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Proteomic biomarkers of progressive fibrosing interstitial lung 
disease: a multicentre cohort analysis

Willis S Bowman, Chad A Newton, Angela L Linderholm, Megan L Neely, Janelle Vu 
Pugashetti, Bhavika Kaul, Vivian Vo, Gabrielle A Echt, William Leon, Rupal J Shah, Yong 
Huang, Christine Kim Garcia, Paul J Wolters, Justin M Oldham
Division of Pulmonary, Critical Care and Sleep Medicine, University of California Davis, 
Sacramento, CA, USA (W S Bowman MD, A L Linderholm PhD, J V Pugashetti MD, V Vo 
BS, G A Echt BS, W Leon MD, J M Oldham MD); Division of Pulmonary and Critical Care 
Medicine, University of Texas Southwestern Medical Center, Dallas, TX, USA (C A Newton MD); 
Department of Biostatistics and Bioinformatics, Duke University, Durham, NC, USA (M L Neely 
PhD); Division of Pulmonary, Critical Care, Allergy and Sleep Medicine, University of California 
San Francisco, San Francisco, CA, USA (B Kaul MD, R J Shah MD, Prof P J Wolters MD); 
Department of Internal Medicine, Division of Pulmonary and Critical Care Medicine, University 
of Virginia, Charlottesville, VA, USA (Y Huang MD); Department of Internal Medicine, Division of 
Pulmonary and Critical Care Medicine, Columbia University, New York, NY, USA (Prof C K Garcia 
MD)

Summary

Background—Progressive fibrosing interstitial lung disease (ILD) is characterised by 

parenchymal scar formation, leading to high morbidity and mortality. The ability to predict 

this phenotype remains elusive. We conducted a proteomic analysis to identify novel plasma 

biomarkers of progressive fibrosing ILD and developed a proteomic signature to predict this 

phenotype.

Methods—Relative plasma concentrations for 368 biomarkers were determined with use 

of a semi-quantitative, targeted proteomic platform in patients with connective tissue disease-

associated ILD, chronic hypersensitivity pneumonitis, or unclassifiable ILD who provided 

research blood draws at the University of California (discovery cohort) and the University of Texas 

(validation cohort). Univariable logistic regression was used to identify individual biomarkers 

associated with 1-year ILD progression, defined as death, lung transplant, or 10% or greater 

relative forced vital capacity (FVC) decline. A proteomic signature of progressive fibrosing ILD 
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was then derived with use of machine learning in the University of California cohort and validated 

in the University of Texas cohort.

Findings—The discovery cohort comprised 385 patients (mean age 63·6 years, 59% female) and 

the validation cohort comprised 204 patients (mean age 60·7 years, 61% female). 31 biomarkers 

were associated with progressive fibrosing ILD in the discovery cohort, with 17 maintaining 

an association in the validation cohort. Validated biomarkers showed a consistent association 

with progressive fibrosing ILD irrespective of ILD clinical diagnosis. A proteomic signature 

comprising 12 biomarkers was derived by machine learning and validated in the University of 

Texas cohort, in which it had a sensitivity of 0·90 and corresponding negative predictive value 

of 0·91, suggesting that approximately 10% of patients with a low-risk proteomic signature 

would experience ILD progression in the year after blood draw. Those with a low-risk proteomic 

signature experienced an FVC change of +85·7 mL (95% CI 6·9 to 164·4) and those with a 

high-risk signature experienced an FVC change of −227·1 mL (−286·7 to −167·5). A theoretical 

clinical trial restricted to patients with a high-risk proteomic signature would require 80% fewer 

patients than one designed without regard to proteomic signature.

Interpretation—17 plasma biomarkers of progressive fibrosing ILD were identified and showed 

consistent associations across ILD subtypes. A proteomic signature of progressive fibrosing ILD 

could enrich clinical trial cohorts and avoid the need for antecedent progression when defining 

progressive fibrosing ILD for clinical trial enrolment.

Funding—National Heart Lung and Blood Institute.

Introduction

Progressive fibrosing interstitial lung disease (ILD) is a devastating condition characterised 

by parenchymal scar formation, leading to deteriorating lung function and early death.1 

Whereas almost all patients with idiopathic pulmonary fibrosis (IPF) progress, a variable 

proportion of patients with other common ILDs, including connective tissue disease-

associated ILD, chronic hypersensitivity pneumonitis, and unclassifiable ILD, develop 

progressive fibrosing ILD.2 In 2021, criteria for identifying progressive fibrosing ILD were 

proposed as part of therapeutic clinical trials in this population.3,4 Although these criteria 

effectively identify those experiencing ILD progression,5 they do not allow patients who are 

at risk to be identified before progression occurs.

Several blood-based biomarkers have been linked to differential progression in patients with 

IPF and other fibrosing ILDs.6 In a 2020 study, we showed that plasma concentration of 

CXCL13, a chemokine responsible for B-lymphocyte activation, was consistently associated 

with increased progression risk across a diverse group of ILDs, including connective tissue 

disease-associated ILD, chronic hypersensitivity pneumonitis, and unclassifiable ILD.7 

Although inflammation is a prominent feature of connective tissue disease-associated ILD 

and chronic hypersensitivity pneumonitis, inflammatory signalling also appears to have 

a prominent role in fibrotic-predominant ILDs.8,9 As such, cytokines, interleukins, and 

other immune mediators might serve as useful biomarkers of progressive fibrosing ILD, 

irrespective of ILD clinical diagnosis.
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We conducted a multicentre, targeted proteomic investigation of inflammation-related 

proteins to identify and validate novel biomarkers of progressive fibrosing ILD in patients 

with fibrotic connective tissue disease-associated ILD, chronic hypersensitivity pneumonitis, 

and unclassifiable ILD. We hypothesised that the association between plasma biomarkers 

and progressive fibrosing ILD phenotype would be robust to ILD clinical diagnosis. We then 

derived and validated a proteomic signature to predict progressive fibrosing ILD in patients 

who would qualify for a theoretical ILD clinical trial and estimated sample sizes for clinical 

trials designed with and without regard to proteomic signature classification.

Methods

Study design and participants

For this multicentre cohort analysis, we identified patients with fibrotic ILD due 

to connective tissue disease-associated ILD, chronic hypersensitivity pneumonitis, or 

unclassifiable ILD, who provided a research blood draw at the University of California 

Davis (UC Davis; May, 2016, to August, 2019), University of California San Francisco 

(UCSF; March, 2006, to October, 2018) and University of Texas Southwestern Medical 

Center (UTSW; February, 2007, to August, 2019). Patients from UC Davis and UCSF 

comprised the discovery cohort and those from UTSW comprised the validation cohort. 

No other eligibility criteria were applied. Longitudinal pulmonary function testing and vital 

status were used to classify patients as having non-progressive ILD or progressive fibrosing 

ILD. Patients who were alive with less than 10% relative decline in forced vital capacity 

(FVC) at 12 months after blood draw were considered to have non-progressive ILD. Patients 

who died of any cause, underwent lung transplant, or experienced 10% or greater relative 

FVC decline within 12 months of blood draw were deemed to have progressive fibrosing 

ILD. All patients included in the analysis had a verified progression status at 12 months 

(plus or minus 3 months).

This study was approved by the institutional review boards at UC Davis (protocol 875917), 

UCSF (protocol 10-01592), and UTSW (protocols 092017-007 and 082010-127). All 

participants provided written informed consent as part of providing research blood draws.

Procedures

Peripheral blood was collected from consenting patients at each centre and plasma was 

isolated according to centre-specific protocols. After isolation, plasma was aliquoted and 

stored at −80°C without thawing. Frozen plasma aliquots were shipped in a single batch to 

the Olink US headquarters in Boston, MA, for processing. Samples were randomised at the 

time of plating according to centre, sex, ILD diagnosis, and progression status to mitigate 

batch effects.

The Explore Inflammation panel from Olink (Uppsala, Sweden) was used to quantify 368 

inflammation-related proteins for each patient. Multiplex proximity extension assay panels 

were used to quantify each protein, as previously described.10 A proximity extension assay 

uses a dual-recognition immunoassay, in which two matched antibodies labelled with unique 

DNA oligonucleotides simultaneously bind to the target protein in solution. This brings the 
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two antibodies into proximity, allowing hybridisation and serving as a template for a DNA 

polymerase-dependent extension step. The double-stranded DNA is unique to a specific 

antigen and amplifies using P5 and P7 Illumina adaptors along with sample indexing, which 

is quantitatively proportional to the plasma concentration of the target protein. Amplified 

targets are then quantified with next generation sequencing using an Illumina (San Diego, 

CA, USA) NovaSeq 6000. Semi-quantitative protein estimates were normalised across 

batches to mitigate systematic error and log2-transformed to ensure normality, which was 

also confirmed visually using histograms. Analytes with more than 10% missing data were 

excluded from the analysis. No imputation for missing data was performed.

Biomarkers of progressive fibrosing ILD

With an estimated progressive fibrosing ILD prevalence of around 0·4 in the discovery 

cohort, we estimated that 385 patients would be needed to detect biomarkers with an 

odds ratio (OR) greater than 1·8 (effect size >0·6), assuming a β of 0·8 and two-sided 

α of 0·00014, which was adjusted for multiple testing across 368 biomarkers using the 

Bonferroni procedure. The association between continuously modelled, log2-transformed 

biomarkers and categorical ILD progression at 12 months was assessed using univariable 

logistic regression, with discovery cohort results presented graphically with a volcano plot. 

Biomarkers with a false discovery rate q value of less than 0·05 in the UC Davis and UCSF 

discovery cohort were advanced for testing in the UTSW validation cohort. The association 

of biomarkers with progressive fibrosing ILD was considered statistically significant in the 

validation cohort if the p value was less than 0·05. 12-month progression-free survival was 

displayed for top biomarkers using the Kaplan-Meier estimator. Linearity in the relationship 

between validated biomarkers and progressive fibrosing ILD was confirmed using a 

goodness-of-fit test. We tested our hypothesis that validated biomarkers of progressive 

fibrosing ILD were robust to ILD clinical diagnosis by fitting a logistic regression model 

with a biomarker-by-diagnosis interaction term and performing a global heterogeneity test 

that determined whether biomarker progressive fibrosing ILD association varied by ILD 

subtype. An interaction term Wald p value of less than 0·05 was considered statistically 

significant. A similar approach was used when assessing associations of biomarkers 

with progressive fibrosing ILD after cohort stratification according to high-resolution CT 

morphology, gender, age, and physiology (ILD-GAP stage11). A sensitivity analysis was 

then performed to assess biomarker association with individual outcomes (>10% FVC 

decline, and death or transplant modelled together). Canonical pathways and interaction 

networks enriched with proteins associated with progressive fibrosing ILD at a false 

discovery rate p value of less than 0·05 were identified by Ingenuity Pathway Analysis 

software (version Q4 2021; Ingenuity Systems, Redwood City, CA, USA) using a one-tailed 

Fisher’s exact test.

Proteomic signature of progressive fibrosing ILD

Least absolute shrinkage and selection operator (LASSO) logistic regression with ten-fold 

cross-validation was performed to identify a variable set predictive of progressive fibrosing 

ILD, with patients from UC Davis and UCSF serving as the derivation cohort. The analysis 

was independent of our primary analysis and was restricted to patients who would qualify 

for a hypothetical ILD clinical trial—namely, those with percent predicted FVC of more 
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than 45% and diffusing capacity for carbon monoxide of 30–80%.4 Point estimates for 

variables selected by LASSO were used to generate a progressive fibrosing ILD score 

for each patient. An exploratory analysis was performed to identify a threshold for score 

dichotomisation that prioritised sensitivity. Those with a score greater than the threshold 

were classified as having a high-risk proteomic signature and those with a score less than 

the threshold were classified as having a low-risk signature. The progressive fibrosing 

ILD proteomic signature was then applied to patients from UTSW, which served as an 

independent validation cohort, with test performance characteristics reported. Mixed-effects 

regression was then performed to estimate the 1-year change in FVC for patients stratified 

by proteomic signature classification. The mixed-effects model included an autoregressive 

correlation structure and a random intercept term. Centre and baseline ILD-GAP stage were 

modelled as fixed-effects terms. Time was modelled in 4-month intervals for longitudinal 

plotting. No lung function data were imputed.

Clinical trial enrichment

The sample size needed to conduct a theoretical ILD therapeutic clinical trial with 1:1 

randomisation and using mean change in FVC as the primary endpoint was determined 

using a Student’s t test. Therapeutic efficacy was defined as a 50% reduction in FVC 

decline between treatment groups, in accordance with observed treatment effect for previous 

antifibrotic clinical trials in IPF and progressive fibrosing ILD.4,12

Role of the funding source

The funder of the study had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report.

Results

The discovery cohort comprised 385 patients (mean age 63·6 years) and the validation 

cohort comprised 204 patients (mean age 60·7 years; table 1). The majority of patients 

in both cohorts were female and of White ethnicity. Most patients underwent blood draw 

in the same year as being diagnosed with ILD in the discovery cohort, whereas longer 

intervals were observed in the validation cohort. Chronic hypersensitivity pneumonitis 

was the most common ILD diagnosis in the discovery cohort, whereas connective tissue 

disease-associated ILD was the most common in the validation cohort. Among those with 

connective tissue disease-associated ILD, there were similar proportions of patients with 

ILD due to systemic sclerosis, rheumatoid arthritis, and idiopathic inflammatory myopathy 

between cohorts. Each cohort showed moderate reductions in percent predicted FVC and 

diffusing capacity for carbon monoxide, with diffusing capacity for carbon monoxide being 

significantly lower in the validation cohort. Differences in high-resolution CT patterns 

were observed between cohorts, with non-specific interstitial pneumonia predominating 

in the validation cohort and patterns other than non-specific interstitial pneumonia and 

usual interstitial pneumonia predominating in the discovery cohort. Outcomes were similar 

between cohorts, with 164 (43%) patients in the discovery cohort and 92 (45%) in the 

validation cohort developing progressive fibrosing ILD. Among outcomes, categorical 

decline in FVC was the most common, followed by death and lung transplant. A similar 
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proportion of patients experienced progressive fibrosing ILD irrespective of the interval 

between ILD diagnosis and blood draw (appendix p 2).

Of 368 biomarkers assessed, 43 were excluded due to more than 10% missing data and 

325 were included in the final analysis. 31 biomarkers were associated with progressive 

fibrosing ILD in the discovery cohort (figure 1, appendix pp 3–12), with KRT19 (OR 2·10 

per one-unit increase, 95% CI 1·69–2·66), ITGB6 (3·17, 2·20–4·70), and PLAUR (3·78, 

2·34–6·29) showing the strongest association with progressive fibrosing ILD based on FDR 

p value. Of these 31 biomarkers, 17 maintained progressive fibrosing ILD association 

in the validation cohort (table 2), with the strongest associations observed for ITGB6 

(3·04, 1·88–5·15), KRT19 (1·83, 1·39–2·48), and IL17C (1·70, 1·31–2·24), based on p 

value. After combining discovery and validation cohorts, the strongest progressive fibrosing 

ILD associations were observed for PLAUR, ITGB6, SPON1, HGF, PRSS8, and KRT19 

(appendix p 13), which persisted after adjustment for centre, ILD diagnosis, and baseline 

ILD-GAP stage.13 Differential progression-free survival was observed after stratifying the 

combined cohort by biomarker concentration quartiles, with median survival of less than 

12 months for those with the highest concentration (quartile 4) of each biomarker (figure 

2). When assessing the association between validated biomarkers and individual progressive 

fibrosing ILD outcomes, all biomarkers showed a stronger association with death or lung 

transplant than with 10% or greater relative FVC decline (appendix p 14).

After stratification of the combined cohort by ILD clinical diagnosis, heterogeneity in the 

association with progressive fibrosing ILD was observed for PRSS8 and a suggestion of 

heterogeneity was observed for FASLG (although this was not statistically significant; table 

3), but it was not observed for any other validated biomarkers. When assessing subgroups 

stratified by morphological pattern on high-resolution CT, heterogeneity in the association 

with progressive fibrosing ILD was observed for ITGB6 and a suggestion of heterogeneity 

was observed for FASLG, PRSS8, and SPON1 (appendix p 15). When assessing ILD-GAP 

stage subgroups, significant heterogeneity in the association with progressive fibrosing ILD 

was observed for AGER, ITGB6, and SCGB3A2, with a suggestive association observed for 

KRT19 and SPON1 (appendix p 16). Linear regression showed mostly positive associations 

between biomarker concentration and ILD-GAP stage (appendix pp 17–19), suggesting that 

plasma concentration for some biomarkers might track with disease severity.

Pathways associated with progressive fibrosing ILD (appendix p 20) were primarily involved 

in immunity and host response (IL-17 signalling, pattern recognition receptors for bacteria 

and viruses, and granulocyte adhesion and diapedesis) and fibrogenesis (hepatic cholestasis, 

cardiac hypertrophy signalling, HMGB1 signalling, hepatic fibrosis pathway, and regulation 

of the epithelial mesenchymal transition by growth factors pathway). Network analysis 

(appendix p 20) identified IL12B as a primary hub, with smaller hubs identified at pro-

inflammatory cytokines and chemokines.

After applying clinical trial exclusion criteria according to baseline lung function,4 270 

patients remained in the derivation cohort and 119 patients in the validation cohort. 12 

biomarkers were selected by LASSO for proteomic signature development in the derivation 

cohort: AGER, CST7, CXCL10, DPP10, FASLG, ITGB6, KRT19, MEPE, PLAUR, PNPT1, 
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TNFSF11, and WFIKKN2. Based on final model point estimates, a proteomic risk score was 

determined by the following equation using log2-transformed biomarker values: proteomic 

risk score = 0·053 + (0·884 × AGER) + (1·285 × CST7) + (0·715 × CXCL10) + (1·657 × 

DPP10) + (0·745 × FASLG) + (1·443 × ITGB6) + (1·451 × KRT19) + (0·578 × MEPE) + 

(2·070 × PLAUR) + (0·709 × PNPT1) + (0·902 × TNFSF11) + (0·490 × WFIKKN2).

The proteomic risk score resulted in an area under the curve of 0·79 in the derivation cohort 

and 0·73 in the validation cohort. After exploratory analysis of potential proteomic score 

thresholds (appendix p 21), those with a score of less than 0·3 were classified as having a 

low-risk proteomic signature and those above this threshold classified as having a high-risk 

signature. This resulted in a sensitivity of 0·85 and a specificity of 0·58, with a positive 

predictive value of 0·54 and a negative predictive value of 0·54 and 0·87 (appendix p 22). 

When applied to the validation cohort, the proteomic signature performed similarly, with 

a sensitivity of 0·90 and a specificity of 0·53, with a positive predictive value of 0·50 and 

a negative predictive value of 0·91 (appendix p 22). The high negative predictive value 

across both cohorts suggests that approximately 10% of patients with a low-risk proteomic 

signature would experience ILD progression in the year after blood draw.

Patients with a high-risk proteomic signature had almost a seven-times higher risk of 

progressive fibrosing ILD compared with those with a low-risk signature (OR 6·73, 95% 

CI 4·00–11·33). When modelling individual outcomes, a high-risk proteomic signature was 

associated with an almost six-times higher risk of experiencing 10% or greater relative 

FVC decline (5·77, 3·31–10·05) and an eight-times higher risk of death or transplant (8·0, 

2·39–26·8). Those with a high-risk proteomic signature showed substantially larger 1-year 

change in FVC compared with those with a low-risk proteomic signature (figure 3A–C). 

This observation persisted after stratification by high-resolution CT pattern (figure 3D–F).

The overall cohort experienced an FVC change of −99·6 mL (95% CI −150·2 to −49·8). 

Patients with a low-risk proteomic signature experienced an FVC change of +85·7 mL 

(6·9 to 164·4) and those with a high-risk signature experienced an FVC change of −227·1 

mL (−286·7 to −167·5). A theoretical randomised controlled trial with 1:1 randomisation 

designed without regard to proteomic signature would require 676 patients to detect a 

50% reduction in FVC decline at 90% power, assuming a standard deviation of 200 mL 

and two-tailed α of 0·05. A similar trial restricted to patients with a high-risk proteomic 

signature would require 142 patients, assuming the same parameters (appendix p 23).

Discussion

In this investigation, we identified and validated 17 circulating plasma biomarkers of 

progressive fibrosing ILD, most of which were novel, in a combined cohort of patients 

with chronic hypersensitivity pneumonitis, connective tissue disease-associated ILD, and 

unclassifiable ILD. Biomarker association with progressive fibrosing ILD phenotype was 

robust to ILD clinical diagnosis and high-resolution CT morphology for most analytes 

assessed. Heterogeneity in progressive fibrosing ILD association was detected after 

stratification by GAP stage, suggesting that biomarker concentration might track with 

disease severity. We then derived a proteomic signature of progressive fibrosing ILD, which 
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showed good performance when tested in an independent validation cohort. Although a 

number of circulating protein biomarkers have been linked to progressive fibrosing ILD,6 

and proteomic investigations have identified novel biomarkers that discriminate IPF from 

healthy controls,14 to our knowledge, this study is the first to use proteomic technology to 

identify novel biomarkers of progressive fibrosing ILD in patients with non-IPF forms of 

ILD.

Although a targeted proteomic platform of inflammatory biomarkers was used for this 

analysis, the majority of validated biomarkers of progressive fibrosing ILD are of epithelial 

and mesenchymal cell origin.15 ITGB6 had the strongest and most consistent progressive 

fibrosing ILD association; it is the β6 subunit for the integrin αvβ6, an activator of TGF-β 
that is long known to be a critical mediator of fibrogenesis in IPF.16 In addition to the role 

it plays in fibrotic remodelling, αvβ6 integrin expression in lung tissue has been associated 

with reduced IPF survival and appears to track with disease activity.17 Although a trial 

assessing systemic αvβ6 blockade was stopped due to safety concerns (NCT1371305), two 

early-stage inhalation trials testing small molecule inhibitors of αvβ6 integrin in patients 

with IPF are ongoing.18,19 Our findings suggest that αvβ6 activity could contribute to 

fibrogenesis across a diverse set of ILDs and support investigation of αvβ6 blockade in 

patients with non-IPF ILD.

Another progressive fibrosing ILD-associated biomarker primarily expressed in epithelial 

cells was MMP10. The matrix metalloproteinase family has long been implicated in 

the pathogenesis of IPF, because these proteins can promote epithelial-to-mesenchymal 

transition, recruit profibrotic mediators, and promote abnormal wound healing.20 MMP7 is 

perhaps the most commonly measured matrix metalloproteinase in ILD, because this protein 

is elevated in the lungs of patients with IPF and has been linked to differential outcomes in 

IPF and other ILDs.6,7,20 Blockade of MMP9 was shown to ameliorate pulmonary fibrosis 

in an animal model, suggesting it could be a viable target in the treatment of IPF and other 

progressive fibrosing ILDs.21 MMP10, also called stromelysin 2, is expressed by endothelial 

cells, fibroblasts, and macrophages, and is known to be increased in the lung tissue of 

patients with IPF.20 A study from 2015 reported that serum MMP10 concentration predicted 

near-term progression in IPF,22 and our results extend these findings to non-IPF ILDs. 

MMP1 was also associated with progressive fibrosing ILD in our discovery cohort; however, 

this association was not maintained in our validation cohort.

Other biomarkers predominantly expressed in epithelial cells include AGER, CXCL17, 

DPP10, KRT19, PRSS8, and SCGB3A2. Decreasing AGER concentration was associated 

with progressive fibrosing ILD in our study, which is consistent with a previous study 

showing similar results in IPF.23 By preventing formation of advanced glycation end 

products, the AGER ligand aminoguanidine protected against bleomycin induced fibrosis 

in mouse models,24 which supports interaction between AGER and advanced glycation end 

products as a potential therapeutic target in IPF and progressive fibrosing ILD. Differential 

expression of CXCL17,25 KRT19,26 PRSS8,27 and SCGB3A228 has also been shown in 

patients with ILD compared with healthy controls, but our findings represent a novel 

association with progressive fibrosing ILD.
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Progressive fibrosing ILD biomarkers predominantly expressed in mesenchymal cells 

included ANGPTL4, HGF, SPON1, and TNFRSF11B. Two of these, ANGPTL429 and 

SPON1,14 have been linked to systemic sclerosis ILD progression, whereas HGF has been 

shown to predict worsening liver fibrosis,30 suggesting shared pathobiology underpinning 

fibrogenesis across organ systems. Osteoprotegerin (TNFRSF11B) inhibits bone matrix 

turnover by acting as a decoy receptor protein for RANKL. As a decoy receptor for 

TRAIL, it can also prevent resolution of acute pulmonary inflammation. A 2020 study 

linked osteoprotegerin expression to TGF-β activity and showed plasma osteoprotegerin 

concentration to predict disease progression in IPF.31 In an ex-vivo study, administration of 

a RANKL mutant bypassed osteoprotegerin while still interacting with RANK to stimulate 

degradation of extracellular matrix and was proposed as a potential therapeutic target for 

pulmonary fibrosis.32

The remaining biomarkers identified are predominantly expressed in immune cells (FASLG 

and FCAR) or widely expressed (IL17C, PLAUR, and TGFA). FASLG has been previously 

implicated in IPF progression,33 whereas TGFA is upregulated in patients with ILD 

compared with healthy controls34 and PLAUR35 has been linked to systemic sclerosis ILD 

progression. IL17C and FCAR have been linked to several inflammatory conditions but, to 

our knowledge, our study is the first to link plasma concentration of these biomarkers to ILD 

outcome.

Besides biomarker discovery and validation, our analysis yielded a semi-quantitative 

proteomic signature of progressive fibrosing ILD, with high potential for clinical 

implementation if it were to be prospectively validated using a quantitative platform. Criteria 

for identifying those with a progressive fibrosing ILD phenotype have been proposed 

as part of therapeutic clinical trials.3,4 Although these criteria effectively identify those 

experiencing ILD progression,5 they do not allow patients at risk to be identified before 

irreversible progression occurs. Our findings suggest that our proteomic signature would be 

a reliable screening tool for progressive fibrosing ILD based on the high negative predictive 

value, because less than 10% of patients with a low-risk proteomic signature experienced 

ILD progression in the year after blood draw. Validation of this signature could justify a 

conservative approach in the majority of such patients. Conversely, approximately 50% of 

those with a high-risk proteomic signature are likely to experience ILD progression in the 

year after blood draw. Although the low specificity and positive predictive value suggest 

that this would be a poor confirmatory tool for progressive fibrosing ILD, the signature did 

effectively identify a group for whom the rate of FVC decline was higher than that observed 

for placebo-treated patients in progressive fibrosing ILD clinical trials.3,4 Whereas those 

trials required objective evidence of antecedent ILD progression, our proteomic signature 

does not, supporting its potential use to enrich clinical trial cohorts. Furthermore, we found 

that a clinical trial restricted to those with a high-risk proteomic signature could require 

roughly 80% fewer patients than a trial designed for all patients with non-IPF ILD.

Although we found that biomarker progressive fibrosing ILD association was robust to 

clinical diagnosis, heterogeneity in this association was observed for several biomarkers 

when stratifying the cohort by radiological pattern and GAP stage. These findings suggest 

that some biomarkers could reflect biological processes inherent to usual interstitial 
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pneumonia, non-specific interstitial pneumonia, and other patterns, whereas others might 

better reflect advanced disease than early-stage, biologically active disease. Together, these 

observations support biomarker investigation in patients with early ILD and in appropriately 

powered cohorts to assess morphological subtypes.

Our study has several limitations. First, the retrospective nature of our design did not 

allow for standardisation of ILD diagnosis or management across centres, nor protocolised 

follow-up. However, we showed that progressive fibrosing ILD biomarker association was 

robust to ILD clinical diagnosis and our focus on near-term outcomes is likely to have 

resulted in less variability in biomarker association than studies focused on long-term 

survival. Second, although our intent was to identify biomarkers of progressive fibrosing 

ILD that manifested in the year after blood draw, the relationship between these biomarkers 

and long-term survival remains unclear. However, our analysis of individual outcomes 

suggests a strong association between these biomarkers and survival. Categorical decline 

in FVC is also a strong predictor of subsequent mortality in ILD, further suggesting that 

biomarkers identified in this analysis are likely to predict long-term survival. Finally, we 

did not account for ILD therapy in this analysis. Immunosuppressant therapy is regularly 

used to treat non-IPF forms of ILD; however, data supporting this approach is generally 

weak.2 Nintedanib was approved for the treatment of progressive fibrosing ILD in 2020, 

but all patients included in this analysis were recruited before approval of this therapy for 

progressive fibrosing ILD in those with non-IPF forms of ILD.4 Finally, because proteomic 

data are semi-quantitative, prospective validation and calibration of our proteomic signature 

using a quantitative platform is required before clinical implementation is feasible.

Although the progressive fibrosing ILD construct has led to successful testing of anti-

fibrotic therapy in this patient population, the ability to predict progressive fibrosing ILD 

before progression remains elusive. Numerous plasma biomarkers have been linked to 

differential outcomes in IPF and other fibrotic ILDs, but few have resulted in clinical 

implementation. Here, we identified plasma biomarkers of near-term ILD progression and 

derived a proteomic signature that reliably predicted this endpoint. This proteomic signature 

has high potential to inform clinical decision making in the future, including identifying 

patients at high risk and enriching clinical trial cohorts. These findings support ongoing 

proteomic investigation in progressive fibrosing ILD and prospective validation of these and 

other relevant biomarkers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context

Evidence before this study

On July 5, 2021, we searched PubMed for studies published in English up 

to June 30, 2021, using a matrix of keywords that included “biomarker,” 

“progression,” “progressive,” “interstitial lung disease,” “hypersensitivity pneumonitis”, 

and “pulmonary fibrosis,” which yielded 285 unique results. We excluded review articles, 

studies that did not assess outcomes, and those focused solely on idiopathic pulmonary 

fibrosis or sarcoidosis, resulting in 25 remaining studies. Most were either single-centre 

studies or had a small sample size and only two assessed pooled interstitial lung disease 

(ILD) cohorts. The first study showed CXCL13, CA-125, MMP7, YKL-40, SP-D, and 

VCAM-1 to be variable predictors of progressive ILD in a multicentre cohort of patients 

with connective tissue disease-associated ILD, chronic hypersensitivity pneumonitis, and 

unclassifiable ILD, and the second study showed serum KL-6 to predict progressive 

ILD in a similar cohort that also included patients with idiopathic pulmonary fibrosis. 

The search also returned the published protocol for an ongoing prospective cohort study 

(INJUSTIS, NCT03670576) that will recruit a heterogeneous group of 250 patients with 

ILD to identify prespecified biomarkers that predict progressive ILD. No studies were 

identified that used proteomics to identify biomarkers of ILD outcome.

Added value of this study

To our knowledge, this is the first study to use proteomics to identify novel 

plasma biomarkers of progressive fibrosing ILD in those with forms of ILD other 

than idiopathic pulmonary fibrosis, including connective tissue disease-associated 

ILD, chronic hypersensitivity pneumonitis, and unclassifiable ILD. We observed that 

associations of validated biomarkers with progressive fibrosing ILD were robust to ILD 

clinical diagnosis and that a proteomic signature comprising 12 biomarkers showed high 

sensitivity for discriminating progressive from non-progressive ILD. When applied in 

an independent validation cohort, less than 10% of patients with a low-risk proteomic 

signature experienced ILD progression in the year after blood draw, suggesting that such 

a tool could effectively screen for near-term progressive fibrosing ILD if validated using 

a quantitative platform.

Implications of all the available evidence

We and others have shown the high potential for plasma and serum biomarkers to 

inform progression risk in patients with ILD. Our collective findings indicate that shared 

pathobiology underpins progressive fibrosing ILD, irrespective of ILD subtype. Despite 

these advances, no biomarkers have been widely adopted for clinical use, in part due 

to modest test performance for individual biomarkers for predicting ILD progression. 

The proteomic signature presented here overcame this limitation by capturing the 

aggregated risk explanation provided by multiple biomarkers. Prospective validation 

of these findings using a quantitative protein platform could allow for clinical trial 

enrichment, thereby reducing the sample size needed to detect therapeutic efficacy 

Bowman et al. Page 13

Lancet Respir Med. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT03670576


and obviating the need for antecedent ILD progression when defining the progressive 

fibrosing ILD phenotype.
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Figure 1: Volcano plot showing discovery cohort results
The dashed line corresponds to the FDR-corrected p value threshold. Progressive fibrosing 

interstitial lung disease risk decreases with each unit-change increase in the biomarkers 

shown in blue and increases with each unit-change in biomarkers shown in red. FDR=false 

discovery rate.
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Figure 2: 1-year progression-free survival in the combined cohort for the top biomarkers 
associated with progressive fibrosing interstitial lung disease after stratification by plasma 
biomarker concentration quartile
Logrank p<0·05 for all presented biomarkers.
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Figure 3: Longitudinal plots comparing 1-year change in FVC between patients with high-risk 
and low-risk proteomic signature
Plots show 1-year change in FVC in the derivation cohort (A), validation cohort (B), 

and the combined cohort (C). After stratification of the combined cohort by proteomic 

signature classification and high-resolution CT pattern, FVC trajectories were compared 

between high-risk and low-risk proteomic signature groups with definite or probable usual 

interstitial pneumonia (D), non-specific interstitial pneumonia (E), and other high-resolution 

CT patterns (F). FVC=forced vital capacity.
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Table 1:

Baseline characteristics and outcomes for the discovery and validation cohorts

Discovery cohort (n=385) Validation cohort (n=204) p value

Age, years 63·6 (12·7) 60·7 (11·6) 0·0085

Sex

 Female 228 (59%) 124 (61%) ..

 Male 157 (41%) 80 (39%) 0·71

Race or ethnicity

 White 273 (71%) 151 (74%) 0·42

 Black 15 (4%) 26 (13%) <0·0001

 Hispanic 55 (14%) 21 (10%) 0·17

 Asian 32 (8%) 6 (3%) 0·012

 Mixed or other 10 (3%) 0 0·02

Years from diagnosis to blood draw <0·001

 <1 292 (76%) 44 (22%) ..

 1 33 (9%) 56 (27%) ..

 2 19 (5%) 42 (21%) ..

 3 8 (2%) 27 (13%) ..

 >3 33 (9%) 35 (17%) ..

Ever smoker 259 (67%) 114 (56%) 0·0063

ILD classification

 CTD-ILD 148 (38%) 97 (48%) 0·033

  Systemic sclerosis ILD 42 (11%) 30 (15%) 0·67

  Rheumatoid arthritis ILD 38 (10%) 21 (10%) 0·47

  Idiopathic inflammatory myopathy ILD 42 (11%) 26 (13%) 0·79

  Other CTD-ILD 26 (9%) 20 (10%) 0·55

 Chronic hypersensitivity pneumonitis 185 (48%) 57 (28%) <0·0001

 Unclassifiable ILD 52 (14%) 50 (25%) 0·0008

Pulmonary function

 FVC, % predicted 64·4 (18·4) 62·5 (19·2) 0·23

 DLCO, % predicted 46·7 (17·3) 40·7 (17·7) 0·0002

High-resolution CT pattern

 Definite or probable UIP 75 (19%) 60 (29%) 0·0063

 Non-specific interstitial pneumonia 111 (29%) 101 (50%) <0·0001

 Other pattern 199 (52%) 43 (21%) <0·0001

Outcomes

 ILD progression 164 (43%) 92 (45%) 0·56

  Death 59 (15%) 32 (16%) 0·91

  Lung transplant 6 (2%) 12 (6%) 0·0037

  ≥10% FVC decline 99 (26%) 48 (24%) 0·56

 Months to progression 6·7 (3·5–9·5) 7·0 (4·0–9·3) 0·69

Data are mean (SD), n (%), or median (IQR). ILD=interstitial lung disease. CTD-ILD=connective tissue disease-associated ILD. FVC=forced vital 
capacity. DLCO=diffusion capacity of the lung for carbon monoxide. UIP=usual interstitial pneumonia.
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Table 2:

Associations of biomarkers advanced from discovery analysis with progressive fibrosing interstitial lung 

disease in the validation cohort

OR (95% CI) p value

AGER 0·51 (0·35–0·73) 0·0003

ANGPTL4 1·87 (1·20–2·98) 0·0064

BSG 0·96 (0·41–2·22) 0·92

CD276 1·39 (0·89–2·19) 0·16

CST7 1·18 (0·95–1·48) 0·15

CXCL10 0·98 (0·78–1·23) 0·88

CXCL17 1·68 (1·22–2·36) 0·0020

DPP10 1·70 (1·10–2·68) 0·018

FASLG 0·63 (0·41–0·97) 0·038

FCAR 1·63 (1·11–2·43) 0·014

FSTL3 1·49 (0·90–2·52) 0·13

HGF 2·09 (1·29–3·48) 0·0033

IL17C 1·70 (1·31–2·24) <0·0001

IL1RN 1·18 (0·93–1·49) 0·18

ITGB6 3·04 (1·88–5·15) <0·0001

KRT19 1·83 (1·39–2·48) <0·0001

LIFR 1·49 (0·72–3·16) 0·29

MMP1 1·07 (0·84–1·36) 0·59

MMP10 1·65 (1·19–2·31) 0·0031

OSM 1.19 (0·96–1·48) 0·11

PLAUR 2·59 (1·42–4·89) 0·0025

PRSS8 2·52 (1·50–4·39) 0·0007

SCGB1A1 1·33 (0·94–1·91) 0·11

SCGB3A2 1·58 (1·25–2·04) 0·0002

SERPINB8 1·05 (0·87–1·28) 0·59

SPON1 2·14 (1·24–3·80) 0·0074

TFF2 1·24 (0·90–1·70) 0·19

TGFA 1·65 (1·14–2·42) 0·0089

TNFRSF11B 2·20 (1·31–3·79) 0·0034

TNFSF10 0·83 (0·43–1·57) 0·57

TNFSF11 0·86 (0·66–1·10) 0·24

ORs are per unit change in log2-transformed biomarker concentration. p values are based on univariable logistic regression. OR=odds ratio.
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Table 3:

ILD subtype-stratified associations between validated biomarkers and progressive fibrosing ILD phenotype in 

the overall cohort (n=589)

OR (95% CI) Heterogeneity p 
value*

Chronic hypersensitivity 
pneumonitis (n=242)

Connective tissue disease-
associated ILD (n=245)

Unclassifiable ILD (n=102)

AGER 0·59 (0·41–0·84) 0·56 (0·40–0·78) 0·75 (0·45–1·24) 0·63

ANGPTL4 1·55 (1·02–2·38) 1·95 (1·29–2·95) 1·82 (0·92–3·60) 0·75

CXCL17 1·34 (0·95–1·89) 1·71 (1·21–2·40) 1·78 (1·09–2·91) 0·52

DPP10 2·24 (1·40–3·57) 1·47 (0·99–2·19) 1·66 (0·93–2·94) 0·4

FASLG 0·32 (0·26–0·65) 0·84 (0·58–1·22) 0·57 (0·29–1·13) 0·06

FCAR 2·24 (1·49–3·38) 1·62 (1·12–2·33) 1·45 (0·83–2·52) 0·36

HGF 2·58 (1·51–4·40) 2·40 (1·46–3·93) 1·51 (0·80–2·83) 0·40

IL17C 1·37 (1·08–1·73) 1·41 (1·11–1·81) 1·62 (1·06–2·47) 0·79

ITGB6 2·71 (1·76–4·19) 3·16 (1·83–5·46) 3·43 (1·66–7·11) 0·83

KRT19 1·92 (1·48–2·50) 2·02 (1·50–2·71) 2·03 (1·29–3·19) 0·96

MMP10 1·85 (1·36–2·52) 1·52 (1·10–2·08) 1·28 (0·86–1·91) 0·34

PLAUR 2·50 (1·34–4·66) 5·10 (2·73–9·51) 2·11 (0·94–4·74) 0·15

PRSS8 1·20 (0·76–1·88) 3·15 (1·87–5·34) 2·37 (1·05–5·35) 0·02

SCGB3A2 1·54 (1·23–1·92) 1·71 (1·35–2·16) 1·47 (1·07–2·02) 0·72

SPON1 2·89 (1·69–4·94) 2·96 (1·70–5·13) 1·62 (0·84–3·13) 0·32

TGFA 2·34 (1·44–3·80) 1·76 (1·18–2·61) 1·48 (0·90–2·43) 0·42

TNFRSF11B 2·02 (1·19–3·45) 1·53 (0·95–2·56) 4·33 (1·76–10·67) 0·13

ORs are per unit change in log2-transformed biomarker concentration. OR=odds ratio. ILD=interstitial lung disease.

*
Test of whether progressive fibrosing ILD biomarker association varies by ILD subtype.

Lancet Respir Med. Author manuscript; available in PMC 2023 June 01.


	Summary
	Introduction
	Methods
	Study design and participants
	Procedures
	Biomarkers of progressive fibrosing ILD
	Proteomic signature of progressive fibrosing ILD
	Clinical trial enrichment
	Role of the funding source

	Results
	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Table 1:
	Table 2:
	Table 3:



