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INTRODUCTION

Interstitial lung disease (ILD) is a common manifestation of connective tissue disease
(CTD), most often affecting patients with rheumatoid arthritis (RA), systemic sclerosis
(SSc), idiopathic inflammatory myopathy (11M), and mixed CTD.1~° ILD can also develop
in patients with Sjogren syndrome (SS) and systemic lupus erythematosus, but is less
common with these disorders.5.” Among patients who do develop CTD-ILD, a subset will
develop a progressive phenotype, leading to parenchymal destruction, lung function decline,
and early mortality.8-21 Early and accurate diagnosis is essential for effectively managing
patients with CTD-ILD, particularly because effective treatments exist to stabilize disease
and sometimes improve lung function. 13-15.22-24 Diagnosing ILD is often nuanced and
difficult, as many patients with CTD-ILD have no respiratory symptoms, and symptoms

are nonspecific when they do develop.2%26 Pulmonary function testing (PFT) can help

raise suspicion for ILD in patients with CTD, but test performance characteristics are
modest.2>27 Once ILD is diagnosed, the inability to discriminate patients likely to progress
remains elusive. Clinical prediction models have been developed to predict ILD progression
in patients with CTD, but many are CTD specific, reducing generalizability to the larger
CTD-ILD population. The ability to predict CTD-ILD progression would empower patients
and clinicians to make better informed decisions about treatment, lung transplantation, and
goals of care.
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Biomarkers, defined as indicators of normal biological processes and pathogenic processes,
hold promise for improving our ability to accurately diagnose ILD and predict disease
trajectory.28 The ideal biomarker should be noninvasive or minimally invasive, with high
accuracy for predicting the end point of interest. Biomarkers most likely to inform clinical
decision making in patients with CTD are those that predict early disease before the
development of respiratory symptoms and a progressive phenotype. In the past decade,
numerous studies have identified candidate blood-based and high-resolution computed
tomography (HRCT) biomarkers, and recent -omics investigations have added composite
biomarkers to the list of potentially clinically relevant biomarkers in the CTD-ILD
population. However, barriers to clinical implementation remain. This review provides an
overview of recent advances in CTD-ILD biomarker investigation, focusing on blood-based
and HRCT biomarkers, and highlights strategies to advance these biomarkers toward clinical
implementation in patients with CTD-ILD.

BLOOD-BASED DIAGNOSTIC BIOMARKERS

Blood-based biomarkers carry high promise for diagnosing ILD in patients with

CTD and providing prognostic information for these patients, because many reflect
molecular pathways involved in fibrogenesis and can signal early disease before the
development of overt fibrosis and respiratory symptoms. Furthermore, the minimally
invasive nature of peripheral blood acquisition better positions this class of biomarkers
for clinical implementation when compared with more invasive procedures such as
bronchoalveolar lavage and surgical lung biopsy. Blood-based biomarkers include clinically
approved autoantibodies and inflammatory markers, and research biomarkers identified
through targeted and unbiased analysis. The major challenge remaining with blood-
based biomarkers, however, is achieving adequate test performance to justify clinical
implementation; this is particularly difficult in patients with CTD, because many blood-
based biomarkers may reflect systemic and extrapulmonary processes.

The detection of autoantibodies serves a critical role in the diagnosis of CTD-ILD, and
autoantibodies are the only blood biomarkers available for clinical use. There are a number
of autoantibodies found in patients with CTD that are associated with higher risk of ILD. In
patients with SSc, antitopoisomerase | antibody (anti-Scl70) has repeatedly been associated
with ILD across cohorts.2%-33 Anti-Th/To ribonucleoprotein antibodies and anti-PM/Scl
have also been shown to be associated with ILD, although they are more rarely detected in
patients with SSc.3435 In addition, in 2 large SSc cohorts, the presence of anti-SSA/Ro was
found to be associated with at least a 2-fold increased odds of SSc-1LD.36:37 Conversely, the
absence of anticentromere antibodies is associated with decreased likelihood of ILD.30:38

In patients with RA, anti-citrullinated cyclic peptide (CCP) antibodies and high-titer
rheumatoid factor predict ILD, with some studies demonstrating a correlation between anti-
CCP titers and HRCT severity.3%-42 In patients with 1M, anti-tRNA synthetase antibodies
are commonly detected, most frequently anti-Jo-1, anti-PL-7, and PL-12 antibodies. These
antisynthetase antibodies are the hallmark of antisynthetase syndrome, which carries high
risk of developing ILD, with reports of ILD in more than 90% of antisynthetase antibody-
positive patients.#344 Another antibody found in patients with 1IM is the (anti-MDAS5/
CADM-140), which characterizes a subset with clinically amyopathic myositis and high risk
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of 1LD.#5-50 Unfortunately, many of these antibodies tend to signal overall disease extent
and risk of ILD, rather than the presence of ILD.

Beyond clinically approved autoantibodies, multiple investigations have focused on
molecular markers of lung epithelial cell dysfunction, aberrant immunity (cytokines

and chemokines), and abnormal lung remodeling (collagen peptides/extracellular matrix
biomarkers) in patients with CTD-ILD. Among those with the best described test
performance characteristics is Krebs von den Lungen 6 (KL-6), which is strongly expressed
on regenerating type Il pneumocytes and thought to be a marker of epithelial injury.5! At
various cutoff points, the sensitivity of KL-6 ranges from 73% to 87% and specificity ranges
from 70% to 100% for discriminating CTD-1LD among patients with CTD.%2-60 The area
under the curve (AUC), which describes global discrimination without a cutoff threshold,
ranges from 0.86 to 0.90, depending on the cohort in which the test is applied. Another
well-studied marker of lung epithelial damage and turnover is surfactant protein D (SP-D).
As a biomarker of ILD in patients with CTD, sensitivity ranges from 68% to 89.4% and
specificity ranges from 70% to 83% depending on the dichotomization threshold used, with
an AUC of 0.72 to 0.983.41:52.53,61 |n studies comparing KL-6 and SP-D in the same cohort,
the specificity of SP-D is generally lower than that of KL-6.52:53.62

Other well-studied blood-based biomarkers are described in Table 1 and include SP-A82:63;
club cell secreted protein 16°*; pulmonary and activation-regulated chemokine (PARC)*1;
interleukin (IL)-6, 8, and 10%4; tumor necrosis factor-a.%4; metalloproteinase (MMP)-741;
and Wnt Family member 5a (Wnt5a).55 Although test performance characteristics are

not reported for all biomarkers listed, studies have shown that circulating concentration

of these biomarkers are higher in patients with CTD-ILD compared with those with

CTD without ILD. Despite the advances made studying these blood-based biomarkers,
none have been implemented clinically. Given the complexity of ILD pathogenesis, it

is likely that biomarkers from multiple pathways are needed to achieve sufficient test
performance to justify clinical implementation. Doyle and colleagues*! demonstrated the
promise of this approach in detecting RA-ILD. A model composed of clinical factors
including demographics and autoantibodies, combined with a biomarker signature composed
of MMP-7, PARC, and SP-D, outperformed the clinical signature alone or any of the
standalone biomarkers.

The emergence of machine learning has further improved risk prediction and is likely

to become an important tool in the diagnosis of CTD-ILD. Machine learning comprises
mathematical algorithms that build, train, and self-evaluate iterative models to self-improve
predictive power.%8 Kass and colleagues®” demonstrated the promise of machine-learning
in patients with RA, showing that biomarker signatures derived using this method could
effectively discriminate ILD in these patients with higher sensitivity and specificity than
stand-alone proteins. Although this approach can result in a highly in-sample predictive
classifier, overfitting remains an issue and out-of-sample validation is required. Kass and
colleagues®” demonstrated this challenge, showing that the highly predictive diagnostic
signatures developed in independent RA cohorts differed greatly, with little overlap in
covariates. Qin and colleagues®’ pursued a similar approach in patients with RA, showing
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that 3 machine learning algorithms discriminated ILD with AUC of at least 0.95. These
results have yet to be externally validated, however.

BLOOD-BASED PROGNOSTIC BIOMARKERS

As with diagnosis, the use of peripheral blood-based biomarkers holds promise as a
prognostic tool in CTD-ILD. The outcomes of progression in CTD-ILD studies have
generally been survival, lung function decline including forced vital capacity (FVC) and
diffusing capacity of carbon monoxide (DLCO), or a composite end point of these measures
(Table 2). With the recent publication of consensus definitions to define progressive
pulmonary fibrosis,58 substantial research is expected in the coming years to optimally
define progression in this population.

Clinically approved autoantibodies have been studied in the prognosis of patients with
CTD. In a large SSc outcome study, the presence of anti-Scl-70 antibody in patients
predicted a faster rate of FVC decline.3! Conversely, presence of anti-PM/Scl antibodies
has been associated with less FVVC decline and better survival compared with patients with
anti-Scl-70.89 In patients with anti-Jo or anti-MDA-5 antibody, the concurrent positivity
with anti-SSA/Ro portends worse ILD and mortality compared with patients without dual
antibodies.”71 Patients with 11M with anti-MDA-5 positivity have been well described

to have rapidly progressive and fatal ILD among Japanese cohorts, with 33% to 66%
experiencing 6-month and antibody positivity portending a 6-fold risk of death.45-48
However, in predominantly Caucasian cohorts in the United States, patients with ILD with
anti-MDAG5 did not have the rapidly progressive ILD described in Japanese cohorts.>0

Several studies of novel biomarkers have also evaluated prognosis in CTD-ILD. KL-6

again is among the best studied across common CTD-ILD subtypes.>®72-74 Among 82
patients with SSc-ILD in the Genetics versus Environment Scleroderma Outcome Study
(GENISQS), higher baseline KL-6 levels were predictive of faster progression, with patients
averaging 7% more decline in annualized percent change of FVVC when baseline KL-6

was greater than the cutoff value.”® Chitinase-3-like-1 (YKL-40), C-C motif chemokine
ligand 18 (CCL18), and IL-6, along with several other biomarkers previously linked

to progression in idiopathic pulmonary fibrosis (IPF), have also been shown to predict
worse outcome among patients with CTD-ILD (see Table 2). Like diagnostic biomarker
studies, investigators have just begun to harness the power of composite biomarkers in risk
prediction. In a multicenter retrospective cohort of Japanese patients with 1IM-ILD, Gono
and colleagues’® showed that a prediction model based on anti-MDA-5 status, C-reactive
protein level, and KL-6 level differentiated survival more effectively than anti-MDA-5
antibody testing alone. In the tocilizumab phase 3 trial, elevated acute phase reactants, as an
entry criterion, were associated with marked decline in FVVC during 1 year in the placebo
group in those with ILD (257 mL in placebo group vs 6.5 mL in active group).22

Our group recently completed the first proteomic analysis of patients with non-IPF

ILD, which included 245 patients with CTD-ILD across 3 centers.”’ Relative plasma
concentration of 368 biomarkers was determined using a medium-throughput proteomic
platform, 31 of which were found to be associated with near-term ILD progression, defined
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as death, lung transplant, or 10% or greater relative FVC decline within 1 year of blood
draw. Of these 31 proteins identified in the derivation cohort, 17 maintained association

in an independent validation cohort, with consistent outcome association in each of the

ILD subgroups assessed. Using machine learning, we then derived a 12-analyte proteomic
signature, which discriminated 1-year ILD progression with good sensitivity and negative
predictive value across cohorts, suggesting this tool could effectively identify patients at low
risk of ILD progression, justifying a conservative strategy in this population. Notably, those
with a low-risk proteomic signature experienced an increase in FVC over 1 year, whereas
those with a high-risk signature experienced an FVC loss of 227 mL, which mirrored that of
placebo-treated patients from IPF clinical trials’87° (Fig. 1). Prospective validation of these
findings could result in a clinically actionable biomarker to inform clinical decision making
in patients with CTD-ILD and other fibrosing ILDs.

HIGH-RESOLUTION COMPUTED TOMOGRAPHY: CONNECTIVE TISSUE
DISEASE-INTERSTITIAL LUNG DISEASE DIAGNOSIS AND PROGNOSIS

HRCT is a crucial component of the diagnostic evaluation of CTD-ILD, with thin slices and
reconstruction algorithms tailored to the detection of patterns and distributions of interstitial,
parenchymal, and airway abnormalities.89-81 With the poor sensitivity of chest radiography
82,83 and PFT,25:27 reliance on these measures to diagnose or rule out ILD in a patient with
CTD is inadequate. An interdisciplinary expert consensus panel recently recommended that
all patients with SSc be screened with HRCT at baseline, and the authors recommend a
similar approach for all CTDs in which ILD commonly manifests. Major educational efforts
have been undertaken to promote HRCT screening,84:8% which will be critical to reduce the
well-described diagnostic delays that occur in patients with 1LD.86.87

With HRCT as our best tool for diagnosing ILD in patients with CTD, several groups

have also investigated the role of HRCT as a predictor of CTD-ILD outcome. Extent

of fibrotic disease on baseline HRCT, including the extent of reticulation, traction
bronchiectasis, and honeycombing, is consistently associated with worse survival across
CTD-ILD subtypes.40:88-93 Walsh and colleagues®* evaluated HRCTs and pulmonary
function variables in 168 patients with CTD-ILD, and identified severity of traction
bronchiectasis and extent of honeycombing as indices independently predictive of mortality.
In patients with SSc-ILD, a higher extent of fibrosis on baseline HRCT was associated with
subsequent lung function decline in the placebo group of the Scleroderma Lung Study.%®

A cutoff of 20% fibrotic extent has been proposed as an optimal predictor of mortality in
patients with SSc-1LD, forming the basis of the Goh simple staging system for mortality
risk.96:97 1t should be noted that by combining HRCT and PFTs in this staging system by
using an FVC threshold when HRCT fibrotic extent was indeterminate, the risk prediction
considerably improved beyond either HRCT or PFTs alone.

An additional question has been the role of the HRCT pattern of abnormality. There are
many patterns described in CTD-ILD, with the 2 important patterns being that of nonspecific
interstitial pneumonia (NSIP) and usual interstitial pneumonia (UIP).%8 The radiologic
pattern of NSIP, characterized by bibasilar ground-glass opacities, is well recognized
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in patients with CTD-ILD, and is the most common pattern in patients with SSc-ILD

and 11M-1LD.99:190 | contrast, the radiologic pattern of UIP, with bibasilar reticulation

and fibrotic architectural distortion, is most commonly observed among patients with RA-
ILD.40.101,102 The radiologic pattern of UIP is classically associated with IPF, the prototypic
ILD characterized by poor prognosis, so naturally the question of whether UIP portends
worse prognosis in the setting of non-IPF ILD arises. Several groups have found that a

UIP pattern is associated with worse survival in patients with CTD-1LD.40.88.94,103-106

In a cohort of patients with RA-ILD evaluated at National Jewish Health, Solomon and
colleaguest®’ also found that patients with UIP pattern had a shorter survival time than those
with radiologic NSIP. However, in all multivariate Cox models that included key clinical
variables or pulmonary physiology, baseline HRCT pattern was no longer a predictor of
survival.107 Rather, baseline FVC and evidence of FVC decline were independent predictors
of worse survival. It remains unclear what additional information UIP pattern on HRCT
provides, other than being a by-product of pulmonary fibrosis.

Although HRCT in cross-section may predict outcome, serial acquisition of HRCT may
provide more clues about disease trajectory. Patients with SSc who had an increase in
fibrotic extent on serial HRCT were more likely to experience further fibrotic progression
and lung function decline®?; this is congruent with our findings that worsening fibrosis
extent on HRCT is a poor prognostic sign, with patients experiencing near-term FVC
decline and a 2-fold increased risk of mortality after showing radiologic progression.108:109
However, the radiation exposure of serial HRCT remains a consideration, especially among
younger individuals with CTD-ILD, and in particular women due to radiation exposure to
the breast tissue.

RADIOMICS AND QUANTITATIVE HIGH-RESOLUTION COMPUTED
TOMOGRAPHY

The widespread use of visual HRCT assessment as biomarker in patients with CTD-ILD

is currently limited due to low interobserver agreement.110.111 Although semiquantitative
scoring classifications have been proposed to judge the extent of fibrosis, discrepancy has
been observed between radiologists’ scoring, even after training.®” Furthermore, the best
studied candidate predictors of progression on HRCT—fibrotic extent and the UIP pattern—
are both by-products of progressive pulmonary fibrosis. Tools that more effectively predict
CTD-ILD progression before progression has occurred are more likely to be of clinical
value.

One possible strategy to obviate interobserver variation is computer-based radiomic analysis.
Radiomics is an emerging field that converts medical images into high-dimensional
quantitative data and has high potential to serve as a novel avenue for ILD subphenotyping
and outcome prediction. Quantification of HRCT features, density, and texture, along with
algorithms developed by machine learning, has the potential to not only standardize the role
of HRCT interpretation but also detect diagnostic and prognostic data not visually detectable
by humans. Deep learning, which is a unique machine learning algorithm that incorporates
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multiple layers of learning architecture to create increasingly complex schema to improve
autonomously, has emerged as a useful approach to modeling radiomic data.

In 2016, Anthimopoulos and colleagues!!? trained and tested a deep learning algorithm
using HRCT examinations in 120 patients to detect ground-glass opacity, reticulation,
consolidation, micronodules, and honeycombing, which had been manually labeled by 2
thoracic radiologists. This deep learning algorithm had an accuracy of 85% in classifying
these imaging features. Using a similar approach, Kim and colleagues!® employed a deep
learning algorithm that achieved 95% accuracy for classifying these features of interest

on HRCT images of patients with ILD. Advancing beyond individual HRCT features and
toward HRCT pattern recognition, Walsh and colleagues!14 used a deep learning algorithm
to detect classification of UIP based on the 2011 consensus guidelines. Their algorithm
showed an accuracy of 76.4% for the classification of UIP in the derivation cohort, and an
accuracy of 73.3% in an external validation cohort. Although promising, these investigations
continue to rely on visual assessment as the gold standard, limiting their use to what can be
detected by the human eye.

Evaluation of HRCT using density histogram analysis evaluates the lung according to simple
density characteristics, deriving metrics of histogram skewness and kurtosis. Although

Ash and colleagues!1® demonstrated a 3-fold increased risk of death or transplant in

patients with IPF with higher mean lung density, the addition of quantitative HRCT

density did not significantly augment prognostication beyond visual assessment of baseline
lung fibrosis.116 A more complex approach is texture-based analysis, which incorporates
morphologic features. A quantitative lung fibrosis score can be generated using automated
computer-aided diagnosis systems developed for assessing ILD using texture features. In
patients with IPF, this texture-based score correlated with longitudinal FVVC change, whereas
HRCT density alone did not.117 Kim and colleagues!18 applied this score to the HRCT
examinations of 129 patients with SSc-ILD and showed good accuracy for detecting fibrosis
when compared with visual assessment. Oh and colleagues!!® applied the quantitative lung
fibrosis score to HRCT images of 144 patients with RA-ILD, and found that it predicted
5-year mortality. At a cutoff of 12% of total lung volume, higher quantitative lung fibrosis
scores predicted survival similar to patients with IPF.119 In addition, use of texture-based
radiomic features in cluster analysis can predict different disease stages with moderate
sensitivity and excellent specificity in patients with SSc-1LD.120 In a recent study of

90 patients with SSc, texture-based radiomic features were extracted and cluster analysis
performed to reveal 2 distinct patient clusters. Despite similar scores on the Goh simple
staging system between clusters (based on visual assessment of HRCT and FVVC), one
texture-based radiomic cluster had significantly more impaired lung function. A radiomic
risk score predicted faster disease progression and worse survival.12!

For well over a decade, advances in CT scanner acquisition speed have led to the increase
of volumetric HRCT scans, which can be acquired in a single breath-hold of 5 to 10
seconds, which bypasses the traditional issue of interspaced HRCT images with gaps of

1 cm or more between images, and allows for more precise evaluation of patterns such

as honeycombing. Computer Aided Lung Informatics for Pathology Evaluation and Rating
(CALIPER) is a tool that employs volumetric structural and textural analysis of the lung,
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trained to label and measure volumetric HRCT data as normal, ground glass, reticulation,
low-attenuation, honeycombing, and vessel-related structures.22 Jacob and colleagues!1®
applied this tool in a study of 203 patients with CTD-ILD, with the CALIPER variable of
vessel-related structure volume being the one most strongly associated with mortality (Fig.
2).123 This same CALIPER variable has been shown to best predict mortality in patients
with IPF.122.124.125 Gjyen that IPF mortality is worse than CTD-1LD mortality, Chung and
colleagues!?6 postulated that CALIPER may be able to differentiate CTD-ILD from IPF in
the setting of a UIP pattern, finding that the vessel-related structure volume was greater in
patients with IPF than patients with CTD-ILD, potentially showing its promise as a marker
to differentiate CTD-ILD from IPF.126

CALIPER variables can be integrated into current classification schemes for prognosis in
CTD-ILD. The CALIPER algorithm allows unbiased identification of CTD-ILD patient
phenotypes using automated stratification. The substitution of this automated CALIPER
model in place of pulmonary function variables in the ILD-GAP score, a validated staging
score in ILD, resulted in a more sensitive predictor of 1- and 2-year mortality.123 In
addition, Jacob and colleagues'?’ conducted a study of 157 patients with RA-1LD to
compare 3 prediction models based on HRCT: the Goh scleroderma simple staging system,
the Fleischner Society IPF diagnostic guidelines, and CALIPER scores of vessel-related
structures. Although all 3 models strongly predicted outcome, combining the CALIPER
vessel-related structures threshold with the visual scoring from the Goh and Fleischner
systems improved outcome modeling, predicting 4-year survival indistinguishable from a
comparator group of patients with IPF.127

Although early, these studies are promising and suggest that radiomics has high potential
to inform clinical decision making once widespread automation of one or more of these
algorithms becomes possible. With machine learning, data extracted from quantitative
HRCT carries the potential to develop new imaging biomarkers not discernible by humans
and bypass the inherent problems of visual assessment. Radiomics is likely to provide
complementary diagnostic and prognostic information with exciting potential for outcome
prediction.

UNMET RESEARCH NEEDS AND STRATEGIES FOR BIOMARKER
OPTIMIZATION

Although there has been impressive progress in biomarker discovery, unmet needs remain.
At present, there are few biomarkers reliably predicting the presence of ILD in patients
with CTD, and even fewer have been validated to predict CTD-ILD progression before it
occurs. Although we reviewed emerging blood-based and HRCT biomarkers, none have
been incorporated into clinical practice, reflecting modest test performance characteristics
for most; this stems in large part from a paucity of validation testing for most biomarkers,
because most candidate studies have been performed in retrospective single-center studies.
Validation of these promising biomarkers in external cohorts will be key in biomarker
investigation going forward. Equally important will be the assessment of test performance
characteristics, which will allow clinicians to weigh the clinical utility of any biomarker
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advanced for clinical implementation. Furthermore, before clinical application, it will be
essential that well-designed, prospective, multicenter studies be conducted.

As multicohort investigations become standard in biomarker investigation, it will be
essential to ensure that the outcomes chosen in future studies are uniform and well-defined,
particularly in studies of prognostic biomarkers. Understandably, survival should remain

to be an important outcome. However, near-term progression should also be prioritized in
future biomarker investigation. Near-term lung function decline has clinical implications,
because patients may necessitate earlier intervention, as well as implications for drug
development in clinical trials. At present, large sample sizes are required to ensure adequate
power to detect differences in lung function decline, so the ability to predict near-term
progression would allow clinical trial enrichment and more efficient recruitment.

Last, there is increased potential when modeling biomarkers in aggregate. The combination
of multiple biomarkers across multiple modalities, perhaps combining clinical, blood-based,
and radiomic biomarkers, holds high potential in CTD-ILD risk prediction. Machine
learning can seamlessly tackle increasingly large datasets and the rapidly growing number
of candidate biomarkers. After deriving and validating candidate signatures retrospectively,
it will be necessary to quantify identified biomarkers and to prospectively validate specific
thresholds that define individual risk most precisely.

SUMMARY

FUNDING

A number of biomarkers have been proved to be informative in patients with CTD-ILD,
derived from blood-based and HRCT data. The development of large blood-based platforms,
the refinement of radiomic algorithms, and the use of machine learning have shown early
promise in the diagnosis and prognosis of CTD-ILD. A rapid expansion of investigation with
aggregate biomarkers is expected in the coming years, making precision medicine closer to
reality and improving outcomes in patients with CTD-ILD.

NHLBI T32 HL007749 (Pugashetti).

REFERENCES

1. Juge PA, Lee JS, Ebstein E, et al. MUC5B Promoter Variant and Rheumatoid Arthritis with
Interstitial Lung Disease. N Engl J Med 2018;379(23):2209-19. [PubMed: 30345907]

2. Gabbay E, Tarala R, Will R, et al. Interstitial lung disease in recent onset rheumatoid arthritis. AmJ
Respir Crit Care Med 1997;156(2 Pt 1):528-35. [PubMed: 9279235]

3. Walker UA, Tyndall A, Czirjak L, et al. Clinical risk assessment of organ manifestations in systemic
sclerosis: a report from the EULAR Scleroderma Trials And Research group database. Ann Rheum
Dis 2007;66(6):754—63. [PubMed: 17234652]

4. Fathi M, Dastmalchi M, Rasmussen E, et al. Interstitial lung disease, a common manifestation
of newly diagnosed polymyositis and dermatomyositis. Ann Rheum Dis 2004;63(3):297-301.
[PubMed: 14962966]

5. Reiseter S, Gunnarsson R, Mogens Aalokken T, et al. Progression and mortality of interstitial
lung disease in mixed connective tissue disease: a long-term observational nationwide cohort study.
Rheumatology (Oxford) 2018;57(2):255-62. [PubMed: 28379478]

Immunol Allergy Clin North Am. Author manuscript; available in PMC 2023 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pugashetti et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Page 10

. Flament T, Bigot A, Chaigne B, et al. Pulmonary manifestations of Sjogren’s syndrome. Eur Respir

Rev 2016;25(140):110-23. [PubMed: 27246587]

. Castelino FV, Varga J. Interstitial lung disease in connective tissue diseases: evolving concepts of

pathogenesis and management. Arthritis Res Ther 2010;12(4):213. [PubMed: 20735863]

. Flaherty KR, Wells AU, Cottin V, et al. Nintedanib in Progressive Fibrosing Interstitial Lung

Diseases. The New Engl J Med 2019. 10.1056/NEJM0a1908681.

. Cottin V, Wollin L, Fischer A, et al. Fibrosing interstitial lung diseases: knowns and unknowns. Eur

Respir Rev 2019;28(151). 10.1183/16000617.0100-2018.
Adegunsoye A, Oldham JM, Bellam SK, et al. Computed Tomography Honey-combing Identifies a

Progressive Fibrotic Phenotype with Increased Mortality across Diverse Interstitial Lung Diseases.
Ann Am Thorac Soc 2019;16(5):580-8. [PubMed: 30653927]

Tashkin DP, Elashoff R, Clements PJ, et al. Cyclophosphamide versus placebo in scleroderma lung
disease. N Engl J Med 2006;354(25):2655-66. [PubMed: 16790698]

Tashkin DP, Roth MD, Clements PJ, et al. Mycophenolate mofetil versus oral cyclophosphamide
in scleroderma-related interstitial lung disease (SLS I1): a randomised controlled, double-blind,
parallel group trial. Lancet Respir Med 2016;4(9):708-19. [PubMed: 27469583]

Fischer A, Brown KK, Du Bois RM, et al. Mycophenolate mofetil improves lung function

in connective tissue disease-associated interstitial lung disease. J Rheumatol 2013;40(5):640-6.
[PubMed: 23457378]

Oldham JM, Lee C, Valenzi E, et al. Azathioprine response in patients with fibrotic connective
tissue disease-associated interstitial lung disease. Respir Med 2016;121:117-22. [PubMed:
27888985]

Huapaya JA, Silhan L, Pinal-Fernandez I, et al. Long-Term Treatment With Azathioprine and
Mycophenolate Mofetil for Myositis-Related Interstitial Lung Disease. Chest 2019;156(5):896—
906. [PubMed: 31238042]

Sharma N, Putman MS, Vij R, et al. Myositis-associated Interstitial Lung Disease: Predictors of
Failure of Conventional Treatment and Response to Tacrolimus in a US Cohort. J Rheumatol
2017;44(11):1612-8. [PubMed: 28864644]

Witt LJ, Demchuk C, Curran JJ, et al. Benefit of adjunctive tacrolimus in connective tissue
disease-interstitial lung disease. Pulm Pharmacol Ther 2016;36:46-52. [PubMed: 26762710]

Duarte AC, Cordeiro A, Fernandes BM, et al. Rituximab in connective tissue disease-associated
interstitial lung disease. Clin Rheumatol 2019;38(7):2001-9. [PubMed: 31016581]

Keir GJ, Maher TM, Hansell DM, et al. Severe interstitial lung disease in connective tissue disease:
rituximab as rescue therapy. Eur Respir J 2012;40(3):641-8. [PubMed: 22282550]

Koduri G, Norton S, Young A, et al. Interstitial lung disease has a poor prognosis in rheumatoid
arthritis: results from an inception cohort. Rheumatology (Oxford) 2010;49(8):1483-9. [PubMed:
20223814]

Steen VD, Medsger TA. Changes in causes of death in systemic sclerosis, 1972—-2002. Ann Rheum
Dis 2007;66(7):940-4. [PubMed: 17329309]

Khanna D, Lin CJF, Furst DE, et al. Tocilizumab in systemic sclerosis: a randomised, double-
blind, placebo-controlled, phase 3 trial. The Lancet Respir Med 2020;8(10):963—74. [PubMed:
32866440]

Tashkin DP, Elashoff R, Clements PJ, et al. Cyclophosphamide versus placebo in scleroderma lung
disease. The New Engl J Med 2006;354(25):2655-66. [PubMed: 16790698]

Tashkin DP, Roth MD, Clements PJ, et al. Mycophenolate mofetil versus oral cyclophosphamide
in scleroderma-related interstitial lung disease (SLS I1): a randomised controlled, double-blind,
parallel group trial. Lancet Respir Med 2016;4(9):708-19. [PubMed: 27469583]

Pugashetti JV, Kitich A, Algalyoobi S, et al. Derivation and Validation of a Diagnostic Prediction
Tool for Interstitial Lung Disease. Chest 2020. 10.1016/j.chest.2020.02.044.

Bilgici A, Ulusoy H, Kuru O, et al. Pulmonary involvement in rheumatoid arthritis. Rheumatol Int
2005;25(6):429-35. [PubMed: 16133582]

Suliman YA, Dobrota R, Huscher D, et al. Brief Report: Pulmonary Function Tests: High Rate of
False-Negative Results in the Early Detection and Screening of Scleroderma-Related Interstitial
Lung Disease. Arthritis Rheumatol 2015;67(12):3256-61. [PubMed: 26316389]

Immunol Allergy Clin North Am. Author manuscript; available in PMC 2023 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pugashetti et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 11

Wu AC, Kiley JP, Noel PJ, et al. Current Status and Future Opportunities in Lung Precision
Medicine Research with a Focus on Biomarkers. An American Thoracic Society/National Heart,
Lung, and Blood Institute Research Statement. Am J Respir Crit Care Med 2018;198(12):e116-36.
[PubMed: 30640517]

Reveille JD, Solomon DH. American College of Rheumatology Ad Hoc Committee of
Immunologic Testing G. Evidence-based guidelines for the use of immunologic tests:
anticentromere, Scl-70, and nucleolar antibodies. Arthritis Rheum 2003;49(3):399-412. [PubMed:
12794797]

Nihtyanova SI, Schreiber BE, Ong VH, et al. Prediction of Pulmonary Complications and
Long-Term Survival in Systemic Sclerosis. Arthritis Rheumatol 2014;66(6):1625-35. [PubMed:
24591477]

Jandali B, Salazar GA, Hudson M, et al. The Effect of Anti-Scl —70 Antibody Determination
Method on Its Predictive Significance for Interstitial Lung Disease Progression in Systemic
Sclerosis. ACR Open Rheumatol 2022;4(4):345-51. [PubMed: 35048554]

Walker UA, Tyndall A, Czirjak L, et al. Clinical risk assessment of organ manifestations in
systemic sclerosis: a report from the EULAR Scleroderma Trials And Research group database.
Ann Rheum Dis 2007;66(6):754—63. [PubMed: 17234652]

Liaskos C, Marou E, Simopoulou T, et al. Disease-related autoantibody profile in patients with
systemic sclerosis. Autoimmunity 2017;50(7):414-21. [PubMed: 28749191]

Mitri GM, Lucas M, Fertig N, et al. A comparison between anti-Th/To- and anticentromere
antibody-positive systemic sclerosis patients with limited cutaneous involvement. Arthritis Rheum
2003;48(1):203-9. [PubMed: 12528120]

Lazzaroni M-G, Marasco E, Campochiaro C, et al. The clinical phenotype of systemic

sclerosis patients with anti-PM/Scl antibodies: results from the EUSTAR cohort. Rheumatology
2021;60(11):5028-41. [PubMed: 33580257]

Hudson M, Pope J, Mahler M, et al. Clinical significance of antibodies to Ro52/TRIM21 in
systemic sclerosis. Arthritis Res Ther 2012;14(2):R50. [PubMed: 22394602]

Mierau R, Moinzadeh P, Riemekasten G, et al. Frequency of disease-associated and other nuclear
autoantibodies in patients of the German network for systemic scleroderma: correlation with
characteristic clinical features. Arthritis Res Ther 2011;13(5):R172. [PubMed: 22018289]

Wangkaew S, Euathrongchit J, Wattanawittawas P, et al. Incidence and predictors of interstitial
lung disease (ILD) in Thai patients with early systemic sclerosis: Inception cohort study. Mod
Rheumatol 2016;26(4):588-93. [PubMed: 26561397]

Kamiya H, Panlaqui OM. Systematic review and meta-analysis of the risk of rheumatoid arthritis-
associated interstitial lung disease related to anti-cyclic citrullinated peptide (CCP) antibody. BMJ
Open 2021;11(3):e040465.

Kelly CA, Saravanan V, Nisar M, et al. Rheumatoid arthritis-related interstitial lung disease:
associations, prognostic factors and physiological and radiological characteristics—a large
multicentre UK study. Rheumatology (Oxford) 2014;53(9):1676-82. [PubMed: 24758887]

Doyle TJ, Patel AS, Hatabu H, et al. Detection of Rheumatoid Arthritis—Interstitial Lung Disease
Is Enhanced by Serum Biomarkers. Am J Respir Crit Care Med 2015;191(12):1403-12. [PubMed:
25822095]

Giles JT, Danoff SK, Sokolove J, et al. Association of fine specificity and repertoire expansion

of anticitrullinated peptide antibodies with rheumatoid arthritis associated interstitial lung disease.
Ann Rheum Dis 2014;73(8):1487-94. [PubMed: 23716070]

Richards TJ, Eggebeen A, Gibson K, et al. Characterization and peripheral blood

biomarker assessment of anti-Jo-1 antibody-positive interstitial lung disease. Arthritis Rheum
2009;60(7):2183-92. [PubMed: 19565490]

Marie I, Josse S, Decaux O, et al. Comparison of long-term outcome between anti-Jo1- and
anti-PL7/PL12 positive patients with antisynthetase syndrome. Autoimmun Rev 2012;11(10):739-
45. [PubMed: 22326685]

Sato S, Hirakata M, Kuwana M, et al. Autoantibodies to a 140-kd polypeptide, CADM-140, in
Japanese patients with clinically amyopathic dermatomyositis. Arthritis Rheum 2005;52(5):1571~
6. [PubMed: 15880816]

Immunol Allergy Clin North Am. Author manuscript; available in PMC 2023 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pugashetti et al.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 12

Tsuji H, Nakashima R, Hosono Y, et al. Multicenter Prospective Study of the Efficacy and
Safety of Combined Immunosuppressive Therapy With High-Dose Glucocorticoid, Tacrolimus,
and Cyclophosphamide in Interstitial Lung Diseases Accompanied by Anti-Melanoma
Differentiation—Associated Gene 5-Pos. Arthritis Rheumatol 2020;72(3):488-98. [PubMed:
31524333]

Hamaguchi Y, Kuwana M, Hoshino K, et al. Clinical Correlations With Dermatomyositis-
Specific Autoantibodies in Adult Japanese Patients With Dermatomyositis. Arch Dermatol
2011;147(4):391. [PubMed: 21482889]

Koga T, Fujikawa K, Horai Y, et al. The diagnostic utility of anti-melanoma differentiation-
associated gene 5 antibody testing for predicting the prognosis of Japanese patients with DM.
Rheumatology (Oxford) 2012;51(7):1278-84. [PubMed: 22378718]

Fiorentino D, Chung L, Zwerner J, et al. The mucocutaneous and systemic phenotype of
dermatomyositis patients with antibodies to MDA5 (CADM-140): A retrospective study. J Am
Acad Dermatol 2011;65(1):25-34. [PubMed: 21531040]

Hall JC, Casciola-Rosen L, Samedy L-A, et al. Anti-Melanoma Differentiation-Associated
Protein 5-Associated Dermatomyositis: Expanding the Clinical Spectrum. Arthritis Care Res
2013;65(8):1307-15.

Ishikawa N, Hattori N, Yokoyama A, et al. Utility of KL-6/MUCL in the clinical management of
interstitial lung diseases. Respir Investig 2012;50(1):3-13.

Asano Y, Ihn H, Yamane K, et al. Clinical significance of surfactant protein D as a serum
marker for evaluating pulmonary fibrosis in patients with systemic sclerosis. Arthritis Rheum
2001;44(6):1363-9. [PubMed: 11407696]

Hant FN, Ludwicka-Bradley A, Wang H-J, et al. Surfactant Protein D and KL-6 as Serum
Biomarkers of Interstitial Lung Disease in Patients with Scleroderma. The J Rheumatol
2009;36(4):773-80. [PubMed: 19286849]

Hasegawa M, Fujimoto M, Hamaguchi Y, et al. Use of Serum Clara Cell 16-kDa (CC16) Levels
as a Potential Indicator of Active Pulmonary Fibrosis in Systemic Sclerosis. The J Rheumatol
2011;38(5):877-84. [PubMed: 21239758]

Fotoh DS, Helal A, Rizk MS, et al. Serum Krebs von den Lungen-6 and lung ultrasound B lines
as potential diagnostic and prognostic factors for rheumatoid arthritis—associated interstitial lung
disease. Clin Rheumatol 2021;40(7):2689-97. [PubMed: 33474659]

Zheng M, Lou A, Zhang H, et al. Serum KL-6, CA19-9, CA125 and CEA are Diagnostic
Biomarkers for Rheumatoid Arthritis-Associated Interstitial Lung Disease in the Chinese
Population. Rheumatol Ther 2021;8(1):517-27. [PubMed: 33586127]

Qin Y, Wang Y, Meng F, et al. Identification of biomarkers by machine learning classifiers to assist
diagnose rheumatoid arthritis-associated interstitial lung disease. Arthritis Res Ther 2022;24(1).
10.1186/s13075-022-02800-2.

Takanashi S, Nishina N, Nakazawa M, et al. Usefulness of serum Krebs von den Lungen-6 for the
management of myositis-associated interstitial lung disease. Rheumatology 2019;58(6):1034-9.
[PubMed: 30624752]

Lee JS, Lee EY, Ha Y-J, et al. Serum KL-6 levels reflect the severity of interstitial lung

disease associated with connective tissue disease. Arthritis Res Ther 2019;21(1). 10.1186/
$13075-019-1835-9.

Fathi M, Barbasso Helmers S, Lundberg IE. KL-6: a serological biomarker for interstitial lung
disease in patients with polymyositis and dermatomyositis. J Intern Med 2012;271(6):589-97.
[PubMed: 21950266]

Hasegawa M, Fujimoto M, Matsushita T, et al. Serum chemokine and cytokine levels as
indicators of disease activity in patients with systemic sclerosis. Clin Rheumatol 2011;30(2):231-
7. [PubMed: 21049277]

Chen F, Lu X, Shu X, et al. Predictive value of serum markers for the development of interstitial
lung disease in patients with polymyositis and dermatomyositis: a comparative and prospective
study. Intern Med J 2015;45(6):641-7. [PubMed: 25827843]

Immunol Allergy Clin North Am. Author manuscript; available in PMC 2023 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pugashetti et al.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 13

Takahashi H, Kuroki Y, Tanaka H, et al. Serum levels of surfactant proteins A and D are useful
biomarkers for interstitial lung disease in patients with progressive systemic sclerosis. Am J Respir
Crit Care Med 2000;162(1):258-63. [PubMed: 10903251]

Yang H Cytokine expression in patients with interstitial lung disease in primary Sjogren’s
syndrome and its clinical significance. Am J Transl Res 2021;13(7):8391-6. [PubMed: 34377333]

Yu M, Guo Y, Zhang P, et al. Increased circulating Wnt5a protein in patients with rheumatoid
arthritis-associated interstitial pneumonia (RA-ILD). Immunobiology 2019;224(4):551-9.
[PubMed: 31072629]

Maher TM, Nambiar AM, Wells AU. The role of precision medicine in interstitial lung disease. Eur
Respir J 2022;60(3):2102146. [PubMed: 35115344]

Kass DJ, Nouraie M, Glassberg MK, et al. Comparative Profiling of Serum Protein Biomarkers

in Rheumatoid Arthritis-Associated Interstitial Lung Disease and Idiopathic Pulmonary Fibrosis.
Arthritis Rheumatol 2020;72(3):409-19. [PubMed: 31532072]

Raghu G, Remy-Jardin M, Richeldi L, et al. Idiopathic Pulmonary Fibrosis (an Update) and
Progressive Pulmonary Fibrosis in Adults: An Official ATS/ERS/JRS/ALAT Clinical Practice
Guideline. Am J Respir Crit Care Med 2022;205(9):e18-47. [PubMed: 35486072]

Guillen-Del Castillo A, Pilar Simeon-Aznar C, Fonollosa-Pla V, et al. Good outcome of interstitial
lung disease in patients with scleroderma associated to anti-PM/Scl antibody. Semin Arthritis
Rheum 2014;44(3):331-7. [PubMed: 25110305]

Xu A, YeY, Fu Q, et al. Prognostic values of anti-Ro52 antibodies in anti-MDAS5-positive
clinically amyopathic dermatomyositis associated with interstitial lung disease. Rheumatology
(Oxford) 2021;60(7):3343-51. [PubMed: 33331866]

Bauhammer J, Blank N, Max R, et al. Rituximab in the Treatment of Jo1 Antibody-associated
Antisynthetase Syndrome: Anti-Ro52 Positivity as a Marker for Severity and Treatment Response.
J Rheumatol 2016;43(8):1566—74. [PubMed: 27252419]

Arai S, Kurasawa K, Maezawa R, et al. Marked increase in serum KL-6 and surfactant

protein D levels during the first 4 weeks after treatment predicts poor prognosis in patients

with active interstitial pneumonia associated with polymyositis/dermatomyositis. Mod Rheumatol
2013;23(5):872-83. [PubMed: 22983659]

Kamiya Y, Fujisawa T, Kono M, et al. Prognostic factors for primary Sjégren’s syndrome-
associated interstitial lung diseases. Respir Med 2019;159:105811. [PubMed: 31710871]

Satoh H, Kurishima K, Ishikawa H, et al. Increased levels of KL-6 and subsequent mortality in
patients with interstitial lung diseases. J Intern Med 2006;260(5):429-34. [PubMed: 17040248]
Salazar GA, Kuwana M, Wu M, et al. KL-6 But Not CCL-18 Is a Predictor of Early Progression
in Systemic Sclerosis-related Interstitial Lung Disease. The J Rheumatol 2018;45(8):1153-8.
[PubMed: 29961690]

Gono T, Masui K, Nishina N, et al. Risk Prediction Modeling Based on a Combination of Initial
Serum Biomarker Levels in Polymyositis/Dermatomyositis—Associated Interstitial Lung Disease.
Arthritis Rheumatol 2021;73(4):677-86. [PubMed: 33118321]

Bowman WS, Newton CA, Linderholm AL, et al. Proteomic biomarkers of progressive fibrosing
interstitial lung disease: a multicentre cohort analysis. Lancet Respir Med 2022. 10.1016/
$2213-2600(21)00503-8.

Noble PW, Albera C, Bradford Wz, et al. Pirfenidone in patients with idiopathic pulmonary
fibrosis (CAPACITY): two randomised trials. Comparative Study Multicenter Study Randomized
Controlled Trial Research Support. Non-U.S Gov’t Lancet2011;377(9779):1760-9.

Richeldi L, Du Bois RM, Raghu G, et al. Efficacy and Safety of Nintedanib in Idiopathic
Pulmonary Fibrosis. New Engl J Med 2014;370(22):2071-82. [PubMed: 24836310]

Mayo JR. CT evaluation of diffuse infiltrative lung disease: dose considerations and optimal
technique. J Thorac Imaging 2009;24(4):252-9. [PubMed: 19935222]

Kazerooni EA. High-resolution CT of the lungs. AJR Am J Roentgenol 2001;177(3):501-19.
[PubMed: 11517038]

Ghodrati S, Pugashetti JV, Kadoch MA, et al. Diagnostic Accuracy of Chest Radiography

for Detecting Fibrotic Interstitial Lung Disease. Ann Am Thorac Soc 2022. 10.1513/
AnnalsATS.202112-1377RL.

Immunol Allergy Clin North Am. Author manuscript; available in PMC 2023 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pugashetti et al.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 14

Schurawitzki H, Stiglbauer R, Graninger W, et al. Interstitial lung disease in progressive
systemic sclerosis: high-resolution CT versus radiography. Radiology 1990;176(3):755-9.
10.1148/radiology.176.3.2389033. [PubMed: 2389033]

Hoffmann-Vold A-M, Maher TM, Philpot EE, et al. The identification and management of
interstitial lung disease in systemic sclerosis: evidence-based European consensus statements.
Lancet Rheumatol 2020;2(2):e71-83. 10.1016/52665-9913(19)30144-4.

Bruni C, Chung L, Hoffmann-Vold AM, et al. High-resolution computed tomography of the chest
for the screening, re-screening and follow-up of systemic sclerosis-associated interstitial lung
disease: a EUSTAR-SCTC survey. Clin Exp Rheumatol 2022. 10.55563/clinexprheumatol/7ry6zz.

Pritchard D, Adegunsoye A, Lafond E, et al. Diagnostic test interpretation and referral delay in
patients with interstitial lung disease. Respir Res 2019;20(1):253. 10.1186/s12931-019-1228-2.
[PubMed: 31718645]

Cano-Jiménez E, Vazquez Rodriguez T, Martin-Robles I, et al. Diagnostic delay of associated
interstitial lung disease increases mortality in rheumatoid arthritis. Scientific Rep 2021;11(1).
10.1038/s41598-021-88734-2.

Kim EJ, Elicker BM, Maldonado F, et al. Usual interstitial pneumonia in rheumatoid arthritis-
associated interstitial lung disease. Eur Respir J 2010;35(6):1322-8. [PubMed: 19996193]
Nurmi HM, Kettunen H-P, Suoranta S-K, et al. Several high-resolution computed tomography
findings associate with survival and clinical features in rheumatoid arthritis-associated interstitial
lung disease. Respir Med 2018;134:24-30. [PubMed: 29413504]

Yamakawa H, Sato S, Tsumiyama E, et al. Predictive factors of mortality in rheumatoid
arthritis-associated interstitial lung disease analysed by modified HRCT classification of
idiopathic pulmonary fibrosis according to the 2018 ATS/ERS/JRS/ALAT criteria. J Thorac Dis
2019;11(12):5247-57. [PubMed: 32030242]

Winstone TA, Assayag D, Wilcox PG, et al. Predictors of mortality and progression in
scleroderma-associated interstitial lung disease: a systematic review. Chest 2014;146(2):422-36.
[PubMed: 24576924]

Hoffmann-Vold A-M, Aalgkken TM, Lund MB, et al. Predictive Value of Serial High-Resolution
Computed Tomography Analyses and Concurrent Lung Function Tests in Systemic Sclerosis.
Arthritis Rheumatol 2015;67(8):2205-12. [PubMed: 25916462]

Kocheril SV, Appleton BE, Somers EC, et al. Comparison of disease progression and mortality
of connective tissue disease-related interstitial lung disease and idiopathic interstitial pneumonia.
Arthritis Rheum 2005;53(4):549-57. [PubMed: 16082627]

Walsh SLF, Sverzellati N, Devaraj A, et al. Connective tissue disease related fibrotic lung
disease: high resolution computed tomographic and pulmonary function indices as prognostic
determinants. Thorax 2014;69(3):216-22. [PubMed: 24127020]

Khanna D, Tseng C-H, Farmani N, et al. Clinical course of lung physiology in patients with
scleroderma and interstitial lung disease: Analysis of the Scleroderma Lung Study Placebo Group.
Arthritis Rheum 2011;63(10):3078-85. [PubMed: 21618205]

Moore OA, Goh N, Corte T, et al. Extent of disease on high-resolution computed tomography
lung is a predictor of decline and mortality in systemic sclerosis-related interstitial lung disease.
Rheumatology 2013;52(1):155-60. [PubMed: 23065360]

Goh NS, Desai SR, Veeraraghavan S, et al. Interstitial lung disease in systemic sclerosis: a simple
staging system. Am J Respir Crit Care Med 2008;177(11):1248-54. [PubMed: 18369202]

Raghu G, Remy-Jardin M, Myers JL, et al. Diagnosis of Idiopathic Pulmonary Fibrosis.

An Official ATS/ERS/JRS/ALAT Clinical Practice Guideline. Am J Respir Crit Care Med
2018;198(5):e44-68. [PubMed: 30168753]

Desai SR, Veeraraghavan S, Hansell DM, et al. CT features of lung disease in patients with
systemic sclerosis: comparison with idiopathic pulmonary fibrosis and nonspecific interstitial
pneumonia. Radiology 2004;232(2):560-7. [PubMed: 15286324]

100. Travis WD, Costabel U, Hansell DM, et al. An official American Thoracic Society/European

Respiratory Society statement: Update of the international multidisciplinary classification of the
idiopathic interstitial pneumonias. Am J Respir Crit Care Med 2013;188(6):733-48. [PubMed:
24032382]

Immunol Allergy Clin North Am. Author manuscript; available in PMC 2023 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pugashetti et al.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112

113

114

115.

116.

117.

118.

119.

120.

121.

Page 15

Bendstrup E, Moller J, Kronborg-White S, et al. Interstitial Lung Disease in Rheumatoid Arthritis
Remains a Challenge for Clinicians. J Clin Med 2019;8(12). 10.3390/jcm8122038.

Tanaka N, Kim JS, Newell JD, et al. Rheumatoid arthritis-related lung diseases: CT findings.
Radiology 2004;232(1):81-91. [PubMed: 15166329]

Assayag D, Lubin M, Lee JS, et al. Predictors of mortality in rheumatoid arthritis-related
interstitial lung disease. Respirology 2014;19(4):493-500. [PubMed: 24372981]

Liu H, Xie S, Liang T, et al. Prognostic factors of interstitial lung disease progression at
sequential HRCT in anti-synthetase syndrome. Eur Radiol 2019;29(10):5349-57. [PubMed:
30919069]

Maillet T, Goletto T, Beltramo G, et al. Usual interstitial pneumonia in ANCA-

associated vasculitis: A poor prognostic factor. J Autoimmun 2020;106:102338. 10.1016/
jjaut.2019.102338. [PubMed: 31570253]

Kim HC, Lee JS, Lee EY, et al. Risk prediction model in rheumatoid arthritis-associated
interstitial lung disease. Respirology 2020;25(12):1257-64. [PubMed: 32441061]

Solomon JJ, Chung JH, Cosgrove GP, et al. Predictors of mortality in rheumatoid arthritis-
associated interstitial lung disease. Eur Respir J 2016;47(2):588-96. [PubMed: 26585429]

Pugashetti JV, Adegunsoye A, Wu Z, et al. Validation of Proposed Criteria for Progressive
Pulmonary Fibrosis. Am J Respir Crit Care Med 2023;207(1):69-76. [PubMed: 35943866]

Oldham JM, Lee CT, Wu Z, et al. Lung function trajectory in progressive fibrosing interstitial
lung disease. Eur Respir J 2021. 10.1183/13993003.01396-2021.

Watadani T, Sakai F, Johkoh T, et al. Interobserver variability in the CT assessment of
honeycombing in the lungs. Radiology 2013;266(3):936-44. [PubMed: 23220902]

Nathan SD, Pastre J, Ksovreli |, et al. HRCT evaluation of patients with interstitial lung
disease: comparison of the 2018 and 2011 diagnostic guidelines. Ther Adv Respir Dis 2020;14.
175346662096849.

. Anthimopoulos M, Christodoulidis S, Ebner L, et al. Lung Pattern Classification for Interstitial
Lung Diseases Using a Deep Convolutional Neural Network. IEEE Trans Med Imaging
2016;35(5):1207-16. [PubMed: 26955021]

. Kim GB, Jung K-H, Lee Y, et al. Comparison of Shallow and Deep Learning Methods on
Classifying the Regional Pattern of Diffuse Lung Disease. J Digital Imaging 2018;31(4):415-24.

. Walsh SLF, Calandriello L, Silva M, et al. Deep learning for classifying fibrotic lung disease on

high-resolution computed tomography: a case-cohort study. Lancet Respir Med 2018;6(11):837-

45. [PubMed: 30232049]

Ash SY, Harmouche R, Vallejo DLL, et al. Densitometric and local histogram based analysis

of computed tomography images in patients with idiopathic pulmonary fibrosis. Respir Res

2017;18(1). 10.1186/s12931-017-0527-8.

Best AC, Meng J, Lynch AM, et al. Idiopathic pulmonary fibrosis: physiologic tests, quantitative
CT indexes, and CT visual scores as predictors of mortality. Radiology 2008;246(3):935-40.
[PubMed: 18235106]

Kim HJ, Brown MS, Chong D, et al. Comparison of the quantitative CT imaging biomarkers of
idiopathic pulmonary fibrosis at baseline and early change with an interval of 7 months. Acad
Radiol 2015;22(1):70-80. [PubMed: 25262954]

Kim HG, Tashkin DP, Clements PJ, et al. A computer-aided diagnosis system for quantitative
scoring of extent of lung fibrosis in scleroderma patients. Clin Exp Rheumatol 2010;28(5 Suppl
62):526-35. [PubMed: 21050542]

Oh JH, Kim GHJ, Cross G, et al. Automated quantification system predicts survival in
rheumatoid arthritis-associated interstitial lung disease. Rheumatology (Oxford) 2022. 10.1093/
rheumatology/keac184.

Martini K, Baessler B, Bogowicz M, et al. Applicability of radiomics in interstitial lung disease
associated with systemic sclerosis: proof of concept. Eur Radiol 2021;31(4):1987-98. [PubMed:
33025174]

Schniering J, Maciukiewicz M, Gabrys HS, et al. Computed tomography-based radiomics
decodes prognostic and molecular differences in interstitial lung disease related to systemic
sclerosis. Eur Respir J 2022;59(5):2004503. [PubMed: 34649979]

Immunol Allergy Clin North Am. Author manuscript; available in PMC 2023 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pugashetti et al.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Page 16

Jacob J, Bartholmai BJ, Rajagopalan S, et al. Automated Quantitative Computed Tomography
Versus Visual Computed Tomography Scoring in Idiopathic Pulmonary Fibrosis: Validation
Against Pulmonary Function. J Thorac Imaging 2016;31(5):304-11. [PubMed: 27262146]

Jacob J, Bartholmai BJ, Rajagopalan S, et al. Evaluation of computer-based computer tomography
stratification against outcome models in connective tissue disease-related interstitial lung disease:
a patient outcome study. BMC Med 2016-12-01 2016;14(1). 10.1186/s12916-016-0739-7.

Jacob J, Bartholmai BJ, Rajagopalan S, et al. Mortality prediction in idiopathic pulmonary
fibrosis: evaluation of computer-based CT analysis with conventional severity measures. Eur
Respir J 2017;49(1):1601011. [PubMed: 27811068]

Jacob J, Bartholmai BJ, Rajagopalan S, et al. Predicting Outcomes in Idiopathic Pulmonary
Fibrosis Using Automated Computed Tomographic Analysis. Am J Respir Crit Care Med
2018;198(6):767-76. [PubMed: 29684284]

Chung JH, Adegunsoye A, Cannon B, et al. Differentiation of Idiopathic Pulmonary Fibrosis from
Connective Tissue Disease-Related Interstitial Lung Disease Using Quantitative Imaging. J Clin
Med 2021;10(12):2663. [PubMed: 34204184]

Jacob J, Hirani N, Van Moorsel CHM, et al. Predicting outcomes in rheumatoid arthritis related
interstitial lung disease. Eur Respir J 2019;53(1):1800869. [PubMed: 30487199]

Wang T, Zheng XJ, Ji YL, et al. Tumour markers in rheumatoid arthritis-associated interstitial
lung disease. Clin Exp Rheumatol 2016;34(4):587-91. [PubMed: 27213221]

Prasse A, Pechkovsky DV, Toews GB, et al. CCL18 as an indicator of pulmonary fibrotic activity
in idiopathic interstitial pneumonias and systemic sclerosis. Arthritis Rheum 2007;56(5):1685—
93. [PubMed: 17469163]

Kuryliszyn-Moskal A, Klimiuk PA, Sierakowski S. Soluble adhesion molecules (sVCAM-1,
sE-selectin), vascular endothelial growth factor (VEGF) and endothelin-1 in patients with
systemic sclerosis: relationship to organ systemic involvement. Clin Rheumatol 2005;24(2):111-
6. [PubMed: 15349798]

Ihn H, Sato S, Fujimoto M, et al. Increased serum levels of soluble vascular cell adhesion
molecule-1 and E-selectin in patients with systemic sclerosis. Br J Rheumatol 1998;37(11):1188-
92. [PubMed: 9851267]

Ates A, Kinikli G, Turgay M, et al. Serum-Soluble Selectin Levels in Patients with Rheumatoid
Arthritis and Systemic Sclerosis. Scand J Immunol 2004;59(3):315-20. [PubMed: 15030584]
Kumanovics G, Minier T, Radics J, et al. Comprehensive investigation of novel serum markers

of pulmonary fibrosis associated with systemic sclerosis and dermato/polymyositis. Clin Exp
Rheumatol 2008;26(3):414-20. [PubMed: 18578962]

Hasegawa M, Asano Y, Endo H, et al. Serum Adhesion Molecule Levels as Prognostic Markers

in Patients with Early Systemic Sclerosis: A Multicentre, Prospective, Observational Study. PLoS
ONE 2014;9(2):e88150. [PubMed: 24516598]

Kodera M, Hasegawa M, Komura K, et al. Serum pulmonary and activation-regulated chemokine/
CCL18 levels in patients with systemic sclerosis: A sensitive indicator of active pulmonary
fibrosis. Arthritis Rheum 2005;52(9):2889-96. [PubMed: 16142750]

Elhai M, Hoffmann-Vold AM, Avouac J, et al. Performance of Candidate Serum Biomarkers for
Systemic Sclerosis—Associated Interstitial Lung Disease. Arthritis Rheumatol 2019;71(6):972—
82. [PubMed: 30624031]

Moon J, Lee JS, Yoon Y], et al. Association of Serum Biomarkers With Pulmonary Involvement
of Rheumatoid Arthritis Interstitial Lung Disease: From KORAIL Cohort Baseline Data. J
Rheum Dis 2021;28(4):234-41. [PubMed: 37476358]

Bandoh S. Sequential changes of KL-6 in sera of patients with interstitial pneumonia associated
with polymyositis/dermatomyositis. Ann Rheum Dis 2000;59(4):257-62. [PubMed: 10733471]
Kubo M, Thn H, Yamane K, et al. Serum KL-6 in adult patients with polymyositis and
dermatomyaositis. Rheumatology 2000;39(6):632—6. [PubMed: 10888708]

Wang Y, Chen S, Lin J, et al. Lung ultrasound B-lines and serum KL-6 correlate with the
severity of idiopathic inflammatory myositis-associated interstitial lung disease. Rheumatology
2020;59(8):2024-9. [PubMed: 31794028]

Immunol Allergy Clin North Am. Author manuscript; available in PMC 2023 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pugashetti et al.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151

152

153

154.

155.

156.

157.

158.

Page 17

Chiu Y-H, Chu C-C, Lu C-C, et al. KL-6 as a Biomarker of Interstitial Lung Disease
Development in Patients with Sjogren Syndrome: A Retrospective Case—Control Study. J
Inflamm Res 2022;15:2255-62. [PubMed: 35422651]

Oda K, Kotani T, Takeuchi T, et al. Chemokine profiles of interstitial pneumonia in patients with
dermatomyositis: a case control study. Scientific Rep 2017;7(1). 10.1038/s41598-017-01685-5.

Hoffmann-Vold A-M, Weigt SS, Palchevskiy V, et al. Augmented concentrations of CX3CL1 are
associated with interstitial lung disease in systemic sclerosis. PLOS ONE 2018;13(11):e0206545.
[PubMed: 30457999]

Tiev KP, Chatenoud L, Kettaneh A, et al. [Increase of CXCL10 serum level in systemic sclerosis
interstitial pneumonia]. Rev Med Interne 2009;30(11):942-6. Augmentation de CXCL10 dans
le serum au cours de la pneumopathie interstitielle de la sclerodermie systemique. [PubMed:
19577826]

Antonelli A, Ferri C, Fallahi P, et al. CXCL10 (alpha) and CCL2 (beta) chemokines in systemic
sclerosis—a longitudinal study. Rheumatology (Oxford) 2008;47(1):45-9. [PubMed: 18077490]
Chen J, Doyle TJ, Liu Y, et al. Biomarkers of Rheumatoid Arthritis-Associated Interstitial Lung
Disease. Arthritis Rheumatol 2015;67(1):28-38. [PubMed: 25302945]

Gono T, Kaneko H, Kawaguchi Y, et al. Cytokine profiles in polymyositis and dermatomyositis
complicated by rapidly progressive or chronic interstitial lung disease. Rheumatology (Oxford)
2014;53(12):2196-203. [PubMed: 24970922]

Kameda M, Otsuka M, Chiba H, et al. CXCL9, CXCL10, and CXCL11; biomarkers of
pulmonary inflammation associated with autoimmunity in patients with collagen vascular
diseases—associated interstitial lung disease and interstitial pneumonia with autoimmune features.
PLOS ONE 2020;15(11):e0241719. [PubMed: 33137121]

Nishikawa A, Suzuki K, Kassai Y, et al. Identification of definitive serum biomarkers associated
with disease activity in primary Sjégren’s syndrome. Arthritis Res Ther 2016;18(1). 10.1186/
$13075-016-1006-1.

Cossu M, Andracco R, Santaniello A, et al. Serum levels of vascular dysfunction markers
reflect disease severity and stage in systemic sclerosis patients. Rheumatology (Oxford)
2016;55(6):1112-6. [PubMed: 26989111]

. Van Bon L, Affandi AJ, Broen J, et al. Proteome-wide Analysis and CXCL4 as a Biomarker in
Systemic Sclerosis. New Engl J Med 2014;370(5):433-43. [PubMed: 24350901]

. Khadilkar PV, Khopkar US, Nadkar MY, et al. Fibrotic Cytokine Interplay in Evaluation of
Disease Activity in Treatment Naive Systemic Sclerosis Patients from Western India. J Assoc
Physicians India 2019;67(8):26—30.

. Abdel-Magied RA, Kamel SR, Said AF, et al. Serum interleukin-6 in systemic sclerosis and its

correlation with disease parameters and cardiopulmonary involvement. Sarcoidosis Vasc Diffuse

Lung Dis 2016;33(4):321-30. [PubMed: 28079844]

Olewicz-Gawlik A, Danczak-Pazdrowska A, Kuznar-Kaminska B, et al. Interleukin-17 and

interleukin-23: importance in the pathogenesis of lung impairment in patients with systemic

sclerosis. Int J Rheum Dis 2014;17(6):664—70. [PubMed: 24467649]

Yanaba K, Yoshizaki A, Asano Y, et al. Serum IL-33 levels are raised in patients with systemic
sclerosis: association with extent of skin sclerosis and severity of pulmonary fibrosis. Clin
Rheumatol 2011;30(6):825-30. [PubMed: 21246230]

Tang J, Lei L, Pan J, et al. Higher levels of serum interleukin-35 are associated with the severity
of pulmonary fibrosis and Th2 responses in patients with systemic sclerosis. Rheumatol Int
2018;38(8):1511-9. [PubMed: 29846790]

Moinzadeh P, Krieg T, Hellmich M, et al. Elevated MMP-7 levels in patients with systemic
sclerosis: correlation with pulmonary involvement. Exp Dermatol 2011;20(9):770-3. [PubMed:
21707759]

Matson SM, Lee SJ, Peterson RA, et al. The prognostic role of matrix metalloproteinase-7 in
scleroderma-associated interstitial lung disease. Eur Respir J 2021;58(6):2101560. [PubMed:
34588190]

Immunol Allergy Clin North Am. Author manuscript; available in PMC 2023 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pugashetti et al.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Page 18

Nakatsuka Y, Handa T, Nakashima R, et al. Serum matrix metalloproteinase levels

in polymyositis/dermatomyositis patients with interstitial lung disease. Rheumatology
2019;58(8):1465-73.

Manetti M, Guiducci S, Romano E, et al. Increased serum levels and tissue expression of

matrix metalloproteinase-12 in patients with systemic sclerosis: correlation with severity of skin
and pulmonary fibrosis and vascular damage. Ann Rheum Dis 2012;71(6):1064-72. [PubMed:
22258486]

Kikuchi K, Kubo M, Sato S, et al. Serum tissue inhibitor of metalloproteinases in patients with
systemic sclerosis. J Am Acad Dermatol 1995;33(6):973-8. [PubMed: 7490368]

Ren J, Sun L, Sun X, et al. Diagnostic value of serum connective tissue growth factor in
rheumatoid arthritis. Clin Rheumatol 2021;40(6):2203-9. [PubMed: 33389316]

Sato S, Nagaoka T, Hasegawa M, et al. Serum levels of connective tissue growth factor are
elevated in patients with systemic sclerosis: association with extent of skin sclerosis and severity
of pulmonary fibrosis. J Rheumatol 2000;27(1):149-54. [PubMed: 10648031]

Lambrecht S, Smith V, De Wilde K, et al. Growth differentiation factor 15, a marker of lung
involvement in systemic sclerosis, is involved in fibrosis development but is not indispensable for
fibrosis development. Arthritis Rheumatol 2014;66(2):418-27. [PubMed: 24504814]

Gamal SM, Elgengehy FT, Kamal A, et al. Growth Differentiation Factor-15 (GDF-15) Level and
Relation to Clinical Manifestations in Egyptian Systemic Sclerosis patients: Preliminary Data.
Immunol Invest 2017;46(7):703-13. [PubMed: 28872977]

Yanaba K, Asano Y, Tada Y, et al. Clinical significance of serum growth differentiation factor-15
levels in systemic sclerosis: association with disease severity. Mod Rheumatol 2012;22(5):668-
75. [PubMed: 22160844]

Nordenbzk C, Johansen JS, Halberg P, et al. High serum levels of YKL-40 in patients

with systemic sclerosis are associated with pulmonary involvement. Scand J Rheumatol
2005;34(4):293-7. [PubMed: 16195162]

Algalyoobi S, Adegunsoye A, Linderholm A, et al. Circulating Plasma Biomarkers of Progressive
Interstitial Lung Disease. Am J Respir Crit Care Med 2020;201(2):250-3. [PubMed: 31524503]

Riviére S, Hua-Huy T, Tiev KP, et al. High Baseline Serum Clara Cell 16 kDa Predicts
Subsequent Lung Disease Worsening in Systemic Sclerosis. The J Rheumatol 2018;45(2):242-7.
[PubMed: 29142028]

Volkmann ER, Tashkin DP, Kuwana M, et al. Progression of Interstitial Lung Disease in Systemic
Sclerosis: The Importance of Pneumoproteins Krebs von den Lungen 6 and CCL18. Arthritis
Rheumatol 2019;71(12):2059-67. [PubMed: 31233287]

Guiot J, Njock M-S, André B, et al. Serum IGFBP-2 in systemic sclerosis as a prognostic factor
of lung dysfunction. Scientific Rep 2021;11(1). 10.1038/s41598-021-90333-0.

Kuwana M, Shirai Y, Takeuchi T. Elevated Serum Krebs von den Lungen-6 in Early Disease
Predicts Subsequent Deterioration of Pulmonary Function in Patients with Systemic Sclerosis
and Interstitial Lung Disease. The J Rheumatol 2016;43(10):1825-31. [PubMed: 27481907]
Kennedy B, Branagan P, Moloney F, et al. Biomarkers to identify ILD and predict lung function
decline in scleroderma lung disease or idiopathic pulmonary fibrosis. Sarcoidosis Vasc Diffuse
Lung Dis 2015;32(3):228-36. [PubMed: 26422568]

Wu M, Baron M, Pedroza C, et al. CCL2 in the Circulation Predicts Long-Term Progression of
Interstitial Lung Disease in Patients With Early Systemic Sclerosis: Data From Two Independent
Cohorts. Arthritis Rheumatol 2017;69(9):1871-8. [PubMed: 28575534]

Volkmann ER, Tashkin DP, Roth MD, et al. Changes in plasma CXCL4 levels are associated
with improvements in lung function in patients receiving immunosuppressive therapy for
systemic sclerosis-related interstitial lung disease. Arthritis Res Ther 2016;18(1). 10.1186/
513075-016-1203-y.

De Lauretis A, Sestini P, Pantelidis P, et al. Serum interleukin 6 is predictive of early functional
decline and mortality in interstitial lung disease associated with systemic sclerosis. J Rheumatol
2013;40(4):435-46. [PubMed: 23378460]

Immunol Allergy Clin North Am. Author manuscript; available in PMC 2023 October 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Pugashetti et al.

177.

178.

179.

180.

181.

182.

183.

Page 19

Nara M, Komatsuda A, Omokawa A, et al. Serum interleukin 6 levels as a useful prognostic
predictor of clinically amyopathic dermatomyositis with rapidly progressive interstitial lung
disease. Mod Rheumatol 2014;24(4):633-6. [PubMed: 24252021]

Lee JH, Jang JH, Park JH, et al. The role of interleukin-6 as a prognostic biomarker for predicting
acute exacerbation in interstitial lung diseases. PLOS ONE 2021;16(7):e0255365. [PubMed:
34314462]

Takada T, Ohashi K, Hayashi M, et al. Role of IL-15 in interstitial lung diseases in amyopathic
dermatomyaositis with anti-MDA-5 antibody. Respir Med 2018;141:7-13. [PubMed: 30053975]

Shimizu T, Koga T, Furukawa K, et al. IL-15 is a biomarker involved in the development of
rapidly progressive interstitial lung disease complicated with polymyositis/dermatomyositis. J
Intern Med 2021;289(2):206-20. [PubMed: 32691471]

Peng Q-L, Zhang Y-M, Liang L, et al. A high level of serum neopterin is associated with rapidly
progressive interstitial lung disease and reduced survival in dermatomyositis. Clin Exp Immunol
2020;199(3):314-25. [PubMed: 31797350]

Hozumi H, Fujisawa T, Enomoto N, et al. Clinical Utility of YKL-40 in Polymyositis/
dermatomyositis-associated Interstitial Lung Disease. The J Rheumatol 2017;44(9):1394-401.
[PubMed: 28711881]

Jiang L, Wang Y, Peng Q, et al. Serum YKL-40 level is associated with severity of interstitial
lung disease and poor prognosis in dermatomyositis with anti-MDADS antibody. Clin Rheumatol
2019;38(6):1655-63. [PubMed: 30739212]

Immunol Allergy Clin North Am. Author manuscript; available in PMC 2023 October 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pugashetti et al.

Page 20

KEY POINTS

Blood-based biomarkers that reflect lung epithelial cell dysfunction, aberrant
immunity, and abnormal lung remodeling may discriminate the presence of
interstitial lung disease in patients with connective tissue diseases.

High-resolution computed tomography (HRCT) is the current best diagnostic
tool for ILD and may have prognostic value in CTD-ILD.

Texture-based and volumetric HRCT analysis show promise as prognostic
biomarkers in CTD-ILD.

Composite biomarkers improve risk prediction compared with stand-alone
biomarkers, showing high promise in the diagnosis and prognosis of patients
with connective tissue-associated interstitial lung disease.

The combination of large blood-based platforms, radiomic algorithms, and
use of machine learning is expected to advance the study of CTD-ILD in
coming years.

Immunol Allergy Clin North Am. Author manuscript; available in PMC 2023 October 18.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pugashetti et al.

Page 21

CLINICS CARE POINTS

. HRCT is the screening and diagnostic tool of choice for patients with CTDs.
When screening for ILD, PFT and chest radiography are insufficient and an
HRCT should be ordered.

. There are no single blood-based biomarkers validated for the diagnosis or
prognosis of CTD-associated ILD. When caring for patients with CTD-ILD,
making clinical decisions based on single laboratory tests should be avoided.

. The best prognostic radiographic markers are extent of fibrosis and evidence
of progression on serial HRCT. When a patient has a large extent of
fibrosis or shows waorsening fibrosis on HRCT, the likelihood of future ILD
progression is high.
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Fig. 1.

Longitudinal plots comparing 1-year change in forced vital capacity between patients
with high-risk and low-risk proteomic signature in the derivation (A), validation (B), and
combined cohorts (C). (Reprinted with permission from Elsevier. The Lancet Respiratory
Medicine, June 2022, 10 (6), 593-602.)
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Fig. 2.
Axial HRCT image color maps demonstrating CALIPER-derived vessel-related structures

(VRS; red). VRS represent pulmonary arteries and veins (excluding hilar vessels)

and connected tubular structures, the latter primarily reflecting adjoining regions of
fibrosis. (A-C) Axial sections in a 71-year-old female 30-pack-year exsmoker with
upper lobe emphysema and fibrosis visible in the lower lobes (VRS 2.1%); (D-F) axial
sections in a 62-year-old female never smoker with upper lobe-predominant fibrosis
(VRS 7.0%). Nonvascular region captures in the VRS signal are visible in the upper
lobes (D) and adjacent to the right hemidiaphragm (F). (Reproduced with permission
of the © ERS 2022: European Respiratory Journal 53 (1) 1800869; https://doi.org/
10.1183/13993003.00869-2018 Published 3 January 2019.)
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Table 1

Novel blood-based diagnostic CTD-ILD biomarkers

Biomarker

Reference(s)

Diagnostic Test Performance (CTD-ILD from CTD Without ILD)

Lung epithelial cell dysfunction

CA 125 RA128 RA128: cutoff 35 U/mL, sens 60.71%, spec 79.52%, AUC 0.78
CC16 SSc54 SSc54: cutoff 46.0 ng/mL, sens 51.8%, spec 88.8%, AUC 0.76
CCL18 SScl29
E-Selectin SSc130.131
RA132
1IM & SSc133
ET-1 SScl30
ICAM-1 SScls4
KL-6 SS¢52-54.135,136 SSc52: cutoff 602 U/mL, sens 73%, spec 70%
RAS5556,137.57 SSc53: cutoff 500 U/mL, sens 78.8%, spec 90.0%, AUC 0.90
11\M62:58.138,139.60 140 55¢54: cutoff 302 U/mL, sens 85.5%, spec 85.3%, AUC 0.89
S RADS5: cutoff 277.5 U/mL, sens 86.7%, spec 88%, AUC 0.88
CTD"? RADS6: cutoff 399 U/mL, sens 85.71%, spec 90.91%, AUC 0.92
RA57: AUC 0.81
11M38: cutoff 437 U/mL, sens 87%, spec 96%, AUC 0.97
CTD®9: cutoff 275.1 U/mL, sens 79.4%, spec 79.9%, AUC 0.86
11M80: cutoff 549 U/mL, sens 83%, spec 100%
SP-A SSc63 SScB3: Cutoff 43.8 ng/mL, sens 33%, spec 100%
11Mm62 11M82: Cutoff 39.5 ng/mL, PPV = 70%
SP-D SSc52-54 SSc52; cutoff 62.2 ng/mL, sens 68%, spec 70%
RAA4L.137 SSc53: cutoff 90 ng/mL, sens 89.4%, spec 80.0%, AUC 0.983
11Mm62 Ssc5: cutoff 91.0 ng/mL, sens 71.4%, spec 77.2%, AUC 0.72
SSc: cutoff 110 ng/mL, sens 77%, spec 83%
RA%L: AUC 0.75
RA%: AUC 0.91
VEGF Y
Aberrant immunity
CCL2 ||M62,142
SScbl
CX3CL1 SScl43
CXCL10/IP-10  SScl44.145
RA146
||M147,142
CTDW8
CXCL11 CTD48
||M142
CXCL12
CXCL13 SS149
CXCL16 SScls0
CXCL4 SSclst
CXCL9/MIG SSc6?
cTDY®
IL-04 SSc1s2
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Biomarker Reference(s) Diagnostic Test Performance (CTD-ILD from CTD Without ILD)

IL-06 SS64 SS64: cutoff 7.109 pg/mL, sens 90.88%, spec 62.75%, AUC 0.67
||M147

IL-08 5564153 SS64: cutoff 20.094 pg/mL, sens 90.9%, spec 62.8%, AUC 0.71
||M147

IL-10 Ss64 SS64: cutoff 5.162 pg/mL, sens 87.54%, spec 78.63%, AUC 0.89

IL-15

IL-23 SScls4

IL-33 SSclss

IL-35 SScl%6

PARC SScl3s RA*: AUC 0.80
RA%L RA%L: AUC 0.70

TNF-a Ss64 SS64: cutoff 9.116 pg/mL, sens 80.6%, spec 73.2%, AUC 0.73
||M147

Whnt5a RAS5 RAS5: cutoff 4.49, sens 55.6%, spec 4.9%, AUC 0.75

Abnormal lung remodeling

MMP-7 SSct57:158 RA%L: AUC 0.86,
RA%1,146,137 RA%L: AUC 0.83
11M159

MMP-12 SScleo

TIMP-1 SSclel

CCN2/CTGF RAl62
SSCIG3

GDF-15 SSL64-166

YKL-40 SScl67

Page 25

Abbreviations: CC16, club cell secreted protein 16; CCL18, C-C motif chemokine ligand 18; IL, interleukin; MMP, metalloproteinase; PARC,

pulmonary and activation-regulated chemokine; sens, sensitivity; spec, specificity; TNF, tumor necrosis factor; YKL-40, chitinase-3-like-1.
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Table 2

Novel blood-based prognostic CTD-ILD biomarkers

Biomarker

Prognostic

CTD-ILD subtype (reference): outcome of progression

Lung epithelial cell dysfunction

CA 125 CTD?68: composite FVC and survival
CC16 SS¢169: composite FVC and survival
CCL18 SScl70; FVC, DLCO, and survival
$Sc136: FVC and radiologic progression
ICAM-1 SScld4: FVC
IGFBP-2 SScl™: DLCO
KL-6 SSc’s: FVC
SScl72: composite FVC, oxygen supplementation, survival
1IM72: survival
SS73: survival
CTD": survival
CTD5%: HRCT progression
SP-D CTD1%8: composite (lung function and survival)

SScl?3: FVC

Aberrant immunity

CCL2 SScl74: FVC, survival
11M42; syrvival
CX3CL1 SSc43: composite survival, FVC, and HRCT

CXCL10/IP-10

1IM42; syrvival

CXCL11 11M42; syrvival
CXCL12 CTD?68: composite FVC and survival
CXCL13 CTD?68: composite FVC and survival
CXCL4 SScl?s: FVC

SSclsl: DLCO
IL-06 SScl76; FVC, DLCO, survival

1IM77: survival

CTD8: survival
IL-08 1IMY7: survival
IL-10 SScl74: FVC

1IM179: survival
IL-15 1IM279: survival

11M280; exacerbation, survival
Neopterin 1IM™8%; survival

Abnormal lung remodeling

MMP-7 SSc1%8: survival
1IM™59; survival
YKL-40 CTD?68: composite FVC and survival

11IM182; syrvival
1IM183: survival
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