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Abstract

Objective: Rheumatoid arthritis-associated interstitial lung disease (RA-ILD) is a significant 

cause of morbidity and mortality among patients with RA, yet effective risk stratification for 

RA-ILD is lacking. We sought to characterize unique peripheral blood biomarker signatures in RA 

that could improve RA-ILD discrimination beyond clinical and genetic risk factors.

Methods: We performed a cross-sectional study of participants in the Veterans Affairs 

Rheumatoid Arthritis (VARA) registry. ILD was validated through systematic record review. 

Autoantibodies (n=14), pro-inflammatory cytokines/chemokines (n=36), adipokines (n=3), 

alarmins (n=3), and matrix metalloproteinases (n=9) were measured from banked serum or 

plasma. MUC5B rs35705950 genotyping was obtained via microarray. Principal component 
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analysis (PCA) was performed to derive unique biomarker signatures. Logistic regression was 

used to compare models predicting RA-ILD presence using combinations of clinical, peripheral 

biomarker, and genetic variables.

Results: Among 2,001 participants with RA (88.7% male, mean age 63.7 years), 121 (6.4%) had 

RA-ILD. Fifteen principal components (PCs) were identified, with eight significantly associated 

with RA-ILD after adjusting for clinical factors. These eight included biomarker themes of innate 

and allergic responses, autoantibodies (anti-cyclic citrullinated peptide, rheumatoid factor, anti-

malondialdehyde-acetaldehyde adduct), adipokines, alarmins, tissue remodeling, and neutrophil 

chemotaxis. Models with PCs (area under the curve [AUC] 0.739) and PCs + MUC5B (AUC 

0.751) outperformed clinical risk factors alone (AUC 0.630; p<0.001).

Conclusion: Peripheral biomarker signatures are associated with RA-ILD and improve RA-ILD 

identification beyond clinical risk factors. In addition to demonstrating the potential for peripheral 

biomarkers to aid RA-ILD risk stratification, these findings suggest diverse pathways are involved 

in RA-ILD pathogenesis.
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Introduction

Rheumatoid arthritis-associated interstitial lung disease (RA-ILD) is a significant cause 

of morbidity and mortality among patients with RA1, 2. Despite the importance of this 

extra-articular manifestation, there are relatively few identified risk factors for RA-ILD. 

Clinical risk factors consistently identified include older age, male sex, cigarette smoking, 

and severe articular disease3, 4. There are also observed associations between prevalent RA-

ILD and seropositivity with rheumatoid factor (RF), anti-cyclic citrullinated peptide (anti-

CCP) antibodies, and anti-malondialdehyde-acetaldehyde adduct (anti-MAA) antibodies4, 

5. In addition to clinical measures and autoantibody status, genetic risk factors have been 

increasingly recognized for their contribution to RA-ILD development, specifically when 

it occurs in a usual interstitial pneumonia (UIP) pattern. The strongest genetic risk factor 

identified to date is the MUC5B rs35705950 promoter variant, a finding validated in 

multiple studies and independent cohorts6–10.

Beyond clinically available autoantibodies and these genetic risk factors, there are a number 

of peripheral biomarkers associated with the presence of RA-ILD. A recent systematic 

review by our group identified 104 unique peripheral biomarkers associated with RA-ILD 

among 70 different studies, including a variety of cytokines/chemokines, growth factors, 

extracellular matrix proteins, tumor markers, lung epithelial or surfactant proteins, and 

others11. Many of these peripheral biomarkers are also recognized to be associated with RA, 

regardless of ILD status12, 13. Most studies have focused on a single or select number of 

peripheral biomarkers for RA-ILD. The few studies that have applied more broad peripheral 

biomarker analyses in RA-ILD have been performed among small, selected samples14, 15.
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Given the vast range of recognized and candidate biomarkers for RA-ILD, a multi-

dimensional evaluation of composite biomarkers for RA-ILD risk is needed, accounting for 

the interrelated nature across peripheral biomarker measures. Machine learning approaches 

have previously been leveraged to identify unique biomarker profiles in RA and other 

disease states. In this study, we aimed to derive unique peripheral biomarker signatures using 

an unsupervised machine learning approach among a large, multicenter RA cohort and test 

whether these biomarker signatures would improve RA-ILD prediction beyond clinical risk 

factors.

Patients and Methods

Study design, population, and demographics

This cross-sectional study was conducted within the Veterans Affairs Rheumatoid Arthritis 

(VARA) registry, which is a prospective, multicenter cohort of U.S. Veterans with RA 

fulfilling the 1987 American College of Rheumatology classification criteria that was 

initiated in 200316, 17. This study was approved by the VA Nebraska-Western Iowa Health 

Care System institutional review board (IRB; 1576193), with each site receiving IRB 

approval and all participants providing written informed consent. Study participants and 

the public were not involved in the design, reporting, or dissemination plans of this research.

Clinical and demographic data, including age, sex, race/ethnicity, body mass index (BMI, 

kg/m2), RA disease duration, and cigarette smoking history (categorized as ever or 

never smoker), were recorded at the time of registry enrollment. Race/ethnicity was self-

reported from a fixed set of categories, and subsequently categorized for this study as 

non-Hispanic White or other. The disease activity score with 28-joint count (DAS28) 

and multidimensional Health Assessment Questionnaire (MD-HAQ) were documented by 

treating rheumatologists at enrollment. Disease-modifying anti-rheumatic drug (DMARD) 

use at enrollment was determined by linkage with administrative pharmacy dispensing data 

obtained through the VA Corporate Data Warehouse. Participants with missing demographic 

or biomarker data were excluded from the analysis (i.e., complete case analysis).

ILD assessment

ILD was assessed in the cohort using screening and validation steps, as previously reported7, 

8, 18. All participants were screened for possible ILD based on diagnostic codes for ILD or 

ILD-related terms in chest computed tomography (CT) reports19, 20. ILD diagnoses were 

subsequently validated by a board-certified rheumatologist based on documentation of a 

diagnosis of ILD in the medical record by the treating provider with supporting findings 

from either imaging or lung biopsy per the radiology or pathology report (chest CT in 

97% of ILD cases)19. Diagnostic evaluation (CT, pulmonary function testing, lung biopsy) 

was performed according to clinical indication at the discretion of treating providers. Given 

disease latency, prevalent ILD status was defined as the presence of ILD at any time before 

and up to two years after registry enrollment. Participants who later developed RA-ILD or 

who had indeterminate ILD were excluded from analyses. When available, ILD pattern was 

extracted from clinical radiology reports, biopsy reports, and clinical notes. The presence of 

honeycombing on chest CT reports was considered additional evidence of a UIP pattern18. 
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Forced vital capacity (FVC) percent predicted was extracted from medical records at the 

most proximate time to enrollment.

Peripheral biomarker assessment

Biomarker assessment was performed using serum and plasma that were collected at 

enrollment on all participants and stored at −70°C. Biomarkers were selected based on prior 

associations with RA and/or RA-ILD as part of previous studies within the VARA cohort5, 

15, 18, 21–23. Biomarker measurement was performed via either the Mesoscale Discovery 

platform, enzyme-linked immunosorbent assay (ELISA), or nephelometry (Table 1). 

Adipokines included adiponectin, fibroblast growth factor (FGF)-21, and leptin. Alarmins 

included interleukin (IL)-17e-IL-25, IL-33, and thymic stromal lymphopoietin (TSLP). RA-

related antibodies included anti-MAA (IgA, IgM, IgG; albumin, collagen, fibrinogen, and 

vimentin; ELISA), anti-CCP (IgG ELISA), and RF (nephelometry). Chemokines included 

eotaxin, monocyte chemoattractant proteins (MCPs), macrophage-derived chemokine 

(MDC), macrophage inflammatory proteins (MIPs), and thymus and activation-regulated 

chemokine (TARC). Collagenases included matrix metalloproteinases (MMPs). Cytokines 

included Fms-like tyrosine kinase 3 ligand (FL), fractalkine, granulocyte colony stimulating 

factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), interferons, 

interleukins, tumor necrosis factor (TNF)α, and vascular endothelial growth factor (VEGF). 

All biomarker concentrations were log-transformed and standardized for analyses, with a 

mean of 0 and a standard deviation of 1.

Genotyping

Genotyping was performed using the Infinium Global Screening Array-24 v2.0 microarray 

(Illumina, Inc.; San Diego, CA, USA). MUC5B rs35705950 was directly measured and 

passed quality control measures including Hardy-Weinberg equilibrium. The MUC5B 
rs35705950 promoter variant was analyzed via an additive model according to the number of 

thymine (T) copies as the variant allele7.

Statistical analysis

Principal component analysis (PCA) was utilized to identify unique peripheral biomarker 

signatures for RA-ILD. PCA is a statistical technique that has the powerful ability 

to compress large amounts of predictor variables into more accessible groups, as well 

as illustrate patterns in the data based on these variables24, 25. All standardized, log-

transformed biomarkers (Table 1) were included in the PCA. As part of PCA, a correlation 

matrix was constructed for the aforementioned biomarkers, Eigenvalues were calculated 

from this matrix, and PCs were selected based on Eigenvalue (>1, per Kaiser-Guttman 

rule), scree plots, and cumulative variance25–27. An orthogonal varimax rotation was used 

to improve the interpretability of extracted PCs, forcing variables to align strongly with 

a single component24. Biomarkers with loadings >0.3 were considered to meaningfully 

represent the respective PC26. Each PC was descriptively characterized based on the 

function of the biomarkers with a meaningful loading. The relationship of each PC with 

the outcome of RA-ILD was initially evaluated as a PC score within a multivariable logistic 

regression model that adjusted for age, sex, race/ethnicity, and smoking status.
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Clinical variables, including age, sex, race/ethnicity, and smoking history, were included 

in a multivariable logistic regression model, evaluating the outcome of RA-ILD among 

the entire RA cohort. The 15 PCs were included together in a multivariable model 

assessing the predictive capacity of biomarkers alone. Subsequently, a combined clinical 

and biomarker logistic regression model was assessed, including the clinical factors and all 

15 PCs extracted from PCA. A final logistic regression model included the combination 

of clinical factors, PCs, and the MUC5B promoter variant. The area under the receiver 

operating characteristic curve (AUC) was compared among the clinical, clinical + PCA, and 

clinical + PCA + MUC5B models, and statistical comparisons were made via the nested 

likelihood ratio test to evaluate for improvement in model fit. Performance of a clinical + 

MUC5B model was assessed and compared with the clinical + PCA + MUC5B model. As 

a sensitivity analysis, this process was then repeated using an expanded clinical model that 

included BMI, DAS28, prednisone use, and DMARD use. Additional sensitivity analysis 

was performed with the inclusion of only those PCs which were individually associated 

with RA-ILD within the models. Internal validation was performed for all models using 

bootstrapping with 50 different random samples and optimism-adjusted measures were 

obtained28.

We performed subgroup analyses of individual PC associations with RA-ILD subtypes 

(UIP, non-UIP) and FVC severity (FVC<80%, FVC≥80% predicted) versus no-ILD via 

multivariable logistic regression with adjustment for age, sex, race, and smoking history. 

Logistic regression model performance was also evaluated on the UIP subgroup. All 

analyses were completed with Stata v18.

Results

Patient characteristics

Among 2,001 participants with RA, 121 (6.4%) were classified as having prevalent ILD. 

Participants with RA-ILD were older (average age 67.4 vs. 63.5 years; p<0.001) and more 

frequently male (94.2% vs. 88.3%; p=0.047) compared to RA patients without ILD (Table 

2). A cigarette smoking history (84.3% vs. 77.4%; p=0.07), as well as positivity for RF 

(86.8% vs. 76.3%; p=0.01) and anti-CCP (83.5% vs. 76.6%; p=0.08) were more frequent in 

those with ILD. In patients with RA-ILD, there was more frequent use of biologic/targeted 

synthetic disease-modifying anti-rheumatic drugs (b/tsDMARDs; 33.9% vs. 25.1%; p=0.03) 

and prednisone (33.9% vs. 17.7%; p<0.001). Among those with RA-ILD, evidence of a UIP 

pattern was present in 62.8% of cases and the mean FVC% predicted was 77.6. The MUC5B 
promoter variant occurred more frequently among those with RA-ILD (36.8% vs. 16.8%).

Principal component analysis

Fifteen PCs were extracted based on Eigenvalue >1 according to the Kaiser-Guttman rule27. 

These PCs explained 66% of the cumulative variance (Table S1), with the first two PCs 

accounting for the largest amount of variance (PC1 15.5% and PC2 11.9%, respectively).

The peripheral biomarkers that loaded onto each respective PC, a descriptive 

characterization of each PC, and the PC score association with RA-ILD are provided 
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in Table 3. The first two PCs predominantly comprised pro-inflammatory cytokines and 

chemokines and were not associated with RA-ILD. Eight PCs were individually associated 

with RA-ILD. PC3 (adjusted odds ratio [aOR] 1.16, 95% CI 1.05–1.29) was composed of 

cytokines involved in the innate immune response (IL-3, IFNα−2a, IL-15, and IL-5). PC4 

(aOR 1.28, 95% CI 1.11–1.47), PC7 (aOR 1.18, 95% CI 1.01–1.37), and PC15 (aOR 1.26, 

95% CI 1.07–1.49) were composed of distinct anti-MAA antibodies to albumin, fibrinogen, 

collagen, and/or vimentin. PC6 (aOR 1.17, 95% CI 1.02–1.34) was composed of anti-CCP 

antibodies and RF. PC8 (aOR 1.43, 95% CI 1.23–1.66) was composed of adipokines and 

cytokines (FL, leptin, fractalkine, and FGF-21). PC10 (aOR 1.21, 95% CI 1.03–1.41) was 

composed of alarmins (IL-17e-IL-25 and TSLP). PC12 (aOR 1.20, 95% CI 1.03–1.40) was 

composed of biomarkers related to tissue remodeling and neutrophil chemotaxis (MMP9 and 

IL-8). Other PCs were not significantly associated with RA-ILD.

Predictive models for RA-ILD

A logistic regression model including only clinical risk factors was able to discriminate RA-

ILD with an AUC of 0.630 (95% CI 0.582–0.679). A logistic regression model composed of 

all 15 PCs was able to discriminate RA-ILD with an AUC of 0.713 (95% CI 0.662–0.764). 

When all PC scores were included with the clinical risk factors, the predictive ability of 

the model was significantly increased over the clinical model (AUC 0.739, 95% CI 0.693–

0.786; Figure 1a). The addition of the MUC5B promoter variant to the clinical + PC model 

further improved performance (AUC 0.751, 95% CI 0.707–0.802; Figure 1a). This was also 

improved over the clinical + MUC5B model (AUC 0.681, 95% CI 0.637–0.726; Table 4). 

All model comparisons were significant via the nested likelihood ratio test (p<0.001).

Sensitivity analyses with BMI, DAS28, and DMARD use included as additional clinical 

variables yielded slightly improved performance in clinical (0.706, 95% CI 0.659–0.752), 

clinical + PC (AUC 0.767, 95% CI 0.723–0.811), and clinical + PC + MUC5B models 

(AUC 0.776, 95% CI 0.733–0.823; Figure 1b). Again, all model comparisons were 

significant via the nested likelihood ratio test (p<0.001). Sensitivity analysis with PCs 

selected based on individual associations (PC3, PC4, PC6, PC7, PC8, PC10, PC12, PC15) 

did not significantly impact the results (Table 4). Internal validation was performed on all 

models using bootstrapping. Model performance was attenuated with optimism correction, 

but the overall trend in performance between the various models was preserved, as shown 

Table 4.

Subgroup Analyses

Subgroup analyses were performed to evaluate the association of each individual PC with 

RA-ILD based on ILD subtype and FVC impairment. Most PC associations with RA-ILD 

were consistent across subgroups (Table S2). The exception was PC10 (IL-17e-IL-25 and 

TSLP), which was positively associated with UIP and negatively associated with non-UIP 

ILD. Additionally, PC13 (IgA/IgM antibodies to MAA-adducted collagen and adiponectin) 

was more closely associated with non-UIP ILD and PC7 (IgA/IgG/IgM antibodies to MAA-

adducted fibrinogen, collagen, and vimentin) was more closely associated with severe ILD 

(FVC<80%), though 95% CI for estimates were overlapping.
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While a clinical model performed similarly in the UIP subgroup (AUC 0.635 vs. 0.630), 

there was a substantial improvement in performance of the PC model (AUC 0.768 vs. 0.713) 

and combined models (clinical+PC+MUC5B model AUC 0.834 vs. 0.755; Table S3).

Discussion

In this study, we identified unique peripheral biomarker signatures occurring among a 

large, diverse RA population and evaluated their association with the presence of RA-ILD. 

PCs that were positively associated with RA-ILD were characterized by biomarkers that 

encompassed inflammatory cytokines (IL-3, IL-5, IL-8, IL-15, INFα−2a), autoantibodies 

(anti-MAA, anti-CCP, RF), adipokines (FL, leptin, fractalkine, FGF-21), alarmins (IL-17e-

IL-25, TSLP), and matrix metalloproteinases (MMP9). The variety of immune pathways and 

inflammatory processes associated with RA-ILD highlight the diversity of pathways that 

likely contribute to RA-ILD risk and pathogenesis, or that are impacted by the presence of 

RA-ILD. Furthermore, combining these biomarker signatures with clinical risk and genetic 

factors improved RA-ILD risk stratification, illustrating the potential role of peripheral 

blood biomarkers in facilitating RA-ILD identification.

The current lack of RA-ILD screening strategies is due in part to a paucity of informative 

clinical risk factors for RA-ILD. This was evident in our study, where models with only 

clinical risk factors yielded modest AUC values. Adding the biomarker PCs significantly 

improved the predictive performance of a model for the identification of RA-ILD over 

clinical risk factors alone. This improvement suggests that utilizing peripheral blood 

biomarkers could help overcome the limited predictive value of clinical risk factors for 

RA-ILD. While the performance of a model with clinical risk factors and peripheral 

biomarker signatures was statistically improved with the further addition of the MUC5B 
promoter variant, the absolute improvement in AUC was relatively modest. However, this 

degree of improvement was similar to the effect observed by adding the MUC5B promoter 

variant to clinical prediction models of RA-ILD8, suggesting that this genetic variant 

identifies features of susceptibility not captured through peripheral biomarkers. Additional 

research investigating the utility of integrating more comprehensive genetic and proteomic 

measurements into such models is warranted.

Biomarker themes that emerged through the PCA included myeloid differentiation, the 

innate immune and allergic responses, autoantibodies (specifically anti-MAA, anti-CCP, and 

RF), adipokines/metabolism, alarmins, tissue remodeling, and neutrophil chemotaxis. These 

findings may hint towards the diverse pathophysiologic pathways involved in RA-ILD, 

many of which are supported by prior literature. It has been demonstrated that serum anti-

citrullinated protein antibodies (ACPA) correlate with local ACPA production in the lung 

mucosa and mucosal inflammation, leading to the “mucosal origins” hypothesis of RA29, 30. 

Inflammatory cytokines such as TNF, IL-1, IL-4, IL-5, IL-13, and several chemokines are 

thought to likely play a role in the transition from epithelial injury to the development of 

lung fibrosis29. MAA expression in lung tissue has been shown to be higher in RA-ILD than 

in other forms of ILD, emphysema, or controls, and autoreactive B cells to MAA have been 

found in the lung and joint tissue of RA patients5, 31. Adipokines, specifically adiponectin 

and leptin, have been shown to play a regulatory role in the inflammatory response, which 
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has been suspected to have a potential role in ILD pathogenesis32. MMPs (including MMP9) 

have been shown to be overexpressed by alveolar epithelial cells within fibroblastic foci 

of the lungs in IPF and drive lung fibrosis, in a highly similar disease process to UIP 

RA-ILD29, 33. Thus, our findings are in line with these prior studies and emphasize the 

need for further translational and mechanistic efforts to determine how these processes are 

involved in RA-ILD pathogenesis.

In the subgroup analyses, we found that the associations of PCs with UIP RA-ILD were 

generally consistent with those for all RA-ILD, likely reflecting the preponderance of UIP 

in RA-ILD. Interestingly, PC10 (IL-17e-IL-25 and TSLP) was positively associated with a 

UIP pattern and negatively associated with other ILD patterns. This has not been previously 

demonstrated, and this hypothesis-generating finding warrants further investigation into 

factors that differentiate specific ILD patterns and severity. Notably, because of the limited 

number of ILD cases in subgroup analyses, we were unable to detect modest differences 

in PC associations with RA-ILD subgroups. There was improvement in clinical/biomarker/

MUC5B model performance for the outcome of UIP over all RA-ILD. This was limited by 

power but supports the idea that risk stratification efforts in RA-ILD may need to be pattern 

specific.

Strengths of this study include a large, diverse, multicenter U.S. cohort of well-phenotyped 

RA patients with comprehensive RA-ILD identification and peripheral biomarker 

measurements19. Limitations include a lack of chest CT imaging for the entirety of the 

cohort, as RA-ILD testing was performed as part of routine clinical care. This may result 

in misclassification of subclinical ILD as non-ILD. However, our results illustrate the utility 

of peripheral biomarker signatures for RA-ILD risk stratification in a real-world practice 

setting. ILD pattern (UIP, NSIP, etc.) was unavailable for some cases (n=9) and based 

on clinical determinations, rather than a separate research evaluation. While this cohort is 

predominantly male, it is reflective of the national VA population and RA-ILD preferentially 

affects males. While the lack of external validation is a limitation, internal validation was 

performed via bootstrapping and models underwent optimism correction, which did not 

impact the interpretation of findings. Given the cross-sectional nature of this study, there 

is potential for reverse causality between RA-ILD and peripheral biomarkers, although 

with the goal of identifying prevalent disease this should not impact the interpretation of 

our results. We included a broad range of peripheral blood biomarkers implicated in RA 

and RA-ILD pathogenesis but were unable to include all previously reported biomarkers 

associated with ILD. This remains an evolving area of research and future studies will 

need to continually reassess other novel biomarkers that would benefit from inclusion34–36. 

Lastly, the PCA method used allowed for the identification of distinct biomarker profiles 

within a broad range of potential peripheral biomarkers and their association with RA-ILD. 

However, alternative approaches would be needed to identify individual biomarker cut-offs 

or evaluate the clinical application of predictive models, including the use of other machine 

learning techniques to guide efficient biomarker selection for clinical prediction models.

In conclusion, PCA identified distinct peripheral biomarker signatures that implicate a 

wide range of biologic pathways associated with RA-ILD. These peripheral biomarker 

signatures significantly improved ILD discrimination among a large RA cohort beyond 
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clinical risk factors alone. The addition of the MUC5B promoter variant resulted in a modest 

improvement over clinical and peripheral biomarker models. Further investigation is needed 

regarding the effective use of peripheral biomarkers in the identification of RA-ILD, as 

well as applications towards ILD incidence and progression. This includes their additive 

contribution to other clinical and genetic risk factors and their relationship to the various 

pathways involved in RA-ILD pathogenesis that could impact therapeutic targeting.

Supplementary Material
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Figure 1. Receiver operating characteristic (ROC) curves for logistic regression models for 
rheumatoid arthritis-associated interstitial lung disease (RA-ILD) including clinical risk factors, 
principal components, and MUC5B promoter variant.
Receiver operating characteristic curves, along with their respective area under the curve 

(AUC), are shown in each panel for models containing clinical risk factors alone, clinical + 

principal components analysis (PCA), and clinical + PCA + MUC5B promoter variant. 

In Panel A, clinical risk factors include age, sex, race/ethnicity, and smoking history. 

Expanded clinical risk factors (Panel B) include the above plus body mass index (BMI), 

disease activity score with 28-joint count (DAS28), prednisone use, conventional disease-

modifying anti-rheumatic drug (cDMARD) use, and biologic/targeted synthetic DMARD 

(b/tsDMARD) use. All model comparisons were significantly different by nested likelihood 

ratio test (p<0.001).
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Abbreviations: area under the receiver operating characteristic curve (AUC), principal 

component analysis (PCA)
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Table 1.
Peripheral biomarkers included in principal component analysis (PCA).

Category Variable Measurement Method

Adipocytokine

Adiponectin Mesoscale Discovery

FGF-21 Mesoscale Discovery

Leptin Mesoscale Discovery

Alarmin/cytokine

IL-17e-IL-25 Mesoscale Discovery

IL-33 Mesoscale Discovery

TSLP Mesoscale Discovery

Antibody

Anti-MAA-albumin IgA ELISA

Anti-MAA-albumin IgG ELISA

Anti-MAA-albumin IgM ELISA

Anti-MAA-collagen IgA ELISA

Anti-MAA-collagen IgG ELISA

Anti-MAA-collagen IgM ELISA

Anti-MAA-fibrinogen IgA ELISA

Anti-MAA-fibrinogen IgG ELISA

Anti-MAA-fibrinogen IgM ELISA

Anti-MAA-vimentin IgA ELISA

Anti-MAA-vimentin IgG ELISA

Anti-MAA-vimentin IgM ELISA

IgG-CCP ELISA

RF Nephelometry

Chemokine

Eotaxin Mesoscale Discovery

MCP-1 Mesoscale Discovery

MCP-4 Mesoscale Discovery

MDC Mesoscale Discovery

MIP-1α Mesoscale Discovery

MIP-1β Mesoscale Discovery

MIP-3α Mesoscale Discovery

TARC Mesoscale Discovery

Collagenase

MMP-1 Mesoscale Discovery

MMP-3 Mesoscale Discovery

MMP-7 Mesoscale Discovery

MMP-9 Mesoscale Discovery

Cytokine

FL Mesoscale Discovery

Fractalkine Mesoscale Discovery
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Category Variable Measurement Method

G-CSF Mesoscale Discovery

GM-CSF Mesoscale Discovery

IFNα2a Mesoscale Discovery

IL-1RA Mesoscale Discovery

IL-1α Mesoscale Discovery

IL-1β Mesoscale Discovery

IL-2 Mesoscale Discovery

IL-3 Mesoscale Discovery

IL-4 Mesoscale Discovery

IL-5 Mesoscale Discovery

IL-6 Mesoscale Discovery

IL-7 Mesoscale Discovery

IL-8 Mesoscale Discovery

IL-9 Mesoscale Discovery

IL-10 Mesoscale Discovery

IL-12-IL-23-p40 Mesoscale Discovery

IL-12-p70 Mesoscale Discovery

IL-13 Mesoscale Discovery

IL-15 Mesoscale Discovery

IL-16 Mesoscale Discovery

IL-17A Mesoscale Discovery

IL-23 Mesoscale Discovery

IL-27 Mesoscale Discovery

Interferon Mesoscale Discovery

TNFα Mesoscale Discovery

VEGF Mesoscale Discovery

Abbreviations: malondialdehyde-acetaldehyde adducts (MAA), immunoglobulin G (IgG), immunoglobulin M (IgM), immunoglobulin A 
(IgA), granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin (IL), interleukin-1 receptor antagonist (IL-1RA), monocyte 
chemoattractant protein (MCP), macrophage-derived chemokine (MDC), macrophage inflammatory protein (MIP), thymus and activation regulated 
chemokine (TARC), tumor necrosis factor (TNF), vascular endothelial growth factor (VEGF), cyclic citrullinated peptide (CCP), rheumatoid factor 
(RF), matrix metalloproteinase (MMP), fibroblast growth factor (FGF), Fms-like tyrosine kinase 3 ligand (FL), granulocyte colony stimulating 
factor (G-CSF), IFN (interferon), thymic stromal lymphopoietin (TSLP)
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Table 2.
Characteristics of participants by rheumatoid arthritis-associated interstitial lung disease (RA-ILD) status.

Variable
RA no-ILD

N = 1880
RA-ILD
N = 121 p-value

Age at enrollment, years, mean (SD) 63.5 (11.2) 67.4 (9.2) <0.001

Male sex, n (%) 1660 (88.3%) 114 (94.2%) 0.047

Race/Ethnicity, n (%) 0.36

Non-Hispanic White 1466 (78.0%) 90 (74.4%)

Other 414 (22.0%) 31 (25.6%)

Smoking history, n (%) 0.07

Never smoker 386 (20.5%) 15 (12.4%)

Ever smoker 1456 (77.4%) 102 (84.3%)

Unknown 38 (2.0%) 4 (3.3%)

Body mass index, mean (SD) 28.9 (5.6) 28.5 (6.1) 0.5

RA duration, years, mean (SD) 11.3 (11.2) 12.9 (12.7) 0.15

Anti-CCP seropositivity, n (%) 1441 (76.6%) 101 (83.5%) 0.08

RF seropositivity, n (%) 1435 (76.3%) 105 (86.8%) 0.01

DAS28-CRP, mean (SD) 3.6 (1.4) 3.7 (1.3) 0.21

MDHAQ, mean (SD) 0.9 (0.6) 1.0 (0.5) 0.11

Prednisone use, n (%) 332 (17.7%) 41 (33.9%) <0.001

cDMARD use, n (%) 1379 (73.4%) 94 (77.7%) 0.29

b/tsDMARD use, n (%) 471 (25.1%) 41 (33.9%) 0.03

MUC5B promoter variant, n(%) <0.001

0 1471 (83.2%) 74 (63.2%)

1 280 (15.8%) 42 (35.9%)

2 18 (1.0%) 1 (0.9%)

FVC% predicted, mean (SD) - 77.6 (15.9) -

ILD pattern, n (%)

UIP - 76 (62.8%) -

Other ILD pattern (NSIP, etc.) - 36 (29.8%) -

Unknown/Missing - 9 (7.4%) -

Abbreviations: rheumatoid arthritis without interstitial lung disease (RA no-ILD), rheumatoid arthritis-associated interstitial lung disease (RA-
ILD), standard deviation (SD), anti-cyclic citrullinated peptide antibodies (anti-CCP), rheumatoid factor (RF), disease activity score with 28-joint 
count and c-reactive protein (DAS28-CRP), multidimensional health assessment questionnaire (MDHAQ), conventional disease-modifying anti-
rheumatic drug (cDMARD), biologic or targeted synthetic disease-modifying anti-rheumatic drug (b/tsDMARD)
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Table 3.
Extracted peripheral biomarker principal components and their association with rheumatoid arthritis-

associated interstitial lung disease (RA-ILD).

Principal Component Variables Loading Theme aOR* for RA-ILD (95% CI)

1 MCP4
MDC
IL-16
MCP1
IL-27
IL-7

0.319
0.311
0.310
0.306
0.304
0.302

Macrophage-related chemokines

0.96 (0.91, 1.02)

2 IL-1β
IL-4

IL-1α
IL-6

0.352
0.344
0.308
0.304

Pro-inflammatory cytokines

1.04 (0.98, 1.10)

3 IL-3
IFNα−2a

IL-15
IL-5

0.478
0.407
0.375
0.309

Myeloid differentiation
Innate immune response

Allergic response

1.16 (1.05, 1.29)

4 IgA-MAA-Alb
IgG-MAA-Alb
IgM-MAA-Alb

0.565
0.560
0.533

Autoantibodies
Oxidative stress

1.28 (1.11, 1.47)

5 IL-12-IL-23-p40
IL-17A

0.649
0.532 Adaptive immune response 0.97 (0.85, 1.10)

6 IgG-CCP
RF

0.600
0.546 Autoantibodies 1.17 (1.02, 1.34)

7 IgM-MAA-Fib
IgM-MAA-Col
IgA-MAA-Fib
IgG-MAA-Vim

0.612
0.527
0.314
0.302

Autoantibodies
Oxidative stress

1.18 (1.01, 1.37)

8 FL
Leptin

Fractalkine
FGF-21

0.482
0.476
0.460
0.391

Adipocytokines
Metabolism regulation

1.43 (1.23, 1.66)

9 IgG-MAA-Fib
IgG-MAA-Col
IgG-MAA-Vim

0.588
0.468
0.448

Autoantibodies
Oxidative stress

1.10 (0.95, 1.27)

10 IL-17e-IL-25
TSLP

0.665
0.427 Alarmins 1.21 (1.03, 1.41)

11 MMP3
MMP7

0.652
0.521 Tissue remodeling 1.01 (0.88, 1.17)

12 MMP9
IL-8

0.580
0.318

Tissue remodeling
Neutrophil chemotaxis

1.20 (1.03, 1.40)

13 IgA-MAA-Col
Adiponectin

IgG-MAA-Col

0.576
0.563
0.340

Autoantibodies
Oxidative stress

Adipokines

1.10 (0.95, 1.27)

14 IL-33 0.641 Innate immune response 1.02 (0.87, 1.18)

15 IgA-MAA-Vim −0.439 - 1.26 (1.07, 1.49)

*
Odds ratio adjusted for age, sex, race, and smoking history

Biomarkers with absolute loading value >0.3 are shown.

Abbreviations: adjusted odds ratio (aOR), confidence interval (CI), malondialdehyde-acetaldehyde adducts (MAA), immunoglobulin G (IgG), 
immunoglobulin M (IgM), immunoglobulin A (IgA), granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin (IL), IL-1RA 
(interleukin-1 receptor antagonist), monocyte chemoattractant protein (MCP), macrophage-derived chemokine (MDC), macrophage inflammatory 
protein (MIP), thymus and activation regulated chemokine (TARC), tumor necrosis factor (TNF), vascular endothelial growth factor (VEGF), 
cyclic citrullinated peptide (CCP), rheumatoid factor (RF), matrix metalloproteinase (MMP), fibroblast growth factor (FGF), Fms-like tyrosine 
kinase 3 ligand (FL), granulocyte colony stimulating factor (G-CSF), IFN (interferon), thymic stromal lymphopoietin (TSLP), reactive oxygen 
species (ROS)
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Table 4.
Performance of regression models for rheumatoid arthritis-associated interstitial lung disease (RA-ILD) before 

and after internal validation.

Model AUC (95% CI) Optimism-Adjusted AUC (95% CI)*

Primary Analyses

Clinical factors 0.630 (0.583–0.679) 0.609 (0.558–0.669)

PCs 0.713 (0.662–0.764) 0.677 (0.628–0.723)

Clinical + MUC5B 0.681 (0.637–0.726) 0.663 (0.625–0.702)

Clinical + PCs 0.739 (0.693–0.786) 0.693 (0.647–0.740)

Clinical + PCs + MUC5B 0.755 (0.707–0.802) 0.713 (0.667–0.758)

Sensitivity Analyses

Expanded clinical1 0.706 (0.659–0.752) 0.671 (0.626–0.716)

Expanded clinical + PCs 0.767 (0.723–0.811) 0.712 (0.665–0.757)

Expanded clinical + PCs + MUC5B 0.776 (0.731–0.821) 0.724 (0.676–0.782)

Selected PCs2 0.702 (0.651–0.753) 0.677 (0.621–0.732)

Clinical + Selected PCs 0.731 (0.684–0.778) 0.695 (0.659–0.748)

Clinical + Selected PCs + MUC5B 0.749 (0.701–0.797) 0.716 (0.675–0.770)

*
Internal validation by bootstrapping

1
Expanded refers to the addition of body mass index (BMI), disease activity score with 28-joint count (DAS28), prednisone use, conventional 

disease-modifying anti-rheumatic drug (cDMARD) use, and biologic/targeted synthetic DMARD (b/tsDMARD) use to the clinical model.

2
Selected refers to the inclusion of only those PCs which were individually associated with RA-ILD.

Abbreviations: area under the receiver operating characteristic curve (AUC), confidence interval (CI), principal component (PC), MUC5B 
rs35705950 promoter variant (MUC5B)
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