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Abstract
Background Lack of understanding of interstitial lung disease (ILD) associated with systemic sclerosis (SSc) and 
rheumatoid arthritis (RA) hinders the early and accurate identification of these devastating diseases. Current clinical 
tools limitations highlight the need to complement them with accessible and non-invasive methods. Accordingly, we 
focused on identifying useful matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMPs) as new biomarkers 
with clinical value in the diagnosis and prognosis of RA-ILD+ and SSc-ILD+.

Methods Peripheral blood was collected from patients with RA-ILD+ (n = 49) and SSc-ILD+ (n = 38); as well as with 
RA-ILD- (n = 25), SSc-ILD- (n = 20) and idiopathic pulmonary fibrosis (IPF) (n = 39). MMP-1, MMP-2, MMP-3, MMP-7, 
MMP-9, MMP-10, MMP-12, TIMP-1, and TIMP-2 serum levels were measured using xMAP Technology.

Results Concerning early connective tissue disease (CTD)-ILD+ diagnosis, increased MMP-7, MMP-9, MMP-10, and 
MMP-12 levels were found in RA-ILD+ and SSc-ILD+ patients in relation to RA-ILD- and SSc-ILD- patients, respectively. 
RA-ILD+ patients showed higher MMP-2 levels and lower TIMP-1 levels than RA-ILD- patients. Interestingly, a reliable 
utility for identifying ILD in CTD was confirmed for the MMP-2, MMP-7, MMP-9, MMP-10, MMP-12, and TIMP-1 
combination in RA and MMP-7, MMP-9, MMP-10, and MMP-12 combinatorial signature in SSc. Regarding accurate 
CTD-ILD+ diagnosis, RA-ILD+ and SSc-ILD+ patients showed lower MMP-7 and MMP-10 levels than IPF patients. Lower 
MMP-9 and TIMP-1 levels and higher MMP-3 levels were found in RA-ILD+ compared to IPF. Remarkably, effectively 
better differentiation between CTD-ILD+ and IPF was confirmed for a 5-biomarker signature consisting of MMP-
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Introduction
Interstitial lung disease (ILD) is one of the most com-
mon and potentially fatal complications in connective 
tissue disease (CTD) patients, with rheumatoid arthritis 
(RA) and systemic sclerosis (SSc) being the most affected, 
accounting for approximately 39% and 31% of these 
CTDs-ILD, respectively (Guiot et al. 2024; Cerro Chiang 
and Parimon 2023). The onset of CTD-ILD is insidious, 
and the clinical symptoms are atypical and not obvious, 
which may explain why ILD is often diagnosed in later 
stages with severe consequences (Guiot et al. 2024; Mat-
son and Demoruelle 2024). Assessments of signs and 
symptoms, pulmonary function tests (PFTs), and high-
resolution computed tomography (HRCT) are currently 
used to diagnose and monitor CTD-ILD patients (Guiot 
et al. 2024). PFTs are very useful for monitoring the pro-
gression of ILD, but they are not specific enough to be 
used as diagnostic tools since lung function declines 
slowly and is not easy to detect (Guiot et al. 2024). In 
fact, patients in earlier phases of ILD may be asymp-
tomatic and still have normal lung function (Guiot et al. 
2024). Thus, HRCT is the gold standard in the diagnosis 
of pulmonary fibrosis, but it has a certain delay, there is 
a low to moderate agreement among expert radiologists 
interpreting it, and it is associated with radiation harm-
ful to humans, which means it requires careful indication 
(Guiot et al. 2024). Consequently, the early diagnosis of 
ILD in patients with CTD remains often a challenge for 
clinicians and, given its poor prognosis and emerging 
immunomodulatory and antifibrotic treatment options 
(Matson and Demoruelle 2024), there is considerable 
interest in addressing this problem. Additionally, a con-
fident diagnosis of CTD-ILD can be complicated due 
to certain similarities with other ILDs, particularly with 
idiopathic pulmonary fibrosis (IPF), the most severe and 
prevalent ILD (Enomoto 2024). The prognosis and thera-
pies of CTD-ILD are very different from other ILDs, and 
adequate diagnosis and treatment are crucial to delay the 
progression of fibrosis (Enomoto 2024). However, how to 
predict and diagnose this group of patients remains dif-
ficult and unclear (Enomoto 2024).

The often-unrecognized CTD-ILD and the associ-
ated morbidity/mortality highlight the need for clinical 

tools for its early and accurate diagnosis (Cerro Chiang 
and Parimon 2023). Given the clinical implications of the 
signaling cascades involved in these processes, circulat-
ing biomarker levels are promising candidates to comple-
ment the drawbacks of HRCT and PFTs, representing 
attractive tools as an accessible and less invasive diagnos-
tic method that can be used to identify factors governing 
disease pathogenesis and progression. Demonstrating the 
feasibility of this approach, our group and other authors 
have recently found serum biomarkers to be of clinical 
value in the diagnosis of ILD, being broadly studied in 
the most common ILD, IPF (Wang et al. 2023a; Zhu et 
al. 2023) and, to a lesser extent, in CTD-ILD (Cerro Chi-
ang and Parimon 2023; Ahmed and Handa 2022; Stainer 
et al. 2023; Hoffmann-Vold et al. 2020; Pulito-Cueto et 
al. 2022, 2023a, b). However, the use of these biomarkers 
has yet to gain widespread clinical use due to insufficient 
research evidence, thus significantly increased research 
efforts are required in this field.

In this context, the primary feature of lung fibrosis is 
the massive deposition of extracellular matrix (ECM) by 
myofibroblast, which causes the enlargement of the inter-
stitial space, increasing the distance between circulating 
blood and alveoli, replacing air content with ECM (Cerro 
Chiang and Parimon 2023; Wang et al. 2024; Chuliá-Peris 
et al. 2022). This pathological process eventually leads to 
impaired diffusion and ventilation and respiratory fail-
ure (Cerro Chiang and Parimon 2023; Wang et al. 2024; 
Chuliá-Peris et al. 2022). Therefore, the abnormal ECM 
remodeling is a hallmark of ILD, and matrix metallo-
proteinases (MMPs) and their tissue inhibitors (TIMPs) 
have been proposed to be key in causing these pathologic 
changes as they are directly responsible for the degrada-
tion of the ECM (Atkinson and Senior 2003; Vanden-
broucke et al. 2011; Klein and Bischoff 2011; Brew et al. 
2000). Remarkably, it exits great evidence that links the 
alteration of MMPs and TIMPs levels with the patho-
genesis of IPF based upon the results of studies report-
ing elevated levels of these proteins, including MMP-1, 
MMP-2, MMP-7, MMP-9, MMP-12, and TIMP-1, in 
blood samples of IPF patients, and highlighting MMP-7 
as a diagnostic and prognostic biomarker of the disease 
(Wang et al. 2023a; Atkinson and Senior 2003; Balci et al. 

3, MMP-7, MMP-9, MMP-10, and TIMP-1 in RA as well as for the MMP-7 and MMP-10 combination in SSc. Finally, in 
RA-ILD+ patients, higher MMP-10 levels were associated with worse pulmonary function, increased MMP-2 levels were 
related to the treatment with conventional synthetic disease-modifying anti-rheumatic drugs, and decreased TIMP-1 
levels were linked with positivity rheumatoid factor status.

Conclusions MMPs and TIMPs form combinatorial biomarker signatures with clinical value for non-invasive, early, and 
accurate diagnosis of RA-ILD+ and SSc-ILD+, constituting promising screening tools in clinical practice.
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2023; Inoue et al. 2020; Craig et al. 2015; Pardo and Sel-
man 2006; Richards et al. 2012; Rosas et al. 2008; Song 
et al. 2013; Todd et al. 2020; Tzouvelekis et al. 2017). 
Notably, MMPs and TIMPs have emerged as promis-
ing targets for the treatment of IPF (Craig et al. 2015; 
Peng et al. 2022). However, until now, studies focused on 
ECM remodeling-related biomarkers for early and accu-
rate diagnosis of CTD-ILD are limited and insufficient 
to reach their application in clinical practice(Chen et al. 
2023; Lv et al. 2022).

Based on these considerations, there remains a high 
unmet need to specifically identify CTD-ILD patients 
in the early stages of the disease to prevent progression 
and avoid irreversible lung damage and mortality. In 
this sense, we hypothesize that the evaluation of ECM 
remodeling-related biomarker panels may complement 
the ability of currently used physiological and imaging 
parameters to diagnose CTD-ILD, thus addressing the 
challenge posed by this troubling disease.

Accordingly, we focused on identifying useful MMPs 
and TIMPs as novel biomarkers with clinical value in 
the diagnosis and prognosis of ILD in the most affected 
CTDs for this devastating disease, SSc and RA.

Methods
Patient populations
The population included in this study comprises two 
study objective groups of patients with CTD-ILD+: 49 
patients with RA-ILD+ and 38 patients with SSc-ILD+; 
and three comparative patient groups: 25 with RA-ILD-, 
20 with SSc-ILD-, and 39 with IPF.

RA patients met the 2010 American College of Rheu-
matology (ACR)/ European League Against Rheumatism 
(EULAR) criteria(Aletaha et al. 2010) and SSc patients 
fulfilled the 2013 ACR/ EULAR criteria (Hoogen et al. 
2013). Pulmonary involvement was evaluated in all the 
patients by HRCT images of the chest and PFTs. Patients 
with each CTD were classified by the presence or absence 
of ILD according to the American Thoracic Society (ATS) 
/ European Respiratory Society (ERS) criteria for ILD 
(Travis et al. 2013). IPF patients met the ATS/ERS criteria 
(Travis et al. 2013).

All these individuals were recruited from the Rheu-
matology and Pneumology department of Hospital Uni-
versitario Marqués de Valdecilla (Santander, Spain). 
Peripheral venous blood samples and demographic 
and clinical features including sex, age, smoking his-
tory, C-reactive protein, erythrocyte sedimentation rate, 
antibody status, PFTs, and HRCT patterns were col-
lected from patients. In particular, HRCT patterns of 
ILD patients were stratified according to the criteria for 
the usual interstitial pneumonia pattern of the Fleischner 
Society (Lynch et al. 2018). In addition to HRCT pat-
terns, ILD patients were also stratified according to the 

presence/absence of progressive pulmonary fibrosis fol-
lowing the ATS/ERS/Japanese Respiratory Society/Latin 
American Thoracic Society criteria (Raghu et al. 2022) 
(Additional File 1: Table S1).

All the experiments involving humans and human 
blood samples were carried out in accordance with the 
approved guidelines and regulations, according to the 
Declaration of Helsinki. All experimental protocols were 
approved by the Ethics Committee of Clinical Research 
of Cantabria, Spain (2016.092). All subjects gave written 
informed consent to participate in this study before their 
inclusion.

MMPs and TIMPs serum level assays
MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, 
MMP-10, MMP-12, TIMP-1, and TIMP-2 serum 
levels were assessed by a xMAP® Technology (HMMP-
1MAG-55  K-03, HMMP2MAG-55  K-05, HTMP-
1MAG-54 K-02, Merck Millipore, Darmstadt, Germany) 
following the manufacturer’s instructions. Commer-
cial and proprietary positive and negative controls were 
included to ensure the reliability of our results. All the 
samples and commercial and proprietary controls were 
evaluated in duplicate and analyzed in the Luminex® 
200™.

Statistical analyses
Continuous and categorical variables were expressed as 
mean ± standard deviation (SD) and as well as number (n) 
and percentage (%) of individuals, respectively.

To identify potential specific biomarkers of CTD-ILD+, 
the MMP and TIMP level differences between CTD-ILD+ 
and CTD-ILD- patients as well as CTD-ILD+ and IPF 
patients were evaluated by analysis of variance (ANOVA), 
adjusting for the following potential confounding factors: 
sex, age at the time of the study, and smoking history.

ROC analysis was performed when statistically signifi-
cant protein variations were found between groups to 
evaluate their discriminative capacity. The Youden index 
(the highest value obtained from the formula sensitiv-
ity% + specificity% − 100) was used to calculate the opti-
mal cut-off values of those proteins for discriminating 
between two groups of patients. Moreover, ROC curves 
were generated to identify if a combinatorial signature 
composed of several biomarkers improved the discrimi-
native capacity of these proteins separately. The AUC 
with a 95% confidence interval (CI) was calculated for 
each biomarker of interest and the combination of these 
investigational proteins.

To evaluate the association of MMPs and TIMPs with 
CTD-ILD+ severity, the relationship of protein levels with 
continuous (PFTs) and categorical variables (radiologi-
cal pattern and presence/absence of progressive pulmo-
nary fibrosis) was analyzed via the estimation of Pearson’s 
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partial correlation coefficient (r) and linear regression, 
respectively, adjusting for the potential confounding fac-
tors above mentioned.

To assess the relationship of MMPs and TIMPs with 
the CTD-ILD+ prognostic, Kaplan–Meier graphs were 
constructed using the ROC threshold of the protein lev-
els that discriminate RA-ILD+ and SSc-ILD+ from IPF to 
obtain a dichotomous variable and to represent cumula-
tive survival (time to death or lung transplantation). The 
log-rank test was carried out to analyze differences in 
RA-ILD+ and SSc-ILD+ patients in time to death or lung 
transplantation between those with lower and higher lev-
els of MMPs and TIMP than the optimal cut-off values.

To assess the relationship of MMPs and TIMPs with 
other clinical characteristic of CTD-ILD+, the association 
of the levels of the significant proteins in ROC curves 
with continuous (CTD and ILD duration) and categori-
cal (antibody status, treatment, and other SSc clinical 
manifestations) variables was analyzed via the estimation 
of Pearson’s partial correlation coefficient (r) and linear 
regression, respectively, adjusting for the potential con-
founding factors above mentioned.

Statistically significant differences were considered as 
p < 0.05. Statistical analyses were performed using STATA 
statistical software 12/SE (Stata Corp., College Station, 
TX, USA).

Results
Alterations of MMPs and TIMPs serum levels are associated 
with the presence of ILD in patients with RA and SSc
Increased serum levels of MMP-7, MMP-9, MMP-10 
and MMP-12 were found in patients with RA-ILD+ and 
SSc-ILD+ in relation to RA-ILD- and SSc-ILD- patients, 
respectively (RA: p < 0.0001, p = 0.0029, p = 0.0369, 
p = 0.0107, Fig.  1A; and SSc: p = 0.0004, p < 0.0001, 
p = 0.0068, p = 0.0064, Fig. 1B; respectively).

Specifically, patients with RA-ILD+ showed higher lev-
els of MMP-2 and lower levels of TIMP-1 compared to 
those with RA-ILD- (p = 0.0444 and p = 0.0115, respec-
tively, Fig. 1A).

Regarding MMP-1, MMP-3, and TIMP-2, no statistical 
differences were observed between patients with CTD-
ILD+ and those with CTD-ILD-, regardless of the under-
lying CTD (Fig. 1A and B).

Changes in MMPs and TIMPs serum levels characterize 
patients with RA-ILD+ and SSc-ILD+versus IPF patients
Patients with RA-ILD+ and SSc-ILD+ showed lower 
serum levels of MMP-7 and MMP-10 than those with IPF 
(RA: p < 0.0001, p = 0.0113, Fig.  2A; and SSc: p = 0.0126, 
p = 0.0057, Fig. 2B; respectively).

Particularly in RA-ILD+ patients, MMP-9, TIMP-1, 
and TIMP-2 were also decreased compared to the lev-
els of these molecules in patients with IPF (p = 0.0043, 

Fig. 1 Role of MMPs and TIMPs in the ILD diagnosis in patients with 
CTDs. Differences in serum levels of MMP-1, MMP-2, MMP-3, MMP-7, MMP-
9, MMP-10, MMP-12, TIMP-1, and TIMP-2 between patients with RA-ILD+ 
and RA-ILD- (A), as well as patients with SSc-ILD+ and SSc-ILD- (B). MMPs: 
matrix metalloproteinases; TIMPs: Matrix metalloproteinases inhibitors; 
ILD: interstitial lung disease; CTDs: connective tissue diseases; RA: rheu-
matoid arthritis; SSc: systemic sclerosis. Significant results are highlighted
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p = 0.0043 and p = 0.0431, respectively, Fig.  2A). More-
over, MMP-3 levels were higher in RA-ILD+ patients than 
those with IPF (p = 0.0062, Fig. 2A).

Specifically, patients with SSc-ILD+ showed higher lev-
els of MMP-1 and lower levels of MMP-12 in relation to 
patients with IPF (p = 0.0201 and p = 0.0327, respectively, 
Fig. 2B).

About MMP-2, no statistical differences were observed 
between patients with RA-ILD+ and SSc-ILD+, and those 
with IPF (Fig. 2A and B).

MMPs and TIMPs constitute combinatorial biomarker 
signatures for the ILD diagnosis in patients with RA and 
SSc
Interestingly, we found that MMP-7, MMP-9, MMP-10, 
and MMP-12 were useful as diagnostic tools for identi-
fying the presence of ILD in patients with RA and SSc 
(area under the curve (AUC): 0.8996, p < 0.0001, AUC: 
0.7433, p = 0.0007, AUC: 0.6967, p = 0.0061, AUC: 0.7355, 
p = 0.0013, respectively, Fig. 3A, for RA-ILD+; and AUC: 
0.8816, p < 0.0001, AUC: 0.9324, p < 0.0001, AUC: 0.7132, 
p = 0.0081, AUC: 0.7061, p = 0.0108, respectively, Fig. 3B, 
for SSc-ILD+, Additional File 2: Table S2). The opti-
mal cut-off value for MMP-7, MMP-9, MMP-10, and 
MMP-12 that achieved the best sensitivity and specific-
ity were > 15,806 pg/mL, > 347,110 pg/mL, > 523.8 pg/
mL and > 146.8 pg/mL, respectively, for the detection 
of ILD in RA patients (Additional File 2: Table S2), as 
well as > 21,564 pg/mL, > 302,893 pg/mL, > 382.1 pg/
mL, > 203.7 pg/mL, respectively, for the identification 
of ILD in SSc patients (Additional File 2: Table S2). In 
particular, the number of patients who were positive for 
these defined cut-off values was, in the case of RA-ILD+ 
patients, 43 for MMP-7, 27 for MMP-9, 31 for MMP-10, 
and 28 for MMP-12, and regarding SSc-ILD+ patients, 27 
for MMP-7, 29 for MMP-9, 30 for MMP-10 and 15 for 
MMP-12 (Fig. 4).

Furthermore, the ability of MMP-2 and TIMP-1 serum 
levels to characterize RA-ILD+versus RA-ILD- was con-
firmed by ROC analyses (AUC: 0.7188, p = 0.0023 and 
AUC: 0.6599, p = 0.0273, respectively, Fig. 3A, Additional 
File 2: Table S2) determining > 169,948 pg/mL for MMP-2 
and < 56,004 pg/mL for TIMP-1 as optimal cut-off values 
(Additional File 2: Table S2). Specifically, the number of 
RA-ILD+ patients who were positive for these defined 
cut-off values was 26 for MMP-2 and 29 for TIMP-1 
(Fig. 4).

In a multivariate analysis, we found that the assess-
ment of the combination of MMP-2, MMP-7, MMP-9, 
MMP-10, MMP-12, and TIMP-1 was better for the iden-
tification of ILD in RA patients than each protein inde-
pendently evaluated, yielding an AUC of 0.9606 (Fig. 5A). 
Likewise, a combinatorial signature including MMP-7, 
MMP-9, MMP-10, and MMP-12 significantly increased 

Fig. 2 Role of MMPs and TIMPs in the differential diagnosis between 
patients with CTDs-ILD+and IPF. Differences in serum levels of MMP-1, 
MMP-2, MMP-3, MMP-7, MMP-9, MMP-10, MMP-12, TIMP-1, and TIMP-2 be-
tween patients with RA-ILD+ and IPF (A), as well as patients with SSc-ILD+ 
and IPF (B). MMPs: matrix metalloproteinases; TIMPs: Matrix metallopro-
teinases inhibitors; ILD: interstitial lung disease; CTDs: connective tissue 
diseases; RA: rheumatoid arthritis; SSc: systemic sclerosis: IPF: idiopathic 
pulmonary fibrosis. Significant results are highlighted

 



Page 6 of 14Pulito-Cueto et al. Molecular Medicine           (2025) 31:70 

Fig. 3 Utility of MMPs and TIMPs as biomarkers of the ILD presence in SSc and RA patients. ROC curve analysis of MMPs and TIMPs for the discrimi-
nation of RA-ILD+ from RA-ILD− (A) and SSc-ILD+ from SSc-ILD− (B). CTD: connective tissue disease; ILD: interstitial lung disease; RA: rheumatoid arthritis; 
SSc: systemic sclerosis; MMPs: matrix metalloproteinases; TIMPs: Matrix metalloproteinases inhibitors; AUC: area under the curve. Significant results are 
highlighted
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the AUC to 0.9886 for ILD diagnosis in patients with SSc 
(Fig.  5B). Patients with RA-ILD+ and SSc-ILD+ who are 
combinatorial-marker-positive for their characteriza-
tion versus RA-ILD- and SSc-ILD- patients, respectively, 
showed specific clinical characteristics (Additional File 3: 
Figure S1).

MMPs and TIMPs constitute combinatorial biomarker 
signatures for the differential diagnosis of RA-ILD+ and 
SSc-ILD+ from IPF
Notably, ROC analyses further verified the capacity of 
MMP-7 and MMP-10 serum levels for characterizing 
RA-ILD+versus IPF patients (AUC: 0.8059, p < 0.0001 and 
AUC: 0.6499, p = 0.0174, respectively, Fig. 6A, Additional 
File 2: Table S2), as well as SSc-ILD+versus IPF patients 
(AUC: 0.7462, p = 0.0002 and AUC: 0.7071, p = 0.0019, 
respectively, Fig.  6B, Additional File 2: Table S2). The 
optimal cut-off value for MMP-7 and MMP-10 that 

Fig. 4 Venn diagram represents the distribution of the positivity of each biomarker in RA-ILD+and SSc-ILD+patients for their 
characterizationversusRA-ILD−and SSc-ILD−, respectively, and IPF patients. The diagram shows the number of RA-ILD+ and/or SSc-ILD+ patients 
who were positive for the biomarker cut-off values defined to the characterization of RA-ILD+versus RA-ILD− patients1, RA-ILD+versus IPF patients2, SSc-
ILD+versus SSc-ILD− patients3, and SSc-ILD+versus IPF patients4. RA: rheumatoid arthritis; ILD: interstitial lung disease; IPF: idiopathic pulmonary fibrosis; 
SSc: systemic sclerosis; MMPs: matrix metalloproteinases; TIMPs: Matrix metalloproteinases inhibitors
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achieved the best sensitivity and specificity were < 35,114 
pg/mL and < 567.0 pg/mL, respectively, for characteriz-
ing RA-ILD+versus IPF, and < 33,983 pg/mL and < 1007 g/
mL for identifying SSc-ILD+versus IPF (Additional File 2: 
Table S2). In particular, the number of patients who were 
positive for these defined cut-off values was, in the case 
of RA-ILD+ patients, 32 for MMP-7 and 21 for MMP-10, 
and regarding SSc-ILD+ patients, 21 for MMP-7 and 32 
for MMP-10 (Fig. 4).

Specifically, we confirmed the capacity of MMP-
3, MMP-9, and TIMP-1 serum levels to differenti-
ate between RA-ILD+ and IPF patients (AUC: 0.6504, 
p = 0.0166; AUC: 07292, p = 0.0003; and AUC: 0.6949, 
p = 0.0018, respectively, Fig.  6A, Additional File 2: Table 
S2). The optimal cut-off values were > 58,249 pg/mL for 
MMP-3, < 414,407 pg/mL for MMP-9, and < 57,973 pg/

mL for TIMP-1 (Additional File 2: Table S2). Specifically, 
the number of RA-ILD+ patients who were positive for 
these defined cut-off values was 28 for MMP-3, 28 for 
MMP-9, and 31 for TIMP-1 (Fig. 4).

Although we found differences in TIMP-2 levels 
between RA-ILD+ and IPF patients, this protein did not 
present the necessary capacity to distinguish between 
these diseases (p = 0.0507, Fig. 6A, Additional File 2: Table 
S2). Equally, we observed by ROC analyses that MMP-1 
and MMP-12 were not helpful as diagnostic tools in the 
differential diagnosis of SSc-ILD+ and IPF (p = 0.2293 and 
p = 0.2131, respectively, Fig.  6B, Additional File 2: Table 
S2).

In a further step, we disclosed that a 5-biomarker 
signature consisting of MMP-3, MMP-7, MMP-9, 
MMP-10, and TIMP-1 effectively better-characterized 

Fig. 5 Utility of evaluating MMPs and TIMPs together for the early and accurate diagnosis of CTDs-ILD+patients. ROC curve analysis of the 
combination of MMPs and TIMPs for the identification of ILD in RA patients (A) and SSc patients (B), and for the discrimination of IPF from RA-ILD+ (C) 
and SSc-ILD+ (D). CTDs: connective tissue diseases; ILD: interstitial lung disease; IPF: idiopathic pulmonary fibrosis; RA: rheumatoid arthritis; SSc: systemic 
sclerosis; MMPs: matrix metalloproteinases; TIMPs: Matrix metalloproteinases inhibitors; AUC: area under the curve
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RA-ILD+versus IPF compared to when independently 
assessed, yielding an AUC of 0.8836 (Fig. 5C). Likewise, 
the multivariable analyses indicated that the combined 
evaluation of MMP-7 and MMP-10 was better for char-
acterizing SS-ILD+versus IPF (AUC: 0.7745, Fig.  5D). 
Patients with RA-ILD+ and SSc-ILD+ who are combi-
natorial-marker-positive for their characterization ver-
sus IPF patients showed specific clinical characteristics 
(Additional File 3: Figure S1).

MMP-10 serum levels are related to the RA-ILD+ severity
Higher MMP-10 serum levels were associated with worse 
baseline pulmonary function in RA-ILD+ patients rep-
resented by decreased forced vital capacity (FVC) and 
forced expiratory volume in one second (FEV1) (r=-
0.3483, p = 0.0205 and r=-0.3556, p = 0.0178, respectively, 
Additional File 4: Figure S2). However, no significant 
correlation was found between the rest of the MMPs 
and TIMPs studied and PFTs in RA-ILD+ and SSc-ILD+ 
patients (data not shown). Besides, levels of MMPs and 
TIMPs in RA-ILD+ and SSc-ILD+ patients were unrelated 
to the radiological pattern more serious such as the usual 
interstitial pneumonia (UIP) pattern (data not shown). 
Similarly, RA-ILD+ and SSc-ILD+ patients with progres-
sive pulmonary fibrosis were not different concerning 
MMPs and TIMPs from their counterparts (data not 
shown).

Finally, we found that RA-ILD+ and SSc-ILD+ patients 
who had higher MMP and TIMP levels than the optimal 
cut-off previously defined for their discrimination from 
IPF (the worst prognostic ILD), did not predict poor sur-
vival (time to death or lung transplant) (Additional File 5: 
Figure S3, and Additional File 6: Fig. S4, respectively).

MMP-2 and TIMP-1 serum levels are associated with 
RA-ILD+ clinical features
TIMP-1 serum levels were lower in rheumatoid factor 
positive RA-ILD+ patients than in their counterparts 
(49426.793 pg/mL ± 17870.765 pg/mL vs. 73250.944 pg/
mL ± 24312.161 pg/mL, p = 0.002). Furthermore, patients 
with RA-ILD+ undergoing conventional synthetic dis-
ease-modifying anti-rheumatic drugs (csDMARDs) 
therapy showed decreased levels of MMP-2 compared 
to those not treated with csDMARDs (155844.92 pg/
mL ± 27590.166 pg/mL vs. 186015.17 pg/mL ± 30834.722 
pg/mL, p < 0.001). However, no relationship with anti-
cyclic citrullinated peptide antibodies (ACPA) status, 
ILD and CTD duration, and biologic disease-modifying 
anti-rheumatic drugs (bDMARDs) was found in RA-
ILD+ patients for any of the proteins evaluated (MMP-2, 
MMP-7, MMP-9, MMP-10, MMP-12, and TIMP-1) (data 
not shown).

Similarly, in patients with SSc-ILD+, MMP-3, MMP-
7, MMP-9, MMP-10, and TIMP-1 levels were not 

Fig. 6 Utility of MMPs and TIMPs as biomarkers in the differential 
diagnosis between CTDs-ILD+and IPF patients. ROC curve analysis 
of MMPs and TIMPs for the discrimination of RA-ILD+ from IPF (A) and 
SSc-ILD+ from IPF. CTDs: connective tissue diseases; ILD: interstitial lung 
disease; IPF: idiopathic pulmonary fibrosis; RA: rheumatoid arthritis; SSc: 
systemic sclerosis; MMPs: matrix metalloproteinases; TIMPs: Matrix metal-
loproteinases inhibitors; AUC: area under the curve. Significant results are 
highlighted
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associated with antibody positivity status (anti-nuclear 
antibodies, anti-centromere antibodies and anti-topoi-
somerase I antibodies), ILD and CTD duration, received 
treatments (csDMARDs, bDMARDs, and vasodilators), 
or the presence of other SSc clinical characteristic (renal 
impairment, cardiac involvement, Raynaud’s phenom-
enon, esophageal dysfunction, calcinosis, and synovitis) 
(data not shown).

Discussion
There are significant gaps in the understanding of CTDs-
ILD that hinder their early identification and lead to 
underdiagnosis of the disease. The limitations of cur-
rently available clinical tools highlight the urgent need 
to complement them with accessible and non-invasive 
diagnostic methods. Finding biomarkers would improve 
CTD-ILD detection, thereby preventing irreversible 
damage and reducing the associated mortality in these 
patients. In this context, the abnormal remodeling of 
ECM is a hallmark of lung fibrosis, but the role of MMPs 
and TIMPs in the pathogenesis of CTDs-ILD has not 
been fully elucidated. Accordingly, we focused on iden-
tifying useful MMPs and TIMPs as new biomarkers with 

clinical value in the diagnosis and the prognosis of ILD in 
the most affected CTD for this devastating disease, SSc 
and RA.

To the best of our knowledge, we demonstrate for the 
first time that models consisting of the combination of 
remodeling ECM-biomarkers are strongly associated 
with the presence of CTD-ILD+, both RA-ILD+ and SSc-
ILD+ (Fig. 7).

On the one hand, the early detection of ILD in both SSc 
and RA is vital to improve the quality of life of patients, 
to avoid a poor prognosis, and to reduce their mortality 
rates. To facilitate the CTD-ILD early diagnosis, we dis-
covered that the combination of MMP-2, MMP-7, MMP-
9, MMP-10, MMP-12, and TIMP-1 can characterize 
reliably RA-ILD+ patients versus those RA patients with-
out ILD. Consistent with our results, previous studies 
point to MMP-7 as a key biomarker of RA-ILD+ show-
ing higher concentrations of this protein in these patients 
in relation to those with RA-ILD− (Luedders et al. 2024; 
Kass et al. 2020; Chen et al. 2015; Doyle et al. 2015). 
Recently, shifts in MMP-2, MMP-9, and MMP-10 levels 
have also been associated with the presence of ILD in RA 
patients by Kass et al. (2020) (Kass et al. 2020). Therefore, 

Fig. 7 MMPs and TIMPs as promising biomarkers in the early and accurate diagnosis of CTDs-ILD+. MMPs and TIMPs found as potential candidates 
for the discrimination of CTDs-ILD+ from CTDs-ILD− as well as CTDs-ILD+ and IPF. CTDs: connective tissue diseases; ILD: interstitial lung disease; IPF: idio-
pathic pulmonary fibrosis; RA: rheumatoid arthritis; SSc: systemic sclerosis; MMPs: matrix metalloproteinases; TIMPs: Matrix metalloproteinases inhibitors
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our findings confirmed the crucial role of MMP-2, MMP-
7, MMP-9, and MMP-10 in RA-ILD+ and clarified that 
these together with two new relevant proteins, MMP-12 
and TIMP-1, provide a useful combinatorial biomarker 
signature for the early diagnosis of ILD in patients with 
RA. Interestingly, some of these MMPs also remained 
relevant in our analyses of SSc, which demonstrated that 
a combinatorial signature including MMP-7, MMP-9, 
MMP-10, and MMP-12 was robustly associated with the 
presence of ILD in SSc patients. On this line, a sound 
body of evidence considers that an excess of MMP-7 
may serve as a marker for pulmonary impairment and 
progressive disease in SSc patients (Györfi et al. 2024; 
Chen and Chen 2020; Bonhomme et al. 2019; Moinza-
deh et al. 2011), further supporting our results. Although 
fewer studies have been conducted on other MMPs, 
some reports also reached the same results as ours show-
ing elevated levels of MMP-9 (Guiot et al. 2020; Kim et 
al. 2005) and MMP-12 (Bonhomme et al. 2019; Manetti 
et al. 2012) in patients with SSc-ILD+. Notably, the find-
ings emerging from our work revealed MMP-10 as a 
novel biomarker of SSc-ILD+, and its combination with 
MMP-7, MMP-9, and MMP-12 establishes a biomarker 
signature that significantly improves the ability to iden-
tify ILD in SSc patients. In general, it is plausible to think 
that the increment of MMP-2, MMP-7, MMP-9, MMP-
10, and MMP-12 and the depletion of TIMP-1 observed 
in our patients with CTD-ILD+ leads to an increase in 
ECM degradation that affects the adherence of cells to 
the ECM and triggers the release of cytokines, inflamma-
tory mediators, and growth factors that were trapped in 
it (such as vascular endothelial growth factor and trans-
forming growth factor-β), providing profibrotic signals 
from the microenvironment to cells. This is in line with 
the current notion postulating that MMPs and TIMPs 
are involved in the pathological remodeling ECM char-
acteristic of lung fibrosis, not only by their imbalance but 
also by acting as key molecules in the cross-talk between 
the ECM and cells, which could influence the biological 
process of ILD (Vandenbroucke et al. 2011; Lv et al. 2022; 
Zhou et al. 2024; Gueders et al. 2006).

On the other hand, distinguishing CTD-ILD+ from 
IPF patients has important prognostic and therapeutic 
implications for both RA-ILD+ and SSc-ILD+ patients. To 
address this concern, our study provided a novel 5-bio-
marker signature consisting of MMP-3, MMP-7, MMP-
9, MMP-10, and TIMP-1 that effectively characterized 
RA-ILD+versus IPF. Remarkably, we observed that the 
combined MMP-7 and MMP-10 assessment allowed for 
better characterization of SSc-ILD+versus IPF. There is 
little information on this topic (Kass et al. 2020; White et 
al. 2016) since most MMPs and TIMPs studies performed 
in ILD focused exclusively on their role in the develop-
ment of IPF. In this setting, MMP-7 (Atkinson and Senior 

2003; Balci et al. 2023; Inoue et al. 2020; Craig et al. 2015; 
Pardo and Selman 2006; Richards et al. 2012; Rosas et al. 
2008; Song et al. 2013; Todd et al. 2020; Tzouvelekis et al. 
2017; Wang et al. 2023a) and MMP-9 (Craig et al. 2015; 
Pardo and Selman 2006; Todd et al. 2020; Wang et al. 
2023a) are the best-reported MMPs and have been pos-
tulated as the determining proteins in the development of 
active fibrosis and the prediction of poor overall survival 
in IPF. Nevertheless, other reports have described the 
role of MMP-3 (Wang et al. 2023a) and TIMP-1 (Todd 
et al. 2020) in IPF pathogenesis. Importantly, our dis-
coveries further demonstrated the role of these MMPs 
and TIMPs in lung fibrosis, including MMP-10 as a new 
contributor, and revealed, for the first time, variation in 
their levels depending on the type of ILD. We speculate 
that the higher levels of MMP-7, MMP-9, and MMP-
10 found in our IPF patients compared to those with 
CTD-ILD+ may describe a greater ECM degradation in 
IPF, which makes sense considering that it is the most 
severe and the worst prognostic ILD based largely on 
the lung fibrotic process. Regarding MMP-3, this is one 
of the most critical proteases in the process of cartilage 
degradation in RA (Skacelova et al. 2017; Lerner et al. 
2018). Hence, the higher levels of MMP-3 found in our 
RA-ILD+ patients compared to those with IPF could be 
explained by the influence of both lung fibrosis and the 
inflammatory activity of RA. Moreover, and in agree-
ment with our results, accumulating evidence indicates 
the importance of TIMP activities in the fibrosis progres-
sion of several pathological conditions (Kim et al. 2005), 
reporting increased TIMP-1 levels in IPF patients (Todd 
et al. 2020). The highest TIMP-1 levels discovered in our 
IPF patients could also be supported by its ability to exert 
diverse biological functions independent of their ability 
to inhibit metalloproteinases (Costanzo et al. 2022).

Lastly, detecting CTD-ILD+ patients progressing to 
exacerbated disease is crucial to prevent irreversible lung 
damage through the early application of appropriate ther-
apy. Interestingly, we noticed that MMP-10 was related to 
the severity of RA-ILD+ patients characterized by a worse 
baseline pulmonary function. Previous reports have 
already associated exacerbation and prognosis of RA-
ILD+ and SSc-ILD+ with MMPs, emphasizing MMP-7 
(Chen et al. 2023; Chen and Chen 2020; Moinzadeh et al. 
2011), MMP-9 (Lv et al. 2022; Luedders et al. 2024; Guiot 
et al. 2020) and MMP-12 (Manetti et al. 2012). Although 
we did not find further MMPs or TIMPs associated with 
the severity or poor evolution of both RA-ILD+ and SSc-
ILD+, in agreement with other authors (Chen et al. 2022), 
our work showed for the first time that serum MMP-10 
levels may have clinical value in screening the progres-
sion of severe phases of RA-ILD+ patients. In addition, 
and for the rest of the proteins studied, relationships with 
other clinical features of RA-ILD+ patients were found, 
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observing associations of treatment and antibody status 
with levels of MMP-2 and TIMP-1, respectively.

In summary, our study revealed novel ECM remod-
eling-biomarkers signatures in peripheral blood that 
represent a viable approach to developing clinically use-
ful tools capable of early and accurate identification of 
RA-ILD+ and SSc-ILD+ patients. The implementation of 
these biomarkers together with current diagnostic tools 
in clinical practice would constitute a great advance for 
earlier and more effective management of this challeng-
ing entity, ultimately leading to decreased lung damage 
and better outcomes for these patients.

Conclusion
MMPs and TIMPs form combinatorial biomarker signa-
tures with clinical value for non-invasive, early, and accu-
rate diagnosis of RA-ILD+ and SSc-ILD+, constituting 
promising screening tools in clinical practice.
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