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Abstract: Pulmonary fibrosis (PF) is characterized by aberrant extracellular matrix (ECM) deposition,
activation of fibroblasts to myofibroblasts and parenchymal disorganization, which have an impact
on the biomechanical traits of the lung. In this context, the balance between matrix metalloproteinases
(MMPs) and their tissue inhibitors of metalloproteinases (TIMPs) is lost. Interestingly, several MMPs
are overexpressed during PF and exhibit a clear profibrotic role (MMP-2, -3, -8, -11, -12 and -28), but a
few are antifibrotic (MMP-19), have both profibrotic and antifibrotic capacity (MMP7), or execute an
unclear (MMP-1, -9, -10, -13, -14) or unknown function. TIMPs are also overexpressed in PF; hence, the
modulation and function of MMPs and TIMP are more complex than expected. EMMPRIN/CD147
(also known as basigin) is a transmembrane glycoprotein from the immunoglobulin superfamily
(IgSF) that was first described to induce MMP activity in fibroblasts. It also interacts with other
molecules to execute non-related MMP aactions well-described in cancer progression, migration, and
invasion. Emerging evidence strongly suggests that CD147 plays a key role in PF not only by MMP
induction but also by stimulating fibroblast myofibroblast transition. In this review, we study the
structure and function of MMPs, TIMPs and CD147 in PF and their complex crosstalk between them.

Keywords: pulmonary fibrosis; MMPs; EMMPRIN; CD147; basigin; TIMPs

1. Introduction

In lungs, interstitial space is almost absent to minimize the distance between blood
and the alveolar cavities. Physiologically, fibroblasts and other connective cells such as
leucocytes reside in this microenvironment in a latent state. As a consequence of reactive
or regenerative processes, fibrogenesis occurs to produce wound healing and to replace or
fill the gaps generated by the disorders of the parenchymal tissue. Typically, fibroblasts
proliferate and transform into myofibroblast-like phenotypes characterized by the expres-
sion of alpha-smooth muscle actin (α-SMA) and secretion of extracellular matrix proteins.
Several stimuli may trigger those processes, such as pneumocyte apoptosis, repetitive
inflammatory responses or other parenchymal disorders. In pathological situations, fibrotic
responses become chronic, causing the enlargement of the interstitial space, increasing the
distance between blood and alveoli and replacing air content with cells and/or ECM. Other
cells such as macrophages or smooth muscle cells will cooperate or accumulate causing
a disorganized structure. Thus, diffusion and ventilation are impaired and respiratory
failure occurs.

The most characteristic fibrotic lung disease is idiopathic pulmonary fibrosis (IPF).
This chronic, progressive and fatal disease of unknown cause typically affects elderly
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adults (>60 years). The incidence of IPF was estimated to range from 0.2 to 93.7 per
100,000 inhabitants, with values of 3 to 9 per 100,000 inhabitants per year in Europe and
North America, generally higher in men than in women [1]. Usual interstitial pneumonia
(UIP) is the histopathological pattern of IPF. It is characterized by a combination of patchy
interstitial fibrosis with alternating areas of normal lung, ECM deposition, presence of
fibroblast foci and parenchymal disorganization due to chronic scarring or honeycomb
change. In this context, cells producing and remodeling ECM play a key role. Myofibroblast
phenotype emerges because of the fibrotic response. At the same time, myofibroblasts are
considered as effectors of fibrosis due to their capacity for secreting and remodeling ECM.
In this sense, myofibroblasts play a central role in the fibrotic feedback loop that occurs
during IPF.

2. Extracellular Matrix in Pulmonary Fibrosis

ECM homeostasis arises through the exquisite balance between the expression of ECM
components and the expression and/or activation of ECM proteases such as MMPs and
their inhibitors such as tissue inhibitors of metalloproteinases (TIMPs) [2]. In IPF, ECM
homeostasis is dysregulated through processes that are not fully understood, including
the aberrant expression of ECM proteins that ultimately elicits an excessive accumulation
of fibrillar collagens (type I and III) [3]. Activated fibroblasts or myofibroblasts are the
key cell type involved in the excessive accumulation of fibrillar collagens. Among the
different fibroblast activator cytokines, transforming growth factor beta 1 (TGF-β1) is the
most potent and well-studied, and it is frequently upregulated in IPF. Notably, we and
others have shown that TGF-β1 downregulates the mRNA levels of major collagenases
such as mmp1 while upregulating those of timp1 and col1a1 and col3a1, which clearly favors
collagen deposition. In normal conditions, other signaling factors counterbalance this
procollagenous transcriptional program [4]. In contrast, this program becomes amplified in
IPF and other fibrotic processes through mechanisms that remain undefined.

Although most myofibroblasts are thought to arise from the recruitment and expansion
of resident fibroblasts, there is strong evidence suggesting that bone-marrow-derived cells
such as fibrocytes are recruited at injury sites and may contribute to the pathologic increase
in myofibroblasts. In addition, endothelial and epithelial cells may contribute to the
myofibroblast population through endothelial-to-mesenchymal (EndMT) and epithelial-
to-mesenchymal (EMT) transition, respectively [5]. Although evidence supporting these
contributions is scarce, we previously reported that lung epithelial cells undergoing EMT
in vitro failed to match any biochemical and biophysical marker of primary pulmonary
fibroblasts, let alone myofibroblasts. To illustrate this difference, the expression of fibrillar
collagens was several orders of magnitude lower in cells undergoing EMT compared
to fibroblasts [6].

The aberrant ECM remodeling in IPF not only changes the biochemical microen-
vironment, but profoundly alters the mechanical and diffusive properties of the fibrotic
pulmonary tissue, which may impact both disease progression and response to therapies [5].
From a mechanical standpoint, normal lungs are soft and elastic to allow the cyclic volume
changes required for breathing, and pulmonary tissue exhibits a Young’s Modulus (indica-
tive of resistance to deformation) E ~1 kPa. In contrast, tissue rigidity markedly increases
in both IPF patients and in bleomycin in vivo murine models of PF, owing to the extracellu-
lar accumulation of fibrillar collagens and to the aberrant abundance of hypercontractile
myofibroblasts, eliciting an increase in E that can be locally as high as 30–50 kPa [4]. Of
note, tissue stiffening alone has major profibrotic effects, as revealed by in vitro studies
using culture substrata with tunable elasticity. These studies showed that increasing matrix
rigidity up to fibrotic-like values was sufficient to promote fibroblast proliferation and sur-
vival through β1 integrin upregulation and subsequent FAK activation [7], and to increase
resistance to apoptosis through mitochondrial priming [8], which is a pathologic hallmark
of fibrotic myofibroblasts. Similar studies showed that matrix stiffening synergizes with
TGF-β1 to promote mRNA expression of both col1a1 and mmp1 in IPF-fibroblasts, whereas
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TGF-β1 and matrix rigidity downregulate mmp1 in normal pulmonary fibroblasts [9]. The
increased deposition of fibrillar collagens can hinder effective molecular diffusion [10],
which may impair efficient drug delivery and ultimately limit therapeutic responses.

3. Matrix Metalloproteinases—Role in Pulmonary Fibrosis
3.1. Introduction

MMPs are zinc-dependent endopeptidases that belong to the metzincins superfamily
of proteases and contribute critically to ECM homeostasis. MMPs are best known for their
role in degrading ECM components, such as collagens, fibronectins, laminin and others.
Their protease activity cleaves or releases from ECM other important proteins such as
growth factors, inflammatory mediators and receptors, modulating apoptosis, proliferation,
angiogenesis, immune response and tissue repair [11]. They facilitate cancer invasion and
metastasis through ECM degradation and cell to cell and cell to ECM adhesion cleavage.
All those functions belong to the main pathologic mechanisms involved in PF. Therefore,
they play a major role in the progression of the disease.

3.2. Structure and Classification of MMPs

Since their discovery in 1962 in the tail of a tadpole during its metamorphosis [12],
23 MMPs have been identified in humans to date, encoded by 24 genes (two genes for
mmp23). Mice contain one single copy of mmp23, two gene encoding paralogues homolo-
gous to human MMP-1 (mmp1a and mmp1b) and lack an mmp26 gene, comprising 23 genes
in total [13]. Similar numbers of MMP-encoding genes have been characterized in other
vertebrate models (e.g., 25 in zebrafish) [14].

All MMPs share a common catalytic metalloproteinase domain (about 170 amino
acids) containing a highly conserved Zn2+-binding motif, HEXXHXXGXXH. The three
histidines (H) bind to a Zn2+ ion and, together with the nucleophilic glutamate (E), attack
the substrate’s peptide bond. Another highly conserved Met-turn sequence (XBMX) assists
in the catalytic activity [15].

After removal of the N-terminal secretory signal during translation, the N-terminal
domain of MMPs is an auto-inhibitory pro-peptide (about 80 amino acids) containing
a highly conserved cysteine switch motif, PRCGXPD. Its cysteine sulfhydryl chelates
the active site for Zn2+ in the proMMP zymogen form. The cleavage of this domain by
peptidases or other MMPs will detach the propeptide domain to release the catalytic site,
transforming proMMPs into active MMPs. Between the catalytic and propeptide domains,
a furin-like proprotein convertase recognition sequence is found in furin-containing MMPs
(e.g., MMP-11, -21 and -28) This sequence allows their intracellular activation by furin-like
proconvertase enzymes. At the C-terminal flank, a flexible linker region (or hinge region of
variable length) followed by a hemopexin-like domain (about 200 amino acids) is found,
which typically is responsible for substrate recognition and dimerization [16]. The absence
of a hemopexin domain will have an impact on their substrate affinity in vitro. In addition,
membrane-type MMPs have either a C-terminal GPI anchor, or a single transmembrane
helix followed by a short cytoplasmic tail.

Similarities between MMPs make the design of specific inhibitors very difficult. Gen-
erally, inhibitors are designed to target the differences found on the S1’ site, a well-defined
but weakly conserved hydrophobic pocket of variable depth adjacent to the zinc-binding
site [17,18]. MMPs possess six pockets (S1, S2, S3, S1

′, S2
′, and S3

′), but S1 is the most
important for substrate specificity [19].

Thus, substrate affinity and molecular structure represent the common basis for their
classification (Table 1) [11,20]. However, substrate affinity classification is based only on
in vitro data, with seldom predicted in vivo functions. Moreover, the range of substrates
and MMPs is limited, excluding some MMPs from this scheme.



Int. J. Mol. Sci. 2022, 23, 6894 4 of 33

Table 1. Classification of matrix metalloproteinases and their role in pulmonary fibrosis.

MMP Substrate
Classification [11]

Structure
(N-Terminal Left, C-Terminal Right) Role in PF References

MMP-1 Collagenase-1 SP-ProP(SH)-CatZn2+-H-PEX Unclear [21–24]

MMP-2 Gelatinase A SP-ProP(SH)-Cat(Fn-Fn-Fn)Zn2+-H-PEX Profibrotic [25–28]

MMP-3 Stromelysin-1 SP-ProP(SH)-CatZn2+-H-PEX Profibrotic [29–31]

MMP-7 Matrilysin-1 SP-ProP(SH)-CatZn2+ Profibrotic and
Antifibrotic [32–35]

MMP-8 Collagenase-2 SP-ProP(SH)-CatZn2+-H-PEX Profibrotic [36–38]

MMP-9 Gelatinase B SP-ProP(SH)-Cat(Fn-Fn-Fn)Zn2+-H-PEX Unclear [39–41]

MMP-10 Stromelysin-2 SP-ProP(SH)-CatZn2+-H-PEX Unclear [42,43]

MMP-11 Stromelysin-3 SP-ProP(SH)Fu-CatZn2+-H-PEX Profibrotic [44–46]

MMP-12 Macrophage
metalloelastase (Others) SP-ProP(SH)-CatZn2+-H-PEX Profibrotic [47–49]

MMP-13 Collagenase-3 SP-ProP(SH)-CatZn2+-H-PEX Unclear [50–53]

MMP-14 MT1-MMP SP-ProP(SH)Fu-CatZn2+-H-PEX -TM-Cy Unclear [54–56]

MMP-15 MT2-MMP SP-ProP(SH)Fu-CatZn2+-H-PEX -TM-Cy Unknown

MMP-16 MT3-MMP SP-ProP(SH)Fu-CatZn2+-H-PEX -TM-Cy Unknown

MMP-17 MT4-MMP SP-ProP(SH)Fu-CatZn2+-H-PEX -GPI Unknown

MMP-19 Others SP-ProP(SH)-CatZn2+-H-PEX Antifibrotic [57–59]

MMP-20 Others SP-ProP(SH)-CatZn2+-H-PEX Unknown

MMP-21 Others SP-ProP(SH)VnFu-CatZn2+-H-PEX Unknown

MMP-23 Others N-II-ProP(SH)Fu-Cat-CA-IgG-Like Unknown

MMP-24 MT5-MMP SP-ProP(SH)Fu-CatZn2+-H-PEX-TM-Cy Unknown

MMP-25 MT6-MMP SP-ProP(SH)Fu-CatZn2+-H-PEX-GPI Unknown

MMP-26 Matrilysin 2 SP-ProP(SH)-CatZn2+ Unknown

MMP-27 Others SP-ProP(SH)-CatZn2+-H-PEX Unknown

MMP-28 Others SP-ProP(SH)Fu-CatZn2+-H-PEX Profibrotic [60–63]

SP = signal peptide, ProP(SH) = propeptide domain with cysteine, Fu = furin-like proprotein convertase
recognition sequence, CatZn2+ = catalytic metalloproteinase domain containing Zinc2+, H = Hinge region,
PEX = Hemopexin domain, TM = transmembrane domain, GPI = glycophosphatidyl domain, Cy = Cytoplasmic
tail, Fn = Fibronectin type II domain, Vn = Vitronectin-like insert, CA = cysteine array, IgG = immunoglobulin-like
domain, N-II = type II transmembrane domain (N-terminal signal anchor).

These limitations have led to the alternative classification focused on their domain
organization. This classification comprises archetypal MMPs (MMP-1, -3, -8, -10, -12,
-13, -19, -20 and -27), matrilysins (MMPs -7 and -26), gelatinases (MMP-2 and -9) and
furin-activable MMPs (all MT-MMPs, MMP-11, -21, and -28) [16].

3.3. Regulation of MMPs and TIMPs

MMPs activity is tightly regulated at multiple levels by modulation of transcriptional,
post-transcriptional and post-translational processes. The promoters of genes encoding
MMPs harbor several cis-elements allowing a different set of trans-activators including
AP-1, PEA3, Sp-I, β-catenin/Tcf-4 and NF-κB (reviewed in [64]). Some MMPs are coex-
pressed, but also functionally related MMPs such as gelatinases or collagenases exhibit
different promoters. The presence of AP-1 in most MMP promoters either alone or in
cooperation with PEA3 renders these genes responsive to a large variety of cytokines or
growth factors, including interleukins such as IL-1β, interferons, EGF, KGF, NGF, HGF,
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bFGF, VEGF, PDGF, TNF-α and TGF-β1, which is key in the development of fibrosis. In
addition, ECM proteins also promote signaling pathways converging in MMP expression
through AP-1 and/or PEA3 cis-element [64].

Like other proteins, their final translation also depends on post-transcriptional modifica-
tions and mRNA stability. Some reports have described that mRNA stability plays an impor-
tant role in the regulation of collagenase MMP-1 and gelatinases MMP-2 and MMP-9 [65,66].
Several MicroRNAs (miRNAs) have been identified to downregulate MMP expression in dif-
ferent scenarios such as miRNA-202-3p in IL-1β-induced MMP-1 expression [67], mirna-140
in IL-1β-induced MMP-13 [68], miRNA-377, miRNA-382, miRNA-410 and miRNA-192-5p
in MMP-16 expression [69,70] and miRNA-211 in MMP-9 expression [71]. The next level
of regulation is the post-translational transformation from pre-proMMPs to their active
form. Firstly, the signal peptide is removed, releasing the zymogen proMMP. Secondly, at
some point after translation, either before or after secretion into the extracellular milieu,
the propeptide is removed, releasing the inhibitory effect of the cysteine switch, yielding
an active protease. This activating post-translational modification is performed by serine
proteases, MMPs or other proteolytic enzymes. MMPs containing a furin cleavage motif are
activated intracellularly by furin. In vitro studies reveal that the thiol of the cysteine switch
motif can also be chemically modified by ROS, relieving the inhibition of proteolytic activity
and yielding a ‘full length’ active MMP [72]. Moreover, despite their secretory signal, many
MMPs are not fully secreted extracellularly and may be detected intracellularly in a variety
of mammalian cell types. In general, the likely conserved and possibly ancestral intracel-
lular role for MMPs is yet unknown. For example, MMP-2 accumulates intracellularly in
mammalian cells due to an inefficient recognition of its N-terminal secretory signal [73].

The study of MMP intracellular trafficking (recently reviewed in [74]) is essential for
understanding when and where the function of most MMPs will take place. MMPs, like
other cargo, are transported intracellularly via vesicular transport along microtubules and
actin filaments (F-actin) [75,76]. Microtubules and microtubule-based motor proteins such
as kinesins, as well as vesicle regulators such as SNARE proteins or RabGTPases, have
emerged as key regulators of MMP intracellular trafficking. In addition, podosomes and
invadopodia, which constitute the invadosome cell adhesions subgroup, are characterized
by their abilities to adhere to, and degrade ECM because they are sites at which proteases,
including MMPs, accumulate on cell surfaces [77]. Membrane-type MMPs execute their
activity bound to the membrane of the cells by a GPI anchor or by transmembrane domains.
Moreover, other non-membrane-type MMPs such as MMP-2, -8 and -9 also bind to mem-
brane proteins and exert their functions over the cell membrane [78,79]. Several secreted
MMPs diffuse and exert proteolytic activity at significant distances from the cell secreting
them. In addition to regulation by proteolytic activation (i.e., removal of the auto-inhibitor
pro-domain) these proteases are regulated by endogenous inhibitors, primarily TIMPs and
α2-macroglobin [80].

Finally, MMPs are also subject to endocytosis, which can be followed by storage in
endolysosomal vesicles, degradation in mature lysosomes, or recycling back to the cell
surface. MMP intracellular trafficking regulation, site-directed release at the cell surface,
and MMP recycling allow cells to flexibly reroute this portion of the proteolytic machinery
in response to changing environmental conditions and for cell–cell communication [74].
Despite recent advances in post-translational modulation of MMPs, there is still a lack of
knowledge in the field that needs to be addressed in the future.

TIMPs are a four-member family (TIMP 1–4) of endogenous protein inhibitors of
MMPs. They also inhibit other proteases such as disintegrin and metalloproteinases
(ADAMs) and ADAMs with thrombospondin motifs (ADAMTSs) closely related to MMPs.
They are relatively small proteins (184–194 amino acids, ≈21 kDa) whose structure com-
prises an N-terminal domain with inhibitory activity and a C- subdomain that interacts
with the hemopexin domain of certain MMPs [81]. They are mainly secreted peptides but
may be associated with membrane-bound proteins. TIMP-3 exerts its function adsorbed to
ECM sequestered to heparan-sulfate-containing proteoglycans and possibly chondroitin-
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sulfate-containing proteoglycans [82]. In general, TIMP members can inhibit all MMPs,
but they exhibit different inhibitory profiles [83]. For example, TIMP-1 is a strong inhibitor
of many MMPs except for most MT-MMPs. They inhibit MMPs reversibly by forming 1:1
complexes, but also play a role in the activation and uptake of MMPs from the extracellular
environment. In fact, TIMPs can form non-inhibitory complexes by binding to MMPs but
keeping both proteolytic and inhibitory activities intact [84]. For example, the hemopexin
domain from progelatinases MMP-2 and MMP-9 interact with the c-subdomain of TIMPs
to form a non-inhibitory complex that in turn binds to the active site of the MT1-MMP
molecule on the cell membrane. Another “free” MT1-MMP will be facilitated to cleave the
ternary progelatinase/TIMP/MT1-MMP complex to activate the zymogen around the cell
surface [11]. Additionally, it has been seen in a yeast two-hybrid assays specific interactions
between N- and C-terminal domains of paralogues of TIMP-4 with two paralogues of
MMP-11. During early myotendinous junction remodeling in vivo, TIMP-4 modulates,
but does not inhibit, MMP-11a activity. However, canonical inhibitory interactions are
detected between the catalytic domain of MMP-11b and the N-terminal domains of both
TIMP-4 paralogues [85].

3.4. Role of MMPs and TIMPs in Pulmonary Fibrosis

It was first believed that the balance between MMPs and TIMPs would determine the
final accumulation or degradation of ECM. In the case of PF, we may expect a net decrease
in MMPs accompanied by an increase in TIMPs, since the aberrant accumulation of ECM is
a typical fibrotic feature. However, the diverse pattern of secretion and activation of MMPs
found in pathological conditions, such as PF, and their intricated interactions with TIMPs
in different locations in vivo show a more complex scenario. Interestingly, most MMPs are
upregulated in PF patients or PF murine models.

To unravel these issues, studies of MMP deficient mice in PF models have shown that
MMPs promote, rather than inhibit, pulmonary fibrotic responses to injury and have dis-
covered a variety of pathways involved. These mechanisms include MMPs: (1) promoting
epithelial-to-mesenchymal transition (EMT); (2) promoting abnormal epithelial cell mi-
gration and other aberrant repair processes (MMP-3 and MMP-9); (3) increasing lung
levels or activity of profibrotic mediators or decreasing lung levels or activity of antifibrotic
mediators (MMP-3, MMP-7 and MMP-8); and (4) inducing lung macrophage phenotype
switching from M1 to M2 types (MMP-10 and MMP-8). In addition, other animal studies
have demonstrated that MMP-13 and MMP-19 have antifibrotic properties, while MMP-1
and MMP-10 have the capacity to inhibit fibrotic responses to damage [20]. These findings
explain the presence of high levels and activity of certain MMPs in IPF that have been
named the “fibrosis paradox”, since both aberrant accumulation of ECM and increased pro-
tease activity coexist in the disease. Early MMPs studies were focused on ECM metabolism,
overlooking other important functions of MMPs related to inflammation, immunity and
cell death, which play a key role in fibrosis. Of note, most MMP studies have been per-
formed in vitro, which necessarily removes many potential extracellular protein–protein
interactions and other components of the in vivo system. Thus, some MMPs will exhibit
antifibrotic functions and other profibrotic functions in vivo (Table 1), but clearly, their role
in the disease is far more complex than ECM metabolism (reviewed in [86]). In addition, be-
cause lung remodeling in IPF is a dynamic biopathological process, it is unknown whether
MMP activity varies over time.

In this context, CD147/EMMPRIN has been initially described as an inducer of MMPs,
increasing their function in health and disease. Indeed, CD147 modulates MMPs expression
to enhance their functions in PF. However, our current understanding reveals that its
function is far more important to MMP induction. In this section, we first describe and
analyze the most important MMPs and TIMPs in PF, including the mechanisms involved
in their fibrotic or antifibrotic functions. Next, we describe CD147’s structure, expression,
and function, to discuss its role in this disease.
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3.4.1. MMP-1

MMP-1 (collagenase 1 or fibroblast collagenase in humans) can degrade type I-III
collagens in vitro. MMP-1 is expressed in fibroblasts, endothelial cells, bronchial epithelial
cells (BECs) and macrophages. Its hemopexin-like domain mediates substrate specificity
and interactions with endogenous inhibitors [87]. In addition, the α2β1-integrin pathway
is a positive regulator of MMP-1 and increases MMP-1 expression through the binding
to it on cell surfaces [88,89]. Interactions between a serine proteinase (urokinase-type
plasminogen activator) and MMP-3 activate proMMP-1 [90]. MMP-1 is increased in plasma,
serum, bronchiolar lavage (BAL) and lung tissue of IPF patients [91,92] and it is signifi-
cantly overexpressed in IPF compared to normal lung tissue, according to transcriptional
and immunohistochemical data [93]. In turn, there is a bidirectional correlation with
hypoxia-inducible factor 1alpha (HIF1α) in alveolar epithelial cells (AECs), which represses
mitochondrial oxygen consumption [94] and this factor has been demonstrated previously
to be increased in AECs of IPF patients [95]. Transcription of MMP-1 is increased by a
single-nucleotide polymorphism in the promoter region at the AP-1 binding motif and it
has been associated with IPF [22]. MMP-1 expression in IPF is significantly increased in
dysplastic epithelial cells overlying fibrotic interstitium [22].

Recently, using bioinformatic methods, it has been demonstrated that mmp1 is one
of the top three differentially expressed genes (DEGs) with the highest significant up-
regulation of human IPF and plays an important role in its development. MAPK (mitogen-
activated protein kinase) signaling pathway was the most significant enrichment pathway
implicated in the regulation and activation of MMP-1 activity. [21]. In addition, weighted
correlation network analysis (WGCNA) of multiple gene expression datasets from the
Gene Expression Omnibus database by protein–protein interaction (PPI) network identified
increased expression levels of mmp1 and mmp7. This finding was validated in experimental
an PF murine model using qRT-PCR and in the GSE10667 dataset [23]. Many other studies
have demonstrated that mmp1 gene expression is up-regulated in IPF in comparison to
normal lung tissues [96–98]. More concretely, IHC IPF tissue studies have shown that
MMP-1 expression was increased mainly in epithelial cells, macrophages [93,98] and
stromal cells [96,97,99].

We have found that IL-1β downregulates col1a1 mRNA levels while increasing mRNA
levels of mmp1 and mmp2 (the major collagenolytic enzymes), favoring a reduction in
type I collagen in human pulmonary fibroblasts. These observations reveal that IL-1β
may reduce local tissue rigidity and provide innate antifibrotic protection that could be
important during the early stages of fibrotic processes and lung repair [24]. Other studies
have demonstrated that the pan-RTK (receptor tyrosine kinase) inhibitor nintedanib can
reduce the mRNA expression for mmp1, 4, 13, and 14 and pirfenidone is able to reduce
mRNA expression for mmp3 and 13 [100]. In both cell culture and mouse models of large
cell lung carcinoma cell lines (LCC), the overexpression of mmp1 has been described to be
necessary for the induction of fibroblast senescence and consequent tumor promotion [101].

For all of this, the overexpression of MMP-1 in IPF is a good example of the
above-mentioned MMPs paradox, because MMP-1 can degrade fibrillar collagens, the
typical excessively accumulated ECM molecules in IPF [102]. Furthermore, diseases char-
acterized by excessive ECM degradation, such as rheumatoid arthritis and pulmonary
emphysema, have been linked to MMP-1 [103–105]. A possible explanation for this in-
triguingly finding is that MMP-1 is largely found in the reactive alveolar epithelium in
IPF lungs, while it is essentially nonexistent in fibroblasts in the interstitial compartment,
where collagens are deposited [106].

3.4.2. MMP-2

MMP-2 (or gelatinase A) is constitutively expressed by BECs, AECs, fibroblasts and
fibrocytes. Even though in vivo activation of all MMPs is poorly understood, in vitro
studies reveal that proMMP-2 is activated by forming ternary complexes with members of
the MT-MMP subfamily and TIMP-2 [107–109]. This activation is performed on the surfaces
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of fibroblasts and macrophages. Both gelatinases, MMP-2 and MMP-9 (gelatinase B) have
an important function in the degradation of ECM components, because they degrade gelatin
and the principal constituent of the Basement Membrane (BM), collagen type IV [110–112].
mmp2-null mice model has not been studied in models of PF so far. However, MMP-2 has
the potential to contribute to and favor IPF pathogenesis by degrading lung ECM proteins,
inducing EMT and regulation of Wnt/β-catenin signaling [25,28,113].

MMP-2 is overexpressed in IPF lung, close to the fibroblast foci, mainly by reactive ep-
ithelial cells and myofibroblasts [93,107]. MMP-2 is increased in BAL and lung tissues of IPF
patients [36,93]. MMP-2 is found near epithelial basement membrane breaks in IPF lungs
and has been connected to basement membrane degradation [114], which increases lung
fibroproliferative responses [115] by inducing angiogenesis [116,117]. Endothelial-derived
MMP-2 is associated with fibrotic responses. The endothelial release of MMP-2 [118]
is induced by vascular endothelial growth factor (VEGF), an important profibrotic and
angiogenic growth factor, contributing to bleomycin-mediated PF in mice [119]. Surpris-
ingly, transcriptional reduction in mmp2 by small interfering RNA (siRNA) reduces VEGF
overexpression [120]. In L929 fibroblasts, chemokine (C-X-C motif) ligand 14 stimulates
mmp2 overexpression by downregulating protein phosphatase magnesium-dependent 1A
(PPM1A), resulting in the fibrotic response [121].

It has been reported that MMP-2 plays an important role in EMT. It causes an abnormal
stimulation of the Wnt/β-catenin-signaling pathway, which influences the pathophysiol-
ogy and progression of IPF [25,122]. The suppression of β-catenin by siRNA slows the
progression of fibrosis and lowers the levels of pulmonary TGF-β1 and MMP-2 by West-
ern blotting [28,113]. A higher baseline level of MMP-2 in old mice’s lung tissue than in
younger mice’s lung tissue shows that the aged lung has a profibrotic character that makes
it more vulnerable to injury and, hence, raises the probability of IPF development [27].
TGF-β1 activity is inhibited by the secretory leukocyte protease inhibitor (SLPI), which
has a protease inhibitory site at leucine 72 in the C-terminal domain. Although SLPI null
animals with overexpressed MMP-2 expression show longer wound recovery and enhanced
localized scarring, they do not develop PF [123]. The tumor suppressor phosphatase and
tensin homolog deleted on chromosome 10 (PTEN) inhibits the expression levels of several
crucial proteins in TGF-β1-induced fibrosis, including MMP-2, MMP-9 and α-SMA by
blocking the phosphatidylinositol 3-kinase/Akt and TGF-β1/SMAD3 pathways, reducing
fibroblast-to-myofibroblast transition (FMT) [124].

3.4.3. MMP-3

MMP-3 (or stromelysin 1) is mainly expressed by BECs, AECs, alveolar macrophages
(AM) and fibroblasts from PF patients and can degrade type IV collagen and basement
membrane proteins in vitro. MMP-3 expression is increased in serum, BAL and lung tissues
of these patients [29,125]. It has been described that MMP-3 promotes PF by three different
mechanisms: (1) MMP-3 can activate Wnt-β-catenin signaling in type II AECs by increasing
CDH1 (E-cadherin) breakdown and inducing EMT in lung epithelial cells [29,125]. When
mmp3-null mice are exposed to bleomycin, the expression of cyclin D1 (a Wnt-β-catenin
pathway target gene) is reduced compared to wild-type (WT) mice [29,126]; (2) MMP-3
promotes fibrosis by activating TGF-β1 from its inactive latent form to its active form by
stimulating the TGF-β1 homodimer to release from latency-associated peptide (LAP) and
latent TGF-β1-binding protein-1 (LTBP1) [30]. This produces a reduction in antifibrotic
mediators and an increased level or activity of profibrotic mediators in the lung; and
(3) MMP-3 causes the inhibition of distal epithelial repair by supporting the bond between
endostatin and type XVIII collagen (a proteoglycan found in alveolar capillary and epithelial
basement membranes) [31], allowing endostatin to promote lung epithelial cell apoptosis.
Concretely, endostatin levels are higher in IPF plasma and bronchoalveolar lavage fluid
(BALF) samples, and they have an inverse relationship with lung function [127]. For
this, MMP-3 can promote aberrant epithelial cell migration and other abnormal repair
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processes as the induction of myofibroblast differentiation of fibroblasts and degradation
of ECM components.

Bleomycin-induced fibrosis mouse model shows an increase in MMP-3 lung levels
in comparison with control and mmp3-null mice protected from bleomycin. Yamashita
et al. demonstrated that in the rat lung, transient adenoviral vector-mediated production
of recombinant MMP-3 resulted in myofibroblast accumulation and PF. On the contrary,
mmp3-null mice were protected from bleomycin-induced lung fibrosis [29]. Recent studies
have described that pirfenidone, a drug approved for IPF treatment reduces mRNA expres-
sion of mmp3 in a profibrotic model of human lung fibroblasts stimulated by TGF-β1 [100].
In conclusion, it seems to be clear that MMP-3 has an important profibrotic function in the
IPF context.

3.4.4. MMP-7

MMP-7 (or matrilysin) is expressed by blood monocytes, AM, BECs, AECs and fibro-
cytes and is increased in plasma, serum BAL and lung tissues from PF patients. Extracellu-
lar matrix components such as type IV collagen, laminin, elastin, fibronectin, gelatin and
osteopontin (a multifunctional cytokine that regulates cellular migration and adhesion)
have a high substrate affinity for MMP-7. MMP-7 can also activate proteases such as
proMMP-1, proMMP-2 and proMMP-9, as well as process several bioactive substrates [128].
Like mmp3-null mice, mmp7-null mice are protected from bleomycin-induced fibrosis [98].
In vitro experiments show bidirectional correlation with osteoponin [91,129,130]. In ad-
dition, MMP-7 is expressed by macrophages and airway epithelial cells in IPF lungs. In
injured lung epithelial cells, MMP-7 acts as a sheddase for syndecan-1. It can transport
CXCL1 as cargo on glycosaminoglycan chains, resulting in the release of syndecan-1-CXCL1
complexes, which are required for neutrophil transepithelial infiltration. Through this mech-
anism, MMP-7 regulates chemokine mobilization and transepithelial efflux of neutrophils
in acute lung injury [131]. Other experiments have demonstrated that it may regulate pul-
monary localization of dendritic cells then express CD103 and favors the cleavage of CDH1,
which could activate CD103 dendritic cells to limit inflammation and inhibit fibrosis [132].
Moreover, by proteolytically cleaving ECM components and basement membranes (BM),
as well as ECM-bound growth factors, MMP-7 and MMP-12 aid in the reconstruction and
maintenance of lung tissue. This produces a local release of matrikines (peptides originated
from the cleavage of proteins) and signaling molecules that generate a chemotactic gradient
that favors local cellular infiltration, activation and differentiation of inflammatory and
mesenchymal cells [32]. MMP-7 cleaves DCN [133], a proteoglycan implicated in collagen
fibrillization, and inhibits TGF-β1 [33,134,135]. This effect of MMP-7 on TGF-β1 may help
to maintain a pro-fibrotic status.

According to these findings, MMP-7 has a dual role as a pro- and antifibrotic mediator,
due to its various biological functions related to inflammation, innate immunity, apoptosis
and fibroproliferation [34]. MMP-7 enhances neutrophil influx to damage AECs, which
promotes the development of fibrosis, and then reverses the fibrotic situation by attracting
immunosuppressive leukocytes. Many studies have identified MMP-7 as a potential
diagnostic and prognostic biomarker for IPF [136–138]. Multiple bioinformatic methods
have demonstrated that mmp7 gene is significantly correlated with the prognosis and
occurrence of IPF. [23]. These results are in good agreement with the recent PROFILE
(Prospective Observation of Fibrosis in the Lung Clinical Endpoints) study conclusions
indicating that serum SP-D and MMP-7 could best differentiate between IPF patients
and controls [139,140]. In addition, recent studies using a proximity extension assay
identified higher protein levels of MMP-7, IL-6, NOS3 and CASP-8 in PF progressive
patients compared to stable patients at follow-up, due to the importance of vascular and
remodeling processes linked to progression of the disease [141]. However, recent studies
question if MMP-7 is related to PF prognosis [35,142].
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3.4.5. MMP-8

MMP-8 (collagenase-2 or neutrophil collagenase) is mainly expressed by polymor-
phonuclear neutrophils (PMNs). Other cellular types such as activated monocytes, lympho-
cytes, macrophages, lung epithelial cells, fibrocytes, fibroblasts, natural killer (NK) [143]
cells, dendritic cells [144] and mesenchymal cells [36,145–148] have been described to ex-
press MMP-8 at lower levels. PMN activation induces proMMP-8 release, which is stored in
PMN-specific granules. TGF-β1 and TNF-α regulate MMP-8 transcriptionally in fibroblasts,
and IL-1β and CD-40 ligand in mononuclear phagocytes [148]. Increased levels of MMP-8
have been described in plasma, BAL [125,149–151] and lungs of PF patients using multi-
plexed Luminex immunoassays. Mmp8-null mice are protected from bleomycin-induced
fibrosis. MMP-8, MMP-9 and TIMP-1 have been selected by multivariable analyses as top
candidates to discriminate IPF patients from controls [152].

There are two opposing hypotheses about how MMP-8 supports the PF mechanism.
MMP-8, according to one study, can inhibit the synthesis of anti-inflammatory cytokines
such as IL-10, promoting inflammation while also increasing collagen formation. As a
result, when MMP-8 is absent, MMP-9 and IL-10 levels rise (both of which have anti-
fibrotic capabilities) [36]. However, Sun et al. found that IL-10 mediates lung fibrosis
development [153]. On the other hand, MMP-8 may also contribute to PF by promoting
fibrocyte migration into the lungs (circulating bone marrow-derived mesenchymal pro-
genitor cells displaying CD45 and collagen). These findings were corroborated by in vitro
studies. To drive the development of lung fibrosis, IL-10 can induce fibrocyte recruitment
via the CCL2/CCR2 (chemokine/chemokine receptor) axis [37]. Although the levels of
IFN-inducible protein-10 (CXCL10/IP-10) and MIP1 were raised in mmp8-null mice with
bleomycin-induced fibrosis, there were no significant variations in the amounts of func-
tional TGF-β1 or IL-10 [146]. However, bleomycin-treated mmp8−/− mice show more lung
inflammation but less lung fibrosis than bleomycin-treated WT mice.

In addition, MMP-8 also exhibits its hypothesized profibrotic activity through the
downregulation of MIP1 and IP-10. IP-10 and its receptor CXCR3 suppress fibroblast
chemotaxis, which has anti-fibrotic properties [38].

3.4.6. MMP-9

MMP-9 (or gelatinase B) is expressed by neutrophils, AECs, AMs, fibroblasts and
fibrocytes. It is overexpressed in BAL and lung tissues of PF patients. ProMMP-9 protein
is stored in the tertiary granules of PMNs. In other cell types, transcription factors such
as AP-1 and NF-κB regulate MMP-9 expression [154,155]. MMP-9 activity is important
in vivo for modifying extracellular matrix components such as collagen IV and laminin in
the basement membrane [156]. MMP-9 affects various cellular processes and its expression
and secretion are up-regulated in pathological conditions such as cancer and chronic
inflammation [39,157–159]. MMP-9 has also been demonstrated to activate latent cytokines
and growth factors, as well as change myeloid and lymphoid cell trafficking and cell surface
protein expression [160]. Concretely, MMP-9 promotes abnormal epithelial repair processes
in fibrotic lungs and participates in the development of fibrosis in some experimental
situations [39,158–160], but its significance in IPF is less clear. Concerning murine fibrosis
models, mmp9-null mice did not show any change in comparison to WT in bleomycin-
induced fibrosis, whereas MMP-9 overexpression in AMs showed a fibrosis reduction [106].

In this sense, results obtained from experimental models have produced some confus-
ing outcomes. In MMP-9 immunohistochemistry, levels are frequently raised in bleomycin-
treated mice’s lung tissue homogenates and bronchoalveolar lavage fluids. Surprisingly,
the lack of this enzyme did not affect the severity of fibrosis following intratracheal
bleomycin [40]. Nevertheless, hypertrophied, and hyperplastic cuboidal epithelial cells, a
common epithelial alteration seen in alveolar injury sites, were detected in mmp9+/+ mice
but not in mmp9-null mice. The explanation for this discovery is uncertain. However, MMP-
9 may help distal airway epithelial cells migrate towards alveolar damaged areas. In addi-
tion, mmp9−/− bleomycin-treated mice are protected from alveolar bronchiolization [40],
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an aberrant growth of bronchiolar cells in the alveoli seen in experimental PF [161–164]
and severe fibrosis in IPF lungs. By contrast, transgenic overexpression of human MMP-9
in macrophages reduces lung fibrosis [41].

On the other hand, increased circulating MMP-9 could indicate a worse prognosis
in IPF, since it has been linked with a higher composite physiologic index [165], and
MMP-9 has been described as a potential marker to identify IPF patients in comparison to
healthy control [152]. Mmp9 gene polymorphism has been connected to the effectiveness of
immunosuppression in IPF and favors PF and emphysema combination [166]. MMP-9 also
encourages airway epithelial cells to produce and activate TGF-β1 [167,168]. In addition,
in vitro-related studies demonstrate that MMP-9 is expressed by Thy-1(-) lung fibroblasts
with TGF-β1 and enhances fibroblasts migration [36,41,125,169]. As a result, therapies
targeting MMP-9 may be able to minimize abnormal lung remodeling, giving a unique
clinical strategy for IPF.

A recent study has revealed that MMP-9 modulates airway basal cell (ABC)-like cells
in IPF. Blockade of MMP-9 activity with andecaliximab, an anti-MMP-9 antibody, inhibits
TGF-β1-induced SMAD2 phosphorylation in IPF patients who have sufficient type 1 IFN
expression [170]. Nevertheless, MMP-9’s role in IPF is uncertain nowadays.

3.4.7. MMP-10

MMP-10 (or stromelysin-2) is identified in AECs, macrophages and fibroblasts [42,171,172].
MMP-10 degrades different components of the ECM including proteoglycans, fibronectin
and non-fibrillar collagens [173]. MMP-10 has been described in injured and remodeling
tissues (skin wound or injured liver and colonic tissue) [173–175] since it increases laminin-5
processing in vitro and is required for good adhesion as well as keratinocyte migration [173].
It can activate other MMPs such as proMMP-1, -7, -8 and -9 [176].

MMP-10 and other fibrogenic mediators in the lung such as IL-4, IL-10 and IL-13 are
increased in PF in experimental silica models [172,177]. It is demonstrated that TGF-β1
up-regulates MMP-10 in epithelial cells analyzed by RT-PCR. The induction was discovered
to be dependent on the myocyte enhancer factor (MEF)-2 transcription factor [178]. In
patients with IPF, serum levels of MMP-10 correlate with both clinical deterioration and
worse overall survival after six months [42]. Hence, MMP-10 may be a useful IPF biological
marker of severity and prognosis.

However, in primary macrophages, RNAi silencing of mmp10 resulted in a significant
reduction in migration. As a result, macrophages implement an aberrant wound healing
program associated with pro-inflammatory circumstances [179]. Moreover, MMP-10 in-
duces macrophage conversion from classically activated phenotype M1 to an M2 alternative
activation phenotype, which can degrade collagen during skin wound healing (remodel-
ing macrophages). In a skin wound healing model, mmp10−/− wound deposited higher
amounts of collagen than WT [43]. Taking all this into account, the role of MMP-10 could
be considered as antifibrotic by increasing macrophage-mediated collagen degradation.

3.4.8. MMP-11

MMP-11 (or stromelysin-3) is activated intracellularly by furin-like protein convertase
within the constitutive secretory pathway. MMP-11 has been found in remodeling tissues,
such as invasive carcinomas, embryonic development or wound healing [180]. Murine
MMP-11’s catalytic domain was discovered to degrade fibrinogen chains [181].

MMP-11 can stimulate Notch signalling [44,45], which in turn can increase acta2
(α-SMA), vim (vimentin) and col1a1 expression. In contrast, MMP-11 reduces the expression
of epithelial marker genes such as cdh1. As a result, it promotes FMT and may be linked to
the progression of IPF [46]. Nevertheless, the role of MMP-11 in PF and its main biological
function(s) remain poorly understood.
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3.4.9. MMP-12

MMP-12 (or macrophage metalloelastase) is detected in AM, BECs and smooth muscle
cells [182]. MMP-12 is involved in cancer [183] and several chronic pulmonary inflam-
matory diseases such as chronic obstructive pulmonary disease (COPD), asthma and
IPF [184]. MMP-12 can degrade type IV collagen, fibronectin, fibrillin-1, and laminin,
among others [185].

Increased MMP-12 levels have been detected in IPF. Since MMP-12 activates the
TGF-β1 signaling pathway, this metalloproteinase may contribute to TGF-β1 secretion in
IPF [152]. In antibody-mediated Fas-induced lung fibrosis, mmp12-null mice have lower
expression of profibrotic genes cry61 (a cysteine-rich ECM protein implicated in fibroblast
adherence to ECM) and egr1 (early growth response factor-1; a zinc-finger transcription
factor involved in pulmonary responses to TGF-β1) when compared to WT mice. Hence,
MMP-12 is required for the development of the fibrotic phenotype [49]. MMP-12 has a
key role in the development of TGF-β1-induced lung fibrosis. TGF-β1 promotes MMP-12,
TIMP-1 and inhibits MMP-9 and p21 via Bax- and Bid-dependent pathways. In mmp12-null
animals, TGF-β1-induced PF is reduced. [47]. The progression of fibrosis has been studied
in IL-13/IFN-γ double null mice. This model showed decreased mRNA expression of
mmp12, tgfb1 and timp1 in tissues and reduction in the inflammation and proinflammatory
mediators such as TNF-α. MMP-12 decreases collagen deposition in double null mice com-
pared to control [186]. Moreover, during inflammation, MMP-12 modulates inflammatory
cytokines such as IL-1β, IL-6, TNF-α, CXCL1 and CXCL3 and macrophage proliferation
via the MAPK signaling pathway [48].

Due to type IV collagen degradation activity of MMP-12, the disorder of the basement
membrane allows fibroblasts and macrophages to obtain access to the fibrotic tissue and
promote PF [187]. Finally, the use of the mTOR inhibitor everolimus in cancer treatment
has been linked to the development of PF through the upregulation of MMP-12 expression
measured by RT-PCR [188]. However, other authors consider MMP-12 as a repressor of
myofibroblast differentiation and lung fibrosis since mmp12-null mice showed an enhanced
fibrotic response in bleomycin-induced PF compared with WT mice [189].

3.4.10. MMP-13

MMP-13 (or collagenase-3) is mainly identified in BECs and AECs, AM and in
interstitial spaces during the inflammation and fibrosis resolution of IPF. MMP-13 is
reported to be upregulated in IPF compared to control lungs [50,53,190]. MMP-13 is
known for its collagenolytic activities, particularly with respect to fibrillar type I and
II collagens. [102,191]. The recombinant catalytic domain of MT1-MMP (MMP-14) effi-
ciently activates procollagenase-3 (proMMP-13) through active gelatinase A (MMP-2) [192].
MMP-13 has recently been reported to have an important role in hepatic fibrosis [191,193].
However, its involvement in lung fibrosis is still unknown.

In both mice and human studies, MMP-13 seems to be implicated in the control of
ECM and collagen deposition since it degrades collagen in sites of dense fibrosis. In mmp13-
null mice, the lack of this MMP may result in ECM degradation problems and postpone
fibrosis resolution [50]. However, excessive MMP-13 functions can promote the formation
of honeycomb cysts [53]. In a bleomycin-mediated PF model, mmp13-null animals suffered
increased inflammation and severity with a high neutrophilic response compared to WT
mice [50,52,53]. It was produced by an increase in macrophage infiltration and significant
alterations in proinflammatory cytokines. In addition, mmp13-null animals had more
severe and persistent PF compared to WT mice. The expression of α-SMA is increased
in mmp13-null mice compared to WT animals. All these facts suggest that MMP-13 is
an antifibrotic protease [50]. Nevertheless, studies in a radiation-induced lung fibrosis
model revealed that mmp13-null mice exhibit reduced acute pulmonary inflammation as is
evidenced by reduced alveolar septi and lung architectural remodeling in histology. Which
is to say, mmp13-null mice in IPF reveal contradictory phenotypes of inflammatory and
fibrotic responses [50,51].
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In conclusion, MMP-13’s impact on the inflammatory response is crucial to the severity
of IPF development. However, the role of MMP-13 in IPF is uncertain, and the findings
are contradictory.

3.4.11. MMP-14

MMP-14 (or membrane-type 1 matrix metalloproteinase (MT1-MMP)) belongs to the
subfamily of the membrane-type MMP family. It was discovered as a proMMP2 activator,
expressed on the surface of invasive cancer cells [108]. MMP-14 is overexpressed in AECs
of IPF lungs, mainly in hyperplastic cuboidal type 2 pneumocytes and bleomycin-induced
lung fibrosis [56,194,195]. It processes types I–III collagen [196]. MT1-MMP is required for
pulmonary fibroblast migration in three-dimensional (3-D) cross-linked type I collagen
hydrogels [197].

MT1-MMP may increase fibrotic responses by activating TGF-β1 and/or limiting
normal repair processes in the wounded lung [198]. In a fibrotic lung bleomycin-induced
mice model, the MMP-14/Nogo-B (a member of the endoplasmic reticulum protein family)
pathway acts as a novel driving factor of the EMT process, which can enhance the EMT of
cells by liberating TGF-β1 [54].

By contrast, in vitro and in vivo experiments deleting or inhibiting MT1-MMP expres-
sion in fibroblasts or tumor cells leads to a loss of collagenolytic and invasive activity. As a
result, MT1-MMP is the main cell-associated proteinase required for normal or cancerous
cells to invade and ECM remodeling [199,200]. Therefore, a lack of this MMP increase the
severity of fibrosis by decreasing collagen destruction compared to WT mice [59]. Similar
results have been reported in stromal fibroblasts of mmp14-null mice [201]. In this case,
deletion of mmp14 in adult mice fibroblast induces fibrotic skin phenotype since they are
not able to process collagen type I. Moreover, bleomycin-induced experimental lung fibro-
sis is exacerbated by epithelial MMP-14 deficiency since it reveals abnormal proteolytic
processing of ECM, a process associated with an epithelial senescence phenotype [55]
related to the aggravation of fibrosis [202]. These epithelial senescence cells overexpress
TGF-β1 and increase profibrotic markers in fibroblasts such as acta2 and fn1 (Fibronectin)
by RT-PCR [56].

3.4.12. MMP-19

The catalytic domain of MMP-19 has a distinctive structure (it lacks Asp, Tyr and Gly
residues located close to the zinc-binding site in collagenases, the fibronectin-like domain
of gelatinases, the transmembrane domain of MT-MMPs and the furin-activation sequence)
(Table 1), chromosomal location and tissue distribution [203,204]. MMP-19 is produced
highly in fibroblasts, endothelial cells, monocytes and macrophages [205]. Specifically, this
enzyme is differentially expressed in AECs adjacent to fibrotic regions in IPF lungs [58,59].

Some studies have analyzed its role in vivo using the bleomycin-induced fibrosis
mice model and the fibrotic response has been increased in animals lacking this MMP [58].
Moreover, mmp19−/− lung fibroblast develops an exacerbated profibrotic gene expression
(α11 integrin, itga11, a receptor of collagen, fibrillar, among others) compared to control
mice [59,206]. MMP-19 has a strong regulatory effect on several profibrotic processes in
lung fibroblasts. Molecular abrogation of this enzyme results in a dysregulated ECM
synthesis, growth rate, transmigration capacity, cell–matrix interaction, as well as increased
type I collagen production in wound-healing response [59]. The study of FMT by α-SMA
expression reveals that mmp19-null mice express a higher amount of this marker com-
pared with WT mice. Hence, this MMP plays an important role in tissue remodeling
and fibrogenesis [59]. Furthermore, MMP-19 mediates its antifibrotic activities by increas-
ing the expression of cyclooxygenase 2 (COX2), an enzyme involved in the synthesis of
prostaglandin E2. This prostaglandin suppresses fibroblast proliferation, migration and
collagen synthesis [59,207–209]. mmp19-null fibroblasts significantly increase proliferative
and migratory activities. Reintroducing MMP-19 recombinant protein decreased gene
expression levels of col1α1, mmp14, and itga11, among others, reaching similar levels to WT



Int. J. Mol. Sci. 2022, 23, 6894 14 of 33

fibroblasts. Itga11 is induced by TGF-β1 contributing to the differentiation of fibroblasts to
myofibroblasts. Moreover, mmp19-null mice upregulate gene expression of lox11, a lysyl
oxidase overexpressed in fibrotic development since it plays a role in the formation of
crosslinks in collagens and elastin [57,59]. This increment confirms the profibrotic character
of mmp19-deficient fibroblasts.

MMP-19 also orchestrates immune responses. In vivo studies with mmp19-null mice
propose MMP-19 as an important factor in cutaneous immune responses and influences the
development of T cells since mmp19-null mice had an impaired T cell-mediated immune
response [210].

In conclusion, it seems clear that MMP-19 is a potent antifibrotic protease.

3.4.13. MMP-28

MMP-28 (or epilysin) is the last member of the MMPs. Its structure includes a
prototype domain of MMP and is activated intracellularly by a furin-like proprotein
convertase [60]. Epilysin is expressed constitutively in numerous tissues especially in
AECs and BEC [211] and mmp28 gene expression is elevated in IPF patients’ lungs [61].
MMP-28 has been identified not only in the cytoplasm but also in the AEC nucleus. By
contrast, in BECs, MMP-28 staining is mostly apical [211]. Moreover, MMP-28 is also
expressed by lung macrophages during the development and maintenance of fibrosis. This
MMP also takes part in the development and regeneration of the nervous system [212],
homeostasis in human epithelial [213] and its importance in several pathological states has
been reported such as gastric carcinoma [214,215].

MMP-28’s relevance in IPF is still unknown. However, some studies have revealed
increased levels of MMP-28 in serum from patients with IPF compared with non-IPF
patients measured by ELISA [63]. Additionally, in vitro studies in human and rat AEC
found that this enzyme enhances lung epithelial growth rate, migration, proliferation, and
provides protection from apoptosis among others [61]. The roles of MMP-28 in migration
and proliferation depend on its catalytic activity, as E to A mutations yielding a catalytically
dead form of the protease do not exhibit these behaviors [60,61,212]. Overexpression of
MMP-28 results in upregulation of MT1-MMP, MMP-9 by Western blotting, and encourages
the collagen invasive activity of A549 cells [212,215,216]. It has been noticed that MMP-28
upregulation protected AEC from apoptosis using bleomycin as an apoptotic stimulus,
whereas silencing the enzyme decreased proliferation rate and delayed wound closing by
scratch wound-healing assay and transmigration over type I collagen [211]. Nevertheless,
the pathologic consequences of these in vivo actions remain to be established. In addition,
there is some evidence that MMP-28 promotes a TGF-β1-dependent mechanism that
contributes to EMT in cancer cells, a process related to IPF [63,217].

Other in vivo experiments have suggested that epilysin has a role in COPD. mmp28−/−

mice are protected from inflammation and emphysema caused by tobacco smoke since
MMP-28 is critical for leukocyte recruitment into chronic smoke-exposed lungs; indeed,
neutrophil adhesion receptors and chemokines are reduced in mmp28−/− mice [216]. Fur-
thermore, MMP-28 induces macrophages to convert from classically activated phenotype
M1 to an M2 alternative activation phenotype, which increases IPF in bleomycin-treated
animals [62] and enhances fibroblast proliferation and collagen production [218]. Finally, it
has been proposed that MMP-28 could be considered as a putative diagnostic biomarker in
IPF [63]. However, more evidence is needed to clarify the clinical utility of MMP-28.

3.4.14. Other MMPs with Possible Involvement in Pulmonary Fibrosis

Other MMPs have been shown to play a role in the remodeling process associated
with tumor pathogenesis. However, even less is known about the roles of these MMPs
in IPF.

MMP-15, MMP-16, MMP-17, MMP-24 and MMP-25 are membrane-type MMP. They
have been linked to cell invasion and angiogenesis [219–222]. MMP-16 and MMP-24 can
transform proMMP-2 to active MMP-2, and MMP-16 can degrade numerous ECM com-
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ponents [223,224]. Downregulation of MMP-16 inhibits EMT by increasing the expression
of cdh1 while repressing mesenchymal markers vim and cdh2 [225]. MMP-17 could be
involved in the activation of membrane-bound precursors of growth factors or inflamma-
tory mediators such as TNF-α [11]. MMP-21 is overexpressed in cancer cells compared
to normal epithelial tissue and is involved in cell adhesion, migration and invasion [226].
MMP-26, or matrilysin-2, has an essential role in the local invasion through coordination
with MMP-9 [227,228].

All these reports support the general idea that other MMPs or proteases may modulate
PF, since they participate in processes that accompany, activate or perpetuate the fibrotic
response and the remodeling turnover in other pathologies such as cancer. Therefore,
further investigation into the role of these MMPs in fibrosis is needed to provide a better
insight into their biological and clinical value.

3.4.15. TIMPs in Pulmonary Fibrosis

Deletion of TIMPs in mice has been studied to explore their role in normal and
pathological processes. timp1−/−, timp2−/− and timp4−/− mice display apparently normal
phenotypes but exhibit interesting features associated with the absence of TIMPs, such as
impaired learning due to abnormal neural plasticity in timp1−/− mice [229], no proMMP2
activation in timp2−/− mice [230], and increased mortality after myocardial infarction in-
duction in timp4−/− mice [231]. It is not completely clear if these mice alter their MMP
and/or TIMP expression and activity to compensate for the lack of a specific TIMP. How-
ever, timp3−/− mice exhibit spontaneous air space enlargement in the lungs, but there is
no increase in inflammatory cell infiltration or evidence of fibrosis in comparison with
controls [232]. This TIMP is described to reside within the ECM to inhibit its degradation
by MMPs or ADAMs.

In bleomycin-induced PF, timp1−/− mice showed no differences in fibrosis induction
but increased inflammation after lung injury [233]. Timp3−/− mice showed a more severe
fibrotic response resulting from persistent inflammation due to increased neutrophil in-
flux [234]. Therefore, TIMP-3 seems to be antifibrotic in mice. The imbalance between
TIMP-1/-2 and MMP-2/-9 has been proposed to regulate ECM after bleomycin treatment
but the results are sometimes contradictory [235–239].

After TGF-β1 stimulation, TIMP-3 is strongly stimulated in fibroblasts by p38 activa-
tion. In addition, this TIMP is found in fibroblast foci in IPF [194]. However, it is not clear
if human IPF primary fibroblasts upregulate TIMPs compared to controls [194,240,241].

Other histological studies of IPF patients show the presence of TIMP-1 in interstitial
macrophages, TIMP-2 in fibroblast foci, TIMP-3 in the elastic lamina in vessels and TIMP-4
in epithelial and plasma cells, supporting the idea that reduced collagen degradation is
fundamental to this disorder [93]. However, MMPs and TIMPs are frequently observed
in the same locations, so the role of MMPs and TIMPs in vivo is complex and still needs
further research [242,243].

A multicenter study has shown that circulating MMPs and TIMPs were broadly
elevated among patients with IPF, mainly TIMP-1, but not TIMP-2. In this study, TIMP-3
was not evaluated [152].

All the evidence points to TIMPs playing an important role in PF but not only by
counteracting MMPs activity. Their participation in IPF and the inflammatory response of
the lung should be clarified in the future.

4. EMMPRIN/CD147 and Its Role in Pulmonary Fibrosis
4.1. Introduction

Cluster of differentiation 147 (CD147), also known as EMMPRIN (extracellular ma-
trix metalloproteinase inducer), is a transmembrane glycoprotein that belongs to the im-
munoglobulin superfamily (IgSF) [244]. It was first isolated in the Biswas lab from the
LX-1 human pulmonary carcinoma cell line and named tumor cell-derived collagenase
stimulatory factor (TCSF) because it increased the production of matrix metalloproteinases
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in nearby normal fibroblasts, allowing malignant cells to migrate more easily through the
extracellular matrix, implying a role in tumor progression [245]. Then, it was renamed
EMMPRIN based on its functional participation in MMP induction [246]. It is also known
as basigin, encoded by the BSG gene located on human chromosome 19 (p13.3) [247].

Other alternative names are leukocyte activation antigen M6, blood group antigen
OX47 in rat, 5A11 antigen in chicken, neurothelin, HT7 and hepatoma-associated antigen
(HAb18G) in human [248,249].

EMMPRIN/CD147 can stimulate the synthesis of MMP-1 (collagenase), MMP-2
(gelatinase A), MMP-3 (stromelysin-1), MMP-9 (gelatinase B) and MMP-14 by mesenchy-
mal cells [250,251]. Consequently, it has been implicated in the development of can-
cer, tissue remodeling and fibrosis with a variety of inflammatory diseases in multiple
investigations [252,253]. CD147 and its partners have been used as diagnostic and ther-
apeutic markers in cancer and inflammatory diseases [252]. In addition, studies in vitro
have demonstrated that the effect of CD147 is not limited to tumor-endothelial cell and
tumor-fibroblast heterophilic interactions. CD147 can directly stimulate MMP production
in both tumor cells and fibroblasts individually [254].

4.2. Structure and Molecular Interactions of EMMPRIN/CD147

CD147 or basigin comprises four different isoforms by alternative promoters and
splicing, named CD147/bsg-1, -2, -3 and -4 [253]. CD147/bsg-1 is a retina-specific isoform
with three Ig-like domains. CD147/bsg-3 and -4 contain a single Ig-like domain. The most
abundant and best-characterized isoform is CD147/bsg-2, which comprises two Ig-like
domains (Figure 1). This review will be focused on CD147/bsg-2 (referred as CD147) unless
specified otherwise.
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Figure 1. Structure of CD147/bsg-2 with the two Ig domains (IgC2 and IgI) connected by a flexible
linker, the transmembrane domain and the cytoplasmatic domain. The cartoon shows the diagram-
matic representation of the molecular structure of CD147 and molecules potentially interacting with
each domain based on previous reports [249,250,255]. Letters label molecular strands forming Ig
domains. The N-terminal domain (IgC2, orange) has a disulfide bond connecting strand B and
F (between C41 and C87, respectively) and an N-linked glycosylation site at Asn-44 at the end of
strand B. This domain is responsible for homophilic interactions and influences MMP activity. The
C-terminal domain (IgI, red) has a disulfide bond connecting B and F strand (between C126 and C185,
respectively) and two potential glycosylation sites at Asn-152 and Asn-186. The flexible linker is
shown in purple, the transmembrane domain (TM) in green and the cytoplasmatic domain in blue.
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CD147 is a single chain type I transmembrane protein with homology to both the
Ig variable domain (V) and MHC-II β-chain [246,248] and contains an N-terminal IgC2
domain (Domain 1 or Ig1) and a C-terminal IgI domain (domain 2 or Ig2), which are
connected by a 5-residue flexible linker containing a GPP motif (Figure 1) [256]. This
domain organization is unique in the IgSF family and provides great mobility to make
homo and heterophilic interactions for its multi-functional role [256]. The TM domain
contains highly conserved glutamic acid and leucine zipper-like sequences within the
hydrophobic sequence of the transmembrane domain [255]. These sequences contribute
to the anchoring of CD147 to the cell membrane. The cytoplasmic domain, TM domain,
5-residue flexible linker, cysteine residues, and asparagine glycosylation sites are well-
conserved sequences across species [248]. CD147 exhibits three potential glycosylation
sites: one for Ig1 at N44 at the end of strand B, and two for Ig2 at N152 at the middle
of the C’D loop and N186 at strand F (Figure 1) [249]. The degree of glycosylation mod-
ifies its function and its proper folding [257,258]. Thus, CD147 has been classified into
highly glycosylated CD147 (HG-CD147, molecular weight 45–65 kDa) and low glycosylated
CD147 (LG-CD147, molecular weight 32 kDa). The induction of MMP-1 and MMP-2 has
been associated with HG-CD147 [259], which promotes tumor invasion and migration.
LG-CD147 associates with caveolin-1 to inhibit CD147 self-aggregation and its conversion
from LG-CD147 to HG-CD147. Consequently, caveolin-1 blocks MMP induction mediated
by HG-CD147 [259]. Of note, caveolin-1 also interacts with MMP-2, and this interaction
seems to inhibit MMP-2 activity [260]. However, the contribution of the CD147 glycosyla-
tion to MMPs induction is controversial since other authors have found MMP induction,
even in LG-CD147 [261,262]. Probably, both LG- and HG-CD147 contribute to MMP activity
but principally HG-CD147 [248].

In addition to glycosylation, CD147 function is mediated by its homophilic and het-
erophilic molecular interactions. Intercellular homophilic interactions are produced on
opposing cells or on nearby cells after membrane vesicle shedding. CD147 acts as its own
receptor due to homophilic interactions in a trans manner to stimulate MMP production
and this interaction is mediated by the N-terminal Ig domain [263], dependent on the
CD147 glycosylation state [264]. In addition, homophilic cis interactions are produced at
the intracellular plasma membrane (cis-recognition) to form homo-oligomers [255].

CD147 interacts with a wide range of proteins by heterophilic molecular interactions
to carry out several functions in physiological and pathological conditions. Mostly, they
have been studied in the context of cancer. Monocarboxylate transporters (MCTs, such
as MCT1 and MCT4) are responsible for transmembrane transport of lactate, playing a
key role in cancer cells to avoid the typical intracellular accumulation of protons related
to tumor metabolism. Interestingly, they are tightly associated with CD147 for pH regu-
lation and cancer progression. In this context, MCT-CD147 interaction may have clinical
significance [265]. Moreover, CD147 stimulates hyaluronan synthesis and interaction of
hyaluronan with its receptors, in particular CD44 and LYVE-1, which in turn result in the
activation of multiprotein complexes containing members of the membrane-type matrix
metalloproteinase, receptor tyrosine kinase, ABC drug transporter or MCT families within
lipid raft domains [266]. Again, these interactions promote cancer progression and cancer
stem cell malignancy.

Interactions with proteins of the cyclophilin family have been reported to play a role
in protein trafficking and inflammatory diseases such as acute or chronic lung diseases.
CD147 acts as a signaling receptor for both cyclophilin A (CypA) and B (CypB), strong
chemotactic agents [267]. In cancer, CypA-CD147 interaction induces invasion of tumor
cells [268] and stimulates cell proliferation [269]. Similarly, cyclophilin 60 (Cyp60) interacts
with CD147 for its translocation to the cell surface [270]. Cyp60 and MCT seem to help
CD147 to be expressed on the plasma membrane.

Other proteins forming complexes with CD147 are integrins. For example, integrin
α3β1 and α6β1 interact with CD147, contributing to tumor invasion by the FAK signal-



Int. J. Mol. Sci. 2022, 23, 6894 18 of 33

ing pathway activation [271]. These interactions modulate CD147 function and promote
CD147 clustering.

CD147 is implicated in angiogenesis by regulating VEGF expression. Of note, CD147 acts
as a co-receptor of VEGFR2 in both endothelial and tumor cells. Therefore, VEGFR-2-CD147
complexes enhance VEGF functions related to angiogenesis and tumor progression [272].

In addition to the mentioned above caveolin-1, emerging evidence suggests that other
proteins interact with CD147 modulating their function and MMP induction such as annexin
A2 (ANXA2) [273] galectin-3 (GAL3) [274] tumor necrosis factor receptor-associated factor
(TRAF6) [275], the transporter ABCG2 [276] and MT1-MMP [262] (Figure 1). Certainly, more
ligands will be discovered in the future to interact with CD147, helping us to understand
its complex function in physiological and pathological conditions.

4.3. Expression of CD147

CD147 levels have been found to be elevated in a variety of malignant tumors
and have been linked to tumor progression in both experimental and clinical settings.
CD147 is overexpressed in more than 60% of human lung cancer and in most lung
carcinomas [277–279]. In addition, expression has been found in various malignancies such
as laryngeal carcinomas [280], breast carcinomas [281], lymphoma [282], hepatoma [283],
and malignant pigment cell lesions [284]. Recent studies associate CD147 expression with
metastatic progression in osteosarcoma [285] and describe CD147 as a promising marker for
the detection of circulating tumor cells in Small Cell Lung Cancer [286]. Furthermore, the
discovery of CD147 in non-tumoral tissues suggests that it may have a role in other physio-
logical and pathological circumstances producing increased MMP expression. CD147 levels
were shown to be higher in smokers’ BAL [287] and have been detected in non-neoplastic
processes such as human atheroma [288], ventilator-induced lung injury in rats [289], left
ventricular myocardium failure [290] and normal and ulcerated corneas [254]. CD147 is
expressed in a range of embryonic tissues including the lung [291], but only at low levels in
normal adult lungs and other tissues [279,292]. Expression of CD147 in the trophectoderm,
embryo proper and uterine endometrium seems key in the intercellular recognition during
implantation, since the majority of Bsg−/− mice died around the time of implantation. Inter-
estingly, half of the survivors died before 1 month after birth due to interstitial pneumonia,
and the other half were sterile and small [293].

4.4. Role of CD147 in Pulmonary Fibrosis

There are, at least, four reasons to support the participation of CD147 in PF: (1) Fibroblasts
were firstly described as effectors of CD147 activity in the earliest Biswas’s experiments [246];
(2) as mentioned above, CD147 induces secretion of MMPs, which play a critical role in
PF; (3) direct interactions of CD147 with other proteins observed in cancer are responsible
for functions that also modulate fibrosis development; and (4) PF shares similarities with
lung cancer progression and the presence of stroma and fibroblasts in lung cancer worsens
clinical outcome [294]. However, studies of CD147 in PF are scarce and the role of CD147
in the disease remains partially unknown. The importance of CD147 in fibrosis is also
observed in other organs such as the liver [295] and stroma in cancer [296].

The presence of CD147 in PF has been studied by specific immunoreactivity on lung
fibrotic tissue obtained from IPF patients and in the bleomycin-induced model of PF in
mice. In both scenarios, CD147 is overexpressed in areas of active fibrosis. CD147 was
mostly seen in pneumocytes and tissue macrophages mainly in their plasma membranes.
Consequently, BAL showed CD147 expression in humans and mice. However other cell
types such as fibroblasts and myofibroblasts, endothelial cells, vascular smooth muscle
cells and airway smooth muscle cells did not show CD147 staining [297,298]. The evidence
suggests that fibroblasts themselves are not a clear source of CD147 but may respond to it by
modulating their MMP expression, as has been described in the context of cancer. However,
the specific relevance of CD147 in MMP expression associated with PF is not well-studied.
Of note, TIMPs expression is not modified by CD147 [254]. It seems reasonable that CD147
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modifies the protease/antiprotease balance in favor of proteases, but the specific impact on
it remains undefined in PF.

CD147 induces FMT in fibroblasts from lung [299], skin [300] or breast cancer [296], a
process that seems to be MMPs-independent. In these studies, fibroblast CD147 overex-
pression or fibroblast treatment with recombinant CD147 is correlated with higher levels
of α-SMA and other myofibroblast features such as increased collagen gel contraction or
resistance to apoptosis compared to control. In addition, TGF-β1 favors the expression of
CD147 by fibroblasts in a dose-dependent manner by the activation of the canonical Wnt/β-
catenin-signaling pathway [299]. CD147 may interact with several molecules to modulate
the fibrosis process. For example, recent study suggests that CD44s/CD147 colocalization
and interaction are crucial for regulating the mechanical strain required for α-SMA incor-
poration into F-actin stress fibers, which modulates FMT, driven by TGF-β1 [301]. The
specific role of CD147 expression in PF in fibroblast may be elucidated by studying mod-
els of fibrosis in a recently described fibroblast-specific CD147 null mouse model, which
showed no obvious differences in the morphology of the lung or other organs compared to
controls [302].

Regarding macrophages, CD147 promoted M1 macrophages, which in turn induced
the differentiation of Th17 cells in bleomycin-induced lung fibrosis [303]. In this model,
the inhibition of CD147 by antibodies reduced PF in mice. Additional reports support
the profibrotic role of CD147 in the bleomycin-induced model. Thus, CD147 plays a
key role in epithelial–mesenchymal interactions during diffuse alveolar injury and repair,
resulting in changes in tissue architecture [298,304]. Furthermore, these findings rule
out any classical functional connection between CD147 and caveolin-1 in the AECs [304].
Moreover, it has been demonstrated that inhibition of CD147 can reduce collagen-I synthesis
in lung fibroblasts incubated with cultured pleural mesothelial cells (PMCs) and prevent
bleomycin-induced PF in an MMPs-dependent process [305]. Consequently, CD147 causes
ECM degradation via regulating MMP synthesis, or it causes ECM deposition by inducing
myofibroblast differentiation. CD147 and the nature of cell–cell interactions may influence
the transition from ECM fibrosis to lysis [252].

All of these results evidence that CD147 could be directly related to fibrosis processes
and CD147 is closely linked to the accumulation and remodeling of the extracellular matrix
producing PF [297]. Overexpression of CD147 in lung fibroblasts causes an antiapoptotic
and profibrotic phenotype and the induction of FMT, which may contribute to the prolonged
fibro-proliferative state seen in IPF [299].

5. Concluding Remarks and Future Perspectives

PF is a complex condition in which several cells interact leading to aberrant ECM
deposition and fibroblast/myofibroblast proliferation. Fibrosis development has an im-
portant impact on the biomechanical traits of the lungs. TGF-β1 and other profibrotic
factors perpetuate this situation promoting a chronic fibrotic scenario. Paradoxically, pro-
teases and antiproteases such as MMPs and TIMPs are generally induced in the disease to
create a disrupted protease balance in which most well-studied MMPs promote fibrosis
(Figure 2). Unfortunately, there are still several MMPs with an unknown or unclear role
in the disease. A given MMP may be pro-fibrotic in one context and anti-fibrotic in an-
other, and this contextual sensitivity includes not only stages of disease progression, but
also spatial tissue context, genetic background, inflammatory status, and other facets of
tissue microarchitecture that are rarely considered such as mechanical stress and redox
state. MMP participation in the development of fibrosis will be clarified in the future. Of
note, the use of a single MMP or TIMP as a therapeutic target may have beneficial and
detrimental effects depending on its role and the phase of the disease. The lack of highly
specific inhibitors/modulators for a particular MMP or TIMP that could reach effective
concentrations in the fibrotic tissue hinders this objective. In addition, most of the advances
obtained in our understanding of MMPs come from in vitro studies, which have obvious
limitations and explain, at least in part, some of the apparently paradoxical results dis-
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cussed. The complexity of extracellular protein–protein interaction networks and extensive
post-translational regulatory mechanisms modulating MMP activity in vivo demands more
and better in vivo experimental analysis. Given the extensive redundancy between MMPs
and TIMPs in mice (illustrated by the phenotypic normalcy of single and even double
MMP knockouts), the induction of fibrosis in knock-out mouse models has limitations for
elucidating the underlying biological functions of these proteases.
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Figure 2. Summary illustration where most important MMPs, TIMPs and CD147 are shown in
PF. The arrows point to their main role in most representative features of fibrosis, discussed in
this manuscript. Fibroblast foci are presented in PF (right) with fibroblast (orange), myofibroblasts
(orange plus green alpha-SMA fibers inside) and collagen deposition (blue wavy lines). Other cells
accompany and modulate fibrosis, such as macrophages (wavy cell in purple), immune cells (purple),
endothelial cells (pale red) and pneumocytes (pink). EMT = epithelial-to-mesenchymal transition.
FMT = fibroblast-to-myofibroblast transition. GF = growth factors. ECM = extracellular matrix.

In the context of cancer, CD147 was discovered as an inducer of MMPs in fibroblasts,
promoting tumor progression and invasion. Over the last years, several molecules have
been described to interact with CD147 to provide additional functions in cancer that
potentially may have an impact on PF. CD147 emerges as a profibrotic factor not only by
stimulating MMPs but also by inducing FMT (Figure 2). As in the history of cancer research,
other functions will be associated with its expression in the future. The lack of clinical
efficacy points out the need for new therapies to enhance or replace actual treatment in IPF.
The evidence summarized in this review indicates that CD147 is a promising druggable
target in PF. The strategy for inhibiting its function would go through the targeting of
protein–protein-interacting interfaces by peptide or monoclonal antibodies over small
molecules due to its larger binding interface [249]. The authors encourage the scientific
community to study the role of CD147 in the fibrotic process, and its potential use as a
prognostic biomarker and/or therapeutic target in IPF.

Funding: This research was funded by Agencia Estatal de Investigación (AEI/FEDER) (SAF2016-
79527-R, PID2019-110944RB-I00/, AEI/10.13039/501100011033 to J.A.; SAF2017-85352 to J.C.), Fun-
dació Privada Cellex (to J.A.), Generalitat de Catalunya (AGAUR SGR 661 and CERCA Programme
to J.A.) and Domingo Martinez Foundation (to J.C.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Int. J. Mol. Sci. 2022, 23, 6894 21 of 33

Conflicts of Interest: The authors declare no conflict of interest.

References
1. López-Muñiz Ballesteros, B.; López-Herranz, M.; Lopez-De-andrés, A.; Hernandez-Barrera, V.; Jiménez-García, R.;

Carabantes-Alarcon, D.; Jiménez-Trujillo, I.; de Miguel-Diez, J. Sex Differences in the Incidence and Outcomes of Patients
Hospitalized by Idiopathic Pulmonary Fibrosis (IPF) in Spain from 2016 to 2019. J. Clin. Med. 2021, 10, 3474. [CrossRef] [PubMed]

2. Bonnans, C.; Chou, J.; Werb, Z. Remodelling the Extracellular Matrix in Development and Disease. Nat. Rev. Mol. Cell Biol. 2014,
15, 786–801. [CrossRef] [PubMed]

3. Burgstaller, G.; Oehrle, B.; Gerckens, M.; White, E.S.; Schiller, H.B.; Eickelberg, O. The Instructive Extracellular Matrix of the Lung:
Basic Composition and Alterations in Chronic Lung Disease. Eur. Respir. J. 2017, 50, 1601805. [CrossRef]

4. Liu, F.; Mih, J.D.; Shea, B.S.; Kho, A.T.; Sharif, A.S.; Tager, A.M.; Tschumperlin, D.J. Feedback Amplification of Fibrosis through
Matrix Stiffening and COX-2 Suppression. J. Cell Biol. 2010, 190, 693–706. [CrossRef] [PubMed]

5. Hinz, B. Mechanical Aspects of Lung Fibrosis: A Spotlight on the Myofibroblast. Proc. Am. Thorac. Soc. 2012, 9, 137–147.
[CrossRef] [PubMed]

6. Gabasa, M.; Duch, P.; Jorba, I.; Giménez, A.; Lugo, R.; Pavelescu, I.; Rodríguez-Pascual, F.; Molina-Molina, M.; Xaubet, A.;
Pereda, J.; et al. Epithelial Contribution to the Profibrotic Stiff Microenvironment and Myofibroblast Population in Lung Fibrosis.
Mol. Biol. Cell 2017, 28, 3741–3755. [CrossRef] [PubMed]

7. Puig, M.; Lugo, R.; Gabasa, M.; Giménez, A.; Velásquez, A.; Galgoczy, R.; Ramírez, J.; Gómez-Caro, A.; Busnadiego, Ó.;
Rodríguez-Pascual, F.; et al. Matrix Stiffening and B1 Integrin Drive Subtype-Specific Fibroblast Accumulation in Lung Cancer.
Mol. Cancer Res. 2015, 13, 161–173. [CrossRef]

8. Lagares, D.; Santos, A.; Grasberger, P.E.; Liu, F.; Probst, C.K.; Rahimi, R.A.; Sakai, N.; Kuehl, T.; Ryan, J.; Bhola, P.; et al. Targeted
Apoptosis of Myofibroblasts with the BH3 Mimetic ABT-263 Reverses Established Fibrosis. Sci. Transl. Med. 2017, 9, eaal3765.
[CrossRef]

9. Giménez, A.; Duch, P.; Puig, M.; Gabasa, M.; Xaubet, A.; Alcaraz, J. Dysregulated Collagen Homeostasis by Matrix Stiffening and
TGF-B1 in Fibroblasts from Idiopathic Pulmonary Fibrosis Patients: Role of FAK/Akt. Int. J. Mol. Sci. 2017, 18, 2431. [CrossRef]

10. Galgoczy, R.; Pastor, I.; Colom, A.; Giménez, A.; Mas, F.; Alcaraz, J. A Spectrophotometer-Based Diffusivity Assay Reveals That
Diffusion Hindrance of Small Molecules in Extracellular Matrix Gels Used in 3D Cultures Is Dominated by Viscous Effects.
Colloids Surf. B. Biointerfaces 2014, 120, 200–207. [CrossRef]

11. Cui, N.; Hu, M.; Khalil, R.A. Biochemical and Biological Attributes of Matrix Metalloproteinases. Prog. Mol. Biol. Transl. Sci. 2017,
147, 1–73. [CrossRef]

12. Gross, J.; Lapiere, C.M. Collagenolytic Activity in Amphibian Tissues: A Tissue Culture Assay. Proc. Natl. Acad. Sci. USA 1962, 48,
1014–1022. [CrossRef]

13. Puente, X.S.; Sánchez, L.M.; Overall, C.M.; López-Otín, C. Human and Mouse Proteases: A Comparative Genomic Approach.
Nat. Rev. Genet. 2003, 4, 544–558. [CrossRef]

14. Wyatt, R.A.; Keow, J.Y.; Harris, N.D.; Haché, C.A.; Li, D.H.; Crawford, B.D. The Zebrafish Embryo: A Powerful Model System for
Investigating Matrix Remodeling. Zebrafish 2009, 6, 347–354. [CrossRef]

15. Bode, W.; Gomis-Rüth, F.X.; Stöckler, W. Astacins, Serralysins, Snake Venom and Matrix Metalloproteinases Exhibit Identical
Zinc-Binding Environments (HEXXHXXGXXH and Met-Turn) and Topologies and Should Be Grouped into a Common Family,
the “Metzincins”. FEBS Lett. 1993, 331, 134–140. [CrossRef]

16. Li, K.; Tay, F.R.; Yiu, C.K.Y. The Past, Present and Future Perspectives of Matrix Metalloproteinase Inhibitors. Pharmacol. Ther.
2020, 207, 107465. [CrossRef]

17. Gimeno, A.; Beltrán-Debón, R.; Mulero, M.; Pujadas, G.; Garcia-Vallvé, S. Understanding the Variability of the S1′ Pocket to
Improve Matrix Metalloproteinase Inhibitor Selectivity Profiles. Drug Discov. Today 2020, 25, 38–57. [CrossRef]

18. Gall, A.L.; Ruff, M.; Kannan, R.; Cuniasse, P.; Yiotakis, A.; Dive, V.; Rio, M.C.; Basset, P.; Moras, D. Crystal Structure of the
Stromelysin-3 (MMP-11) Catalytic Domain Complexed with a Phosphinic Inhibitor Mimicking the Transition-State. J. Mol. Biol.
2001, 307, 577–586. [CrossRef]

19. Laronha, H.; Caldeira, J. Structure and Function of Human Matrix Metalloproteinases. Cells 2020, 9, 1076. [CrossRef]
20. Craig, V.J.; Zhang, L.; Hagood, J.S.; Owen, C.A. Matrix Metalloproteinases as Therapeutic Targets for Idiopathic Pulmonary

Fibrosis. Am. J. Respir. Cell Mol. Biol. 2015, 53, 585–600. [CrossRef]
21. Li, N.; Qiu, L.; Zeng, C.; Fang, Z.; Chen, S.; Song, X.; Song, H.; Zhang, G. Bioinformatic Analysis of Differentially Expressed Genes

and Pathways in Idiopathic Pulmonary Fibrosis. Ann. Transl. Med. 2021, 9, 1459. [CrossRef] [PubMed]
22. Checa, M.; Ruiz, V.; Montaño, M.; Velázquez-Cruz, R.; Selman, M.; Pardo, A. MMP-1 Polymorphisms and the Risk of Idiopathic

Pulmonary Fibrosis. Hum. Genet. 2008, 124, 465–472. [CrossRef] [PubMed]
23. Wan, H.; Huang, X.; Cong, P.; He, M.; Chen, A.; Wu, T.; Dai, D.; Li, W.; Gao, X.; Tian, L.; et al. Identification of Hub Genes and

Pathways Associated with Idiopathic Pulmonary Fibrosis via Bioinformatics Analysis. Front. Mol. Biosci. 2021, 8, 790. [CrossRef]
[PubMed]

24. Gabasa, M.; Arshakyan, M.; Llorente, A.; Chuliá-Peris, L.; Pavelescu, I.; Xaubet, A.; Pereda, J.; Alcaraz, J. Interleukin-1β
Modulation of the Mechanobiology of Primary Human Pulmonary Fibroblasts: Potential Implications in Lung Repair. Int. J. Mol.
Sci. 2020, 21, 8417. [CrossRef] [PubMed]

http://doi.org/10.3390/jcm10163474
http://www.ncbi.nlm.nih.gov/pubmed/34441772
http://doi.org/10.1038/nrm3904
http://www.ncbi.nlm.nih.gov/pubmed/25415508
http://doi.org/10.1183/13993003.01805-2016
http://doi.org/10.1083/jcb.201004082
http://www.ncbi.nlm.nih.gov/pubmed/20733059
http://doi.org/10.1513/pats.201202-017AW
http://www.ncbi.nlm.nih.gov/pubmed/22802288
http://doi.org/10.1091/mbc.e17-01-0026
http://www.ncbi.nlm.nih.gov/pubmed/29046395
http://doi.org/10.1158/1541-7786.MCR-14-0155
http://doi.org/10.1126/scitranslmed.aal3765
http://doi.org/10.3390/ijms18112431
http://doi.org/10.1016/j.colsurfb.2014.05.017
http://doi.org/10.1016/BS.PMBTS.2017.02.005
http://doi.org/10.1073/pnas.48.6.1014
http://doi.org/10.1038/nrg1111
http://doi.org/10.1089/zeb.2009.0609
http://doi.org/10.1016/0014-5793(93)80312-I
http://doi.org/10.1016/j.pharmthera.2019.107465
http://doi.org/10.1016/j.drudis.2019.07.013
http://doi.org/10.1006/jmbi.2001.4493
http://doi.org/10.3390/cells9051076
http://doi.org/10.1165/rcmb.2015-0020TR
http://doi.org/10.21037/atm-21-4224
http://www.ncbi.nlm.nih.gov/pubmed/34734011
http://doi.org/10.1007/s00439-008-0571-z
http://www.ncbi.nlm.nih.gov/pubmed/18853190
http://doi.org/10.3389/fmolb.2021.711239
http://www.ncbi.nlm.nih.gov/pubmed/34476240
http://doi.org/10.3390/ijms21228417
http://www.ncbi.nlm.nih.gov/pubmed/33182538


Int. J. Mol. Sci. 2022, 23, 6894 22 of 33

25. Wu, B.; Crampton, S.P.; Hughes, C.C.W. Wnt Signaling Induces Matrix Metalloproteinase Expression and Regulates T Cell
Transmigration. Immunity 2007, 26, 227–239. [CrossRef]

26. Xaubet, A.; Marin-Arguedas, A.; Lario, S.; Ancochea, J.; Morell, F.; Ruiz-Manzano, J.; Rodriguez-Becerra, E.; Rodriguez-Arias, J.M.;
Iñigo, P.; Sanz, S.; et al. Transforming Growth Factor-B1 Gene Polymorphisms Are Associated with Disease Progression in
Idiopathic Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 2003, 168, 431–435. [CrossRef]

27. Sueblinvong, V.; Neveu, W.A.; Neujahr, D.C.; Mills, S.T.; Rojas, M.; Roman, J.; Guidot, D.M. Aging Promotes Pro-Fibrotic Matrix
Production and Increases Fibrocyte Recruitment during Acute Lung Injury. Adv. Biosci. Biotechnol. 2014, 5, 19–30. [CrossRef]

28. Kim, T.H.; Kim, S.H.; Seo, J.Y.; Chung, H.; Kwak, H.J.; Lee, S.K.; Yoon, H.J.; Shin, D.H.; Park, S.S.; Sohn, J.W. Blockade of the
Wnt/β-Catenin Pathway Attenuates Bleomycin-Induced Pulmonary Fibrosis. Tohoku J. Exp. Med. 2011, 223, 45–54. [CrossRef]

29. Yamashita, C.M.; Dolgonos, L.; Zemans, R.L.; Young, S.K.; Robertson, J.; Briones, N.; Suzuki, T.; Campbell, M.N.; Gauldie, J.;
Radisky, D.C.; et al. Matrix Metalloproteinase 3 Is a Mediator of Pulmonary Fibrosis. Am. J. Pathol. 2011, 179, 1733. [CrossRef]

30. Maeda, S.; Dean, D.D.; Gomez, R.; Schwartz, Z.; Boyan, B.D. The First Stage of Transforming Growth Factor Beta1 Activation Is
Release of the Large Latent Complex from the Extracellular Matrix of Growth Plate Chondrocytes by Matrix Vesicle Stromelysin-1
(MMP-3). Calcif. Tissue Int. 2002, 70, 54–65. [CrossRef]

31. Heljasvaara, R.; Nyberg, P.; Luostarinen, J.; Parikka, M.; Heikkilä, P.; Rehn, M.; Sorsa, T.; Salo, T.; Pihlajaniemi, T. Generation of
Biologically Active Endostatin Fragments from Human Collagen XVIII by Distinct Matrix Metalloproteases. Exp. Cell Res. 2005,
307, 292–304. [CrossRef]

32. Ito, T.K.; Ishii, G.; Saito, S.; Yano, K.; Hoshino, A.; Suzuki, T.; Ochiai, A. Degradation of Soluble VEGF Receptor-1 by MMP-7
Allows VEGF Access to Endothelial Cells. Blood 2009, 113, 2363–2369. [CrossRef]

33. Zhang, Z.; Garron, T.M.; Li, X.J.; Liu, Y.; Zhang, X.; Li, Y.Y.; Xu, W.S. Recombinant Human Decorin Inhibits TGF-Beta1-Induced
Contraction of Collagen Lattice by Hypertrophic Scar Fibroblasts. Burns 2009, 35, 527–537. [CrossRef]

34. Kristensen, J.H.; Larsen, L.; Dasgupta, B.; Brodmerkel, C.; Curran, M.; Karsdal, M.A.; Sand, J.M.B.; Willumsen, N.; Knox, A.J.;
Bolton, C.E.; et al. Levels of Circulating MMP-7 Degraded Elastin Are Elevated in Pulmonary Disorders. Clin. Biochem. 2015, 48,
1083–1088. [CrossRef]
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