Received: 14 June 2025

'.) Check for updates

Accepted: 24 November 2025

DOI: 10.1111/eci.70162

ORIGINAL ARTICLE

WILEY

Fibroblast-driven MMP-9/TIMP-1 imbalance in
bronchoalveolar lavage reflects fibrotic progression in
interstitial lung disease

Maria Bertolotto'” | Daniela de Totero® | Paolo Giannoni’ | Emanuela Barisione’

Marco Grosso® | Ennio Nano® | Roberto Fiocca®’ | Simona Pigozzi®’ |

Elisabetta Tedone’ | Luca Valle’ | Margherita Moriero™? | Daniela Verzola' |

Fabrizio Montecucco'

'Department of Internal Medicine,
University of Genoa, Genoa, Italy

2IRCCS Ospedale Policlinico
San Martino, Genoa - Italian
Cardiovascular Network, Genoa, Italy

3Molecular Pathology Unit, IRCCS
Ospedale Policlinico San Martino,
Genoa, Italy

“Department of Experimental
Medicine, University of Genoa, Genoa,
Italy

SInterventional Pulmonary Unit, IRCCS
Ospedale Policlinico San Martino,
Genoa, Italy

®Anatomic Pathology Unit, Department
of Surgical Science and Integrated
Diagnostics (DISC), University of
Genoa, Genoa, Italy

7 Anatomic Pathology Unit, Molecular
Pathology Unit, IRCCS Ospedale
Policlinico San Martino, Genoa, Italy

Correspondence

Federico Carbone, First Clinic of
Internal Medicine, Department of
Internal Medicine, University of Genoa,
6 Viale Benedetto XV, 16132 Genoa,
Italy.

Email: federico.carbone@unige.it

Funding information
Ministero dell' Universita e della

| Federico Carbone'?

Abstract

Background: Interstitial lung diseases (ILDs) are characterized by progressive
fibrosis, in which extracellular matrix remodelling is regulated by matrix metal-
loproteinases (MMPs) and their inhibitors (TIMPs). The MMP-9/TIMP-1 balance
has been implicated in fibrogenesis, but its role in human ILD remains incom-
pletely defined. This study aimed to assess the MMP-9/TIMP-1 ratio in BAL fluids
of ILD patients, its relationship with fibrotic severity, and the cellular contribu-
tion of fibroblasts/myofibroblasts.

Methods: BAL samples from 48 consecutive ILD patients (non-fibrotic ILD,
fibrotic ILD, idiopathic pulmonary fibrosis [IPF]) were analysed. MMP-9 and
TIMP-1 concentrations were quantified by enzyme-linked immunosorbent
assay (ELISA), and MMP-9 activity assessed by gelatin zymography. Fibroblasts/
myofibroblasts were isolated from BAL of ILD patients and tested for TIMP-1
and MMP-9 release by ELISA, or protein expression by immunofluorescence.
Published single-cell RNA sequencing datasets were reanalyzed (DESeq2 model)
to define the cellular source of MMP-9 and TIMP-1.

Results: The MMP-9/TIMP-1 ratio was significantly reduced in BAL of patients
with more advanced fibrosis, correlating with a higher presence of fibroblastic
foci (p=.002) and collagen deposition (p <.001). This reduction was driven by
both decreased MMP-9 and increased TIMP-1 levels. Zymography confirmed
declining MMP-9 enzymatic activity across ILD subgroups. Fibroblasts, de-
rived from BAL of ILD patients, displayed high TIMP-1 secretion but mini-
mal MMP-9 release, consistent with their expression in immunofluorescence.
Reanalysis of two independent scRNA-seq datasets confirmed predominant
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1 | INTRODUCTION

The term interstitial lung diseases (ILDs) comprises a
heterogeneous group of parenchymal lung disorders
characterized by inflammation of the lung interstitium,
each associated with different, albeit often unclear
causes.' A subset of ILD patients develops a progressive
fibrosing phenotype, sometimes meeting the criteria
for idiopathic pulmonary fibrosis (IPF), a prototypical
ILD in terms of pathogenesis and clinical behaviour.?
Triggered by alveolar epithelial damage, fibroblast pro-
liferation fuels the fibrotic process and represents a hall-
mark of fibro-proliferative ILDs. The differentiation of
fibroblast into myofibroblast and subsequent collagen
deposition are tightly regulated, rate-limiting steps in
this process.

Zinc-dependent endopeptidase matrix metallopro-
teinases (MMPs) maintain the dynamic balance between
extracellular matrix (ECM) production and degradation,3
under the upstream control of specific inhibitors (namely
tissue inhibitors of metalloproteinases [TIMPs]). Classes
of MMPs and TIMPs are commonly found both in the
bronchoalveolar lavage (BAL) and sera of patients with
ILDs.*® While the imbalance in MMP-9/TIMP-1 ratio
theoretically accounts for lung fibrosis - supported by ex-
isting evidence”® - the enzymatic activity of MMPs still
lacks a detailed description. Molecular modelling studies
have indeed recently identified distinct MMP-9/TIMP-1
complexes, exhibiting both inhibitory and non-inhibitory
properties.9

Two anti-fibrotic agents, pirfenidone and nintedanib,
are currently approved for the treatment of IPF and nin-
tedanib for progressive fibrosing phenotype as well.'!
While their role is currently limited to reducing the pro-
gression rate of ILDs, recent evidence is extending the
applications of nintedanib to the prevention'*** and even
treatment of lung cancers in patients with ILDs.'**3 Any
progress in this field, including therapeutic approaches,
could then be of paramount relevance for clinical prac-
tice. In this study, we analysed the levels of MMP-9 and

TIMP-1 expression in fibroblast/myofibroblast clusters, with low but detectable

Conclusions: Fibroblast-driven MMP-9/TIMP-1 imbalance in BAL reflects fi-
brotic severity in ILD. The MMP-9/TIMP-1 ratio may represent a supportive bio-
marker for differential diagnosis and phenotyping of ILD, warranting validation

in larger multicenter studies.

extracellular matrix, interstitial lung disease, metalloproteasis, pulmonary fibrosis

TIMP-1 in BAL fluids from 48 ILD patients to refine dis-
ease categorization across ILD patterns, fibrosis sever-
ity and lung function. Particular focus was given to the
MMP-9/TIMP-1 ratio, integrating complementary exper-
imental (enzyme-linked immunosorbent assay [ELISA],
zymography, fibroblast cultures, immunofluorescence)
and bioinformatic (single-cell RNA sequencing [scRNA-
seq| reanalysis) approaches.

2 | MATERIALS AND METHODS

2.1 | Study protocol, bronchoalveolar
fluid collection and histological sample
assessment

The present protocol has been approved by the Regional
Ethics Committee (protocol code ILDFIBROO020, n. of
Register CER Liguria: 523/2020 DB id 10,931) and has
consecutively enrolled 48 patients with ILDs. Given the
rarity of ILDs, the single center design and the explora-
tory nature of this study, no a priori power calculation was
performed. Subgroup sizes reflect the real-world distribu-
tion of ILD patterns and subgroup comparisons are to be
interpreted as hypothesis-generating. While IPF was de-
fined according to international criteria,'® the diagnostic
workup for ILD involved discussion in a dedicated mul-
tidisciplinary group as well as trans-bronchial cryobiopsy
and bronchoalveolar lavage (BAL) with diagnostic pur-
poses'’; ILDs were then radiologically categorized into
non-fibrotic and fibrotic subtypes (Table S1). All samples
were anonymised, and patients provided explicit authori-
zation for their use in scientific research. Furthermore,
total lung capacity (TLC), forced vital capacity (FVC),
forced expiratory volume in 1s (FEV1) and diffusing ca-
pacity (DLCO) were measured according to international
guidelines and here reported as %."®

For histological analyses, all samples obtained by
cryoprobing were fixed in formalin, routinely processed,
embedded in paraffin, microtome cut, obtaining three
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levels of sections that were subsequently stained with
haematoxylin and eosin. Adjunctive histochemical
staining (Alcian blue PAS and Mallory's trichrome)
and immunohistochemistry (Cytokeratin 7, all pro-
vided by Ventana Medical System, Inc., Oro Valley, AZ)
were performed to facilitate the diagnostic process.
Determination and scoring evaluation of the presence of
fibroblastic foci and of collagen fibrosis was given based
on previous literature.'>*°

2.2 | Fibroblastisolation and in vitro
culture

For bronchoalveolar lavage (BAL), 50mL aliquots of
sterile physiological saline at room temperature were
instilled and gently aspirated 3-4 times, for a total vol-
ume not exceeding 200 mL. An adequate return, defined
as >30% of the instilled volume, was required, with
15-20mL used for cellular analyses; this corresponded
to the small fraction usually left unused after routine
diagnostic analyses. Cells from BAL fluids were pel-
leted by centrifugation, recovered and seeded in 24-well
plates with 1 mL of culture medium. They were cultured
and expanded in vitro in RPMI-1640 medium supple-
mented with 10% fetal calf serum (FCS) and 100 U/mL
penicillin-streptomycin (Euroclone, Milan, Italy), at
37°C in a humidified atmosphere containing 5% CO,.*!
Recombinant human fibroblast growth factor-2 (FGF2,
Miltenyi Biotech GmbH, Bergisch-Gladbach, Germany)
was added at a sub-optimal concentration of 3ng/mL,
starting 1day after plating and re-added once a week.
When fibroblasts reached confluence, cells were de-
tached with trypsin (Euroclone) and replated in new
wells or flasks for further expansion. Supernatants of cul-
tured fibroblasts were collected when cells were nearly
confluent and maintained without FGF2 before harvest-
ing. Fibroblasts could be successfully derived from BAL
samples of 10 ILD patients out of 48 processed, while no
viable fibroblasts were obtained from the few BAL sam-
ples received as controls. This limitation reflects both
the technical and ethical challenges of isolating viable
fibroblasts from BAL in individuals without pulmonary
disease, since bronchoalveolar lavage is rarely performed
in healthy subjects and fibroblast outgrowth efficiency
from such samples is intrinsically low. Therefore, for
control conditions used in a subset of experiments, we
cultured and derived supernatants from the MRC5 and
HFFF2 fibroblast cell lines (Biobank ‘Interlab Cell Line
Collection,” IRCCS Ospedale Policlinico San Martino,
Genoa, Italy) and from primary skin fibroblasts obtained
from a healthy donor. MRC5 and HFFF2 cell lines were
maintained in RPMI-1640 medium supplemented with
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10% FCS, whereas skin fibroblasts were expanded in
the same medium with the addition of FGF2. All fibro-
blast cultures used in the experiments had been previ-
ously characterized for the expression of mesenchymal
and fibroblast markers, including CD105, CD90, CD73,
fibronectin, collagen I and a-smooth muscle actin (a-
SMA), as previously described.?'™%3

2.3 | MMP-9 and TIMP-1 determination
in BAL from ILDs patients

MMP- 9 and TIMP-1 were measured via colorimetric
enzyme-linked immunosorbent assay (ELISA), fol-
lowing manufacturer's instructions (DuoSet, R&D
Systems), Supernatants of fibroblasts derived from
some ILD patients and cultured in vitro were also as-
sayed. The lower limit of detection was 31.25 pg/mL for
MMP-9 and 46.88 pg/mL for TIMP-1.**** MMP-9 and
TIMP-1 concentrations were measured on raw BAL su-
pernatants without normalization to total protein, as
the recovered volumes and total protein content showed
minimal variability across samples and ILD subgroups.
Protein concentration, within the recovered volumes
of BAL volumes, was assessed by the BCA enhanced
methods, according to the manufacturer's suggestions
(Thermo Fisher Scientific, Waltham, MA; product
#23227; PierceTM BCA Protein Assay Kit).

2.4 | Evaluation of pro-MMP-9 activity
by gelatin zymography

Gelatin zymography was here applied for the quantitative
measurement of pro-MMP-9 activities. Equal amounts
of samples (30pL) and 1ng of recombinant pro-MMP-9
standard (Calbiochem, Lucern, Switzerland) were loaded
on 9% sodium dodecyl sulfate (SDS)-polyacrylamide gels
copolymerized with gelatine (Sigma-Aldrich, St. Louis,
MO) without any reducing agent. These gels were then
rinsed and stained with Coomassie Blue R-250 (Thermo
Fisher Scientific, Waltham, MA). The results of zymog-
raphy were expressed as pro-MMP-9 proteolytic activity
according to the formula: supernatant pro-MMP-9 = (I;,./
L) X Wgg- Lops and Iy refer to the intensities of gelatino-
lytic areas produced by samples and pro-MMP-9 stand-
ard, respectively; W4 is the reference weight (1ng) of
the loaded pro-MMP-9 standard. Pro-MMP-9 activity was
expressed as ngxmL™". Gelatinolytic bands were meas-
ured with a gel analysis system (GeneGenius, Syngene,
Cambridge, UK).”**” BAL samples from ILD patients
were analysed according to material availability: 10 from
the non-fibrotic group, 9 from the fibrotic group and 17
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from the IPF group. For greater accuracy of the analysis, 8
additional control BAL samples were obtained from sub-
jects undergoing bronchoscopy for non-ILD conditions
(Table S1).

2.5 | Immunofluorescence staining
Immunofluorescence staining was performed on fibro-
blasts derived from ILD patients and grown in chamber
slides (Thermo Fisher Scientific). Once fixed with 2%
paraformaldehyde and treated with Triton X-100, the cells
were incubated overnight with an anti-human TIMP-1 an-
tibody and anti-human MMP-9 polyAb antibody (all from
R&D Systems Minneapolis, MN).% Primary monoclonal
antibodies were prepared with 1% bovine serum albumin
(BSA) as a blocking solution. Fibroblasts were then stained
with a goat anti-mouse Alexa Fluor 488 (Invitrogen, Life
Technologies, Carlsbad, CA) or anti-goat PE-conjugated
secondary  antibodies  (Southern  Biotechnology,
Birmingham, AL). Cell nuclei were further identified by
standard staining with 4’,6-diamidino-2-phenylindole di-
hydrochloride (DAPI; Merck Serono S.p.A., Rome, Italy).
Images were captured at 40x magnification with the ap-
propriate white balance set according to the fluorescence
filter.

2.6 | Gene Expression Profile Analysis
from Deposited Single Cell RNA Datasets

Single cell RNA UMI (Unique Molecular Identifiers)
count matrices were retrieved from the Gene Expression
Omnibus (GEO) GSE136831 (Naftali Kaminski)® and
GSE135893 (Nicholas Banovich)* repositories; specifi-
cally, only down-sampled matrices encompassing anno-
tated cells meeting single-cell sequencing quality criteria
were deemed as appropriate for further differential ex-
pression analysis. Down-samples UMI count matrices
were normalized by means of the ‘NormalizeData’ func-
tion, encompassed in the Seurat R package,’* set to
‘LogNormalize’ setting: briefly, each gene feature UMI
count was divided by the total number of gene features
assayed, scaled by a factor of 10,000 and log2-transformed.
Prior to the previous step, cell expression profile were
merged, for each patient, according to the re-annotation
specified in the legend of Figures 4 and 5, calculating
pseudo-bulk expression profiles. A DESeq2 model*® was
fitted to the bulk expression profile matrices for each GSE
dataset with the following gene filtering criteria: gene read
count sum across samples less than 10, in at least three
pseudo-bulk samples. In order to test the coefficient con-
trast significance of target genes TIMP-1 and MMP-9, the

adjusted p-value threshold was set to .05. Contrasts were
formulated between the “Fibroblast” and “Myofibroblast”
classes and against each of them to the re-annotated
classes.

2.7 | Statistical analysis

R Core Team (2021). R: A language and environment
for statistical computing (R Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-proje
ct.org/) and GraphPad Prism version 10.3.1 (GraphPad
Software, Inc., La Jolla, CA) were used for statistical anal-
ysis. Clinical data were reported as absolute and relative
frequencies when categorical, and comparisons drawn
by Fisher's exact test, as appropriate. As the normality
assumption—tested by Shapiro-Wilk—was not dem-
onstrated, continuous clinical variables were presented
as median and interquartile range (IQR) and intergroup
comparisons drawn by Mann-Whitney, Kruskal-Wallis,
or Jonckheere-Terpstra tests, as appropriate. To address
potential confounding by age and treatment, continuous
outcomes (pulmonary function tests) were analysed using
analysis of covariance (ANCOVA), with ILD pattern as
the fixed factor and age and systemic corticosteroid use
entered as covariates. Adjusted pairwise differences be-
tween ILD groups were derived from estimated marginal
means with Tukey correction for multiple comparisons.
Biomarkers (MMP-9, TIMP-1 and the MMP-9/TIMP-1
ratio) were modelled within the same framework.
Histological features (fibroblastic foci and collagen fibro-
sis) were analysed as ordinal outcomes using proportional
odds regression with the same covariate structure (pat-
tern, age, corticosteroid use). Conversely, to test the prog-
nostic effect of histology, both foci and collagen fibrosis
were also modelled as predictors of pulmonary function
indices and biomarkers (linear regression for continuous
outcomes), with and without adjustment for age and cor-
ticosteroids. For each model we systematically reported:
(i) the crude effect of the main predictor (pattern or histol-
ogy); (ii) the adjusted effect after including age and corti-
costeroid use; (iii) the likelihood-ratio or F-test evaluating
improvement in model fit with added covariates; and (iv)
formal interaction terms between pattern/histology and
covariates. In addition, Tukey-adjusted pairwise contrasts
were computed not only for ILD patterns but also for his-
tological levels (foci and collagen fibrosis) to quantify dif-
ferences across ordered categories. For all comparisons a
p-value <.05 was set as statistically significant. Statistical
methods applied to interrogate single cell RNA sequenc-
ing data are described in the related article section ‘Gene
Expression Profile Analysis from Deposited Single Cell
RNA Datasets’.
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TABLE 1 Descriptive statistics.

Pattern
Overall cohort Non-fibrotic PID Fibrotic PID

Variable (n=48) (n=14) (n=10) IPF (n=24)
Sex, male 34(70.8) 7 (50.0) 8 (80.0) 19(79.2)
Age,y 75 [64-78] 64 [60-72] 73 [61-78] 77 [74-79]
Smoke habit

Never 17 (35.4) 6 (42.9) 3(30.0) 8(33.3)

Former 30 (62.5) 7 (50.0) 7 (70.0) 10 (66.7)

Active 1(2.1) 1(5.8) 0(.0) 0(.0)
Asthma, n (%) 4(8.3) 1(7.14) 1(10.0) 2(8.3)
COPD, y n (%) 4(8.3) 2(14.3) 1(10.0) 1(4.2)
Allergic rhinitis/conjunctivitis, n (%) 3(6.3) 2(14.3) 0(.0) 1(4.2)
Myocardial disease, n (%) 7 (14.6) 2(14.3) 1(10.0) 4(16.7)
Former malignancy, n (%) 9(18.8) 2(14.3) 1(10.0) 6(25.0)
Hypertension, n (%) 23 (47.9) 2(14.3) 8 (80.0) 13 (54.2)
Diabetes, 1 (%) 7 (14.6) 2(14.3) 3(30.0) 2(8.33)
Hiatal hernia, n (%) 4(8.3) 0(.0) 1(10.0) 3(12.5)
Autoimmune disease, 1 (%) 6 (12.5) 2(14.3) 3(30.0) 1(4.2)
ANA positivity, n (%) 21 (43.8) 9 (64.3) 6 (60.0) 6 (25.0)
ENA positivity, n (%) 4(8.3) 2(14.3) 0 (.0) 2(8.3)
SS antibodies, n (%) 2(4.2) 2(14.3) 0(.0) 0(.0)
Echocardiographic pulmonary hypertension, n (%) 13 (39.4) 2(14.3) 3(30.0) 8(33.3)
WBC count, cells/mm?> 6.7 [5.8-8.0] [6.4-8.5] 7.7 [6.5-10.3] 6.2 [5.6-7.4]
Neutrophil count, cells/mm? 3.7 [3.3-4.4] 3.8 [3.7-5.7] 4.0 [3.4-5.3] 3.6 [3.1-4.0]

Note: Continuous variables are presented as absolute (relative) frequencies; continuous ones are summarized as median [interquartile range].

Abbreviations: ANA, anti-nucleus antigen; COPD, chronic obstructive pulmonary disease; ENA, extractable nuclear antigen; SS, systemic sclerosis; WBC,

white blood cells.

3 | RESULTS

3.1 | Clinical characteristics of the ILDs
patients

Clinical details of the 48 patients included in the present
study (overall and categorized across ILD patterns) are
summarized in Table 1 and Table S1. Diagnosis relied on
a combination of clinical evaluation, high-resolution chest
CT scan, BAL and tissue sampling, multidisciplinary dis-
cussion. As mentioned above, patients were categorized
as: non-fibrotic/progressive fibrotic, and IPF. As expected,
histology showed strong differences across patterns: fibro-
blastic foci and collagen fibrosis were significantly more
prevalent in fibrotic ILD and IPF (p<.01 for all compari-
sons) (Figure 1A), and these associations remained un-
changed after adjustment for age and corticosteroid use.
Age differed significantly across ILD patterns (p=.004
for trend), with IPF patients being older than those with
non-fibrotic ILD (Tukey p=.004). In unadjusted analyses,

more fibrotic phenotypes exhibited lower FVC% (p =.037)
and FEV1% (p=.017). However, after adjustment for age
and corticosteroid use, these associations were attenu-
ated and no longer significant (FVC% p=.095; FEV1%
p=.236) (Table S2). Similarly, TLC% and DLCO% showed
no significant pattern-related differences in adjusted mod-
els. Pairwise comparisons confirmed these findings, with
mean FVC% differences of +8.9 (—8.4 to 26.2) between
non-fibrotic and fibrotic ILD (p=.43) and -11.0 (—26.9 to
4.9) between fibrotic ILD and IPF (p=.23) (Table S3).

When histological remodelling was considered, fibro-
blastic foci were associated with reduced DLCO% (ad-
justed p=.021) (Table S3). Increasing collagen fibrosis
was consistently associated with impaired pulmonary
function, including lower FEV1% (adjusted p=.590;
LR/F test=.005), reduced FVC% (adjusted p=.681; LR/F
test=.004) and lower FVC/FEV1 ratio (adjusted p=.699;
LR/F test=.013) (Table S2). These findings indicate that
histological severity contributes to functional decline be-
yond demographic and treatment confounders.
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FIGURE 1 Patterns of interstitial lung diseases (ILDs: Non-fibrotic, fibrotic and idiopathic pulmonary fibrosis [IPF]) are related to
fibrosis and functional features. Fibroblastic foci (A) and collagen fibrosis (B) are differentially expressed across ILDs patterns. A semi-
quantitative distribution is reported according to the distribution of fibrosis (x-axis score 0-2; panel A) and fibroblastic foci (x-axis score 0-3;

panel B). Patterns of ILDs are also differently associated with physiologic indices of lung function: Total lung capacity (TLC, % predicted),

forced vital capacity (FVC, % predicted), diffusing capacity for carbon monoxide (DLCO, % predicted), forced expiratory volume in 1s (FEV1,

% predicted), and the ratio between FVC/FEV1 (C-H). p-values for panel (A and B) are reported numerically and refer to group comparisons

by Kruskal-Wallis with post-hoc testing; for panel (C-H) p-values refer to intergroup comparisons.

3.2 | The MMP-9/TIMP-1 ratio differs
significantly in the bronchoalveolar lavage
from different ILD patterns

In BAL fluid from 48 ILD patients, MMP-9 concentrations
decreased across fibrotic phenotypes (p-for-trend .048;

Figure 2A) and histologic grades (p-for-trend .008 for fi-
broblastic foci and .004 for collagen fibrosis; Figure 2C,E),
while TIMP-1 decreased with increasing collagen fibrosis
(p=.004). Consequently, the MMP-9/TIMP-1 ratio de-
creased progressively from non-fibrotic toward fibrotic
ILD and IPF (p-for-trend .030; Figure 2B) and declined

850807 SUOWIWOD A0 3|dedldde ays Aq peusenob are saolie YO ‘8Sn JO Sa|NJ Joj Ak 8UlUO AB|IA UO (SUOIPUOD-PUB-SWBI W00 A8 | 1M AlRIq | BuUO//:SdNY) SUOIPUOD pue swie | 8 88S *[6202/ZT/60] Uo ARiqiTauliuo 481 eAoweo 1a Ipms [ed Aisieaiun Aq Z9T0Z 199/TTTT 0T/I0pAW0D A8 |imAreIq Ul |uo//:Sdny WOy pepeojumod ‘0 ‘29259ET



BERTOLOTTO ET AL. 70f15
W1 LEYJ—

(A) (B)
40000 - o wws 15
. o TIMP-1 0030
30000 2 ©
o o <4 10+
g 2 £
] o =
20000 © =
° © o s 5 o
10000 ° ° ° =
te 14 ;4
o
® T &
non-fibrotic ILD fibrotic ILD IPF
(n=14) (n=10) (n=24)
() (D)
40000 0.008 15
_ o MMP9 0.002
o TIMP-1
30000 o o
o o © 10
2 ° g
5 20000 © E
o L 54 ©
10000 g o =
‘g’I o . %
0-L-C E =
0 1
fibroblastic foci fibroblastic foci
(E) (F)
60000 15
°  MMP9 <0.001
0.026 o TIMP-1
0.004 2
40000 E 10
o -
E s
Qo ° o g.
_ o | o
20000 ° ;I; S s
o o
g 8
0 % = % ‘% & Q i ° 0 S9N
0 1 2 3 0 3
collagen fibrosis collagen fibrosis
(G) IPF fibroticILD  non-fibrotic ILD control standard

Pro-MMP-9 (92 KDa)

0.001
250
o
_E,ZOD
®
=150
. o
% o o
> 100
5 8
= 50 o —
e §
" k)

FIGURE 2 Matrix metalloproteinase (MMP)-9 and its inhibitor TIMP-1 are differentially expressed across ILD patterns and according
to fibrosis severity. Panel (A) shows individual concentrations of MMP-9 (red) and TIMP-1 (blue) in non-fibrotic ILD, fibrotic ILD and
idiopathic pulmonary fibrosis (IPF), while panel (B) illustrates the corresponding MMP-9/TIMP-1 ratio across the same groups. Panels (C
and D) depict MMP-9 and TIMP-1 concentrations (C) and the MMP-9/TIMP-1 ratio (D) stratified by fibroblastic foci score (0-2), whereas
panels (E and F) show the same parameters stratified by collagen fibrosis score (0-3). The bottom panel presents gelatin zymography results,
demonstrating pro-MMP-9 (~92kDa) and quantification of its enzymatic activity (ng/mL) in BAL fluids from IPF (n=17), fibrotic ILD
(n=9), non-fibrotic ILD (n=10) and controls (n =8, obtained from subjects undergoing bronchoscopy for non-ILD conditions). Data are
expressed as medians with interquartile ranges. p values, calculated using Kruskal-Wallis with Dunn's post-hoc test or Mann-Whitney test
where appropriate, are reported numerically above the brackets.
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with both fibroblastic foci (p-for-trend <.001) and colla-
gen fibrosis severity (p-for-trend <.001). Adjustment for
age and corticosteroid use confirmed these overall trends.
In models adjusted for age and corticosteroid use, MMP-9
concentrations and the MMP-9/TIMP-1 ratio both de-
creased significantly across ILD patterns and histologic
grades (adjusted p=.028 for the ratio; p=.005 for TIMP-1
with collagen fibrosis), whereas no significant interaction
effects were observed (Table S2). At pairwise adjusted
comparisons, some contrasts reached statistical signifi-
cance, although the overall effect of ILD pattern was mod-
est (Table S3).

In gelatin zymography, performed to confirm a dif-
ferential activity of MMP-9 in BAL fluids, the extent of
its matrix degradation decreased as fibrosis progressed
through the different ILD patterns, with the highest val-
ues observed in non-fibrotic ILDs, and controls as well
(p=.004 for fibrotic ILD and .001 for IPF; p-for-trend .002)
(Figure 2D).

Fibroblasts derived from BAL of ILD patients (n=10)
showed a secretory phenotype characterized by the pro-
duction of TIMP-1, but not MMP-9, at very high con-
centrations (p-value=.002 and .343, respectively) while
fibroblasts from control subjects (included for exploratory
comparison) released TIMP-1 at lower concentrations (al-
most threefold lower) (Figure 3A,B). Consistent with the
MMP-9 and TIMP-1 measurements, ILD fibroblasts were
positive for MMP-9 and TIMP-1 expression by immuno-
fluorescence analysis (Figure 3C). This potential involve-
ment of fibroblasts is further suggested by the lack of any
other correlation of the other cell types found within the
BAL (e.g. macrophages, lymphocytes and neutrophils)
with cytokine release or lung function tests (Figure S1).
Rather, fibroblast-associated features, including the fibro-
blastic foci and collagen fibrosis scores, further exhibited
a consistent and significant association with markers of
lung injury and with cytokine secretion levels.

3.3 | Evaluation of TIMP-1 and MMP-9
expressions on different pulmonary
sub-types by lung single cell RNA
sequencing analysis

To confirm whether the imbalance between TIMP-1 and
MMP-9 detected in the BAL from ILD patients could be
really related to fibroblasts/myofibroblasts expansion,
we explored and analysed two gene expression profile
datasets published and deposited by Kaminski/Rosas
(GSE136831)*° and Banovich/Kropsky (GSE135893).%°
By single cells RNA sequencing, Kaminski and Rosas
have analysed samples derived from: IPF (n=32), chronic
obstructive pulmonary disease (COPD) (n=18), sand

controls (n=29), while Banovich and Kropsky analysed
cells from 20 patients with ILDs (12 with IPF, 2 with
chronic hypersensitivity pneumonitis, 3 with non-specific
interstitial pneumonia, 2 with sarcoidosis and one unclas-
sifiable ILD) and 10 controls. Figures 4A and 5A display
how fibroblasts/myofibroblasts retain the highest expres-
sion of TIMP-1 in both datasets. TIMP-1 is well expressed
by monocytes/macrophages but at lower levels, whereas
MMP-9 expression is ubiquitously reduced. Moreover, try-
ing to better define and quantify the levels of TIMP-1 in
different subpopulations composing the lung parenchyma,
we have examined raw data derived from the two above
reported databases. Even excluding COPD (Kaminski/
Rosas)® or pooling ILDs repositories (Banovich/Kropsky),
we confirm that, by single cell RNA sequencing transcrip-
tional TIMP-1 levels are significantly higher in fibroblasts/
myofibroblasts as compared to the other lung cell types
(Figures 4B and 5B). When MMP-9 was filtered from both
queried datasets before the DESeq2 model fitting, its low
expression among the compared cell types did not meet
the designated read count sum threshold, as previously
specified in the Section 2. To further clarify this point, we
repeated the analysis with relaxed gene-filtering criteria,
only considering a read count sum <5. After this reanaly-
sis, single-cell data from both Kaminski (GSE136831) and
Banovich (GSE135893) cohorts again showed significant
TIMP-1 enrichment in fibroblast/myofibroblast clusters,
whereas MMP-9 expression remained low in cellular
representation and non-significant across comparisons
(Figure S2). The paucity of MMP-9 signal in these public
scRNA-seq resources likely reflects both biologically low/
inducible expression and dataset-specific technical spar-
sity. Consistency with our BAL ELISA, zymography and
fibroblast culture data supports the conclusion that TIMP-
1-driven imbalance is a key feature of fibrotic ILD.

4 | DISCUSSION

In the present study, we provide new insights into the role
of MMP-9/TIMP-1 imbalance in ILDs. Very high TIMP-1
concentrations coupled with low levels of MMP-9 in the
BAL from ILD patients, are associated with a prevalent
fibrotic pattern, consistent with the presence of fibroblas-
tic foci and the degree of collagen fibrosis. This observa-
tion is somewhat confirmatory of the diagnostic potential
of BAL in the workup of ILDs.” An extensive, albeit de-
bated, literature describes clinical scenarios for its use,
especially in discriminating between ILD phenotypes,
assessing treatment response and excluding alternative
diagnoses (e.g. infectious processes, cryptogenic organ-
izing pneumonia, extrinsic allergic alveolitis and connec-
tive tissue disease—/respiratory bronchiolitis-associated
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FIGURE 3 Primary lung fibroblasts from ILD patients secrete more TIMP-1 than controls. In fibroblasts derived from ILD-patients
(n=10) and cultured in vitro concentrations of not MMP-9 (A) but TIMP-1 (p =.022) (B) are significantly higher than controls (n=3). Boxes
show median with IQR, whereas indicate the range. Panel (C) is representative of immunofluorescence images from fibroblasts stained for
TIMP-1 (green) and MMP-9 (red). Images magnified at 20x and 40x, with the scale bar corresponding to 100 uM.

ILD).*®* In the context of ILDs, BAL reflects the severity
of lung injury and even performs on outcome prediction.*
However, this minimally invasive procedure likely has the
potential to be more informative than it currently is. In the
‘-omics era’, BAL is still interrogated mainly for its cellular
but poorly for its molecular composition.*>*
Nevertheless, MMPs and their inhibitors (TIMPs) have
an established role in polarizing ECM remodelling toward

fibrosis in lung injury.>****> Here, a prevalent release of
TIMP-1 at very high levels in BAL, coupled with a de-
crease in MMP-9, characterizes more severe pulmonary
fibrosis. Delving deeper, this imbalance in matrix homeo-
stasis regulators increases with the number of fibroblastic
foci and the ratio of collagen fibrosis. In vitro experiments
- confirmed by data from two different single-cell RNAseq
atlases - suggest how fibroblasts/myofibroblasts might

850807 SUOWIWOD A0 3|dedldde ays Aq peusenob are saolie YO ‘8Sn JO Sa|NJ Joj Ak 8UlUO AB|IA UO (SUOIPUOD-PUB-SWBI W00 A8 | 1M AlRIq | BuUO//:SdNY) SUOIPUOD pue swie | 8 88S *[6202/ZT/60] Uo ARiqiTauliuo 481 eAoweo 1a Ipms [ed Aisieaiun Aq Z9T0Z 199/TTTT 0T/I0pAW0D A8 |imAreIq Ul |uo//:Sdny WOy pepeojumod ‘0 ‘29259ET



10 of 15 BERTOLOTTO ET AL.
WILEY

(A)

_
w
-

DESeq2 Model Contrasts (vs TIMP-1)

Stromal cells

@® Control
@ COPD
® IPF

@® Control
@ COPD
® IPF

(o]

[o>]

E=N

N

o

® Control %
@ COPD
® IPF \ g

b Hkkk - 8 - Rk
bl E Kkkk
= i
. Kkkk . ol = 6 Kkdk Sk b
] *kkk — bhkdd g ] *kkk — *ﬂ‘
ik @ —
17}
o
T *kkk S 4 4 kkkk
o ) —
K]
o
=
B *ikk = 2 E *i*
[on
[}
n
n.s a
FIB MON A-MAC MAC LYM AT BAS CIL CLUB GOB MON A-MAC MAC LYM AT BAS CIL CLUB GOB
L J L J
T T
Myofibroblasts vs. Fibroblasts vs.

850807 SUOWIWOD A0 3|dedldde ays Aq peusenob are saolie YO ‘8Sn JO Sa|NJ Joj Ak 8UlUO AB|IA UO (SUOIPUOD-PUB-SWBI W00 A8 | 1M AlRIq | BuUO//:SdNY) SUOIPUOD pue swie | 8 88S *[6202/ZT/60] Uo ARiqiTauliuo 481 eAoweo 1a Ipms [ed Aisieaiun Aq Z9T0Z 199/TTTT 0T/I0pAW0D A8 |imAreIq Ul |uo//:Sdny WOy pepeojumod ‘0 ‘29259ET



BERTOLOTTO ET AL.

Wl LEY 11 of 15

FIGURE 4 RNA sequencing from Kaminski/Rosas (GSE136831) repository. From the Uniform Manifold Approximation and Projection
(UMAP) here displayed it is evident that the highest TIMP-1 expression is retained by fibroblasts/myofibroblasts as compared to the other
lung cell types (A), as confirmed by the DESeq2 model (B). Evaluation of TIMP1 mRNA expression in myofibroblasts and fibroblasts versus
the others types of cells present in the lung. Reannotated classes: MYO, Myofibrolasts; FIB, Fibroblasts; MON, CMonocytes ncMonocytes;
MAC, Macrophages; A-MAC, Alveolar macrophages; AT, Alveolar type I/1I cells; CIL, Ciliated cells; CLUB, Club cells; GOB, Goblet cells;
LYM, T cells (cytotoxic/regulatory), innate lymphoid cells (ILC) A/B, natural killer (NK) cells, B cells, plasma cells. ns: p>.05; *p <.05;

**p <.01; ¥**p <.005; ****p <.0005.

contribute to the MMP9/TIMP-1 imbalance. While high
levels of TIMP-1 have been widely detected in lung fibro-
sis from the transcriptional level to targeted immunoassay
in BAL and serum,*® the contribution of TIMP-1 to the
pathogenesis of lung fibrosis has been variously demon-
strated in experimental mice models.*”™* Both TIMP-1 de-
letion and targeted therapies (e.g. bosentan) have indeed
been shown to reverse the imbalance between MMP-9/
TIMP-1 in parallel with reducing fibroblast proliferation,
ECM deposition and ultimately lung fibrosis, potentially
through the ERK (extracellular-signal-regulated kinase
pathway) pathway activation mediated by the CD63/inte-
grin p1.%%

Far from being a dance for two, the differential expres-
sion and release of MMP-9 and TIMP-1 likely involve a
complex cytokine storm within the lung microenviron-
ment. Among them, the pro-fibrotic effect of TGF (trans-
forming growth factor)-8, which couples with a TIMP-1
up-regulation, is well recognised. Similarly, the contribu-
tion of IL-33 to pro-fibrotic ECM remodelling in lung fi-
brosis is closely linked to an imbalance between MMP-9
and TIMP-1.' Some studies have also suggested a pro-
tective role for bone marrow-derived mesenchymal stem
cells. Injection in bleomycin-treated mice indeed blunts
epithelial injury and lung inflammation and normalizes
myofibroblast activity, restoring a balance between MMPs
and TIMPs.’**® It should finally be noted that TIMP-1
overexpression also occurs in tumour-associated fibro-
blasts in lung adenocarcinoma,>® where it seems to have a
potential prognostic relevance.>

Our findings align with current literature, supporting
TIMP-1 overexpression as a key factor in fibroblast activa-
tion, polarisation and lung fibrosis. The MMP-9/TIMP-1
ratio in BAL may hold potential clinical relevance as a sup-
portive tool in the differential diagnosis of ILD. The pro-
nounced reduction in this ratio — driven by elevated TIMP-1
and reduced MMP-9 - was most evident in patients with
idiopathic pulmonary fibrosis and advanced fibrotic ILD.
This observation indicates that the ratio may serve as a mo-
lecular marker of fibrotic burden, complementing imaging
and histopathological evaluation. Although not intended
as a standalone diagnostic tool, incorporating the MMP-9/
TIMP-1 ratio into a multimodal diagnostic approach could
refine ILD phenotyping, aid in distinguishing progressive

fibrotic forms from non-fibrotic patterns and ultimately
support early therapeutic decision-making. Prospective
and multicenter studies will be required to validate this po-
tential and to determine the practical utility of the MMP-9/
TIMP-1 ratio in clinical settings. On the other hand, we ac-
knowledge that much remains to be understood regarding
TIMP-1 biology in ILDs, and the present study retains sev-
eral limitations. First, it was conducted in a monocentric,
cross-sectional setting, which limits generalizability and
precludes causal inference. Second, subgroup sizes were
relatively small, particularly in the fibroblast control cohort,
reflecting the rarity of ILD and the technical difficulty of
obtaining viable fibroblast outgrowth from BAL samples of
non-ILD individuals. Therefore, the in vitro results should
be interpreted as qualitative evidence of cellular behaviour
rather than as a quantitative comparison across ILD sub-
types. Third, in the single-cell RNA sequencing analyses,
MMP-9 expression was underrepresented, likely due to
both biological factors (low and inducible expression) and
technical thresholds applied during filtering. Fourth, our
scRNA-seq findings rely on the reanalysis of publicly avail-
able datasets generated under heterogeneous experimental
and clinical conditions, which may not fully correspond to
our patient cohort; these data should therefore be consid-
ered supportive and hypothesis-generating. Finally, given
the exploratory nature of the study, our results should be
regarded as hypothesis-generating and warrant validation
in larger, independent, multicenter cohorts with longitudi-
nal follow-up.

In conclusion, we demonstrate that fibroblast-driven
imbalance of the MMP-9/TIMP-1 axis in BAL reflects
fibrotic severity across ILD patterns, with the most pro-
nounced reduction observed in IPF. This identifies the
BAL MMP-9/TIMP-1 ratio as a translational readout of ex-
tracellular matrix remodelling and a candidate supportive
biomarker for ILD phenotyping and differential diagnosis.
We are seeking future studies capable of delving deeper
into TIMP-1 biology and confirming our observations
on the direct correlation between imbalanced MMP-9/
TIMP-1 expression and fibrotic progression in ILDs.>
Before speculating on potential therapeutic applications,
future studies should focus on developing tailored algo-
rithms incorporating TIMP-1 to refine ILD phenotyping
and prognostic risk stratification.
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FIGURE 5 RNA sequencing from Banovich/Kropsky (GSE135893) repository. From the Uniform Manifold Approximation and
Projection (UMAP) here displayed it is evident that the highest TIMP-1 expression is retained by fibroblasts/myofibroblasts as compared
to the other lung cell types (A), as confirmed by the DESeq2 model (B). Evaluation of TIMP1 mRNA expression in myofibroblasts and
fibroblasts versus the others types of cells present in the lung. Reannotated class: MYO, Myofibrolasts; FIB, Fibroblasts; MON, Monocytes;
MAC, Macrophages; BAS, Basal cells; AT, AT I/1I cells; CIL, Ciliated and differentiating ciliated cells; MUC, MUC5b/5 AC+ cells; SCGB,
SCGB3A2/1A13A2+ cells; LYM, T cells (cytotoxic/regulatory), innate lymphoid cells (ILC) A/B, natural killer (NK) cells, B cells, plasma

cells. ns: p>.05; *p <.05; **p <.01; ***p <.005; ****p < .0005.
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