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Abstract

Objectives. To investigate the associations of the common MUC5B promoter variant with timing of RA-associated
interstitial lung disease (RA-ILD) and RA onset.

Methods. We identified patients with RA meeting 2010 ACR/EULAR criteria and available genotype information in the
Mass General Brigham Biobank, a multihospital biospecimen and clinical data collection research study. We determined
RA-ILD presence by reviewing all RA patients who had CT imaging, lung biopsy or autopsy results. We determined the
dates of RA and RA-ILD diagnoses by manual records review. We examined the associations of the MUC5B promoter
variant (G>T at rs35705950) with RA-ILD, RA-ILD occurring before or within 2years of RA diagnosis and RA diagnosis
at age >55years. We used multivariable logistic regression to estimate odds ratios (ORs) for each outcome by MUC5B
promoter variant status, adjusting for potential confounders including genetic ancestry and smoking.

Results. We identified 1005 RA patients with available genotype data for rs35705950 (mean age 45years, 79% fe-
male, 81% European ancestry). The MUC5B promoter variant was present in 155 (15.4%) and was associated with
RA-ILD [multivariable OR 3.34 (95% CI 1.97, 5.60)], RA-ILD before or within 2years of RA diagnosis [OR 4.01 (95%
Cl 1.78, 8.80)] and RA onset after age 55years [OR 1.52 (95% CI 1.08, 2.12)].

Conclusions. The common MUC5B promoter variant was associated with RA-ILD onset earlier in the RA disease
course and older age of RA onset. These findings suggest that the MUC5B promoter variant may impact RA-ILD
risk early in the RA disease course, particularly in patients with older-onset RA.
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Rheumatology key messages

e The MUC5B promoter variant (rs35705950) may increase RA-ILD risk in the early RA period.
o The MUC5B rs35705950 genotype was also associated with older age of RA onset.
e The lungs and aging may play a crucial role in the pathogenesis of both RA and RA-ILD.
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and articular RA disease course has not been previously
investigated.

Prior investigations have established the importance
of the MUC5B promoter variant in both the general
population and patients with RA. After initial genetic
studies noted associations between the MUC5B
rs35705950 genotype and IPF, subsequent investiga-
tions demonstrated enrichment of the same variant in
RA-ILD patients, particularly those with the usual inter-
stitial pneumonia (UIP) phenotype [5, 6]. More recent
population studies noted the combination of RA and the
MUC5B promoter variant confers up to 10 times
increased lifetime risk for ILD compared with the general
population, suggesting an interplay between RA disease,
ageing and genetic factors [7]. Although the MUC5B
promoter variant is an established risk factor for RA-ILD,
its impact on the timing of RA-ILD and RA disease fea-
tures remains unknown.

Our study of RA patients used a large institutional bio-
bank to examine the association of the MUC5B pro-
moter variant with timing of ILD and RA disease
features. We hypothesized that the MUC5B promoter
variant would contribute to RA-ILD onset earlier in the
RA disease course.

Methods
Study population

We performed a retrospective cohort study using linked
genomic and clinical information from the Mass General
Brigham (MGB) Biobank, a large, multinospital biospeci-
men collection program that recruits patients from in-
patient and outpatient sites throughout the MGB
healthcare system in the greater Boston area [8]. A total
of 123018 patients enrolled between 1 January 2010
and February 2021 and consented to provide blood
samples and linked electronic health records (EHRs).
Genomic data were available for 32516 patients.

Identification of patients with RA

We identified patients with RA in the MGB Biobank
using a previously validated algorithm that incorporates
diagnosis codes, laboratory results and natural language
processing of EHR terms with 95% positive predictive
value at 97% specificity for RA as defined by the 2010
ACR/EULAR classification criteria [9, 10]. For the pur-
poses of this study investigating the MUC5B promoter
variant and RA features, we limited our study to RA
patients with available genotyping of the MUC5B pro-
moter variant (n=1005). Fig. 1 details the analysed
study sample. We extracted EHR data including imaging
reports, clinical notes, RF and anti-CCP status, path-
ology reports and autopsy results. We performed a
medical records review to confirm that all patients met
the 2010 ACR/EULAR RA classification criteria [11].
Since laboratory testing was obtained for clinical pur-
poses, some patients lacked RF (n=56) or anti-CCP
(n=148) results. The study was approved by the MGB
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Institutional Review Board (protocol 2019P000264) and
adheres to the Declaration of Helsinki. All patients pro-
vided written informed consent at MGB Biobank
enrolment.

Exposure: MUC5B promoter variant status

The exposure of interest was the common MUC5B pro-
moter variant (G>T, rs35705950). We defined each
patient’s genotype as either absent (GG), one copy (GT)
or two copies (TT). The MGB Biobank performed geno-
typing using the lllumina Multi-Ethnic Genotyping Array
(MEGA), Expanded Multi-Ethnic Genotyping Array
(MEGA®) and Multi-Ethnic Global (MEG) chips (lllumina,
San Diego, CA, USA) and curated data using PLINK
[12]. Imputation methods used to obtain relevant single-
nucleotide polymorphisms (SNPs), including MUC5B
rs35705950 status and RA genetic risk score, have been
previously described [13]. Briefly, imputation was per-
formed on the Michigan Imputation Server with the
Minimac3 imputation algorithm using the 1000 Genomes
Project phase 3 version 5 as the reference. Quality con-
trol required maximum per SNP missing of <0.02, max-
imum per person missing of <0.02, a Hardy-Weinberg
disequilibrium P-value of 0.00001 and imputation quality
>0.8. There were 55 patients who had rs35705950 dir-
ectly genotyped using a TagMan genotyping assay
(Applied Biosystems, Waltham, MA, USA). There was
100% concordance between imputed and direct geno-
typing for these patients.

Outcomes: RA features

RA-ILD

We reviewed all patients with RA and available CT chest
imaging (n =388 with MUC5B genotype data) for clinic-
ally apparent RA-ILD. Based on previously published cri-
teria, we considered patients to have clinically apparent
RA-ILD when they had CT chest findings consistent with
ILD as well as a physician’s clinical diagnosis of RA-ILD
[4]. We considered all other patients, including those
without CT chest imaging (n=617), those without evi-
dence of ILD (n=2308) and those with CT chest findings
that were indeterminate for RA-ILD or those with CT
chest findings but lacking a clinical RA-ILD diagnosis
(n=28) to not have ILD in the main analyses. We deter-
mined the radiologic ILD subtype based on the radiolog-
ist’s impression recorded in the clinical CT imaging
reports.

RA-ILD before or within 2years of RA diagnosis

To study the temporal relationship between RA and RA-
ILD, we identified the dates of each diagnosis by manual
medical records review. The ILD diagnosis date was the
date of an abnormal imaging finding or the date of clin-
ical suspicion for RA-ILD prompting further testing with
imaging or pulmonary function testing, whichever was
earlier. We determined the first documented date of RA
diagnosis meeting 2010 ACR/EULAR classification crite-
ria by medical records review. We identified patients
diagnosed with RA-ILD before or within 2years of RA
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Fic. 1 Study sample

MUCS5B promoter variant and RA features

Patients enrolled in MGB Biobank
n=123,018

No available genotype data

n=90,502

n=32,516

Patients with available genotype data for rs35705950

Patients without rheumatoid arthritis diagnosis

v

n=31,511

Patients with rheumatoid arthritis
n=1,005

Patients with MUC5B promoter variant
n=155

Patients without MUC5B promoter variant

n=850

diagnosis, a timeframe previously used in the study of
the early RA period [14].

Age at RA diagnosis

To examine the association of the MUC5B promoter
variant with the timing of RA diagnosis, we investigated
the age of each patient at RA diagnosis. In our main
analysis, we dichotomized the RA diagnosis before and
after age 55years. This age coincides with the median
age of RA diagnosis and is consistent with prior studies
investigating the age of RA onset [15-18]. We also per-
formed a sensitivity analysis using an age cut-off of
60years.

Covariates

We assessed several heritable covariates that may influ-
ence RA and lung disease due to population stratifica-
tion. To minimize the risk of confounding by ancestry,
we determined the principal components of ancestry
and defined European Ancestry using the first three prin-
cipal components for the Utah Residents with Northern
and Western European ancestry (CEU) population, using
the 1000 Genomes Project as a reference.

We also calculated a genetic risk score for RA (RA-
GRS) weighted by the natural log of effect size from pre-
vious large transethnic studies including 101 non-HLA
SNPs and amino acid haplotypes of HLA [19]. Amino
acid haplotypes of HLA were determined using the
SNP2HLA software package [20].

We included smoking status, a risk factor for ILD and
RA, as well as sex and age at RA diagnosis as covari-
ates [21-23]. Smoking status and pack-years of cigar-
ette exposure were obtained from health questionnaires
completed at MGB Biobank enrolment and supple-
mented by medical records review for patients who did
not complete the questionnaire. There were no missing
data for exposures or covariates in the analyses.

https://academic.oup.com/rheumatology

Statistical analysis

We assessed characteristics at the time of enrolment in
the MGB Biobank for RA patients with and without the
MUCS5B promoter variant. We used Fisher’s exact test
to compare proportions and Wilcoxon rank sum test
with medians and interquartile ranges (IQRs) for continu-
ous variables.

To examine the association between MUC5B pro-
moter variant genotype and RA-ILD, timing of RA-ILD
and age of RA diagnosis, we performed logistic regres-
sion to calculate odds ratios (ORs) and 95% Cls per
copy of rs35705950 G>T. The dependent variables
were the three binary outcomes: ever RA-ILD, RA-ILD
before or within 2years of RA diagnosis and dichotom-
ized age at RA diagnosis in separate analyses. Base
models were unadjusted. The multivariable model
adjusted for potential confounders including age at RA
diagnosis, sex, RA-GRS and genetic ancestry as well as
smoking status (never/past/current) and pack-years of
smoking (as a continuous variable) to account for the
possible confounding/mediating effect that smoking may
play in MUC5B status and RA and RA-ILD risk [24].

We performed several sensitivity analyses to assess
the robustness of our findings. These included analyses
removing patients indeterminate for RA-ILD (n=28) and
restricting the study population to patients of European
ancestry to further guard against population stratifica-
tion. We also performed analyses limited to patients
with CT chest imaging and in the subgroups of patients
with and without RA-ILD. We also repeated our main
analysis treating the MUC5B genotype as a categorical
variable (GG, GT or TT).

Given the importance of smoking as a respiratory risk
factor as well as observed differences in RA and RA-ILD
incidence by sex, we performed analyses stratified by
sex and smoking status. We included an interaction
term between sex and MUC5B promoter variant status
for each RA feature outcome and reported P-values
obtained using the Wald test. We performed a similar
analysis for the interaction between smoking status and
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MUCS5B promoter variant status. Analyses used R ver-
sion 3.6.1 (R Foundation for Statistical Computing,
Vienna, Austria) or SAS version 9.4 (SAS Institute, Cary,
NC, USA). A two-sided P-value <0.05 was considered
statistically significant, without adjustment for multiple
comparisons.

Results
Patient characteristics

Of 32516 patients with available genotype data for
rs35705950, we identified 1005 patients with RA. The
baseline characteristics of the RA patients are listed in
Table 1. A total of 10 patients had two copies of the
MUC5B promoter variant (TT genotype) and 145 had one
copy (GT genotype). Overall, 15.4% of RA patients had at
least one copy of the MUC5B promoter variant, compared
with 15.8% of the entire MGB Biobank. There was no as-
sociation between the rs35705950 genotype and the pres-
ence of RA in the MGB Biobank (P =0.68). The prevalence
of clinically apparent RA-ILD was 5.2% (52/1005) when
using stringent RA-ILD criteria and 8.0% (80/1005) when

indeterminate patients were included, consistent with the
prevalence of clinically apparent RA-ILD of 4.6-7.8%
reported in other large US cohorts [2, 4, 25].

A greater proportion of RA patients with the MUC5B
promoter variant had European ancestry (90% TT geno-
type, 93.1% GT genotype, 78.4% GG genotype;
P <0.0001), RA diagnosis at age >55years (60% TT
genotype, 37.9% GT genotype, 28.5% GG genotype;
P=0.008) and RA-ILD (30% TT genotype, 11.7% GT
genotype, 3.8% GG genotype; P <0.0001) compared
with RA patients without the variant. Those with the
MUC5B promoter variant were older at RA diagnosis
(median 59.5years TT genotype, 48.0years GT geno-
type, 45.7 years GG genotype; P=0.03). There were no
significant differences between RA-GRS (11.7 TT geno-
type, 12.1 GT genotype, 12.1 GG genotype; P=0.43) or
seropositivity (50% TT genotype, 55.2% GT genotype,
61.2% GG genotype; P=0.40) by the MUC5B genotype.
Among patients with available autoantibody testing, 605/
962 (62.8%) were seropositive, similar to other RA
cohorts [15, 26-28]. The breakdown of serostatus among
patients with available autoantibody information is provided
in Supplementary Table S1, available at Rheumatology on-
line. The timing and age of RA and RA-ILD in the subgroup

TasLe 1 Characteristics of patients with RA enrolled in the MGB Biobank by MUC5B promoter variant genotype

(n=1005)

Characteristics

genotype (n = 10)

MUC5B TT

MUCS5B GT
genotype (n = 145)

MUC5B GG
genotype (n = 850)

P-value

Demographics

Sex, female, n (%) 8 (80)

European ancestry, n (%) 9 (90)
Smoking status, n (%)

Never 5 (50)

Past 4 (40)

Current 1(10)
Smoking pack-years, median (IQR) 0.13 (0-15.8)

RA clinical features
Age at RA diagnosis, years, median (IQR)

RA diagnosis at age >55 years, n (%) 6 (60)
Seropositive RA, n (%) 5 (50)
RF status, n (%)
Positive 5 (50)
Negative 4 (40)
Missing 1(10)
Anti-CCP status, n (%)
Positive 4 (40)
Negative 4 (40)
Missing 2 (20)
Shared epitope present, n (%) 4 (40)
RA-GRS, median (IQR) 11.7 (10.7-12.1)
RA-ILD, n (%) 3(30)
UIP pattern 2(20.0)
Fibrotic NSIP pattern 0(0)
Other ILD 0(0)
Unknown/unclassified ILD 1(10)

59.5 (53.8-66.2)

111 (76.6) 676 (79.5) 0.71
135 (93.1) 666 (78.4) <0.0001
0.21
62 (42.8) 445 (52.4)
68 (46.9) 342 (40.2)
5(10.3) 63 (7.4)
5(0-17.5) 0(0-10) 0.09
48.0 (36.1-58.8) 45.7 (32.9-56.6) 0.03
55 (37.9) 242 (28.5) 0.008
80 (55.2) 520 (61.2) 0.40
0.13
64 (44.1) 463 (54.5)
73 (50.3) 340 (40.0)
8 (5.5) 47 (5.5)
0.76
48 (40) 376 (44.2)
67 (46.2) 348 (40.9)
20 (13.8) 126 (14.8)
71 (49.0) 375 (44.1) 0.34
12.1 (10.5-13.6) 12.1 (10.7-13.4) 0.43
17 (11.7) 32(3.9) <0.0001
6(4.1) 9(1.1) 0.0006
5 (3.5) 6(0.7) 0.02
2(1.4) 9(1.1) 0.70
4(2.8) 8(0.9) 0.02

NSIP: non-specific interstitial pneumonia; UIP: usual interstitial pneumonia; GRS: genetic risk score. Bold denotes results

that had P-value < 0.05.
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TaBLE 2 Associations of the MUC5B promoter variant with RA and RA-ILD characteristics

Outcomes

RA-ILD, n (%)
Unadjusted OR? (95% ClI)
Adjusted OR®P (95% Cl)
RA-ILD before or within 2 years of RA diagnosis, n (%)
Unadjusted OR? (95% ClI)
Adjusted OR®P (95% Cl)
RA diagnosis at age >55 years, n (%)
Unadjusted OR? (95% ClI)
Adjusted OR*° (95% Cl)

MUCS5B promoter variant No MUC5B promoter
(GT or TT genotype) (n = 155) variant (n = 850)
20 (12.9) 32(3.8)
3.36 (2.02, 5.47) Ref
3.34 (1.97, 5.60) Ref
9(5.8) 7(0.8)
4.91 (2.23, 10.40) Ref
4.01 (1.78, 8.80) Ref
61 (39.4) 242 (28.5)
1.62 (1.18, 2.24) Ref
1.52 (1.08, 2.12) Ref

20R per copy of rs35705950 G>T [GG genotype has zero copies (reference group), GT genotype has one copy, TT geno-
type has two copies]. "Adjusted for age at RA diagnosis, sex, genetic ancestry, RA-GRS, smoking and continuous smoking
pack-years. °Adjusted for sex, genetic ancestry, RA-GRS, smoking and continuous smoking pack-years. Bold results have

statistically significant odds ratios that do not include 1.0.

of RA-ILD patients is listed in Supplementary Table S2,
available at Rheumatology online.

Associations of the MUC5B promoter variant with
RA and RA-ILD characteristics

RA-ILD

RA patients with the MUC5B promoter variant had
increased odds of RA-ILD [unadjusted OR 3.36 (95% CI
2.02, 5.47)] per copy of rs35705950 G>T (Table 2).
These findings persisted in the multivariable model
adjusting for age at RA diagnosis, sex, genetic ancestry,
RA-GRS, smoking status and pack-years, with an OR
for RA-ILD of 3.34 (95% CI 1.97, 5.60) per copy of the
MUCS5B promoter variant.

RA-ILD before or within 2 years of RA diagnosis
Patients with the MUC5B promoter variant had higher
odds of RA-ILD before or within 2 years of RA diagnosis
[OR 4.91 (95% CI 2.23, 10.40) per copy of rs35705950
G>T]. After multivariable adjustment, the OR was 4.01
(95% CI 1.78, 8.80). For patients with the MUC5B pro-
moter variant, the odds of RA-ILD before or within
2 years were higher than the odds of RA-ILD later in the
disease course [OR 2.62 (95% CI 1.33, 4.87) for RA-ILD
after 2 years per copy of rs35705950 G>T. Furthermore,
when we limited to patients with RA-ILD, 9/20 (45%)
with the MUC5B promoter variant (GT or TT genotype)
had RA-ILD within 2years of RA diagnosis compared
with 7/32 (22%) patients without the promoter variant
(P=0.078).

RA diagnosis after age 55 years

The MUC5B promoter variant was associated with
increased odds of RA diagnosis after age 55years [OR
1.63 (95% CI 1.14, 2.32) per copy of rs35705950 G>T].
The unadjusted OR for RA diagnosis after age 55 years
was 1.80 (95% CI 1.24, 2.60) per copy of the MUC5B
promoter variant. The OR was 1.67 (95% CI 1.13, 2.46)
in the multivariable model. When we removed 52
patients with RA-ILD and 28 patients indeterminate for

https://academic.oup.com/rheumatology

RA-ILD from our analysis, we observed a similar trend
towards an older age of RA diagnosis that did not meet
statistical significance [multivariable OR 1.44 (95% CI
0.998, 2.09) for RA diagnosis after age 55years per
copy of rs35705950 G>T] (Supplementary Tables S3
and S4, available at Rheumatology online).

Analyses stratified by sex and smoking status

We did not observe a statistically significant interaction
between MUC5B promoter variant status and sex in
stratified analyses (Table 3). Among females, there was
a statistical association of the MUC5B promoter variant
with older-onset RA [multivariable OR 1.67 for RA at
>55years (95% Cl 1.13, 2.46) per copy of rs35705950
G>T]. This contrasted with no association of the
MUCS5B promoter variant among men for older-onset
RA [multivariable OR 1.11 (95% ClI 0.55, 2.20)).
However, the P-value for interaction by sex remained
above the threshold for statistical significance (P for
interaction = 0.35).

Similarly, we found no evidence for interaction of
MUCS5B and smoking status for any of the outcomes
examined (Table 4).

Sensitivity analyses

We performed several sensitivity analyses. We excluded
28 patients indeterminate for clinically apparent RA-ILD
due to non-specific CT chest abnormalities or lacking
clinical evidence of RA-ILD and repeated our main ana-
lysis  (Supplementary Table S5, available at
Rheumatology online). We also performed an analysis
excluding 195 patients with non-European ancestry
(Supplementary Table S6, available at Rheumatology on-
line). As CT chest imaging was obtained for clinical indi-
cations rather than universally on all patients, we
performed an analysis restricted to patients who had
available CT imaging (n=388) (Supplementary Tables
S7 and S8, available at Rheumatology online). We inves-
tigated the association of the MUC5B promoter variant
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TaBLe 3 Associations of the MUC5B promoter variant with RA and RA-ILD characteristics stratified by sex

Outcomes Female (n = 795) Male (n =210) P for
interaction
MUC5B promoter No MUC5B MUC5B promoter No MUC5B
variant GT or promoter variant GT or promoter
TT genotype variant TT genotype variant
(n=119) (n = 676) (n=36) (n=174)
RA-ILD, n (%) 13(10.9) 21 (3.1) 7(19.4) 1(6.3)
Unadjusted OR? (95% Cl) 3.34 (1.79, 5.99) 1.00 (ref) 3.39 (1.33, 8.37) 1. 00 (ref) 0.98
Adjusted OR®® (95% Cl) 3.31 (1.72,6.17) 1.00 (ref) 4.13 (1.51, 11.34) 1.00 (ref) 0.82
RA-ILD before or within 2 years 5(4.2) 4(0.6) 4(11.1) 3(1.7)
of RA diagnosis, n (%)
Unadjusted OR? (95% Cl) 4.13 (1.36, 10.94) 1.00 (ref) 6.57 (1.84, 25.35) 1.00 (ref) 0.57
Adjusted OR®P (95% Cl) 3.52(1.13,9.93) 1.00 (ref) 9.20 (2.19, 46.68) 1.00 (ref) 0.40
RA diagnosis at age >55years, n (%) 45 (37.8) 165 (24.4) 16 (44.4) 77 (44.3)
Unadjusted OR? (95% Cl) 1.80 (1.24, 2.60) 1.00 (ref) 1.14 (0.58, 2.23) 1.00 (ref) 0.24
Adjusted OR*° (95% ClI) 1.67 (1.13, 2.46) 1.00 (ref) 1.11(0.55, 2.20) 1.00 (ref) 0.35

20R per copy of rs35705950 G>T [GG genotype has zero copies (reference group), GT genotype has one copy, TT geno-
type has two copies]. "Adjusted for age at RA diagnosis, sex, genetic ancestry, RA-GRS, smoking and continuous smoking
pack-years. “Adjusted for sex, genetic ancestry, RA-GRS, smoking and continuous smoking pack-years. Bold results have
statistically significant odds ratios that do not include 1.0.

TaBLE 4 Associations of the MUC5B promoter variant with RA and RA-ILD characteristics stratified by smoking status

P for
interaction

Outcomes Ever smokers (n = 493) Never smokers (n = 512)

MUC5B promoter

No MUC5B MUCS5B promoter
promoter variant GT or
variant TT genotype
(n=67)

No MUC5B
promoter
variant

variant GT or
TT genotype
(n=88)

RA-ILD, n (%) 14 (15.9) 22 (5.4) 6 (9.0) 0(2.2)

Unadjusted OR? (95% Cl) 3.11 (1.64, 5.74) 1.00 (ref) 3.55 (1.43, 8.02) 1. 00 (ref) 0.80

Adjusted OR*P (95% Cl) 3.35 (1.73, 6.40) 1.00 (ref) 3.51 (1.39, 8.17) 1.00 (ref) 0.92
RA-ILD before or within 2 years 5(5.7) 5(1.2) 4 (6.0) 2(0.4)

of RA diagnosis, n (%)

Unadjusted OR? (95% CI) 4.29 (1.48,11.55)  1.00 (ref) 5.73 (1.60, 18.54) 1.00 (ref) 0.71

Adjusted OR®® (95% Cl) 4.03(1.34,11.83)  1.00 (ref) 4.90 (1.31, 16.41) 1.00 (ref) 0.84
RA diagnosis at age >55years, n (%) 40 (45.5) 139 (34.3) 21(31.3) 103 (23.1)

Unadjusted OR? (95% Cl) 1.57 (1.02, 2.42) 1.00 (ref) 1.57 (0.94, 2.56) 1.00 (ref) 0.99

Adjusted OR*° (95% Cl) 1.54 (0.99, 2.39) 1.00 (ref) 1.42 (0.84, 2.36) 1.00 (ref) 0.82

20R per copy of rs35705950 G>T [GG genotype has zero copies (reference group), GT genotype has one copy, TT geno-
type has two copies). PAdjusted for age at RA diagnosis, sex, genetic ancestry and RA-GRS. ®Adjusted for sex, genetic
ancestry and RA-GRS. Bold results have statistically significant odds ratios that do not include 1.0.

with RA diagnosis after age 60years rather than age
55years (Supplementary Table S9, available at
Rheumatology online). We also repeated our main ana-
lysis considering genotype (TT, GT or GG) as a categor-
ical variable (Supplementary Table S10, available at
Rheumatology online). Finally, to account for the possi-
bility of misclassification of smoking status due to
changes that occurred between RA diagnosis and
Biobank enrolment, we examined differences in ever vs
never smokers (Supplementary Table S11, available at
Rheumatology online). Our main findings remained un-
changed in these analyses.
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Discussion

In this study using a large institutional biobank, the com-
mon MUC5B promoter variant was associated with RA-
ILD, older age of RA onset and earlier timing of RA-ILD.
We discovered a strong association between the
MUCS5B rs35705950 genotype and RA-ILD onset before
or within 2years of RA diagnosis, even after adjusting
for smoking status, serostatus, demographics and other
genetic factors. Furthermore, the MUC5B promoter vari-
ant was associated with older age of RA diagnosis and
a higher proportion of patients diagnosed with RA after
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age 55years. These findings expand the understanding
of the importance of the MUC5B gene in RA and RA-
ILD and suggest a possible pathogenic role for lung in-
flammation in the development of articular RA.
Considering that the MUC5B promoter variant is rela-
tively common, future studies should evaluate its utility
for RA-ILD risk stratification in combination with other
risk factors in specific populations, such as those with
older age of RA onset or early RA.

This study adds to the growing literature on the inter-
play between the MUC5B promoter variant and RA-ILD
[29-32]. Seibold et al. [6] first described the MUC5B
promoter variant as an |IPF risk factor in 2011.
Subsequent studies have demonstrated enrichment of
the same variant in RA-ILD patients, especially those
with the UIP pattern, which shares many risk factors
and histopathologic features with IPF [5]. The import-
ance of the rs35705950 genotype in RA-ILD has been
confirmed in recent investigations, including a Finnish
study that found a 10-fold increased risk of ILD in
patients with RA and the MUC5B promoter variant com-
pared with the general population [7]. Despite other
studies that variably describe seropositive RA as a RA-
ILD risk factor, we did not observe significant differen-
ces in serostatus related to the MUC5B genotype [5, 25,
33]. This finding requires further investigation, as it may
inform the understanding of mechanistic pathways link-
ing RA, autoantibody production and lung inflammation.
To our knowledge, this is the first study investigating the
impact of the rs35705950 genotype on RA-ILD timing
within the RA disease course.

Our findings also expand the understanding of the
complex relationship between ageing, RA and ILD [34]. A
recent study of lifetime RA-ILD risk noted a rapid increase
in RA-ILD after age 65years among those with the
MUC5B promoter variant, which may relate to our finding
of increased age of RA diagnosis among patients with
the variant [7]. Similarly, a recent Swedish investigation of
MUCS5B and other ILD risk genes noted that older age of
RA diagnosis was associated with RA-ILD, although the
specific interaction of this finding with the MUC5B pro-
moter variant was not reported [35]. Further evidence for
an interaction between ageing, RA and ILD comes from
the association between shorter telomeres and RA as
well as IPF [36-39]. Interestingly, our study found a trend
towards older age of RA onset with the MUC5B promoter
variant, even among patients without RA-ILD. This finding
will need further replication in studies with universal
screening for RA-ILD. In our study, the association of the
MUC5B promoter variant with older-onset RA was statis-
tically significant among women but not men. However,
the sample size may have been limited to find a signifi-
cant interaction by sex. Future studies should investigate
the relationship between MUC5B and RA onset after
menopause, given previous associations of post-
menopausal factors with RA risk and features [40-42].

The strengths of our study include the use of detailed
clinical data to identify RA features and the incorpor-
ation of additional genetic data beyond the rs35705950

https://academic.oup.com/rheumatology

MUCS5B promoter variant and RA features

SNP, allowing for analyses adjusted for genetic ances-
try, shared epitope status and RA-GRS. We confirmed
RA and RA-ILD diagnoses using stringent criteria, veri-
fied the RA diagnosis through detailed medical records
review and identified RA-ILD using clinical notes, imag-
ing reports, autopsies and pathology findings. We
included established RA-ILD risk factors including smok-
ing status and pack-years [43]. These findings further
characterize the impact of the most important known
RA-ILD risk factor.

Our study has certain limitations. The cohort included
mostly patients of European genetic ancestry, which
may limit generalizability to other populations. However,
we did not restrict the analysis to patients with
European ancestry, unlike other studies [7, 35].
Furthermore, the association of the MUC5B promoter
variant with RA-ILD has been established in a multi-
ethnic cohort [5]. We relied on clinical data to identify
RA-ILD, which raises the possibility of undiagnosed RA-
ILD among patients who did not have imaging per-
formed. However, we classified all patients without
available CT chest imaging as ‘no ILD’, so misclassifica-
tion of these patients would be expected to bias our
RA-ILD findings towards the null and would not explain
the associations that we reported [44]. In a sensitivity
analysis, we removed patients who were indeterminate
for RA-ILD from the analysis and found similar results.
Furthermore, as the focus of our study was on clinically
apparent RA-ILD, we were unable to assess whether
our findings extend to patients with subclinical RA-ILD.
Future studies to confirm our results in asymptomatic
RA patients screened by CT scan are needed.

We examined many important covariates, including
smoking, RA-related autoantibodies and RA serostatus,
but residual confounding remains possible from factors
such as inhalants, pollution, disease activity and RA
treatments [26]. However, the RA-specific factors would
not be relevant for analyses of incident RA and would
mediate, not confound, any relationships between gen-
etic factors and RA-ILD risk. We collected detailed infor-
mation about smoking status from health questionnaires
at Biobank enrolment. However, this time point may not
coincide with RA or RA-ILD diagnosis and therefore mis-
classification of smoking status is possible. We did not
adjust for multiple comparison testing, although our out-
comes were pre-specified based on possible pathogenic
mechanisms linking MUC5B to earlier-onset RA-ILD.
Since all patients had RA, there is a possibility of index
event bias, which has been observed in other studies of
outcomes related to genetic factors, including prognosis
of ILD patients with MUC5B [45]. However, our main in-
clusion criterion was RA diagnosis, which was not asso-
ciated with the MUC5B promoter variant in our dataset
and has not demonstrated a consistent and strong as-
sociation with RA in RA genome-wide association stud-
ies, although was modestly associated with RA in a
recent large population study [7, 19]. While RA-ILD sub-
types were available on many patients, numbers were in-
sufficient to restrict analyses to a particular subtype, such
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as UIP, that may be more homogeneous. We focused
our analysis on the MUC5B promoter variant, which is
the strongest known genetic risk factor for RA-ILD. Future
studies that incorporate additional ILD risk genes may fur-
ther characterize the importance of genetic risk factors
for RA-ILD. We primarily investigated factors present at
diagnosis and did not have longitudinal data available on
RA disease severity and activity, which have been linked
to RA-ILD risk [26]. Additional studies are needed to char-
acterize how these RA features interplay with MUC5B
and RA-ILD subtypes. Finally, we did not have an avail-
able independent validation cohort, so our findings should
be considered hypothesis-generating until replicated.

In conclusion, we found that the common MUC5B
promoter variant was associated with RA-ILD, RA-ILD
occurring before or within 2years of RA diagnosis and
RA onset after age 55years. These findings confirm the
importance of the MUC5B gene as an RA-ILD risk factor
and suggest that it may impact RA-ILD risk early in the
RA disease course, particularly in those with older-onset
RA, regardless of serostatus. These findings may lead to
the identification of RA patients amenable to screening
or prevention strategies for RA-ILD.
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