,1.66) 1.18 (0.42,3.35) −0.31 
(−1.00,1.00)

−0.37 
(−1.79,1.05)

0.74 (0.23,2.37)

Sinusitis 1.31 (0.77,2.22) 1.04 (0.70,1.55) 1.77 (0.71,4.42) 0.24 (−0.54,1.00) 0.43 (−1.29,2.14) 1.31 (0.45,3.78)

 Acute sinusitis 1.17 (0.58,2.36) 1.04 (0.70,1.54) 2.05 (0.62,6.83) 0.41 (−0.41,1.00) 0.84 (−1.74,3.42) 1.69 (0.41,6.94)

 Chronic sinusitis 1.16 (0.59,2.28) 1.04 (0.70,1.54) 2.00 (0.69,5.80) 0.40 (−0.34,1.00) 0.80 (−1.42,3.03) 1.66 (0.47,5.87)

CI = confidence interval, N/A = not applicable due to sample size, OR = odds ratio, RA = rheumatoid arthritis

*
Reference group was individuals without respiratory tract disease exposure and lowest two GRS tertiles. Adjusting for age, sex, EHR history, 

enrollment year, race and ethnicity by principal components, education, body mass index, smoking status, and pack-years. Bold values are 
statistically significant.
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