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signaling sequence that allows them to translocate into the nucleus after activation and regulate several
mechanisms such as the degradation of nuclear proteins and transcription regulation [6]. Different
studies suggest that nuclear MMPs could induce apoptosis in cardiac myocytes, endothelial cells [7],
and renal tubular cells [8]. Moreover, some nuclear MMPs can bind directly to DNA promoters and
regulate the transcription of multiple genes, such as heat shock family proteins and different growth
factors [6].

3. MMPs Regulation

The MMPs are regulated at different levels: Gene expression, proteolytic activation of the
proenzymes, inhibition of the catalytic activity by chemical and biological agents, and complexing with
specific tissue inhibitors (TIMPs). MMPs are synthesized by different cells types such as endothelial
cells, fibroblasts, adipocytes, hepatic stellate cells (HSC), and immune cells (Figure 2). In physiological
conditions, they are expressed at some baseline levels but are differentially expressed in response to
certain hormones, growth factors, and inflammatory and fibrogenic cytokines [9], via the activation of
MAPK, JNK, and NF-kB-dependent signaling pathways [10].

Figure 2. The activation of Metalloproteinases. MMPs are secreted by different cell types as inactive
Pro-MMPs. These Pro-MMPs could be activated by different factors via the hydrolysis of the Cys-S-Zn
bond. The active Pro-MMPs undergo auto-cleavage to generate the active MMPs. Many hormones
regulate MMPs production by inhibiting and/or activating it. The green arrows indicate activation;
red arrows indicate inhibition.

MMPs are secreted as latent zymogens (pro-MMPs) which are inactive due to the interaction of
the zinc ion in the catalytic domain with the sulthydryl group of the cysteine residue in the prodomain.
Pro-MMPs are activated by the disruption of the cysteine switch by different mechanisms such as the
proteolytic action of other proteases, conformational changes generated by nitric oxide (NO), reactive
oxygen species (ROS) and hypoxia processes, or by chaotropic agents and denaturants such as sodium
dodecyl sulfate and low pH and heat treatment, among others. In all cases the -SH group is replaced
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by H,O and the enzyme gains the ability to hydrolyze the propeptide for its complete activation [11]
(Figure 2).

Finally, MMPs can be inhibited by TIMPs. Four TIMPs (TIMP-1, TIMP-2, TIMP-3, and TIMP-4)
have been reported which form a complex in MMP catalytic domains in a 1:1 stoichiometric ratio.
TIMPs have a 2-domain structure in which the N-terminal domain contains the inhibitory residues [12].
TIMPs inhibit most MMPs, except those from TIMP-1, which has a weak inhibitory effect only on
MT1-MMP, MT3-MMP, MT5-MMP, and MMP-19 [12]. The local balance between activated MMPs and
TIMPs determines the net result of MMPs activity in tissues. In pathological situations, this balance
might be disrupted leading to the uncontrolled activation of the MMPs [13].

As mentioned above, MMPs expression is regulated by different factors. Insulin or insulin-like
growth factor-1 signaling, through the PI3K/Akt cascade, regulates MMPs in different ways according
to the target organ. In animal models, it has been demonstrated that insulin promotes the activation
of gelatinases and MT1-MMP through the increase of pro-inflammatory cytokines production [14].
However, hyperinsulinemia showed a contrary effect in the liver, decreasing the expression of the
MMP-2, MMP-9, and MT1-MMP [15].

Leptin and adiponectin are adipocytokines synthetized by AT, which also modulate MMPs
expression in different manners. Leptin has central and peripheral effects on regulating food intake
and energy expenditure, and it is involved in ECM remodeling by regulating the expression of MMPs
and TIMPs in many tissues. In vitro studies have reported that leptin promotes MMP-2 secretion by
3T3-L1 preadipocytes [16]. Schram et al. [17] reported that incubation of rat cardiac myofibroblasts
with leptin significantly stimulated MT1-MMP expression, resulting in an increase in MMP-2 activity,
without changes in protein levels. More recently, studies in vitro and in vivo demonstrated that leptin
induces MMP-9 expression in smooth muscle cells [18]. Liberale et al. [19] studied serum levels of
leptin and MMP-8 in morbidly obese type 2 diabetes mellitus patients before and after bariatric surgery,
showing a significant decrease in both proteins after surgery. The authors concluded that bariatric
surgery would be associated with an acute abrogation of leptin affecting MMP-8 levels.

Adiponectin is an anti-inflammatory and anti-atherogenic adipocytokine, inversely associated
with expanded AT. Beneficial effects of adiponectin on the vascular wall and atherosclerotic plaque
have been further studied. In vitro studies have reported that adiponectin inhibits foam cell formation
by increasing NO levels and reducing class A scavenger receptor expression in macrophages [20].
In reference to MMPs, it has been reported that adiponectin would decrease MMPs activity through
the increase of TIMPs expression and secretion in human monocyte-derived macrophages via the Syk
pathway [21]. In patients, Miksztowicz et al. [22] reported an inverse association between plasma
adiponectin levels and circulating activity of MMP-2 in patients with insulin resistance. In accordance,
Kou et al. [23] recently demonstrated that adiponectin levels inversely correlate with circulating MMP-9
levels in non-diabetic hypertensive patients.

4. The Role of MMPs in Different Tissues

4.1. Adipose Tissue

The expansion of AT is associated with adipogenesis and angiogenesis [24] and different studies
have demonstrated that MMPs are involved in both processes. AT is constituted by different cell types
(adipocytes, preadipocytes, fibroblasts, endothelial cells, and immune cells) which can be sources
of MMPs. Until now, there are several studies about MMPs behavior in AT, still with controversial
results, probably due to the different pattern expression that these enzymes present according to the
experimental model and the AT distribution.

In abdominal AT from obese animal models, an increase of MMP-3, MMP-11, MMP-12, MMP-13
and MMP-14 levels with decreased expression of MMP-7, MMP-9, MMP-16, MMP-24 and TIMP-4 [25]
has been reported. In our laboratory, we also investigated the behavior of MMPs in visceral AT from
an animal model of obesity induced by a high-fat diet. In this model, an increase of MMP-9 activity
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was observed, inversely associated with PPARY levels, without differences in MMP-2 [26]. In contrast,
a decrease in MMP-2 and MMP-9 activity in AT from an animal model of early insulin-resistance
(IR) induced by a sucrose-rich diet, without changes in MMPs plasma activity, has been reported [27].
Furthermore, studies in vitro in 3T3-F442A preadipocytes demonstrated that MMPs and TIMPs
are expressed with different patterns during the adipogenesis process, with some discrepancies
in comparison to in vivo models [25]. MMP-2, MMP-9, MMP-11, and MMP-16 and TIMP-2 mRNAs
were expressed in the in vitro differentiated adipocytes; however, they were not detected in isolated
mature adipocytes from fat pads obtained from obese mice. These differences could be due to the
uncompleted differentiation observed in vitro. Indeed, although a homogenous population of mature
adipocytes was isolated from fat pads, in vitro adipogenesis generated a mixture of cells at different
stages of differentiation. Moreover, adipocytes generated in vitro displayed a multilocular morphology
that differed from the unilocular adipocytes observed in vivo [25].

In obesity, hypoxia and inflammation occur as a consequence of AT expansion, leading to
an increase of proinflammatory adipocytokines secretion. As previously mentioned, adipocytokines
are involved in the regulation of MMPs expression. In vitro studies have demonstrated that MMP-2
secretion was significantly promoted by leptin treatment in 3T3-L1 preadipocytes [16]. Little is known
about the direct effect of adiponectin on MMPs from AT. It has been suggested that adiponectin could
directly affect the balance of MMP/TIMP expression in macrophages from AT [13]; however, further
studies are necessary to elucidate the role of this cytokine in MMPs behavior in this tissue.

Obesity is also characterized by collagen deposition in AT. Song et al. [28] studied the association
between Toll-like receptor (TLR)-2 and collagen I in AT from TLR-2 knockout mice fed a high-fat diet.
The authors reported decreased levels of collagen I and TIMP-1 with increased levels of MMP-1 [28],
suggesting that TLR-2 would be involved in collagen I metabolism and would exhibit a role in MMP-1
and TIMP-1 behavior in AT from obese mice. In AT, adipose-derived mesenchymal stem cells (AMSCs)
are also responsible for the remodeling of three-dimensional ECM barriers during differentiation.
However, the molecular mechanism is still not completely described. Almalki et al. [29] recently
studied in vitro the expression of MMPs during the differentiation of AMSCs isolated from porcine
abdominal AT to endothelial cells [29]. The authors demonstrated that the up-regulation of MMP-2
and MMP-14 has an inhibitory effect on the differentiation of AMSCs to endothelial cells; the silencing
these MMPs inhibits the cleavage of the VEGF-receptor and stimulates the differentiation of AMSCs
to endothelial cells and consequently the formation of endothelial tubes. These findings provide
a potential mechanism for the regulatory roles of MMP-2 and MMP-14 in the re-endothelialization of
coronary arteries.

MMPs have also been studied in human AT. Gummesson et al. [30] studied the gene expression
of MMP-9 in subcutaneous AT and plasma in men with and without metabolic syndrome treated with
a weight-reducing diet. The authors found a lack of association between AT mRNA and plasma levels
of MMP-9, suggesting that this tissue is not a major contributor to circulating MMP-9. Nowadays, one
of the main treatments for obesity is bariatric surgery (BS). The impact of BS on MMPs is controversial.
It has been reported that in morbidly obese patients, serum MMP-2 and MMP-9 levels significantly
decrease after BS [31]. Otherwise, in diabetic obese patients, serum MMP-7 levels remained unchanged
after BS [32]. In obese nondiabetic patients, Liu et al. [33] reported an increase in degradation of
collagen I and III in subcutaneous AT 1 year after BS, accompanied by increased MMP-2 and MMP-9
activity; however, these differences were not observed in obese diabetic patients. Further studies
are needed to explore the behavior and the balance between MMPs and TIMPs in the context of AT
remodeling after BS.

In the last few years, attention has been focused on epicardial adipose tissue (EAT), a visceral AT,
which surrounds the myocardium and coronary arteries. Given that there are no fascial boundaries
between EAT and heart, this AT has a direct impact on coronaries and myocardium. Different studies
have demonstrated that expanded EAT would be associated with coronary artery disease (CAD) [34,35].
The expansion of EAT in CAD requires the plasticity of ECM, in which increased MMPs activity could
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be involved. Recently, we reported an increase in MMP-2 and MMP-9 activity in EAT from CAD
patients compared to patients with no CAD, accompanied by an augmented vascular density [36].
MMPs are essential during the angiogenic process, and even more during the ECM degradation [37].
In EAT from CAD patients, we also reported the association between MMPs activity and vascular
endothelial growth (VEGF) levels [36]. Qorri et al. [38] demonstrated that MMP-9 releases VEGF bound
to proteoglycans within ECM, enhancing the angiogenesis process. In EAT, MMP-2, and MMP-9 were
located mainly in perivascular connective stroma and in the basement membrane surrounding the
adipocytes [36]. These results suggest that both MMPs would be partially responsible for the ECM
remodeling and the major vascular density necessary for EAT expansion in CAD patients.

Different studies have demonstrated that expanded EAT in CAD patients is infiltrated by
inflammatory immune cells, mainly macrophages and lymphocytes [36,39]. In our laboratory,
to determine the macrophages’ polarization to the proinflammatory (M1) or the anti-inflammatory
(M2) phenotype, M1 and M2 markers were evaluated. In EAT from CAD patients, an increase of
M1 markers was observed, associated with elevated levels of MMP-1, an indicator of activated M1
macrophages (data not published). These results would confirm the observed inflammatory profile of
EAT in CAD patients [35,36].

4.2. The Liver

Acute and chronic liver diseases are characterized by ECM remodeling, which is necessary for
the fibrogenesis observed in these pathologies. The most abundant protein within ECM is collagen,
of which types I, III, and V are predominant in healthy livers, whereas type IV collagen and laminin
are essential constituents of basement membranes. The dysregulation of ECM homeostasis is often
associated with degenerative diseases [40]. Depending on the nature of the liver injury, the normal
composition of ECM in the space of Disse, the Glisson’s capsule, around portal tracts, and around
the central veins is replaced by up to tenfold the amount of type I and type III collagen during
fibrogenesis [41]. In healthy livers, HSCs, localized in the perisinusoidal space, are the most important
source of ECM. The maintenance of the dynamic structure and composition of the ECM depends on an
exactly regulated, moderate turn-over directed by MMPs [42]. Many MMPs are absent or constitutively
expressed in healthy liver, but after hepatic injury, their expression increases and probably mediates
the ECM breakdown and control of cellular functions. TIMP-1 and TIMP-2 are secreted by HSCs
and are abundantly expressed in the liver. Studies in animal models of liver fibrosis suggest that an
imbalance between TIMPs and MMPs leads to fibrogenesis [43].

Until now, the nature of the behavior of MMPs in the liver fibrosis process has been controversial.
Different factors could lead to acute liver injuries, such as toxic xenobiotic metabolites and
hepatotrophic viruses producing apoptosis and necrosis of hepatocytes. Beside the role of HSC in
secreting ECM components, these cells are also the principal source of acute liver injury-associated gene
expression and the early state activation of MMPs. Different studies have demonstrated that, directly
after liver injury and previous to fibrogenesis, an increase in some MMPs expression occurs [42,44].
Injured hepatocytes release ROS and pro-inflammatory cytokines with a capacity of activated HSCs
which proliferate and secrete ECM components contributing to liver fibrosis. It has been suggested that
MMPs activation in the space of Disse would be crucial for the fibrotic activation of HSC in ECM and in
liver fibrogenesis [45]. Insulin-like growth factor binding protein-related protein 1 (IGFBPrP1) has been
proposed as a novel mediator of hepatic fibrogenesis. Recently, Ren et al. [46] reported that hepatic
expression of IGFBPrP1 was increased in an animal model with induced hepatic fibrosis, associated
with a concomitant MMP2/TIMP2 and MMP9/TIMP1 imbalance. Furthermore, the IGFBPrP1
knockdown attenuated liver fibrosis by re-establishing the MMP2/TIMP2 and MMP9/TIMP1 balance
concomitant with the inhibition of HSCs activation and degradation of the ECM [46].

In reference to liver chronic damage, non-alcoholic fatty liver disease (NAFLD) is the most
prevalent chronic hepatic disease in the world, and it is considered to be the hepatic manifestation of
metabolic syndrome. One-third of patients with NAFLD progress to liver fibrosis within 4-5 years
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after the first liver biopsy. The increased levels of pro-inflammatory adipocytokines, characteristic of
NAFLD, could be partially responsible for liver damage through the alteration of MMPs and TIMPs
balance, leading to enhanced matrix deposition by HSCs and diminished breakdown of connective
tissue proteins. Toyoda et al. [47] reported that mRNA and serum levels of MMP-2 were up-regulated
in hepatic steatosis; however, Miele et al. [48] found only increased TIMP-1 serum levels. In our
laboratory, we recently described a decrease in liver MMP-2 activity in severe fibrosis in comparison to
non- to moderate fibrosis stages and no differences in MMP-9 activity in patients with NAFLD [49].
In accordance, Hemman et al. [50] previously reported that in activated HSCs, TIMP-1 expression is
increased, and concomitantly MMPs activity is reduced, leading to protein accumulation. Recently,
an increase of pro-MMP-2 accompanied by increased TIMP-1 and TIMP-2 levels in NAFLD liver
fibrosis [51] has been reported. In accordance, Yilmaz et al. [52] described an increase of TIMP-1 serum
levels in patients with significant fibrosis, and this was identified as an independent predictor of
histological fibrosis.

Different antidiabetic drugs have shown antifibrotic properties in the liver. In animal models,
it has been reported that treatment with metformin protects against hepatic fibrosis by decreasing
the expression of profibrogenic biomarkers such as TIMP-1 [53]. Furthermore, in an experimental
liver fibrosis model, a dipeptidyl peptidase-4 inhibitor (DPP4-I), sitagliptin, attenuated liver fibrosis
development along with the suppression of hepatic transforming growth factor (TGF)-f31, total collagen,
and TIMP-1 levels in a dose-dependent manner [54]. These suppressive effects occurred almost
concurrently with the attenuation of HSCs activation [54]. These results suggest therapeutic potential
for antidiabetic drugs in humans with liver fibrosis.

4.3. The Arterial Wall

It has been proposed that MMPs participate in atherosclerotic plaque development and
vulnerability [55] due to their role in ECM degradation. Numerous studies in cell culture, animal
models, and humans have deepened our understanding of the behavior of these enzymes and inhibitors
in the arterial wall. It is well known that the sentinel cause of plaque formation is the lipid deposition in
the intima promoting foam cell development. Modified lipoproteins such as small dense LDL, oxidized
LDL (ox-LDL), and remnants of lipoproteins are mainly taken up by macrophages via scavenger
receptors (SR), with particularly the type A (SR-A) and CD36 contributing to early foam cell formation
and atherosclerotic plaque progression [56]. At the same time, activated vascular smooth muscle cells
(VSMC) migrate to the intimal layer and proliferate, producing ECM components. Subsequently,
intimal growth is mediated by an increase in the number and diversity of cells and by the accumulation
of new ECM for the development and maintenance of the fibrous cap. Ox-LDL promotes MMPs
expression through different pathways. The exposure of human macrophages to ox-LDL up-regulates
MMP-1 and MMP-14 via NF-kB [57]. These MMPs could participate in the early atherosclerotic plaque
development because they are found in early fatty streak lesions [58]. Lectin-like oxidized low-density
lipoprotein receptor-1 (LOX-1) is the major ox-LDL receptor in ECs [59], VSMC, and macrophages [60].

Studies in HUVEC demonstrated that activated expression of LOX-1 with ox-LDL up-regulates
inflammatory proteins and MMP-2 and MMP-9 expression [61]. On the other hand, MMP-2, MMP-9,
and MMP-14 promote VSMC migration and proliferation, which could increase fibrous cap thickness
and promote plaque stability [62]. Johnson et al. [63] found that stimulation of macrophages
with ox-LDL did not affect MMP-14 and TIMP-3 mRNA expression. However, they observed
that the later polarization of macrophages to the M1 phenotype increased mRNA expression of
MMP-14 and decreased mRNA levels of TIMP-3, leading to heightened invasive capability, increased
proliferation, and augmented susceptibility to apoptosis. In contrast, the macrophages’ polarization to
the anti-inflammatory type M2 produced the opposite effect. The fact that foam cells expressed high
MMP-14 and less TIMP-3 protein could implicate epigenetic mechanisms [63].

Within the early atherosclerotic lesions, due to the progressive accumulation of lipids and
inflammatory cells, fatty streaks tend to progress to advanced lesions, containing lipid droplets, foam
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cells, macrophages, and lymphocytes. These inflammatory cells have crucial roles in atherosclerosis
progression, expressing and releasing different cytokines, which mediate the chemotaxis of additional
macrophages, as well as B and T cells [64], raising aberrant inflammatory responses and fostering
an inflammatory milieu. In this environment, the high-level expression of MMPs contributes to
plaque instability. TNF-c, IL-13, and CD40L stimulate MMP expression in both monocytes and
macrophages [64]. As described in AT, in isolated human plaque-derived cells, Monaco et al. [65]
verified that activation of TLR-2 was directly implicated in MMP-1 and MMP-3 production.
These inflammatory mediators share the ability to activate the MAPKs, extracellular signal-related
kinases 1/2 (ERK1/2), p38 MAPK, and c-jun N-terminal kinase (JNK), as well as phosphoinositide-3
kinase (PI3 kinase) and the inhibitor of kB kinase-2 (IKK2) that leads to the activation of NF-«B [64],
which may account for the upregulation of MMPs [66]. More recently, in an apolipoprotein E (ApoE)
knockout model with mice fed a high-fat diet, it was demonstrated that T-box21 (T-bet) knockout has
no effect on M1 macrophage polarization and only marginally increases M2 polarization. Moreover,
T-bet knockout does not reduce and may even increase the mRNA expression of several MMPs
that have been shown to promote plaque development [67]. The chronic state of hypoxia found in
advanced atherosclerotic plaque increases MMP-7 expression [68], and transcriptomic data from
hypoxic macrophages indicates that MMP-1, MMP-3, MMP-10, and MMP-12 are also significantly
upregulated, possibly due to increased production of IL-1«,3 [69]. Moreover, hypoxia-inducible
factor-1x and hypoxia-inducible factor-2« [70] and JAK2/STAT-3 pathways have been implicated in
the overexpression of these MMPs [71].

In contrast, the overexpression of suppressors of cytokine signaling (SOCS) proteins inhibits
MMP-1 and MMP-9 expression in monocytes and macrophages. PPAR« selectively inhibits MMP-12
production by directly binding to components of the AP-1 complex [72], whereas PPARx and PPARy
inhibit MMP-9 secretion from human macrophages [64]. Herein the role of PPAR agonists as potential
therapeutic options must be highlighted.

Nevertheless, given the significant differences in the MMP mRNAs expression pattern and in
the morphological characteristics of the atherosclerotic plaques among species, the extrapolation
from animal models to humans is discouraging. Mice and human regulate a different spectrum of
proteinases, including MMPs, during physiological responses [55]. So far, studies of genome-wide
association (GWAS) in humans have been important. These studies provided evidence of the
pathogenic role of MMP-12, in which gen was significantly overexpressed in carotid plaques
compared to atherosclerosis-free control arteries [73]. GWAS studies also indicated that genetic
variation determines a significant portion of circulating MMP-8 concentrations associated with
cardiovascular disease [74]. Biobank studies have also demonstrated an association between MMP-8,
-9 and -12 with plaque morphologies, suggesting vulnerability to rupture [64]. Further modern studies
involving Mendelian randomization should consider MMPs association with plaque rupture and
cardiovascular disease.

Statins are known to exert stabilizing effects on atherosclerotic plaque. Studies in vitro
demonstrated that atorvastatin reduces the matrix degradation potential of proinflammatory
macrophages by reducing intracellular MMP-14 activation [75]. In patients with carotid artery stenosis,
Eilenberg et al. [76] reported that circulating neutrophil gelatinase-associated lipocalin (NGAL) and
MMP-9/NGAL are associated with plaque vulnerability and that statin treatment could contribute
to plaque stabilization by reducing circulating NGAL and MMP-9/NGAL levels. Finally, incretin
analog drugs have been also tested for therapeutic properties as modulators of atherosclerosis.
Gallego-Colon et al. [77] have recently shown that Exenatide downregulates the expression of MMP-1,
MMP-2, and MMP-9 in coronary artery smooth muscle cells under inflammatory conditions, suggesting
a possible role of incretin analog drugs in therapy for coronary atherosclerosis.
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5. Conclusions

MMPs and TIMPs are the main actors in the ECM remodeling, and their behavior is altered
in pathological states. The imbalance between the synthesis and degradation of ECM components
underlies the development of many diseases. The controversial results reported up to this moment
could be consequences of the pattern of expression and activity of MMPs and their inhibitors,
which depend on the stage of the diseases.

Targeting the ECM as a potential therapeutic option should involve MMPs and TIMPs modulation.
A deeper understanding of the MMPs behavior in ECM biology must be attained to uncover
new targets for future therapies in high incidence pathologies such as obesity and hepatic and
cardiovascular diseases.
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Abstract: Ovulation denotes the discharge of fertilizable oocytes from ovarian follicles. Follicle
rupture during ovulation requires extracellular matrix (ECM) degradation at the apex of the follicle.
In the teleost medaka, an excellent model for vertebrate ovulation studies, LH-inducible matrix
metalloproteinase 15 (Mmp15) plays a critical role during rupture. In this study, we found that
follicle ovulation was inhibited not only by roscovitine, the cyclin-dependent protein kinase (CDK)
inhibitor, but also by CDK9-inhibitor II, a specific CDK9 inhibitor. Inhibition of follicle ovulation by
the inhibitors was accompanied by the suppression of Mmp15 expression in the follicle. In follicles
treated with the inhibitors, the formation of the phosphorylated nuclear progestin receptor (Pgr)
was inhibited. Roscovitine treatment caused a reduction in the binding of Pgr to the promoter
region of mmp15. The expression of Cdk9 and cyclin I (Ceni), and their association in the follicle was
demonstrated, suggesting that Cdk9 and Ccni may be involved in the phosphorylation of Pgr in vivo.
LH-induced follicular expression of ccni/Ccni was also shown. This study is the first to report the
involvement of CDK in ECM degradation during ovulation in a vertebrate species.

Keywords: medaka; ovulation; extracellular matrix degradation; cyclin-dependent kinase 9; Ccni;
matrix metalloproteinase 15 expression; nuclear progestin receptor phosphorylation

1. Introduction

Vertebrate ovaries represent a vigorously dynamic structure due to the constant change in follicles
over time, and such structural changes in the ovaries are closely associated with remodeling of the
extracellular matrix (ECM). In particular, ECM remodeling underlies major changes during ovulation,
which denotes the shedding of one or more viable oocytes from fully grown ovarian follicles into
the reproductive tract. Ovulation is triggered by a surge in gonadotropin luteinizing hormone (LH)
in all vertebrates [1-4]. It is widely recognized that follicle rupture during vertebrate ovulation
involves proteolytic degradation at the apex of ovulating follicles. Using the teleost medaka, a suitable
model for ovulation studies, proteolytic processes accompanying follicle rupture during ovulation
have been explored [5]. Our previous studies demonstrated that activation of the plasminogen
activator/plasmin (Plau/Plasmin) system and matrix metalloproteinase (Mmp) system is required
for the hydrolysis of ECM proteins present in the follicle layers of ovulating follicles [6-9]. Upon
activation of the Plau/Plasmin system, active plasmin is generated by proteolytic processing of the
liver-derived precursor plasminogen by the follicle-produced active urokinase-type plasminogen
activator-1 (Plaul). Plasmin, thus generated, is responsible for hydrolyzing laminin, a major ECM
component of the basement membrane [7,8]. After the Plau/Plasmin system is kept active for several
hours, another proteolytic system involving three distinct Mmp enzymes, membrane type 1-Mmp
(Mtl-mmp/Mmp14), membrane type 2-Mmp (Mt2-mmp/Mmp15), and gelatinase A (Mmp2), becomes
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active. Mmp?2 activated proteolytically by Mmp14 hydrolyzes type IV collagen, another principal
component of the basement membrane, while Mmp15 degrades the type I collagen most abundantly
present in the theca cell layer [6,9]. During these hydrolytic processes, plasminogen activator
inhibitor-1 [8] and the tissue inhibitor of metalloproteinase-2b (Timp2b) [6] are involved in regulating
the Plau/Plasmin system and Mmp system, respectively. Among the proteases involved in follicle
layer ECM hydrolysis, Mmp15 is the only LH-inducible enzyme. Our recent study demonstrated
that LH-induced expression of the mmpl5 gene is accomplished in two steps. In the first step,
nuclear progestin receptor Pgr is induced by the LH surge, and the resulting Pgr is then complexed
with 17«, 203-dihydroxy-4-pregnen-3-one (17,20 3P)—the physiological progestin ligand for medaka
Pgr [10-12]—to become an active transcription factor. In the second step, activated Pgr, together with
the transcription factor CCAAT /enhancer-binding protein 3 (Cebpb), contributes to the expression of
mmpl5 mRNA [13].

In our attempt to search for genes/proteins involved in the expression of mmpl5 mRNA, we found
that the cyclin-dependent protein kinase (CDK) inhibitor roscovitine inhibited not only follicle
ovulation, but also the follicular expression of mmpl5 mRNA in the medaka, implicating CDK in the
expression of the protease gene in the follicle that is destined to ovulate. In this study, we suggest that
after phosphorylation, Pgr becomes a functional transcription factor for mmp15 gene expression, and
that Cdk9 and cyclin I (Ccni) are involved in the process of Pgr phosphorylation.

2. Materials and Methods

2.1. Animals and Tissues

Adult orange-red variety of medaka, Oryzias latipes (himedaka) were purchased from a local
dealer and used for the experiments. The fish were maintained in aquariums under an illumination
cycle, 14 h of light and 10 h of dark, at 26-27 °C [14], and were fed 3—4 times a day with commercial
fish diet (Otohime, Nisshin Co. Tokyo, Japan). Fish under artificial lighting conditions ovulated every
day around the transition time from dark to light period. Ovulation hour 0 was set to the start of
the light period. Ovaries, ovarian follicles, follicle layers of the follicles, and oocytes were isolated
from spawning female fish as previously described [14]. Animal cultures and experimentation were
conducted in accordance with the guidelines for animal experiments of Hokkaido University and were
approved by the Committee of Experimental Plants and Animals, Hokkaido University (16-0072).

2.2. In Vitro Culture of Isolated Follicles

In female medaka with a 24-h spawning cycle, postvitellogenic follicles undergo an LH surge
approximately 18 h before ovulation and germinal vesicle breakdown (GVBD), an important milestone
for oocyte maturation, which occurs 6 h before ovulation in vivo. A procedure for in vitro ovulation
using postvitellogenic follicles was established [5]. In the current study;, follicle cultures were conducted
in 4 mL of 90% M199 medium containing 50 uM gentamycin (pH 7.4), using follicles isolated either
22 h before ovulation (designated as the —22 h-follicle) or 14 h before ovulation (designated as the
—14 h-follicle). For the —22 h-follicles, which had not yet been exposed to the in vivo surge of LH,
100 ug/mL medaka recombinant LH (rLH) was included in the culture medium to initiate a series of
ovulatory reactions in the follicles. The —14 h-follicles were incubated without medaka rLH, but with
various other chemicals, because they had already been exposed to the ovulatory LH surge in vivo.
The chemicals used were roscovitine (Merck Millipore, Billerica, MA, USA), MEK inhibitor PD98059
(Merck Millipore), CDK9 inhibitor II (Merck Millipore), and RU486 (also known as mifepristone,
Sigma-Aldrich, St. Louis, MO, USA). Compared to the in vivo situation, GVBD and follicle ovulation
take more hours under the in vitro culture. Rates of GVBD and ovulation in the incubated follicles
were assessed. In addition, expression levels of various genes/proteins in follicles or follicle layers of
the follicles were determined. An outline of the in vitro follicle culture used in this study is shown
in Figure 1. Follicles were obtained from two to three fish ovaries, pooled, and then divided into
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control and test groups. The number of follicles per group was approximately 20-25. The duration
of incubation and time points at which follicles and/or follicle layers were collected for target gene
expression analysis are indicated in the text. Medaka rLH was produced in Chinese hamster ovary k-1
cells as previously described [14].

LH surge GVBD Ovulation
1 f 1
] -2 -18 -12 -6 0 6 ()
Iﬂ vIVO 1 1 Il I 1 1
L
® ©® & -
GVED Ovulation
- L ¥
0 6 12 18 24 ()
Incubation with or without chemicals
In vitro ~22 h-follicle
GVEBD Onvulation
T 1
0 6 12 18 24 30 ()

Incubation with medaka rTL.H

Figure 1. An outline of the in vitro culture experiments using medaka preovulatory follicles. Large
follicles destined to ovulate were isolated 22 h before ovulation (—22 h-follicle) or 14 h before ovulation
(—14 h-follicle). The follicles were incubated in medium containing medaka recombinant luteinizing
hormone (rLH) (for the —22 h-follicle) or without LH (for the —14 h-follicle). Various chemicals were
tested in culture using the —14 h-follicles to assess their effects on ovulation, oocyte maturation, as well
as gene and protein expression.

2.3. cDNA Cloning for ccni

cDNA cloning and the sequencing were conducted for medaka ccni because the cDNA sequence
was not available from public databases. It was determined by PCR using a KOD FX Neo-DNA
polymerase (Toyobo, Osaka, Japan) and medaka ovary cDNA. The primers used were Cyclin I 5'-53
and Cyclin I 3’-AS (Table S1). The amplified products were phosphorylated, gel-purified, inserted into
the pBluescript II vector (Agilent Technologies, Santa Clara, CA, USA), and sequenced. The sequence
determined was deposited into the DDBJ/GenBank/NCBI database (accession number LC435346).

2.4. RNA Isolation, Reverse Transcription (RT), and Real-Time Polymerase Chain Reaction (PCR)

Total RNA isolation, RT, and real-time RT-PCR were conducted as previously described [13].
Eukaryotic translation elongation factor 1 alpha 1 (eeflal) was used as a reference gene to normalize
the expression of the target genes examined. Relative expression levels were expressed compared to
the appropriate controls. The primers used in this study are listed in Table S1.

2.5. Preparation of Antigens and Antibodies

RT-PCR was performed to amplify cDNAs encoding medaka Cdk1 (303 residues), Cdk9 (393
residues), Ceni (342 residues), and Ribosomal protein L7 (Rpl7; 245 residues) using KOD Neo DNA
polymerase (Toyobo, Tokyo, Japan) with ovary cDNA. The primers used are listed in Supplementary
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Table S1. The amplified products were phosphorylated and inserted into the prokaryotic expression
vector pET30a (Novagen, Madison, WI, USA), which had been previously digested by EcoRV. Expression,
purification, and dialysis of the protein were performed according to previously published methods [15].
Anti-medaka Cdk1, Cdk9, Ccni, and Rpl7 antibodies were generated using mice according to methods
described previously [14]. Mouse anti-medaka Pgr antibody [16], rat anti-medaka Pgr antibody [16],
and rabbit anti-medaka Mmp15 antibody [6] were prepared as described previously. Antibodies were
purified as previously described [7], and the resulting purified antibodies were used in the experiments.

2.6. Immunoprecipitation and Western Blot Analysis

Immunoprecipitation/western blot analysis for Pgr was performed as previously described [12],
except that an anti-mouse IgG, HRP-Linked Whole Ab Sheep, was used as a secondary antibody.
Immunoprecipitation/western blot analysis for Cdk1, Cdk9, and Ccni was performed in a manner
similar to that for Pgr, as described above. Detection of medaka Mmp15 [6], Pgr [16], and Cebpb [13]
proteins in follicle layer extracts was performed as previously described. For the detection of Cdk1
and Cdk9 protein, western blot analysis was performed according to the previous method described
in Reference [6]. Rpl7 was used as loading control.

2.7. Phosphatase Treatment

The materials immunoprecipitated using rat anti-medaka Pgr antibody were incubated with or
without Lambda Protein Phosphatase (New England BioLabs Inc., Ipswich, MA, USA) for 60 min at
30 °Cin 1 x NEB Buffer for Protein Metallo Phosphatase supplemented with 1 mM MnCl, and gentle
agitation. Incubation was terminated by adding 1 x SDS sample buffer and boiling for 10 min.

2.8. Primary Culture of Medaka Granulosa Cells (GC)

Isolation and primary culture of medaka GCs were performed as previously described [17], except
that GCs were isolated from preovulatory follicles, 7 h before ovulation. After culturing for 24 h, the
cells were harvested, and the expression of target mRNAs was examined by real-time RT-PCR.

2.9. Digestion of ECM Proteins by Medaka Recombinant Mmp15

Five micrograms of bovine type I collagen (Sigma-aldrich, St. Loui, MO, USA), bovine type IV
collagen, human fibronectin (Sigma), human laminin (Sigma), porcine gelatin (Difco Laboratories,
Inc., Detroit, MI, USA), and medaka collagen type I were incubated in 50 mM Tris-HCl buffer (pH 7.5)
containing 5 mM CaCl, and 50 pM ZnSO,4 with medaka recombinant Mmp15 (100 ng) for 16 h at 27 °C.
After incubation, reactions were terminated by adding 1 x SDS sample buffer and boiling for 10 min.
The resulting samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). After electrophoresis, the gel was visualized by Coomassie brilliant blue R-250 (CBB)
staining. Medaka recombinant Mmp15 preparation, active site titration of the enzyme, and purification
of medaka collagen type I were performed as previously described [6].

2.10. Culturing Cells Stably Expressing Medaka Pgr

Establishment of a cell line stably expressing medaka Pgr [13] using OLHNI-2 cells [16] was
performed according to the previous method. The cells were treated for 24 h with or without 17,203P
(100 nM) and/or roscovitine (50 uM). After the treatment, cells were harvested, and the expression of
mmpl5 mRNA was examined by real-time RT-PCR.

2.11. Chromatin Immunoprecipitation (ChIP)

ChIP assays were performed according to the methods previously described [13], except that
cultured follicles were analyzed in this study. Briefly, the —14 h-follicles were incubated with or
without roscovitine and the resulting follicles were used. Preparation of follicle cell layer fractions,
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sonication, immunoprecipitation with protein G-Sepharose-coupled medaka Pgr antibody, elution,
reverse-crosslinking, and real time PCR were carried out as previously described [13]. Eight sets of
primers were used, and are listed in Supplementary Table S1. Putative binding sites of Pgr were
identified using a free program TFBIND (http://tfbind.hgc.jp/).

2.12. Detection of Phosphorylated Pgr

Phos-tag SDS-PAGE using a 7% polyacrylamide gel containing 50 (M Phos-tag® acrylamide
(Wako Chemicals, Osaka, Japan) and 50 pM MnCl, was carried out according to the manufacturer’s
instructions. Briefly, materials immunoprecipitated with rat anti-medaka Pgr antibody were subjected to
Phos-tag SDS-PAGE. After electrophoresis, the gel was incubated twice in a buffer (0.2 M glycine, 20 mM
Tris, 0.1% SDS, and 20% methanol) containing 10 mM EDTA, followed by a buffer without EDTA. Transfer
to the Immobilon PVDF membranes (Merck Millipore), blocking, and detection of Pgr were performed.

2.13. Immunohistochemistry

Immunohistochemistry was performed according to the method previously described in [8],
except that the signal was detected using an InmPACT AMEC Red Peroxidase (HRP) Substrate (Vector
Laboratories, Burlingame, CA, USA), according to the manufacturer’s instructions.

2.14. Knockout Experiments for cdk9

The Cas9 nuclease expression vector was generated as follows. The hygromycin B resistance
gene cassette was prepared by PCR amplification using primer pair Hyg SS and Hyg AS (Table S1).
pGloSensor™-22F cAMP Plasmid (Promega corporation, Madison, Germany) was used as the
template. The PCR product was phosphorylated and inserted into pCS2+hSpCas9 (Addgene Plasmid
51815), which had been digested with Mfe I, filled in by Klenow fragment, and dephosphorylated.
The resultant vector, pCS2+hSpCas9/Hyg, was used for knockout experiments. The sgRNA
expression vector was generated according to the previous method described in [18]. Briefly, a pair
of oligonucleotides was annealed and ligated into pDR274 (Addgene Plasmid 42250), which had
been digested with Bsa I. The resultant vector, pDR274-CDK9, was used for KO experiments.
A combination of pDR274-CDK9 and pCS2+hSpCas9/Hyg, or pDR274-Mock and pCS2+hSpCas9/Hyg,
was co-transfected into OLHNI-2 cells stably expressing medaka Pgr using ScreenFect A (Wako)
according to the manufacturer’s instructions. After culture for 48 h, the medium was changed into
fresh medium containing 100 ug/mL hygromycin (Wako), and cells were cultured for another 48 h.
The cells were harvested and used for the immunoprecipitation/Phos-tag SDS-PAGE analysis.

2.15. Coimmunoprecipitation

Preovulatory follicles isolated from ovaries 7 h before ovulation were sonicated for a few seconds
in 50 mM Tris-HCl (pH 8.0) containing a 1 x protease inhibitor cocktail (Wako) and 1 x phosphatase
inhibitor cocktail (Wako), and then centrifuged at 13,000 x g for 10 min. The resulting supernatants
were used for coimmunoprecipitation analysis. The samples were treated with Protein G-Sepharose
(GE Healthcare) that had been previously coupled with anti-medaka Cdk9 antibody. After incubation
at4 °C for 16 h, they were washed four times using 50 mM Tris-HCl (pH 8.0). The precipitant materials
were boiled in 1x SDS sample buffer for 10 min and used for western blot analyses.

2.16. Statistical Analysis

The experiments performed in this study were repeated independently four to seven times, and
all values are presented as the mean + S.E.M. Statistical significance was verified using Student’s t-test
or one-way ANOVA followed by Dunnett’s post hoc test, or Kruskal-Wallis test, as appropriate. Equal
variation was confirmed by the F-test or Bartlett’s test, as appropriate. The minimum level of statistical
significance was set at p < 0.05. The experiments for western blot, immunoprecipitation/western blot,
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and immunohistochemistry analyses were repeated three to five times to confirm their reproducibility,
and the results of one experiment are presented.

3. Results

3.1. Inhibitory Effect of Roscovitine on Medaka Follicle Ovulation

The —14 h-follicles spontaneously ovulated in the culture medium in vitro after approximately
20 h, without externally added medaka rLH. Under these conditions, virtually all follicles underwent
GVBD within 14 h. However, the follicles failed to ovulate in the medium containing 5 and 50 uM of
the CDK inhibitor roscovitine (Figure 2A). Roscovitine also inhibited GVBD (Figure 2B). To determine
the viability of the follicles that had been incubated with the inhibitor at 50 uM for 14 h, a trypan
blue exclusion test was conducted. The oocyte and follicle cells of the follicles both showed a
clear cytoplasm, indicating that the inhibition of ovulation and GVBD in roscovitine-treated follicles
was not due to the CDK inhibitor’s toxic effect. Concerning the inhibitory effect of roscovitine on
follicle ovulation, we hypothesized that the inhibitor might affect the expression and/or activation
of ECM-degrading enzyme(s). Therefore, we examined the effect of roscovitine treatment on the
follicular expression of MMPs and their intrinsic inhibitor genes, which are involved in follicle layer
ECM degradation at medaka ovulation [6,13]. Transcript levels of mmp2, mmp14, mmp15, and timp2b
were compared in follicles that had been incubated with or without roscovitine. Among them, mmp15
expression was drastically and selectively reduced by roscovitine treatment (Figure 2C). Consistent
with the result, inhibition of Mmp15 protein expression was observed in follicle layer extracts of
roscovitine-treated follicles (Figure 2D). We next examined the in vitro proteolytic activities of medaka
recombinant Mmp15 toward several ECM proteins. The enzyme exhibited degrading activities toward
bovine and medaka collagen type I, human fibronectin, and porcine gelatin, but not bovine collagen
type IV or human laminin (Figure 2E), confirming our previous finding that Mmp15 selectively
hydrolyzed collagen type I among the three major ECM proteins (collagen type I, collagen type IV,
and laminin) [6,8,19,20]. We further tried to detect the reduction Mmp15 activity using extracts from
follicular layers of follicles that had been previously treated with roscovitine. However, this attempt
was not successful because the enzyme activity was too low to detect, even with follicle layer extracts
of untreated follicles (data not shown).
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Figure 2. Effects of roscovitine on ovulation, germinal vesicle breakdown (GVBD), and gene expression
of ovulation-related Mmps and its intrinsic inhibitor. (A) The —14 h-follicles were incubated in vitro
with roscovitine (Rosc) at 0.5, 5, and 50 uM for 18 h, and the rate of ovulation was determined. Asterisks
indicate significance at p < 0.01 (**) compared to follicles incubated without any additives (ANOVA
and Dunnett’s post hoc test, N = 5). (B) GVBD rate in the follicles was determined. Follicle incubation
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was conducted as in (A), except that the duration of incubation was 14 h. Asterisks indicate a
significance at p < 0.01 (**) compared to follicles incubated without any additives (ANOVA and
Dunnett’s post hoc test, N = 5). (C) The —14 h-follicles were incubated with or without Rosc for 18 h,
and the expression levels of various Mmps and timp2b were determined by real time RT-PCR. Asterisks
indicate significance at p < 0.01 (**) (t-test, N = 5). (D) Follicle layers of follicles that had been incubated
with or without Rosc for 18 h were analyzed for Mmp15 expression by western blotting. (E) The
hydrolyzing activity of medaka recombinant Mmp15 was tested in vitro using various ECM proteins.

In summary, the suppression of follicle ovulation by roscovitine treatment appears to be associated
with the reduced expression of mmp15/Mmp15.

3.2. Effects of Roscovitine on Transcription Factors Involved in mmpl5 Gene Expression

We examined the mechanism by which roscovitine inhibited the expression of the mmp15 gene in
preovulatory follicles destined for ovulation. The effects of roscovitine on the follicular expression of
two transcription factors, CCAAT/enhancer-binding protein 3 (Cebpb) and classical nuclear progestin
receptor (Pgr), were examined, based on previous knowledge demonstrating that both factors play
critical roles in the expression of mmp15 [13]. Treating the —14 h follicles with roscovitine had no
effect on the transcription factors” expression at the protein level (Figure 3A). Next, we examined
the effect of roscovitine treatment on the phosphorylation status of Pgr. In regular SDS-PAGE of
untreated follicles, Pgr synthesized in follicles was detected as a single polypeptide throughout the
24-h spawning cycle (Figure 3B, lower panel). This result is consistent with our previous observation
on the temporal expression profile of Pgr in follicles destined to ovulate [13]. Pgr was present at low
levels in postvitellogenic follicles, but its robust expression occurred several hours after the LH surge.
On the other hand, in Phos-tag SDS-PAGE analysis, a single band corresponding to unphosphorylated
Pgr was detected in the first half (-23 to -13 h) of the spawning cycle (arrowhead in Figure 3B, upper
panel), but multiple slow-migrating bands appeared at later times in the cycle (arrow in Figure 3B,
upper panel). Almost all bands with reduced electrophoretic mobility disappeared when the sample
was treated with protein phosphatase prior to electrophoresis (Figure 3C), demonstrating that they are
phosphorylated forms of Pgr. Roscovitine treatment of the follicle strongly inhibited the formation of
phosphorylated Pgr, with the exception of a few bands (Figure 3D). Incubating the follicles with the
MEK inhibitor resulted in no significant change compared to the control. In a separate experiment,
we confirmed that the phosphorylation of a medaka MAPK protein (Erk), which corresponds to
ERK42/44 in mammalian species, was almost completely blocked when the follicle incubated with
the MEK inhibitor was analyzed (data not shown), indicating that the MEK inhibitor was effective in
inhibiting MEK.
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Figure 3. Roscovitine inhibition of Pgr phosphorylation in preovulatory follicles. (A) The —14 h-follicles
were incubated with roscovitine (Rosc) at 0.5, 5, or 50 uM for 14 h, and the follicle layer extracts were
analyzed by western blotting. (B) Preovulatory follicles were isolated at various time points, and their

353



Cells 2019, 8, 215

extracts were analyzed by immunoprecipitation/Phos-tag SDS-PAGE /western blotting (upper panel)
and immunoprecipitation/regular SDS-PAGE/western blotting using an antibody for medaka Pgr
(lower panel). Phosphorylated (indicated by arrow) and unphosphorylated forms of Pgr (indicated
by arrowhead) are shown in the upper panel. An asterisk indicates the bands corresponding to the
antibody used for immunoprecipitation. As controls, the —7 h-follicle extracts were immunoprecipitated
using normal IgG. (C) The materials immunoprecipitated from follicle extracts obtained from the
—7 h-follicles were incubated with or without phosphatase, and the samples were analyzed by Phos-tag
SDS-PAGE/western blotting using the antibody for medaka Pgr. Phosphorylated (indicated by arrow)
and unphosphorylated forms of Pgr (indicated by arrowhead) are shown. An asterisk indicates the bands
corresponding to the antibody used for immunoprecipitation. (D) The —14 h-follicles were incubated
for 14 h with Rosc (50 uM), with MEK inhibitor (10 uM), or without any additives, and the follicle
extracts of the treated follicles were analyzed by immunoprecipitation/Phos-tag SDS-PAGE/ western
blotting using the antibody for medaka Pgr. Phosphorylated (indicate by arrow) and unphosphorylated
forms of Pgr (indicated by arrowhead) are shown. An asterisk indicates the bands corresponding to
the antibody used for immunoprecipitation.

The above results strongly suggest that Pgr is phosphorylated during the last 10 h of the 24-h
spawning cycle in follicles destined to ovulate, and that Pgr phosphorylation could be blocked by
roscovitine treatment.

3.3. Loss of Pgr Binding Ability to the Promoter Region of the mmp15 Gene in Preovulatory Follicles under the
Effect of Roscovitine Treatment

We recently reported that Pgr is an important transcription factor necessary for the expression
of mmp15, and that it binds to the promoter region of the Mmp gene in granulosa cells of follicles
undergoing ovulation [13]. Therefore, the effect of roscovitine treatment on Pgr binding to the
mmpl5 promoter in ovulating follicles was examined by performing the ChIP assay (Figure 4A)
and using eight primer pairs, as previously reported [12]. First, —14 h-follicles were incubated
for 14 h without roscovitine (DMSO only as control) and then analyzed. Among them, primer
pair-1, which was designed to generate 101-bp nucleotides corresponding to the sequence between
—101 and —1 upstream of the transcription start site of the mmpl5 gene, was only effective for
amplifying an expected size of nucleotides (Figure 4B). In this experiment, significant enrichment was
not observed with primer pair-2, which—as reported in our previous study [13]—was also effective
for the amplification of nucleotides, although the extent of amplification was not as great as that of
primer pair-1. The inconsistency in the results of primer pair-2 between our previous and present
studies is not clear. In the previous study, we performed ChIP assays using intact follicles isolated
from ovaries, whereas in the present study, the assay was conducted using cultured follicles, which
might be a reason for the inconsistency. Furthermore, -14 h follicles were incubated with DMSO alone
for 7 or 14 h and analyzed using primer pair-1. Pgr recruitment to the promoter was observed for
follicles incubated for 14 h (Figure 4C). Next, we examined the effect of roscovitine treatment of follicles
on Pgr binding to the promoter region of the mmp15 gene using eight primer pairs. No significant
amplification of nucleotides was found (Figure 4D). Finally, we examined the effect of roscovitine on
the 17,203 P-stimulated expression of mmp15 using OLHNI-2 cells, a cell line established using cells
that originated from the medaka fin (Figure 4E). When the cells stably expressing Pgr were treated
with 17,203P for 24 h, mmp15 expression was significantly increased, confirming that the transcription
factor Pgr becomes active by associating with 17,203P. However, the 17,203 P-induced expression was
nullified by the addition of roscovitine.
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Figure 4. Effect of roscovitine treatment of follicles on Pgr binding to the mmp15 promoter region.
(A) For ChIP assays to examine the binding of Pgr to mmp15 promoter region, seven ChIP primer pairs
(P1-P7) in the 1.5 kb upstream region of the transcription start site (indicated as +1) of the mmp15
gene and another primer pair (P8 as a negative control) were prepared. Putative progestin receptor
elements (PREs) in the region are indicated by boxes. (B) The —14 h-follicles were incubated in vitro
without roscovitine (Rosc) for 14 h, and the resulting follicles were used for ChIP assays and amplified
with primer pairs P1 to P8. The sheared DNA immunoprecipitated with anti-medaka Pgr antibody
was analyzed by real-time RT-PCR. Asterisks indicate a significant difference at p < 0.01 (**) compared
to the negative control (ANOVA and Dunnett’s post hoc test, N = 4). (C) The —14 h-follicles were
incubated in vitro for 7 h or 14 h, and the resulting follicles were used for ChIP assays using primer pair
P1. The sheared DNA immunoprecipitated with anti-medaka Pgr antibody was analyzed by real-time
RT-PCR. Asterisks indicate a significant difference at p < 0.01 (**) compared with the 7 h-incubated
follicles (t-test, N = 4). (D) The —14 h-follicles were incubated in vitro with Rosc (50 M) for 14 h, and
the resulting follicles were used in ChIP assays as in (B). (E) OLHNI-2 cells stably expressing medaka
Pgr were cultured alone, in the presence of 17,203P (100nM), or in the presence of both 17,203P and
Rosc. After culturing for 24 h, the expression levels of mmp15 were examined by real-time RT-PCR.
Asterisks indicate a significant difference at p < 0.05 (*) (ANOVA and Dunnett’s post hoc test, N = 4).

The results described above indicate that roscovitine treatment of preovulatory follicles causes
the inhibition of Pgr binding to the mmp15 promoter region.
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3.4. Expression of CDKs in Preovulatory Follicles of the Medaka Ovary

The results described in the preceding section suggest an involvement of CDK in Pgr
phosphorylation in follicles. We therefore examined the expression of CDKs in ovarian follicles of fish
ovaries. A computer search for cdk genes using the draft medaka genome database (Ensembl genome
database: https:/ /asia.ensembl.org/index.html.) revealed that medaka contains a total of 34 cdk genes,
including cdk-like genes. Our recent screening for genes associated with medaka ovulation using
next-generation sequencing identified nine cdk genes that are presumed to be activated during the
ovarian follicle 6 h before ovulation, the time at which Pgr is phosphorylated by Cdk(s). The nine cdk
genes were indeed expressed in the follicle layer of the -6 h-follicle, as confirmed by real-time RT-PCR;
among them, cdk1, cdk9, and cdk11b exhibited relatively high expression (Figure 5A). The levels of the
three cdk transcripts were not altered in the follicle layers during the 24-h spawning cycle (Figure S1).
To examine whether these cdk genes are expressed in granulosa cells of preovulatory follicles, real-time
RT-PCR analysis was conducted using total RNAs prepared from granulosa cells derived from
—6 h-follicles. Amplified products for cdkl and cdk9 were detected (Figure 5B). The expression
levels of cdk11b mRNA were extremely low, arguing against the idea that Cdk11b might be involved in
Pgr phosphorylation in the granulosa cells of follicles.

We next raised specific antibodies for fish Cdk1 and Cdk9 (Figure S2A,B). Single polypeptides
of 34 kDa (for Cdk1) and 43 kDa (for Cdk9) were detected by immunoprecipitation/western blot
analysis with whole follicle extracts (Figure 5C). The staining intensities of the Cdk1 and Cdk9 bands
did not change significantly in the follicles throughout the 24-h spawning cycle. However, follicle
layer extracts of follicles predicted to ovulate in 7, 5, and 3 h were analyzed, and Cdk9, but not Cdk1,
was detected (Figure 5D). In immunohistochemical analysis, strong signals associated with Cdk1 were
observed in the oocyte cytoplasm of small-sized growing follicles (Figure 5E; left panels). Weak signals
for Cdk1 were also detected in association with the follicle layers of medium- and large-sized follicles.
In addition, a signal was detectable in the oocyte cytoplasm of large-sized follicles. On the other hand,
strong signals for Cdk9 were found in the follicle layers of all growing follicles (Figure 5E; right panels).
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Figure 5. Expression of Cdks in the medaka ovary. (A) Relative expression levels of cdk transcripts were
determined by real-time RT-PCR using total RNAs isolated from follicle layers of preovulatory follicles
isolated 6 h before ovulation. (B) Relative expression levels of cdk1, cdk9, and cdk11b transcripts were
determined by real-time RT-PCR using total RNAs from granulosa cells isolated from the —6 h-follicles.
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(C) Expression of Cdk1 (left panel) and Cdk9 proteins (right panel) in the preovulatory follicles were
analyzed. Extracts from follicles were prepared at various time points in the 24 h spawning cycle
and immunoprecipitated with specific Cdk1 and Cdk9 antibodies. The immunoprecipitated materials
were then analyzed by western blotting using the same antibodies. Asterisks indicate the bands
corresponding to the antibody used for immunoprecipitation. As control, the —7 h-follicle extracts
were immunoprecipitated with normal IgG. (D) Expression of Cdk1 (left panel) and Cdk9 proteins
(right panel) in follicle layer extracts were analyzed. The extracts were prepared using the follicle layers
of follicles isolated at 7, 5, or 3 h before ovulation and examined by western blotting using specific
antibodies. (E) Immunohistochemical analyses were performed in the sections of spawning fish ovaries
isolated 15 h before ovulation. Cdk1 (left, upper and middle panels) and Cdk9 (right, upper and middle
panels) were stained using the purified antibodies. The area indicated by a box in the upper panels is
shown at a higher magnification in the middle panels. Normal IgG was used as a control (lower panels).
Bars represent 200 um in the upper and lower four panels, and 100 pm in the middle two panels.

In vitro treatment of preovulatory follicles with roscovitine did not affect the expression levels of
cdk1, cdk9, and cdk11b transcripts in the follicle layer of follicles (Figure S3).

The above results indicate that Cdk9 is the only Cdk species that is constitutively expressed in
granulosa cells of ovulating follicles when Pgr undergoes phosphorylation.

3.5. Expression of Cyclins in Preovulatory Follicles of the Medaka Ovary

Cyclins (Cens) that partner with Cdk for Pgr phosphorylation during medaka ovulation were
searched. An Ensembl database search suggested that medaka contains 29 cyclin genes, including
cyclin-like genes. In our attempt to search for ovulation-related genes by next-generation sequencing
using preovulatory follicles, three cyclin genes, cyclin G2 (ccng2), cyclin I (ccni), and cyclin E2 (ccne2),
were identified as candidates on the basis of FPKM values. Real-time RT-PCR analysis indicated that
ccni mRNA was most abundantly expressed in —6 h-follicles (Figure 6A). ccng?2 transcripts were also
detected in the follicle, but levels were less than one-third those of ccni. When granulosa cells were
prepared from the —6 h follicle and used for real-time RT-PCR analysis, only ccni transcripts were
detected (Figure 6B). Therefore, subsequent analysis was conducted with a focus on the ccni gene.
Time course analysis of ccni mRNA levels was investigated using preovulatory follicles isolated from
fish ovaries at various time points of the 24-h spawning cycle. The levels of ccni mRNA remained low
between 23 h and 15 h before ovulation, but ccni expression levels increased as ovulation approached
(Figure 6C). When the —22 h-preovulatory follicles were cultured in vitro with medaka rLH, the
levels of ccni mRNA increased (Figure 6D). This rLH-induced ccni mRNA expression was significantly
reduced by the presence of RU486 (Figure 6E), which was previously shown to act as an antagonist for
medaka Pgr [16]. These results suggest that ccni mRNA expression in the follicle is regulated by the
transcription factor Pgr. To detect Ceni protein in follicles, a specific antibody for medaka Ccni was
prepared (Figure S2C). Using the antibody, immunoprecipitation/western blot analysis was performed
on whole follicle extracts at various time points. Two bands of approximately 40 and 41 kDa for Ceni
were detected between —7 h and —3 h of ovulation (Figure 6F). Similarly, the synthesis of Ceni in the
follicle was confirmed between 18 h and 30 h of incubation when the —22 h follicles were cultured
with medaka rLH (Figure 6G). These results are consistent with those of the mRNA expression studies
described above.
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Figure 6. Expression of cyclins in the medaka ovary. (A) Relative expression levels of ccn transcripts
were determined by real-time RT-PCR using total RNAs derived from follicle layers of preovulatory
follicles isolated 6 h before ovulation. (B) Relative expression levels of ccng2, ccni, and ccne2
transcripts were determined by real-time RT-PCR using total RN As of granulosa cells isolated from
the —6 h-follicles. (C) Total RNAs were prepared from the follicles at various time points in the
24 h spawning cycle and were used for real-time RT-PCR of ccni mRNA. The expression levels were
normalized to those of eeflal. Asterisks indicate a significant difference at p < 0.05 (*) (Kruskal-Wallis
test, N = 5-7). (D) The —22 h-follicles were incubated in vitro with or without recombinant medaka LH
(100 pg/mL). At various time points of incubation, total RNAs were prepared from follicles and used for
real-time RT-PCR of ccni mRNA. The expression levels wre normalized to those of eeflal and expressed
as the fold change compared to levels of 0 h follicles. Asterisks indicate a significant difference at
p <0.05 (*) (Kruskal-Wallis test, N = 4-5). (E) The —22 h-follicles were incubated with recombinant
medaka LH (100 pg/mL) with or without RU-486 (100 uM). After 18 h of incubation, total RNA was
extracted from the follicles and used for real-time RT-PCR analysis of ccni mRNA. The expression
levels were normalized to those of eeflal. An asterisk indicates a significant difference at p < 0.05 (*)
(t-test, N = 4). (F) Expression of Ccni protein in the preovulatory follicles was analyzed. Extracts of
the follicles were prepared at various time points in the 24 h spawning cycle and immunoprecipitated
using the specific Ceni antibody. The immunoprecipitated materials were then analyzed by western
blotting using the same antibody. Asterisks indicate the band corresponding to the antibody used
for immunoprecipitation. As a control, the —7 h-follicle extracts were immunoprecipitated with
normal IgG. (G) The —22 h-follicles were incubated with medaka rLH (100 pg/mL). At various time
points of incubation, follicle extracts were prepared and immunoprecipitated with the Ccni antibody.
The immunoprecipitated materials were then analyzed by western blotting using the same antibody.
Asterisks indicate the band corresponding to the antibody used for immunoprecipitation. As a control,
the follicles that had been incubated with medaka rLH for 30 h were immunoprecipitated with normal
IgG. (H) The —22 h-follicles were incubated with medaka rLH (100 pg/mL) with or without roscovitine
(Rosc; 50 uM). After 18 h of incubation, the follicular extracts were immunoprecipitated using the
Ccni antibody, and the resultant materials were analyzed by western blotting using the same antibody.
An asterisk indicates the bands corresponding to the antibody used for immunoprecipitation.

The effect of roscovitine on the follicular expression of Ccni was examined. In vitro roscovitine
treatment of —14 h follicles strongly inhibited Ccni expression (Figure 6H), indicating that Cdk may be
involved in ccni/Ccni expression in the follicle.

The above results showed that follicle cells of follicles destined for ovulation express Ccni, and
that its expression is induced by LH. The results also indicate that LH-induced ccni expression in the
follicle is suppressed by roscovitine treatment.
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3.6. Possible Involvement of Ccni/Cdk9 in Pgr Phosphorylation in the Preovulatory Follicle

We examined the effect of CDK9-inhibitor II, a specific inhibitor of Cdk9 [21], on the rate of
ovulation using an in vitro follicle culture system. The inhibitor completely suppressed ovulation at
10 uM (Figure 7A). The rate of GVBD was not affected by the inhibitor (Figure 7B), suggesting that
Cdk9 is not involved in oocyte maturation in the medaka ovulating follicle. In CDK9 inhibitor II-treated
follicles, Mmp15 expression in the follicle layer was strongly suppressed (Figure 7C). To evaluate the
possible role of Cdk9 in Pgr phosphorylation, we conducted experiments using follicles cultured with
or without CDK9 inhibitor II. In control follicles, phosphorylated Pgr was detected in multiple forms
(Figure 7D; Control), but some of the phosphorylated Pgr disappeared or its staining intensity was
noticeably reduced after treating the follicles with CDK9-inhibitor II (Figure 7D). A similar result was
observed when Cdk9 knockout was generated using the Crispr/Cas9 system in OLHNI-2 cells stably
expressing Pgr. In cells transfected with the mock vector, bands for phosphorylated Pgr were detected
(Figure 7E; left lane), whereas Pgr phosphorylation was significantly suppressed following Cdk9
knockout (Figure 7E; middle lane). To confirm the reproducibility of the finding, we also conducted
experiments using another sgRNA targeting a different Cdk9 sequence, and a similar result was
obtained (data not shown), suggesting that the system achieved site-specific DNA recognition and
cleavage of the target specifically, without off-target effects. Finally, we examined whether Cdk9
interacts with Ccni in follicles destined to ovulate. Immunoprecipitation was conducted using a
Cdk9 antibody with follicle layer extracts of -6 h follicles, and the resulting precipitated materials
were further subjected to western blot analysis. The materials contained not only Cdk9 but also Ceni
protein (Figure 7F). These results indicate that Ccni and Cdk9 are complexed in follicle cells of follicles
undergoing ovulation.
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Figure 7. Further evidence for the role of Cdk9/Ccni in the follicles that are destined to ovulate. (A) The
—14 h-follicles were incubated in vitro with the specific CDK9 inhibitor, CDK9-inhibitor II, at 1 and

10 uM for 18 h, and the rate of ovulation was determined. Asterisks indicate significance at p < 0.01
(**) compared to follicles incubated without any additives (ANOVA and Dunnett’s post hoc test, N = 5).
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(B) Incubation of follicles with CDK9-inhibitor II was conducted as in (A) except the duration of
incubation was 14 h. Note that the inhibitor had no effect on the GVBD of follicles (N = 5). (C) The
-14 h-follicles were incubated in vitro with or without the specific CDK9 inhibitor CDK9-inhibitor
1I (10 uM) for 18 h, and the expression of Mmp15 in the follicle layer of the follicles was analyzed
by western blotting. (D) The —14 h-follicles were incubated in vitro with or without the specific
CDKO9 inhibitor CDK9-inhibitor II (10 uM) for 14 h, and Pgr phosphorylation in the follicles
was examined by immunoprecipitation/Phos-tag SDS-PAGE/western blot analysis. Positions of
phosphorylated (indicated by arrow) and unphosphorylated Pgr (indicated by arrowhead) are
shown. As control, extracts of the follicles treated with CDK9-inhibitor IT were immunoprecipitated
with normal IgG. An asterisk indicates the bands corresponding to the antibody used for
immunoprecipitation. (E) OLHNI-2 cells stably expressing medaka Pgr (Cont) and Cdk9-deficient
OLHNI-2 cells (Cdk9 KO), which were generated from the above cells with CRISPR/Cas9 technology,
were immunoprecipitated with medaka Pgr antibody, and the resulting precipitated materials were
analyzed by Phos-tag SDS-PAGE/western blot analysis. Positions of phosphorylated (indicated by
arrow) and unphosphorylated Pgr (indicated by arrowhead) are shown. As a control, extracts of
Cdk9-deficient OLHNI-2 cells were immunoprecipitated with normal IgG. An asterisk indicates the
bands corresponding to the antibody used for immunoprecipitation. (F) Extracts of the —6 h-follicles
were immunoprecipitated with medaka Cdk9 antibody or normal IgG, and the resulting precipitated
materials were then analyzed by western blotting using the same Cdk9 antibody (left two lanes) or
medaka Ccni antibody (right two lanes). Asterisks indicate the bands corresponding to the antibody
used for immunoprecipitation.

4. Discussion

Follicle rupture during ovulation in vertebrates involves well-regulated ECM degradation at
the apical region of ovulating follicles. Our previous studies using the teleost medaka showed that
two distinct proteolytic enzyme systems, the Plau/plasmin system and the MMP system, contribute
to follicle rupture. Among the proteolytic enzymes involved in the process, the role of Mmp15 is
of particular interest, in that it serves as a protease that hydrolyzes collagen type I, a major ECM
protein in the follicle layer of ovulating follicles, and that its expression is drastically induced in the
granulosa cells of follicles at ovulation [6,14]. We recently reported the involvement of at least two
transcription factors, Pgr and Cebpb, in the expression of the mmp15 gene [13]. The current study was
initiated following the finding that the CDK inhibitor roscovitine suppressed in vitro follicle ovulation,
and the results of this study provide additional information on the regulatory mechanism for mmp15
expression occurring in the granulosa cells of ovulating follicles. Our new findings are as follows:
(i) Pgr is phosphorylated, (ii) the Ccni-Cdk9 complex may be involved in Pgr phosphorylation, and
(iii) Ccni is induced by the ovulatory LH surge.

In the present study, we demonstrated that medaka Pgr undergoes phosphorylation prior to its
binding to the promoter region of the mmp15 gene. Electrophoretic analyses of Pgr revealed that the
protein is phosphorylated at various sites, as indicated by the appearance of multiple polypeptide
bands with a molecular mass greater than that of unphosphorylated Pgr. Our data also suggest
that Pgr phosphorylation is largely due to the action of Cdk, because almost all phosphorylated
Pgr bands disappeared upon roscovitine treatment of the follicle. Treatment with phosphatase,
rescovitine, or CDK9-inhibitor II resulted in no apparent increase in unphosphorylated Pgr. In a
separate experiment, we found that the phosphorylated form of Pgr was estimated to be approximately
20% of the total Pgr. Since the proportion of phosphorylated Pgr to total Pgr is low, we presume
that changes in the Pgr protein level could not be clearly observed after phosphatase or inhibitor
treatment. Previous studies documented that, like medaka Pgr, the human counterpart is also
phosphorylated [22,23]. Three PGR isoforms (generally known as PR-A, PR-B, and PR-C) are known
in humans, and two major protein kinases involved in human PGR phosphorylation are reported to be
MAPK and CDK?2. Furthermore, serine residues that are phosphorylated by these protein kinases have
been identified. Sequence homologies in fish Pgr and human PGR are very low, hence, a prediction of
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possible phosphorylation sites in medaka Pgr by searching conserved serine residues between the fish
and human proteins was fruitless. Therefore, phosphorylation sites of medaka Pgr were predicted
using the free program KinasePhos (http:/ /kinasephos.mbc.nctu.edu.tw /). With this prediction tool,
Ser208 and Ser250 were shown to be phosphorylated by Cdk. In addition, Thr14, Thr143, Ser208, and
Thr212 could be possible phosphorylation sites for MAPK, although our current data indicated that
MAPK has little, if any, effect on Pgr phosphorylation in the fish ovulating follicle. Further studies are
needed to establish the validity of such predictions in the future.

We showed that Cdk9 may be responsible for the phosphorylation of Pgr. This idea is supported
by the fact that (i) Cdk9 is expressed in the granulosa cells of ovulating follicles, as demonstrated by
both immunohistochemical and western blot analyses; (ii) similar to roscovitine, treatment of follicles
with the CDKO9 inhibitor consistently inhibited follicle ovulation, Pgr phosphorylation, and Mmp15
expression; (iii) Cdk9 knockout experiments using OLHNI-2 cells stably expressing Pgr resulted in
a reduction of Pgr phosphorylation; and more importantly, (iv) Cdk9 forms a complex with Ceni
in the follicle layers of ovulating follicles. In the context of Pgr phosphorylation, the involvement
of Cdkl is less likely, because the Cdk1 protein is lacking in granulosa cells of ovulating follicles
despite the presence of a large abundance of the corresponding mRNA in these cells. Considering
that Cdk1 is abundantly detected immunohistochemically in small-growing follicles, Cdk1 may play
a role in the early stage of follicle growth. We previously found that, similar to cdk1, transcripts
of enteropeptidase [15] and melatonin receptor subtype 1c [17] were expressed in the fish ovary,
but their translation products were not detectable. Direct evidence for the involvement of CDK9 in Pgr
phosphorylation in the granulosa cells of ovulating follicles is needed in future studies.

Interestingly, CDK9-inhibitor II treatment of preovulatory follicles inhibited ovulation, while
roscovitine showed inhibitory effects on both ovulation and GVBD of the follicles. This finding
indicates that CDKs other than CDK9 may be involved in GVBD, an LH-induced event occurring in
the oocyte of medaka.

Cceni was the only cyclin expressed in the granulosa cells of ovulating follicles. Therefore,
we tentatively assume that Ccni serves as the regulatory subunit of Cdk9 in the follicle, although
Cdk9 activation by Ccni must be experimentally verified. Indeed, we found that Ccni was
present in granulosa cells of the follicle in association with Cdk9 protein. Another important
finding of the present study is that Ccni is an LH-inducible protein in cells of ovulating follicles.
Interestingly, treatment of follicles with RU486, a Pgr antagonist, significantly reduced LH-induced
ccni expression. This observation strongly suggests that Ceni is expressed in follicles in an LH- and
Pgr-dependent manner.

Based on the present observations together with our previous findings [6,13], we propose a
schematic model for the role of Ccni/Cdk9 in the pathway leading to mmp15/Mmp15 expression after
the LH surge in follicles (Figure 8). In this model, we focus on the events occurring in granulosa cells,
because these cells have been documented to play a major role in fish ovulation [24]. Roscovitine’s
effects are also shown in this model. A variety of ovulatory reactions, including the activation of many
ovulation-related genes, are evoked in cells expressing the LH receptor in response to the surge of LH,
which occurs approximately 18 h before ovulation in the 24-h spawning cycle [14]. Activation of the
LH receptor by the LH surge immediately causes an increase in the intracellular cAMP concentration,
which leads to the activation of Pgr. Pgr, thus synthesized, would then undergo phosphorylation at
multiple sites, mainly via Cdk9. Cdk9, which is constitutively expressed in granulosa cells, should be
activated by Ceni. Ceni is also induced in granulosa cells in response to LH stimulation. Our current
data suggest that the expression of Ccni is driven by the 17,203 P-activated transcription factor Pgr, and
that Pgr-dependent Ccni expression is initiated approximately 9 h before ovulation. Activated Cdk9
complexed with Ccni is capable of phosphorylating Pgr at various sites. The increase in phosphorylated
Pgr levels begins at 9 h before ovulation in the granulosa cells of ovulating follicles, and such a situation
lasts thereafter until the time of ovulation. Another transcription factor, Cebpb, which is also induced
in an LH-dependent manner, is synthesized in granulosa cells of the follicle [13]. At several hours
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preceding follicle rupture, both phosphorylated Pgr and Cebpb bind to the promoter region of the
mmp1b gene for activation. The resulting translation product, Mmp15, is eventually expressed on the
surface of granulosa cells. To substantiate the above hypothesis, further analyses using siRNA and
knockout experiments targeting the ccni and cdk9 genes are necessary.

LH
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LHR ™ Mmp15
1___-___'_'_"“‘—"- Cebpb

Gramulosa \

cell pPgl — Mmpl5
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17.20bPP
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t t t
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Figure 8. A model for the roles of Ceni and Cdk9 in the process of LH-induced expression of Mmp15 in
medaka ovulation. For details, see the text. Note that transcription of pgr, cebpb, ccni, cdk9, and mmp15
gene occurs in the nucleus of the granulosa cell.

The present study points to the role of Ccni/Cdk9 in the generation of phosphorylated Pgr,
which serves as a functional transcription factor for the expression of mmpl5/Mmp15. However,
as documented in studies using mammalian models, alterations in the transcriptional activities of target
genes are some of the roles known for phosphorylated Pgr [22]. This posttranslational modification of
Pgr may also influence promoter specificity [25], receptor turnover [26], and nuclear association [27].
Further studies are needed to comprehensively clarify the roles of phosphorylated Pgr in the follicle
rupture process involving Mmp15 in medaka ovulation.

Another intriguing observation of the present study is that LH-induced Ccni synthesis itself was
inhibited by roscovitine. This suggests the involvement of Cdk in the expression of Ccni in granulosa
cells of ovulating follicles. Cdk9 is the only Cdk detectable in granulosa cells throughout the 24-h
spawning cycle, therefore, we speculate that Cdk9 may contribute to the expression of Ccni. However,
there are two important questions relevant to the LH-induced expression of Ccni: i) what molecular
species of Cen could be an activator of Cdk9? and ii) in which process is activated Cdk involved,
i.e., transcriptional or translational events of the ccni gene? To solve these questions, further studies
are required.

In summary, we showed that Pgr, a transcription factor required for the expression of mmp15,
undergoes considerable phosphorylation in granulosa cells of ovulating follicles, and that only the
phosphorylated form of Pgr likely functions as a potent transcription factor for mmp15 expression.
Our data indicated that Ccni/Cdk9 may be responsible for Pgr phosphorylation. To our knowledge,
this is the first study to demonstrate the involvement of Cdk in the process of follicle rupture during
ovulation in vertebrates. The findings provided in this study help elucidate the whole process of ECM
degradation that occurs in follicles during ovulation after the ovulatory surge of LH.
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Abstract: For a long time, cysteine cathepsins were considered primarily as proteases crucial for
nonspecific bulk proteolysis in the endolysosomal system. However, this view has dramatically
changed, and cathepsins are now considered key players in many important physiological processes,
including in diseases like cancer, rheumatoid arthritis, and various inflammatory diseases. Cathepsins
are emerging as important players in the extracellular space, and the paradigm is shifting from
the degrading enzymes to the enzymes that can also specifically modify extracellular proteins.
In pathological conditions, the activity of cathepsins is often dysregulated, resulting in their
overexpression and secretion into the extracellular space. This is typically observed in cancer
and inflammation, and cathepsins are therefore considered valuable diagnostic and therapeutic
targets. In particular, the investigation of limited proteolysis by cathepsins in the extracellular space is
opening numerous possibilities for future break-through discoveries. In this review, we highlight the
most important findings that establish cysteine cathepsins as important players in the extracellular
space and discuss their roles that reach beyond processing and degradation of extracellular matrix
(ECM) components. In addition, we discuss the recent developments in cathepsin research and the
new possibilities that are opening in translational medicine.

Keywords: cathepsin; inflammation associated disease; cancer; osteoporosis; extracellular matrix

1. Introduction

Cysteine cathepsins are an important group of proteases that regulate numerous physiological
processes and are normally found in high concentrations in endosomes and lysosomes where they
are crucial for protein breakdown and major histocompatibility complex (MHC) class II-mediated
immune responses [1,2]. There are 11 cathepsins encoded in the human genome (B, C, F H, K,
L, O,S,V, W, and X) [3], and different studies have shown that a number of them have largely
overlapping specificities [4-7]. Nevertheless, there are several examples of specific proteolytic
functions of cathepsins demonstrating that their roles are not limited to the endolysosomal system.
Cathepsins have thus been found in the cytoplasm, cell nucleus, and the extracellular space [8,9],
and their extra-lysosomal localization and activity is frequently associated with ongoing pathological
processes [10]. Moreover, high cathepsin activities, especially in extracellular spaces, are a hallmark
of inflammation that often accompanies different diseases including cancer, arthritis, cardiovascular
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disease, and bone and joint disorders as a consequence of dysregulated localization, activation or
transcription, as well as inhibitor imbalance [10-12].

Extracellular cathepsins have been shown to participate in extracellular matrix remodeling by
degrading abundant structural components of the extracellular matrix (ECM) (e.g., collagen or elastin),
but their extracellular functions go beyond simple proteolysis [13-15]. Accordingly, cathepsins have
been found to be involved in the processing of cytokines and chemokines, thereby representing an
important bridge between inflammation and diseases like cancer and psoriasis [16-20]. Moreover,
other more specific functions of cathepsins were reported recently, and cathepsins were thus found to
shed a group of extracellular receptors and cell adhesion molecules, demonstrating that their limited
extracellular proteolysis could not only directly impact the cell surface but also influence intracellular
signaling pathways (e.g., kinase receptor signaling), thereby contributing to the disease progression [21].
In addition, cathepsin S was identified as the critical sheddase of the membrane-anchored chemokine
fractalkine, thereby critically contributing to the neuropathic pain [22,23].

With the emerging novel roles of cathepsins, new possibilities are opening for the development
of diagnostic and therapeutic tools that will further improve our understanding of their extracellular
roles and support of translational medicine. In this review, we focus on cysteine cathepsins and their
roles in limited proteolysis in the extracellular space. We describe their roles in pathologies, highlight
their most important disease-specific extracellular substrates, and discuss how the new findings can
translate into improved diagnostic and therapeutic tools. We also discuss the future perspectives of
cathepsin research that will benefit from the emerging systems biology approaches.

2. Cysteine Cathepsins: Structure, Function, and Regulation

Cysteine cathepsins belong to the papain family of cysteine proteases sharing the typical
papain-like fold, which is composed of two domains (L—left domain, R—right domain) that form
the active protease with the catalytic Cys-His ion pair located in the active site cleft on opposite sides
(Cys25-His159; papain numbering) [24] (Figure 1A). In general, cysteine cathepsins are monomers with
a MW in the 20-35 kDa range, with variations being the consequence of different posttranslational
modifications (e.g., glycosylation). The only exception is the tetrameric cathepsin C with a MW of
200 kDa. Several cysteine cathepsins, including cathepsins B, C, F, H, L, O, and X, are ubiquitously
expressed in human tissues and cells, whereas cathepsins K, S, V, and W have more specific localization
due to their more specific functions (Table 1). Cathepsin K is expressed in osteoclasts and synovial
fibroblasts, cathepsin S is expressed predominantly in immune cells, cathepsin V in thymus and
testes, and cathepsin W in CD 8+ lymphocytes and natural killer (NK) cells [1,3,12]. All cathepsins
are synthesized as proenzymes, and, after activation, their activity is kept under tight control by
pH, compartmentalization, and by their endogenous protein inhibitors stefins, cystatins, kininogens,
thyropins, and serpins, which are important for the fine-tuning of their proteolytic activity [25,26].

The majority of cathepsins are potent endopeptidases; nevertheless, some cathepsins have
exopeptidase activities due to loops and propeptide regions that limit the accessibility of the active site.
Accordingly, cathepsins B and X are carboxypeptidases and cathepsins C and H are aminopeptidases,
although cathepsin B can also have endopeptidase activity at a neutral pH [2]. Moreover, cathepsins
are not very specific enzymes with highly similar substrate specificities and a moderate preference for
cleavage after basic and hydrophobic residues. The only substrate recognition site that actually forms a
defined pocket is the S2 site, which, together with the S1 and S1’ sites, seems to be the major substrate
recognition site. Several studies using combinatorial peptide libraries and proteomic approaches have
demonstrated a strong preference for small hydrophobic amino acid residues (Leu, Val, Ile) in the P2
position, although aromatic amino acid residues (Phe, Tyr) are also accepted (Figure 1B). However,
there are a few exceptions. The first is the acceptance of Pro in the P2 position of cathepsin K, which
is important for the collagenolytic activity of the latter. The second is the acceptance of Arg in the
P2 position of cathepsin B [4-7,24]. The broad specificity of cathepsins is in good agreement with
their roles in protein turnover and degradation, including in antigen processing. On the other hand,
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such broad substrate specificity combined with the high proteolytic efficiency ensures that even in
unfavorable conditions, cathepsins can have major roles not only in protein degradation but also in
more subtle protein processing, thereby having more signaling roles. This is supported by numerous
examples where several cathepsins were found to cleave their protein substrates at the same or similar
cleavage sites, although there were also examples of substrates like collagen, osteocalcin, cytokines,
and chemokines, which were only cleaved by a subset of cathepsins [10,14].

Table 1. Cysteine cathepsins. Overview of cysteine cathepsins, their peptidase activities, expression,
and gene names according to the HUGO Gene Nomenclature Committee.

Cysteine Cathepsins. Gene Name Peptidase Activity Expression
. Carboxydipeptidase, L
Cathepsin B CTSB Endopeptidase Ubiquitous
Cathepsin C CTSC Aminodipeptidase Ubiquitous
Cathepsin F CTSF Endopeptidase Ubiquitous
5 Aminopeptidase, e
Cathepsin H CTSH e s aietees Ubiquitous
Cathepsin K CTSK Endopeptidase Osteoclasts [27]
Cathepsin L CTSL Endopeptidase Ubiquitous
Cathepsin O CTSO Unknown Ubiquitous
. . Antigen-presenting cells (e.g., dendritic
Cathepsin S CTSS Endopeptidase cells, B-cells) [28,29]
Cathepsin V CTSV Endopeptidase Thymus, testis [30,31]
Cathepsin W CTSW Unknown Natural killer cells, cytotoxic T cells [32]
Cathepsin Z (Cathepsin X) CTSZ Carboxymonopeptidase Ubiquitous

If not otherwise stated, expression profiles are from ref. [3].
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Figure 1. Cysteine cathepsin structures and specificities. (A) Crystal structure of the two-chain form
of cathepsin L (PDB licf [33]) in standard orientation colored according to surface hydrophobicity
(red: most hydrophobic, blue: most hydrophilic). Active site Cys25 is colored in yellow. (B) Substrate
specificity of different cysteine cathepsins relative to the cleavage site, which is between the P1 and P1’
residues. 54-51 and S1'-52' represent the substrate binding sites into which the corresponding substrate
residues P4-P2’ bind, with P4-P1 designating the substrate residue N-terminals of the cleavage site
and P1’-P2’ designating residue C-terminals of the cleavage site, respectively. Amino acid residues
of the substrate, which bind to their designated sites, are shown with colored circles, with each color
representing a different amino acid class required for the binding of the substrate to the active site.
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For their optimal activity, cysteine cathepsins require reducing and mildly acidic conditions and,
except cathepsin S, all are irreversibly inactivated at a neutral pH with cathepsin L being the most
unstable [34-37]. While these findings originate mostly from in vitro assays, different components
in the extracellular milieu and ECM building blocks can stabilize or alter cathepsin activity in the
extracellular milieu. A good example is the glycosaminoglycans (GAGs) that can stabilize cathepsins
at a neutral pH [38]. Moreover, experiments have shown that GAGs and other negatively charged
surfaces enable autocatalytic activation of cathepsins even at neutral pH and possibly contribute to the
cathepsin activity in the extracellular space [39]. Nevertheless, effects can be substantially different.
Accordingly, the collagenolytic activity of cathepsin K is reduced in case of dermatan sulfate, heparan
sulfate, and heparin, but GAGs like keratan and chondroitin sulfates can potentiate it [40]. Another
good example is chondroitin sulfate, which inhibits the elastolytic activity of cathepsins V, K, and S [41].
In addition, very potent regulators of cysteine cathepsins are their endogenous inhibitors: cystatins
(stefins, cystatins, and kininogens), thyropins, and serpins. They inhibit most of the cathepsins with
very high affinities in the nM to pM range. While stefins are essentially cytosolic, the others are
primarily extracellular, and their main function is to block the cathepsins escaped into the extracellular
milieu, thereby acting as emergency-type inhibitors [1,26,42].

3. Extracellular Cysteine Cathepsin Origins

There is long-lasting evidence that cysteine cathepsins can be present in the extracellular milieu.
Under physiological conditions, they are commonly involved in the processes of wound healing,
bone remodeling, and prohormone activation [9,43]; however, their extracellular localization is far
more common in different pathological conditions [10,12,44]. Prolonged extracellular cathepsin activity
upon their secretion is unusual since they have optimal stability under acidic conditions. Nevertheless,
the loss of activity at neutral pH can at least partly be delayed by secretion in zymogen form in which
they remain relatively stable until their activation [45,46]. Apart from that, cysteine cathepsins can be
secreted in an active form and their concentration is sufficient for ECM degradation [47]. An important
factor for their secretion is also the type of cell. High levels of cathepsins are most commonly secreted
by different immune cells [48], which is in agreement with the fact that cathepsins are elevated in
inflammation [49]. In addition, keratinocytes, osteoclasts, smooth muscle cells, and thyroid cells also
secrete cathepsins [10]. Nevertheless, the concentration is much lower than in the case of immune cells,
where it can reach up to 100 nM in the macrophage secretome [21].

Diverse cellular mechanisms and pathways were shown to be involved in the secretion of
cysteine cathepsins (Figure 2A), which is often accompanied by acidification of the extracellular
milieu. Experiments performed with macrophages showed that acidification can be achieved
either by vacuolar-type H* ATPase, which undergoes activation by protein kinase C or
serotonin [50-52] or by Na*/H* exchanger I, activated following the binding of immunoglobulin
E to high-affinity immunoglobulin-¢ receptor [53]. Acidification is especially pronounced in the
tumor microenvironment, where tumor-associated immune cells secrete large amounts of cathepsins,
and their extracellular presence is connected with more aggressive cancers and inflammation [54].
Apart from cancer, acidification was also observed to be present in advanced osteoarthritis [55]
and in atherosclerotic plaques [56]. Usually, secretion of cysteine cathepsins is linked with their
overexpression, a common consequence of activation of transcription factor EB [57], or signal
transducer and activator of transcription (STAT) signaling pathways by activation of STAT3 or
STAT6 [58,59]. Elevated expression can also be the result of extracellular stimuli provided by different
cytokines and interleukins [60,61]. The main examples of cytokine-triggered overexpression and
secretion are cathepsins S and K. Cathepsin S is overexpressed and secreted in its active form by
human chondrocytes upon stimulation from pro-inflammatory cytokines interleukin 1« (IL-1x) and
tumor necrosis factor « (TNF «) [60], while regulation of cathepsin K expression is controlled by
RANKL (receptor activator of NF-«B ligand; NF-«kB, nuclear factor kappa-light-chain-enhancer of
activated B cells) [62]. Another factor that can act as an initiator of the positive feedback loops that
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drive the cathepsin secretion are proteolytic products of ECM degradation [63], whereas elevation
of intracellular levels of Ca?*, which triggers the fusion of lysosomes with the plasma membrane,
enables secretion of cathepsins by vesicular exocytosis [64,65]. In addition, secretion of cathepsins
may even result from increased concentrations of reactive oxidative species, which may lead to the
permeabilization of the lysosomal membrane and the release of lysosomal proteases into the cytoplasm
and further into the extracellular milieu [66,67].

A. Secretion of cysteine cathepsins B. Extracellular roles of cysteine cathepsins
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Figure 2. Cysteine cathepsin secretion and their extracellular roles. (A) Secretion of extracellular
cathepsin is often tightly connected with their overexpression and can be triggered by diverse cell

cell-cell contacts

cathepsins

overexpression

signaling pathways. Overexpressed cysteine cathepsins are usually secreted with vesicular exocytosis.
(B) In the extracellular milieu, cysteine cathepsins cleave different targets. Cleavages of cell adhesion
molecules (CAM), cell-cell contacts, and proteins of ECM mainly influence cell adhesion and migration.
Additionally, proteolytic products of these cleavages can act as signaling molecules and have an
impact on cell growth, invasion, and angiogenesis. Other main target of cysteine cathepsins are cell
receptors, and their cleavage can result in either constantly triggered signaling, in the case of partial
trimming of the receptor, or inhibited signaling, in the case of a complete removal of the extracellular
domain. CAM, cell adhesion molecules; ECM, extracellular matrix; IL, interleukin; RANK, receptor
activator of NF-kB; RANKL, receptor activator of NF-«B ligand; STAT, signal transducer and activator
of transcription; TFEB, transcription factor EB; TNFa, tumor necrosis factor alpha; TNFR1, tumor
necrosis factor receptor 1.

Once secreted, cathepsins can either remain bound to the plasma membrane or interact with
molecules from the extracellular milieu [15]. In particular, the former may be of special importance
as such membrane association may also protect the cathepsins against inactivation in otherwise
unfavorable conditions of the extracellular milieu. Cathepsin S was thus shown to associate with
the plasma membrane and co-localizes with «,[33 integrin on the surface of smooth muscle cells
present in the vasculature [68], but its exact binding partners remain unknown. Another cathepsin
that translocates to the plasma membrane is cathepsin X, which acts as an activator of 3, integrins
that are crucial for cell adhesion of dendritic cells and lymphocytes during their maturation [69-71].
Translocation of cysteine cathepsins occurs also in pathological conditions as shown for cathepsin B,
which localizes to the cell membrane in cancer cells [72] either by binding to annexin II tetramers [73]
or by association to the caveolae site [74]. Moreover, its membrane-bound localization was correlated
with shortened survival in the case of colorectal cancer [75,76].

4. ECM Proteolysis and the Cathepsins

The ECM that surrounds the cells is composed of the proteins these cells secrete [77]. The main
components of ECM are structural proteins, like collagen, elastin, fibronectin and laminins,
non-structural matricellular proteins, polysaccharides, mainly glycosaminoglycans and hyaluronan,
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and proteoglycans [78,79]. The structure of the ECM is dynamic and depends on the equilibrium
between synthesis and degradation [80,81]. Modifications of the ECM are achieved through both
enzymatic and non-enzymatic processes, which can influence the stability and function of the ECM [82].
Among these processes, proteolytic processing is one of the most important mechanisms involved
in the regulation of the ECM. It is therefore not surprising that a vast number of proteases were
found to be involved, with major players being various metalloproteases such as a disintegrin and
metalloprotease (ADAMs), matrix metalloprotease (MMPs), meprins and bone morphogenetic protein
(BMP) /tolloid metalloproteases [83] and various cysteine proteases [15].

Cysteine cathepsins are the main cysteine proteases participating in the reorganization of ECM
and are associated with non-specific degradation of abundant ECM proteins, which can take place both
extracellularly and intracellularly following endocytosis [82]. Proteolysis of ECM proteins occurs under
normal conditions, as in the case of collagen degradation in bone resorption or elastin degradation in
the vascular system, as well as under pathological conditions, since ECM degradation is an influential
factor in many diseases including cancer, cardiovascular diseases, and arthritis [14,15,84]. In particular,
extracellular proteolysis seems to be of crucial importance, since the extracellular cathepsins can cleave
a plethora of structural and functional proteins, thereby affecting not only the structural aspects of ECM
but also the associated signaling pathways (Figure 2B). While non-specific and specific proteolysis
by cysteine cathepsins are important for ECM remodeling in disease, one has to keep in mind that
extracellular substrates of cysteine cathepsins were mostly identified in in vitro studies. Nevertheless,
much evidence for their physiological significance and substrates confirming their involvement in
disease development and progression has emerged just in the last decade (Table 2), and the next sections
will provide a detailed overview of the extracellular roles of cathepsins in different pathologies.

Table 2. Cathepsins in disease.

Disease Cathepsins Involved Cleaved Targets Selected References
. . ELR (glutamate-leucin-arginin
Angiogenesis/Leukocyte B,K,L,S motif) chemokines/non-ELR [16,85]

recruitment chemokines, CD18

Tenascin-C, nidogen-1, fibronectin,
Cancer B, K L,S X osteonectin, laminin, periostin, [86-91]
collagen IV, general degradation
Cardiovascular and
kidney diseases (e.g.,
atherosclerosis,
abdominal aortic
aneurysm, chronic
kidney disease)

Elastin, CX3CL, heparanase,
K, LSV collagen I (catK: Gly61-Lys62, [41,92,93]
Arg144-Gly145, GIn189-Gly190)

Lung fibrosis S Decorin [94]
Neuroinflammation/hyperalgesia S CX3CL1, PAR2 [95-97]
Collagen II (catK: Gly61-Lys62,
Osteoarthritis and K,B,L,S Arg144-Gly145, GIn189-Gly190), [98-100]

rheumatoid arthritis aggrecan (catB: Asn341-Phe342,
Gly344-Val345, catL: Gly344-Val345)
Collagen I (catK: Gly61-Lys62,
Arg144-Gly145, GIn189-Gly190),

Osteoporosis K,B,L,S,H osteonectin, osteocalcin (catB: [101-104]
Arg44-Phe45, catL: Gly7-Alas,

Arg43-Arg44, catS: Gly7-Ala8)

Collagen I (casK: Gly61-Lys62,
Arg144-Gly145, GIn189-Gly190)
Diseases where cysteine cathepsins are involved in the development and progression of the pathology together
with their extracellular substrates. Known cleavage sites of extracellular substrates for each cathepsin are shown
in parentheses.

Tuberculosis K [105]

4.1. Cathepsins in Cancer

Cysteine cathepsins were historically first linked to extracellular proteolysis in cancer, as first
demonstrated for cathepsin B almost 40 years ago [106]. However, despite the use of various in vivo
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and in vitro cancer progression models, the exact roles of individual cysteine cathepsins are not
completely understood [107-109]. A comprehensive understanding of the functions of cathepsins B, C,
H, K, L, S, and X in the extracellular milieu has proved complicated because of their broad substrate
specificity [1], their endogenous inhibitors [110], compensatory effects [111,112], effects that are not
associated with their proteolytic function [113], their ability to act as tumor suppressors [114], and the
various different cell types that comprise many tumors [115].

Cathepsins are released into the tumor microenvironment by different cells including tumor cells,
endothelial cells, tumor-associated macrophages (TAM), myoepithelial cells, fibroblasts, and other
cells, which infiltrate the tumor site [48,54]. Among these, TAMs are considered to release the largest
amount of cathepsins primarily due to stimulation by the IL-4, IL-6, and IL-10 cytokines in the tumor
microenvironment [10,48]. Interestingly, the source and role of secreted cathepsins responsible for
cancer progression are not universal among different types of cancer, as evident primarily from
different mouse in vivo cancer models. In the RIP1-Tag2 model of the pancreatic neuroendocrine
cancer, cathepsins B, H, and S, derived from the TAMs, had a predominant, if not exclusive, effect
on cancer progression through the reduction of tumor burden, increase in apoptosis, and decrease of
angiogenesis [48]. On the other hand, cathepsin L-mediated cancer progression was largely due to its
secretion from cancer cells, whereas the effect of cathepsin X was due to its release from both sources.
Moreover, cathepsin X was found to partially compensate for the loss of cathepsins B and S, as revealed
by simultaneous deletion of the two cathepsin genes. In addition, simultaneous deletion of cathepsins
B and S revealed additive effects in early stages, but at late stages, several differences were restored to
the wild-type level, although the mechanisms are not known [111,113]. Interestingly, expression of
cathepsin C was also increased in RIP1-Tag2 and MMTV-PyMT mammary gland models of cancer
but had no functional role in their progression [109,116]. Cathepsin S was also found to have a major
role in a syngeneic colorectal carcinoma murine model, where its release from cancer cells, endothelial
cells, and TAMs was found to be responsible for the progression of cancer through the promotion
of neovascularization and tumor growth [117]. An analogous effect was also observed in vivo in
the MMTV-PyMT mammary gland cancer model, where cathepsin B, originating from both tumor
cells and macrophages, was suggested to have a major role in the tumor progression and metastasis
spread [107,118], which could have been partially compensated by cathepsin X [112]. However, using
an orthotopic transplantation of primary mouse PyMT cancer cells overexpressing cathepsin B showed
that the enzyme expressed and secreted from tumor, but not stromal, cells increased invasiveness into
adjacent tissues by excessive extracellular matrix degradation [119]. Another in vivo mouse model,
where the roles of individual cathepsins were systematically investigated, was the K14-HPV16 model
of squamous cell carcinoma. In this model, cathepsin C, but not cathepsin B, released from stromal
cells was shown to be responsible for cancer development and angiogenesis. Moreover, cathepsin L
was found to have a tumor suppressor role in this model, further showing the complexity of cathepsins
involvement in tumorigenesis [109].

There are also numerous cellular studies available where secretion of cathepsins was shown to be
an important factor in changing cellular properties possibly leading to tumor progression, although
these studies were mostly focused on tumor cell lines but not on macrophages or related immune
cells. Among the cathepsins, cathepsin B was most often associated with changes of cellular properties,
although there were also numerous reports about cathepsins L, X, and K. Cathepsins B and X were
thus shown to be important in the epithelial to mesenchymal transition in two breast cancer cell
lines, MCF7 and MDA-MB-231, which express low and high amounts of cathepsins, respectively.
Upregulation of cathepsins B and X in MCF7 cells decreased E-cadherin, a marker for epithelial
cells, which was mainly attributed to cathepsin B [120]. Similar observations involving cathepsin
X were also reported in hepatocellular cancer where its overexpression increased invasiveness and
motility in a matrix-coated transwell model and a wound healing assay [121], although the enzyme
seems to be primarily expressed in the immune cells [70]. Release of cathepsins B and L was recently
reported in different melanoma cell lines, where Abl/Arg nonreceptor tyrosine kinases were shown

371



Cells 2019, 8, 264

to play an important role in cathepsin B and L expression and their release from the cells [122].
Tumor progression and increased cell invasiveness following cathepsin B release are also characteristic
for pancreatic ductal adenocarcinoma [123], esophageal adenocarcinoma [124], and glioma, where
cathepsins K and X were also found to be involved [125-127]. Recently, a mechanism of cathepsin B
release followed by enhanced lung cancer cell migration was proposed [128], indicating a possible role
in the progression of lung cancer. However, the role of cathepsins in cancer is not only extracellular
but also has an important intracellular component [48,129]. An example of this is the leakage of
cathepsin B to the cytoplasm following chemotherapy-induced lysosomal membrane permeabilization
in myeloid-derived suppressor cells (MDSC). Upon release, cathepsin B was found to interact with
NLRP3, leading to a non-proteolytic activation of the inflammasome and pro-IL-1f processing.
The released IL-1f enhanced IL-17 production in CD 4* T cells, which resulted in angiogenesis
and tumor relapse [130].

Unfortunately, there are almost no in vivo studies on the role of cysteine cathepsin inhibitors
that could shed some more light on the possible imbalance between the endogenous inhibitors and
the target proteases as one of the reasons for tumor progression, as suggested some time ago [54].
The first study revealed that genetic ablation of cystatin C, major extracellular cathepsin inhibitor, in the
pancreatic neurocrine tumor model (Rip-Tag2) resulted in an increased size of islet cell carcinomas
and angiogenic islets, which was linked to deregulated cathepsin S activity leading to increased
endostatin generation [91]. The other two studies available included genetic ablation of stefin B,
the major intracellular cathepsin inhibitor [131], and of cystatin C [132], in the mammary gland PyMT
mouse model. However, contrary to all expectation, tumors were smaller in both inhibitor knock-out
models despite the increased cathepsin activity in the tumors. While in the case of stefin B this was
linked to increased sensitivity to lysosomal cathepsin-mediated cell death and oxidative stress, the
potential link in case of cystatin C were the 14-3-3 proteins, but the evidence is not entirely conclusive.
This further supports the idea of differential and context-dependent roles of cathepsins and their
inhibitors in cancer.

Nevertheless, it seems that the major role of cathepsins in cancer is in extracellular matrix
degradation [87], shedding of receptors and adhesion molecules [21,85], activation of cytokines and
growth factors [48], and cleavage of proteins forming cell-cell junctions [133]. In addition, cathepsins
were also suggested to be involved in the activation of other tumor-associated proteases, although the
evidence is primarily based on in vitro studies. An example is cathepsin B, which was suggested to be
involved in the activation of urokinase-type plasminogen activator (uPA), which influences uPA /uPAR
signaling, thereby possibly affecting cell migration, whereas cathepsin L was suggested to be involved
in the activation of MMP1 and MMP3 [13,54].

Despite many phenotypic changes following cathepsin ablation or inhibition in in vivo and
in vitro tumor models, the exact roles, besides the degradation of extracellular matrix, are less-well
known. This is supported by a recent proteomic study where individual genetic ablation of cathepsins
B, H, L, S, and X in the Rip-Tag2 pancreatic tumor model was shown to have a predominant effect
on the degradation of the extracellular matrix, with very few limited proteolysis events detected [87].
Nevertheless, limited proteolysis of E-cadherin, an important adhesion molecule and marker for
epithelial phenotype, by cathepsins B, L, and S was shown to potentially drive invasiveness of
cancer cells in the same RIP1-Tag2 model [116]. There are several other substrates of individual
cathepsins identified in different cancer models, but their importance for cancer progression is unclear.
Among these targets is CD18, which was found to be cleaved by cathepsin B released from adhering
leukocytes following physiological levels of shear stress [134] and may have a role in leukocyte
recruitment in angiogenic vessels [85]. Another set of substrates of extracellular cathepsins associated
with angiogenesis are basement membrane proteins, which are cleaved during basement membrane
degradation, in mother vessels formation, following vascular endothelial growth factor A (VEGF-A)
stimulation [135]. One of these is nidogen-1, which was found to be degraded by cathepsin S in
patients with non-small cell lung cancer [136]. In addition, cathepsins B, L, and S were reported to
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cleave laminin, with cathepsin S generating a fragment with pro-angiogenic effects [91]. Cathepsins
B, L, and S can also cleave fibronectin, the results of which are still poorly understood [15,88].
Another such substrate is tenascin-C, which was found to be cleaved by cathepsin B, resulting in
a pro-angiogenic effect in glioma [86]. An important cathepsin substrate also seems to be collagen
XVIIL, which can serve as a source of endostatin that can be generated by cathepsins L and S, thereby
affecting angiogenesis [137,138]. Finally, cathepsin K was demonstrated to cleave periostin, which may
be linked to breast cancer bone metastasis. The decrease of C-terminal intact periostin was namely
shown to be a marker for osteolytic lesions in breast cancer bone metastasis and could be used to detect
bone relapse in patients [89]. Cathepsin K cleavage of osteonectin was also implicated in experimental
prostate to bone tumor metastasis, where both the protease and substrate expression levels were
higher. Additionally, high levels of released inflammatory cytokines suggested that cathepsin K
and/or osteonectin may regulate their release [90]. Some additional cathepsin ECM substrates linked
to cancer have also been described elsewhere [15,82]. A more detailed overview on the roles of cysteine
cathepsins in cancer development and progression can be found elsewhere [48].

4.2. Cysteine Cathepsins and Tissue Remodeling

The role of cathepsins in bone and cartilage processing is extremely well described, with cathepsin
K being the most studied. The main source of cathepsin K in these processes are osteoclasts. Cathepsin
K is one of the few proteases capable of cleaving the collagen triple helix in the polyproline region,
and its activity differs from metalloproteases. It has multiple cleavage sites in the polyproline region
of both collagens I and II [102,139] and can also cleave collagen in the telopeptide region [101].
Collagenolytic activity of cathepsin K is strong in the acidic environment at the site where osteoclasts
attach to the bone surface and is crucial for normal bone homeostasis [14]. It has been shown that
inhibition of cathepsin K can result in an altered structure of the bone, leading to changed crystallinity
and crystal structure [140]. Another factor that influences cathepsin K activity is the presence of GAGs,
since its collagenolytic activity is completely dependent on the formation of an oligomeric complex
between cathepsin K and GAGs [141,142]. Aging-associated changes of collagen fibers were also
suggested to influence the collagenolytic activity of cathepsin K. Accumulation of advanced glycation
end-products (AGEs) and mineralization were thus shown to reduce cathepsin K collagenolytic activity,
while removal of GAGs completely blocked it [143]. Pathological collagen degradation is connected
with cathepsin K overexpression and unbalanced osteoclast/osteoblast activation, leading to collagen
I degradation and bone loss as seen in osteoporosis [144]. While cathepsin K is the most important
cathepsin in bone and cartilage remodeling, one must keep in mind that in vitro studies have identified
cathepsins B, L, H, and S as potentially being involved in bone remodeling since they can cleave
osteocalcin [103], a biomarker of bone degradation in osteoporosis [145].

Other pathological conditions with similar causes are osteoarthritis and rheumatoid arthritis,
where cathepsin K degrades collagen II from the N-terminus, which leads to cartilage erosion [99,102].
Moreover, the low pH, as observed in advanced osteoarthritis, favors cathepsin K as a major collagenase
in these diseases [55]. In addition, cathepsin K can cleave the proteoglycan aggrecan, which is also
cleaved by cathepsins B, L, and S [98,100], and ECM bone protein osteonectin [104], further supporting
its crucial role in osteoarthritis. However, in vivo studies in mouse models showed that disease
progression was substantially diminished in cathepsin S-deficient animals in collagen-induced arthritis
and in cathepsin L-deficient animals in antigen-induced arthritis [29], suggesting that other cathepsins
are also involved in the arthritis progression. Moreover, substantial levels of cathepsins B, L, and S were
identified in synovial fluids of patients with rheumatoid arthritis and osteoarthritis, with higher levels
detected in theumatoid arthritis patients, suggesting their involvement in inflammation and cartilage
destruction [146-150]. However, despite high serum levels of cathepsins S and L in rheumatoid
arthritis patients, they did not correlate with the severity of the disease, arguing against their use
as disease biomarkers [151]. Anyhow, substantial differences in the serum levels of these two
cathepsins were observed between the rheumatoid arthritis patients with and without autoantibodies,
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suggesting specific roles of cathepsins S and L in disease development and progression in seropositive
patients [150].

Cysteine cathepsin-mediated ECM remodeling is also important in the cardiovascular system,
where cathepsins K, S, and V can cleave elastin, with cathepsin V displaying the highest elastolytic
activity [84]. This is a result of two unique exosites present in its structure, which stabilizes the
elastin-cathepsin V complex [92]. Since elastin is responsible for tissue stability against stretching
forces, its fragmentation decreases the elasticity of the blood vessels and can lead to their rupture [152].
Excessive elastin degradation was observed in cardiovascular diseases, atherosclerosis and abdominal
aortic aneurism, kidney diseases, and during aging [15,84], as upon reaching adulthood, elastin is not
synthesized de novo anymore, and consequently its degradation is irreversible [153]. Besides cathepsin
S, cathepsin K and V also exhibit elastinolytic activity important in cardiovascular pathology, and their
ablation in mice showed decreased signs of atherosclerotic pathology [154-156]. Elastin degradation
by cysteine cathepsins occurs mainly extracellularly, with only one-third of elastin being degraded
intracellularly [41]. However, not all functions of extracellular cysteine cathepsins in the cardiovascular
system are harmful. A recent study has shown that cathepsin K has a pivotal role in cardiac remodeling
following myocardial infarction, since sufficient collagen degradation is needed to reduce cardiac
fibrosis [93]. However, processing of membrane-bound chemokine fractalkine (CX3CL1 or (C-X3-C
motif) ligand 1) by cathepsin S homes additional inflammatory cells to the site of atherogenesis, thereby
sustaining the inflammation and progressing the pathology [157]. The ECM degradation capability of
cathepsin B is also considered to be a marker of the disease, whereas cathepsin X has a role in homing
the inflammatory cells, especially T-cells, to the atheroma site [158].

Cysteine cathepsins B and L have an important role in neural tissue remodeling, especially
in axon growth, but exact mechanisms remain mostly unknown [159,160]. Nevertheless, both can
cleave perlecan, and this cleavage generates a C-terminal fragment with neuroprotective roles [161].
Another role of cathepsin B is the degradation of chondroitin sulfate proteoglycans (CSPGs) [160],
which have inhibitory effects on axon growth and regeneration transmitted by receptor protein
tyrosine phosphatase o (RPTKo) [162]. A recent study found that regulation of cathepsin B expression
and secretion by intracellular sigma peptide (ISP)-modified RPTKo signaling can possibly lead to
axon overgrowth in a CSPG-rich environment [160]. Another study also identified cathepsin B
as a myokine that is systemically secreted during running and can cross the blood-brain barrier.
This running-induced, systemically secreted cathepsin B induced neurogenesis, improved spatial
memory, and also influenced plasticity, cell survival, differentiation, and neuronal migration [163].
In addition, in vitro experiments have also identified extracellular cathepsin L as a potential stimulus
of axonal growth [159].

Cysteine cathepsins also participate in lung pathologies [164]. In silicosis, cysteine cathepsins B,
H, K, L, and S were found in large excess compared to their inhibitors in the patient's bronchoalveolar
lavage fluid (BALF) and are likely involved in the breakdown and remodeling of the ECM [165].
Recently, cathepsin K overexpression and release was also found in lymphangioleiomyomatosis
(LAM), a rare nodule-forming disease. Interestingly, cathepsin K was overexpressed and released
from fibroblasts associated with LAM cells similar to tumor cell-stroma interaction and could be the
driving factor behind matrix degradation and cytokine processing [166]. In the lung, cysteine cathepsin
activity is involved in tuberculosis where cathepsin K is one of the collagenolytic proteases that
degrade the ECM and cause the formation of lung cavities [105,167]. On the other hand, cathepsin K
overexpression and extracellular activity warranted protection against bleomycin-induced pulmonary
fibrosis. Additionally, cathepsin K knock-out mice deposited more extracellular matrix and had
decreased collagenolytic activity, which points to an important role of cathepsin K in lung collagenolytic
activity [168,169]. The same model also provided evidence for cathepsin B overexpression and presence
in BALF [170]. Furthermore, cathepsin S was shown to cleave decorin and produce a fragment, which
can be robustly detected in the serum of fibrosis and cancer patients [94]. Finally, pharmacological
inhibition of cathepsin S was shown to substantially reduce a cystic fibrosis-like disease in a mouse
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model, possibly via a link to protease-activated receptor 2 (PAR2) [171], which was previously reported
to be a cathepsin S substrate [172].

More examples of cathepsin-mediated tissue remodeling are scattered throughout tissue types.
In the case of pre-adipocyte cells, cleavage of fibronectin by cathepsin S was suggested as a possible
mechanism for their differentiation [173]. Recent in silico and in vitro studies reported that cathepsins
K, L, and S could cleave fibrinogen and fibrin, resulting in fragments that differ from the ones produced
by plasmin, which opened the door to further investigate their roles in vascular homeostasis, especially
in coagulation-associated diseases [174,175]. Moreover, cathepsin K was recently demonstrated to
have an essential role in skeletal muscle remodeling, dysfunction, and fibrosis following injury [176].
The roles of cysteine cathepsins in tissue remodeling are diverse and can be both detrimental and
beneficial; therefore, cysteine cathepsins are emerging as possible targets in therapeutic strategies.

4.3. Cysteine Cathepsins in Inflammation

Cysteine cathepsin secretion often accompanies different inflammation-driven pathologies
where they are released from recruited immune cells or aberrantly expressed or processed in
the inflamed tissue. Because of this general mechanism, there are numerous organ systems
or tissues where cathepsins can be detected extracellularly during inflammation, and their
extracellular localization has been implicated in different aspects of the immune cell physiology [10].
Extracellular cathepsins, in particular cathepsins L, S, and K, were shown to process and activate
the glutamate-leucin-arginin motif (ELR) and inactivate the non-ELR CXC (N-terminal Cys-X-Cys
motif) chemokines, thereby regulating chemotaxis and angiogenesis [16]. In the case of cathepsin S,
its extracellular localization can influence macrophage and monocyte migration through the basal
membrane [154]. The arginin-glycin-aspartate (RGD) motif in procathepsin X is responsible for
its binding to integrin o, 3, thus modulating the binding of cells to the ECM components [177].
In intestinal goblet cells, cathepsin K is highly expressed and released and provides an antimicrobial
effect. As a result, cathepsin K-deficient mice exhibit more severe colitis and have an altered microbial
community [178]. During inflammation, a crosstalk is established with the coagulation cascade where
fibrin, which can be cleaved by cathepsins K, L, and S in vitro, plays an important role [179].

Moreover, it seems there is also a connection between the nervous and immune systems, where
cathepsins were suggested to play a role [180]. At this neuroimmune interface, cathepsin S has been
shown to cleave PAR? in a different pattern as previously described for serine proteases, inducing
hyperalgesia [96]. Additionally, cathepsin S cleavage of CX3CL1 from neurons results in microglial
stimulation, which is critical in chronic pain maintenance [181]. Furthermore, microglia cells were
shown to secrete cathepsin B, S, and X, which are considered important in inflammation-induced
neurodegeneration [182].

Cysteine cathepsins also play a role in both acute and chronic phases of kidney disease, albeit there
are currently more known intracellular functions compared to extracellular ones [183]. Nevertheless,
cathepsin L-mediated heparanase activation was shown to play a role in the pathogenesis of diabetic
nephropathy, causing proteinuria and renal damage [97]. Finally, cathepsin S elastolytic activity
was also implicated in the occurrence of calcifications during the pathogenesis of chronic kidney
disease [184].

5. Extracellular Cathepsins and Their Translation into Clinical Applications

Elevated activity of cysteine cathepsins in the extracellular space is now widely recognized as an
important hallmark of developing or ongoing disease. Therefore, cathepsins are getting increasing
attention in the development of novel therapeutic and diagnostic tools (Figure 3). In particular,
therapeutic inhibition of cathepsins was the driving force in the field since the discovery that cathepsin
K has a crucial role in bone resorption and thus in osteoporosis [37,104,185,186], and that cathepsin S
is the key enzyme in the MHC II-mediated immune response [29,31]. A number of small-molecule
inhibitors of cathepsins were developed, and despite several inhibitors of cathepsin K and S showing
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good initial results for treatment of osteoporosis, aortic aneurysm, arthritis, and neuropathic pain,
none has entered clinical use so far, and very few are in clinical trials at the moment [10,84]. There are
several reasons for this, with perhaps the best-known being the on-target toxicity revealed in the case
of cathepsin K inhibitors, which became evident after long-term treatment. This was demonstrated in
the case of Odanacatib (Merck), a non-basic nitrile, which was very successful in preclinical stages and
even successfully concluded phase III clinical trials, but prolonged investigations of the stroke-related
side effects lead to its discontinuation [84,187,188]. However, the problem was already at least
partially raised with Balicatib (Novartis), the first cathepsin K inhibitors that entered clinical trials
for osteoporosis treatment and was discontinued after Phase II [188]. In order to overcome the
problem, research went in the direction of exosite inhibitors of cathepsin K that would only block
collagen degradation, whereas cytokine processing, such as that of TGF-[3, which is active site-driven,
would be unchanged. A good progress in this area was demonstrated with tanshinones, a group of
so-called ectosteric inhibitors targeting the cathepsin K exosite originating from plants, which already
showed good results in preclinical in vivo studies [189,190]. Currently, a lot of hope is also in the
new inhibitors of cathepsin S for neuropathic pain treatment, but the outcome of the clinical studies
remains to be seen [10]. Another strategy is the use of inhibitory antibodies, which demonstrated good
potential for cathepsin S inhibition, resulting in reduced tumor growth and improved chemotherapeutic
efficiency [191,192], and further developments are expected to be seen in this area as well.

However, the high extracellular cathepsin levels secreted from the immune cells in various
inflammation-associated diseases including many cancers opened the door for in vivo diagnostic
applications. Different activity-based probes (ABPs) with fluorescent tags or internally quenched
substrates that start to emit the reporter signals after cathepsin cleavage were used to detect
pathologic cathepsin activity [193]. There are several examples where probes were used to detect
inflammation [194], visualization of cancer cells [195], and lung fibrosis [196]. Good results were
also achieved with fluorogenic substrates in preclinical imaging of cathepsins, especially with the
application of the reverse-design principle where medicinal chemistry-optimized small molecule
inhibitors were converted to fluorescent activatable substrates [197]. A cathepsin S-selective lipidated
fluorescent substrate based on this principle was successfully used for in vivo imaging of mammary
gland mouse tumors [198]. Another set of tools that can be used for labeling cathepsins are designed
ankyrin repeat proteins (DARPins). A cathepsin B-selective DARPin with high affinity was successfully
used for in vivo imaging in two mouse models of mammary gland cancer [199]. While selective tools
perform well at the preclinical level, pan-cathepsin probes were much more successful in image-guided
surgery applications to visualize the tumor tissue and thus increase the chances of its complete
removal [200], leading to the first compounds being evaluated in clinical trials [10].

Concepts for targeted drug delivery can also largely benefit from the elevated activity of cysteine
cathepsins in disease. First, cathepsins can be used as drug activators. Accordingly, several drugs
are synthesized as prodrugs or antibody-drug-conjugates (ADCs) and become active only after
cathepsin cleavage. This concept has been successfully used in oncology with a good example
being ADCETRIS®, which is already clinically approved [10], while several other prodrugs are at
different stages of development [201,202]. Second, targeting extracellular or membrane-associated
cathepsins also emerged as a promising drug delivery strategy. The power of this concept was
demonstrated when cancer cell membrane-associated cathepsin B was targeted by liposomes with a
selective cathepsin B inhibitor as a targeting moiety, and the system demonstrated improved selectivity
and targeting efficiency [203]. However, while the majority of research has been focused on how to
exploit the extracellular presence of cysteine cathepsins for medical applications, the extracellular
substrate pool itself represents a major source of potential future therapeutic targets, targeting moieties,
and biomarkers that will likely result in the development of new diagnostic and therapeutic strategies
with major potential for future clinical applications [204].
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Figure 3. Extracellular cathepsins as diagnostic targets, prodrug activators, and targets for targeted
drug delivery. The high levels of cathepsins in the ECM can be utilized in different imaging and
targeting techniques. (A) Fluorescent substrates, substrate-based probes, and activity-based probes
are the most commonly used tools for in vivo and in vitro imaging. (B) Extracellular cathepsins can
be also used for targeted drug delivery and for prodrug activation. (C) Since many cathepsins are
also overexpressed and active in different cancers, they can be targeted directly using their inhibitors,
designed ankyrin repeat proteins (DARPins), or antibodies. These molecules can also be conjugated

and, as such, used for drug delivery and tumor visualization.
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6. Concluding Remarks and Future Perspectives

Recent findings on the roles of cysteine cathepsins in the extracellular space have substantially
improved our understanding of these important proteases and of their normal and pathological
proteolysis in the ECM. While cathepsins are widely recognized as important diagnostic and
therapeutic targets largely for the diseases that involve ECM remodeling, their multifunctional roles
pose a problem in the design of successful tools for their therapeutic targeting as demonstrated by
the systematic failure of a number of cathepsin inhibitors in clinical trials. Therefore, we believe
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that in the future, the clinical paradigm on cysteine cathepsins will shift from targets for therapeutic
intervention to diagnostic targets and targets for image-guided surgery, targets for targeted drug
delivery, modifiers of the cancer cell surfaceome, and generators of cancer cell-specific fingerprints
with biomarker potential, thereby leading to the development of new cathepsin-based diagnostic and
therapeutic applications.
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Abstract: Changes in extracellular matrix (ECM) components in the lungs are associated with the
progression of respiratory diseases, such as asthma, chronic obstructive pulmonary disease (COPD),
and acute respiratory distress syndrome (ARDS). Experimental and clinical studies have revealed
that structural changes in ECM components occur under chronic inflammatory conditions, and these
changes are associated with impaired lung function. In bronchial asthma, elastic and collagen fiber
remodeling, mostly in the airway walls, is associated with an increase in mucus secretion, leading
to airway hyperreactivity. In COPD, changes in collagen subtypes I and III and elastin, interfere
with the mechanical properties of the lungs, and are believed to play a pivotal role in decreased
lung elasticity, during emphysema progression. In ARDS, interstitial edema is often accompanied
by excessive deposition of fibronectin and collagen subtypes I and III, which can lead to respiratory
failure in the intensive care unit. This review uses experimental models and human studies to describe
how inflammatory conditions and ECM remodeling contribute to the loss of lung function in these
respiratory diseases.

Keywords: extracellular matrix; lung function; asthma; chronic obstructive pulmonary disease; acute
respiratory distress syndrome

1. The Connective Tissue of the Lung

Extracellular matrix (ECM) components are constituents of the connective tissue that play essential
structural roles in maintaining organ functionality. The composition of the connective tissue is
determined by a hierarchical molecular organization; under inflammatory conditions, this organization
depends on the balance between the injury and remodeling of these components, which can lead to
chemical and structural changes and reduced tissue functionality [1].

In lung tissues, the main components of the ECM are elastic and collagen fibers, proteoglycans,
glycoproteins, and metalloproteinases (MMPs), and their tissue inhibitors (TIMPs). Among these
components, collagen is the most abundant [1-4], and the number of collagen fibers is, thus, the primary
determinant for the mechanical properties of the lungs [1].

There are more than twenty different subtypes of collagen molecules, and in the lung parenchyma,
subtypes I and III mostly constitute the structural framework of the alveolar walls, whereas subtype IV
is present in the basement membranes [5]. The fibers of collagen subtype I are stiffer than those of
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collagen subtype III (as indicated by a comparative histology [6]), and the subtype I/Ill ratio determines
the resistance of these fibers to breakdown under mechanical forces during stretching [1].

Elastic fibers are considered the main component responsible for the elastic recoil properties
of the lungs, and these fibers are composed of at least two morphologically distinguishable
components—elastin and microfibrils [7,8]. Elastic fibers are mechanically connected to collagen [9] by
microfibrils or proteoglycans [10,11], with elastin acting predominantly in pulmonary elasticity, in the
presence of normal breathing lung volumes [12], while collagen acts progressively in the presence of
volumes that approach the total lung capacity [13].

Microfibrils are composed of fibrillins, microfibril-associated glycoproteins, and transforming
growth factor-beta (TGF-f) binding proteins, among which fibrillins are the major components,
providing a scaffold for elastin polymer aggregation [7].

Proteoglycans are composed of a protein core and side chains of glycosaminoglycans [2], which
are a family of linear polysaccharides that constitute the ECM and basement membrane [14,15].
Glycosaminoglycans play a pivotal role in the maintenance of the collagen fiber assembly, as well as
water balance, cell adhesion and migration [5].

The major cells responsible for the ECM production and normal ECM turnover are fibroblasts [16-19].
Different molecules can influence the activity of these cells, such as cytokines, growth factors, and
components of the ECM itself. Among the relevant cytokines, TGEF-f3 plays a pivotal role in inducing the
production of the ECM components by fibroblasts [16].

Additionally, ECM components usually interact with epithelial cells, serving as ligands to transmit
signals to regulate adhesion, migration, proliferation, apoptosis, survival, or differentiation. In addition,
they can release growth factors and other signaling molecules that regulate cells behavior [20].

Under pathological conditions, ECM turnover is altered [18,21,22], leading to an altered architecture
and consequent failure of the mechanical properties of this tissue (Figure 1) [16]. Considering the
importance of the altered composition of the ECM components, under chronic inflammatory conditions
for lung function impairment due to respiratory diseases, in this review, we summarized how
structural changes in some ECM components can impact the worsening of lung function in three
lung diseases—asthma, chronic obstructive pulmonary disease (COPD), and acute respiratory distress
syndrome (ARDS).

Asthma airway remodeling COPD ECM remodeling ARDS ECM remodeling

bronchial

; Small airway and
epithelium

alveolar epithelium alveolar

epithelium
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Figure 1. The structural changes of ECM components in respiratory diseases. There is an inflammatory
process associated with different fibers rearrangement. In asthma, structural changes are mainly in the
bronchial epithelium, whereas in ARDS, these are observed near the alveolar epithelium. In COPD,
the ECM remodeling is observed predominantly in small airways and distal areas of parenchyma.
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2. Airway Remodeling in Asthma

A recent study confirmed that asthma rates are increasing in countries outside of the United
States; approximately 300 million people or 4.3% of the world’s population suffer from asthma [23].
The prevalence of asthma increased 2.9% each year from 2001 to 2010 (20.3 million people in the United
States had asthma in 2001, compared with 25.7 million in 2010) [24]. The Global Initiative for Asthma
estimates that there will be an additional 100 million people with asthma, by the year 2025 [25].

Asthma is a common and potentially severe chronic disease that can be controlled but not cured.
It presents symptoms such as, wheezing, shortness of breath, tightness in the chest, and coughing
that vary over time, in terms of their occurrence, frequency, and intensity. Asthma is associated with
variable expiratory airflow, due to bronchoconstriction, thickening of the airway wall, and mucus.
Symptoms can be triggered or worsened by factors such as viral infections, allergens, smoking, exercise,
and stress [25].

Inhaled allergens come into contact with the respiratory mucosa and are captured by dendritic
cells present in the bronchial epithelium. These cells recognize and process the antigen and present it
to T helper (Th) lymphocytes [26]. These cells release mediators and recruit other inflammatory cells
into the lung. After these events, the transformation of CD4+ T cells into different profiles occurs.
Interleukins (IL)-4, IL-5, and IL-13, induce the proliferation of Th2 cells, interferon-gamma (IFN-y),
and IL-2 induce the proliferation of Th1 cells, and transforming growth factor-beta (TGF-f3), and IL-6
induce the proliferation of Th17 cells [27,28].

The inflammatory process in asthma, results in chronic inflammation of the airway walls and lung
tissue, eventually triggering bronchoconstriction and structural changes, called airway remodeling [29].
However, several lines of evidence have shown the role of mechanical forces that occur during
bronchoconstriction in inflammation-independent airway remodeling [30-34]. Grainge et al. suggest
that repeated bronchoconstriction in asthma induces epithelial stress and initiates a tissue response
that leads to structural airway changes [35].

In addition, a few studies have addressed the initial occurrence of airway wall remodeling in young
to very young children. Pohunek et al. showed evidence for ECM remodeling very early in childhood.
In a bronchial biopsy study of 27 children, aged 1.2 to 11.7 years, with chronic respiratory symptoms,
the thickness of the subepithelial lamina reticularis was observed to be greater in children with bronchial
asthma diagnosed at follow-up, compared with children who did not progress to asthma. This suggests
that remodeling might be present even before asthma becomes symptomatic [36]. Corroborating this
study, a biopsy study in pre-school children with severe wheezing, reported a number of characteristics
of airway remodeling, such as increased basement membrane thickness, increase in airway smooth
muscle (ASM), vascularity, and mucus gland area, without any relationship with the inflammatory cell
count [37]. These continuous tissue adaptations trigger changes in lung structure, geometry, and tissue
properties [38], and they are considered the main causes of the symptoms associated with a decreased
lung function [39]. Hill et al. showed in a theoretical model that the inflammatory conditions lead to
mechanical stresses, leading to the release of contractile agonists, exacerbating the fiber remodeling in
ASM [20]. This process explains why some asthmatic patients present partial and irreversible loss of
respiratory function, over time, especially severe asthmatic patients who experience an accelerated
decline in pulmonary function, with the disease progression [40]. The changes that occur during
airway remodeling consists of subepithelial reticular basement membrane (RBM) thickening, increased
ASM thickness, angiogenesis, and goblet cell hyperplasia associated with irreversible loss of lung
function [41]. Airway remodeling and subepithelial fibrosis are not inhibited in severe asthma, despite
corticosteroid treatment and might lead to worsening of symptoms as the disease progresses [42,43].

The hyperresponsiveness of airways leads to exaggerated airway narrowing which is result of
the ASM contraction. Thus, it is important to understand the changes that occur in the ECM that
surround the airways, as well as the interactions between the ECM and the ASM [44,45]. Khan et al.
demonstrated a significant loss of tethering (interaction of ASM to its surrounding parenchyma) forces
in mouse lung microsections incubated overnight with proteolytic enzymes, through two different
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in vitro experiments [46,47]. In the first study, the authors exposed slices from control animals to
porcine pancreatic elastase (PPE) and evaluated the cholinergic responses, in order to verify the
hyperresponsiveness, by treating with acetylcholine. The elastase exposure resulted in increased
magnitudes and velocities of airway narrowing, impaired relaxation, and increased rupture of the
airways, from the surrounding parenchyma [46]. In the second study, the authors treated mouse lung
slices with PPE, collagenase, or both, and assessed the hyperresponsiveness, by adding acetylcholine.
The treatment with PPE or collagenase increased the lumen narrowing induced by acetylcholine even
more. When treated with both proteases together, there was an increase in the velocity of contraction,
as well as a decrease in the velocity of relaxation, resulting in a retraction of the airway and a reduction
in the tethering forces [47].

2.1. Clinical Studies

In asthmatic patients, smooth muscle mass is increased, due to a coordinated increase in
hyperplasia, hypertrophy, and ASM cells. Smooth muscle cells actively participate in inflammatory
and remodeling processes, through the release of pro-inflammatory cytokines, chemokines, and ECM
proteins; therefore, these cells might contribute to the pathogenesis of asthma [48].

The migration of smooth muscle cells is a recently described feature of airway remodeling. Joubert
et al. showed that chemokines have the ability to induce human ASM cell migration and to increase
their contractility, revealing another process that could significantly contribute to the overall airflow
obstruction in these patients [49]. James et al. showed that human lung smooth muscle in the airways
of patients with asthma, must shorten by only 40% of its resting length, in order to completely occlude
the airway lumen. These results are consistent with observations made during bronchial challenge [50].
While in normal subjects, the decrease in forced expiratory volume in one second (FEV;) reaches
a plateau, in patients with asthma, the FEV; continues to decrease without reaching a plateau [51].
Smooth muscle mass has been correlated with asthma severity [52].

Yick et al. evaluated the spirometry and methacholine responsiveness associated with positive
staining of elastin, collagen I, III, and IV, decorin, versican, fibronectin, laminin, and tenascin, in ASM
performed in atopic mild asthma and healthy subjects. In this study, ECM in ASM was related to the
dynamics of airway function in the absence of differences in ECM expression between asthma and the
controls. This indicates that the ASM layer in its full composition, is a major structural component,
in determining variable airways obstruction in asthma [45]. In addition, Slats et al. showed that
hyperresponsiveness is associated with the level of expression of x-smooth muscle-actin, desmin,
and elastin, within the bronchial wall, but not with myosin, calponin, vimentin, type III collagen,
or fibronectin. This suggests that expression of each of the contractile and structural smooth muscle
proteins, as well as components of the ECM, distinctly influences the dynamic airway function [44].

Airway mucus contains approximately 2% mucins, but some exogenous factors (antigen contact)
and endogenous mediators, produced by inflammatory and structural cells, can contribute to
submucosal and goblet cell hyperplasia, airway mucus hypersecretion, and upregulation of the
MUC protein expression, to varying degrees. However, submucosal gland hyperplasia and goblet
cell hyperplasia are observed in the airways of asthmatic patients and are a feature that is particularly
evident in fatal asthma [53].

Asthmatic lung biopsies have shown that airway fibroblasts are morphologically distinct from lung
parenchymal fibroblasts. Distal lung tissue fibroblasts are broader with more cytoplasmic projections,
and airway fibroblasts synthesize more procollagen type I, after TGF-f3 stimulation [54]. These structural
differences might explain, at least partially, why a variety of repair responses are observed in the proximal
and distal airways, in response to a damaging stimulus in the lung parenchyma of asthmatic patients.

Produced in response to the cytokine TGF-f3, collagen is a potential marker of remodeling in
asthma [55]. It has been documented that in moderate (FEV; 60-80% predicted) and severe asthma
(FEV; < 60% predicted), there is an increase in the deposition of fibroblasts, collagen I, and collagen III,
in bronchial biopsies [42,52]. In addition to its involvement in the inflammatory process, TGF-§ is also
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involved in the changes observed in the ECM, stimulating the production of fibroblasts, collagens type
I and III, fibronectin, and proteoglycans [56].

Lung ECM remodeling in asthma is determined by the rate of ongoing deposition and degradation
of proteins, including collagens I, III, and V, fibronectin, tenascin, lumican, and biglycan. These
components are likely secreted due to the activation of fibroblasts and myofibroblasts, mainly because
of the TGE-f signaling [57,58]. Collagen fibers are the most abundant elements of the ECM in the lung,
constituting approximately 70% of the lung tissue, and changing the structure, quantity, or geometry
of their distribution can trigger changes in lung functioning [58-60].

Considered important in the remodeling process, proteoglycans (decorin, biglycan, and lumican)
play roles in the interaction of fibrils and collagen fibrogenesis in the tissue, with other components of
the ECM [61]. The increase in decorin expression in patients with severe asthma, could be a protective
mechanism for modulating pulmonary remodeling. Conversely, an increased amount of decorin could
regulate and stabilize collagen spacing and create a more rigid collagen matrix, which might affect the
overall elasticity of the lung tissue [62].

Proteoglycans are formed by the linkage of glycosaminoglycans, such as heparin and heparan
sulphate, which play important roles in allergic and inflammatory processes, such as asthma.
This molecule binds to chemokines, interleukins, growth factor, and other proteins [14,63], and promotes
the recruitment of leukocytes, playing a critical role in airway hyperresponsiveness and inflammation [64].
In asthma, heparin can regulate bronchial hyperresponsiveness, influence the inflammatory process,
by inhibiting the recruitment of inflammatory cells, and attenuate tissue damage by binding and
neutralizing chemokines and cytokines that are released from inflammatory cells [14,65].

In fatal asthma, which is characterized as clinically severe asthma, fibronectin levels, and elastic
fibers are increased in the smooth muscle of the airway wall [66]. Other abnormalities in airway matrix
structure in asthma, include a specific increase in the lumican and biglycan isoforms, which is also
associated with tissue injury and worsening of the lung function (FEV; < 80% predicted) [67]. MMPs
play an important role during the remodeling process, by degrading the components of the ECM
(especially MMP-9 and MMP-12). The inhibition of the activated MMPs might be rapidly conducted
by TIMPs that are produced by most mesenchymal cells [68]. Righetti et al. and Pigati et al. showed
that in a model of chronic allergic inflammation, increases in MMP-9 and TIMP-1 were associated
with increases in the volume fraction of actin, collagen, and elastic fibers in the airway and the distal
parenchyma, revealing the importance of the parenchyma, during the remodeling process [60,69].

Although the remodeling process is potentially harmful to lung function, this response is thought
to be an attempt to protect against aggressive pulmonary inflammation. Previous evidence has shown
that without tissue remodeling, the patient can experience worsening of symptoms and a faster decline
in lung function [70].

As the main inhaled medication used in asthma, several studies have reported the effects of
glucocorticoids on airway remodeling, including the reduction of RBM thickness [71,72], improvements
in the number of ciliated epithelial cells [73], and decreases in both vessel numbers and percent
vascularity in the submucosa [72,74]. However, it is important to note that although some patients
under corticosteroids treatment show improvement in symptoms and inflammatory cell numbers,
within the sputum of the airways, the improvement in airway hyperresponsiveness to nonspecific
stimuli, occurs only after much longer periods of treatment [71,75]. Elliot et al. showed in post-mortem
airway sections from asthmatic patients that, some structural changes that lead the hyperresponsiveness
might be partly independent of inflammation and, therefore, are not reversible by anti-inflammatory
treatment [76].

Alternatively, bronchial thermoplasty is a novel non-drug therapy that targets airway
remodeling [77]. Evidence has shown that this technique reduces the ASM area and that this
response is correlated with improvements in asthma control and quality of life, and decreases severe
exacerbations and hospitalizations [78,79].
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2.2. Experimental Models

Experimental allergic asthma in mice is a reliable and clinically relevant model of human disease,
because clinical studies of asthma are not able to clarify all aspects of disease pathophysiology [80].
Several experimental protocols and animal species have been used in experimental models of asthma,
such as cats, dogs, rats, guinea pigs, pigs, equines, and primates [81,82]. However, the most common
species studied in the recent decades have been guinea pigs and mice (particularly BALB/c mice) [83].
The experimental protocols for inducing asthma include two phases—(i) sensitization is achieved by
the intraperitoneal or subcutaneous route in mice and by inhalation in guinea pigs (associated with
intranasal instillation of antigen), which has been increasingly used because human asthma is induced
by inhalation of antigen; and (ii) antigen challenges are performed through intratracheal and intranasal
instillation and aerosol inhalation [84]. The classic antigens used in experimental models of asthma are
ovalbumin (OVA) and house dust mites [57,58,81].

Several studies using these experimental models of asthma have shown functional alterations
in the resistance and elasticity of the respiratory system associated with inflammatory eosinophilic
infiltrates; expression of Th2 and Th17 cytokines, MMP-9-, MMP-12-, TIMP-1-, and TGF-p-positive
cells; increased deposition of actin, collagen, and elastic fibers, and increased mucus production in the
airways and lung tissues [57,59,60,69,85].

Airway resistance is resistance to the in- and outflow of air, exerted by the airway walls and lung
elasticity. Also known as elastic resistance, the reciprocal of lung compliance is the pressure change required
to elicit a unit of volume change; both parameters represent lung function [86]. Hyperresponsiveness is a
feature of asthmatic rats that indicates functional changes in airway resistance and lung elasticity [87].
Measures of airway resistance and lung elasticity are commonly used in experiments, to evaluate
hyperresponsiveness in respiratory disease models, including asthma models [85,88,89].

In a guinea pig asthma model sensitized with OVA, Possa et al. showed positive correlations between
the volume fractions of actin, collagen, and elastic fibers, and airway resistance and elastance [48]. A decrease
in the actin deposition in the airways, reduces the resistance and elastance of the respiratory system, as a
result of antigen sensitization. Corroborating this study, Vasconcelos et al. demonstrated in guinea pigs with
chronic allergic inflammation that the concomitant reduction of airway hyperresponsiveness and smooth
muscle mass are correlated, suggesting that such structural changes could explain the functional change in
smooth muscle contractile responsiveness [90]. Additionally, Righetti et al., in the same experimental model,
showed that increased actin, collagen, and elastic fibers in the lung tissue are associated with functional
alterations in the alveolar lung tissue mechanics [60]. Therefore, airway remodeling in experimental models
resembles the pathophysiological features of human asthma [76].

Other components of the ECM appear to participate in airway remodeling in human and
experimental models. In a mouse model of asthma exacerbated with lipopolysaccharide (LPS),
Camargo et al. showed an increased number of cells positive for MMP-9, MMP-12, TIMP-1, and TGF-§3,
as well as an increased volume fraction of collagen fibers I and III, decorin, actin, biglycan, lumican,
and fibronectin in the lung tissue [57]. These animals were also treated with an anti-IL-17 antibody
and showed a decreased pulmonary inflammation, edema, and airway remodeling, compared to the
non-treated animals [57]. In a murine asthma model, Dos Santos et al. showed that the presence of the
IL-17 and Rho-kinase (ROCK) proteins, enhances the percentage of maximal increase in the respiratory
system resistance and elastance, after being challenged with methacholine. Additionally, there were
increases in the number of cells positive for ROCK1, ROCK2, TGF-f3, MMP-9, MMP-12, and TIMP-1,
and the percentages of isoprostane, biglycan, decorin, fibronectin, and collagen fibers, in the asthma
group. However, all these changes were attenuated after treatment with an anti-IL-17 antibody or a
ROCK inhibitor, and the combination of these treatments potentiated this protective effect [58].
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Some of the mediators mentioned above also elicit early mucus hypersecretion [91].
Pardo-Saganta et al. showed increases in the expression of mucous cell-specific genes and the number of
ciliated cells in the murine pseudostratified airway epithelium, after the OVA challenge [92]. Asthmatic
patients showed higher levels of MUC5AC in the airways and more total mucus, with consequences for
pulmonary function [93,94].

These associations in humans were supported in the OVA-sensitized guinea pigs, which exhibited
increases in lung tissue resistance and elastance, eosinophilic infiltration in the airways and parenchyma,
a significant increase in collagen density, and a concurrent parenchymal contractile response [95].
Almeida-Reis et al. showed in an experimental model of asthma that chronic allergic lung inflammation
reduces mucociliary clearance, due to alterations in the rheological properties of mucus, increasing
acidity, wettability, and adhesiveness of the mucus [85]. The functional consequences of these
abnormalities, mostly result in increased airway wall thickness, sputum production, and airway
narrowing, due to sputum secretion [25].

Experimental models have been developed to better understand these mechanisms, to evaluate
both the safety and efficacy of therapies, before clinical trials, and to mimic the pathophysiology of
human disease [96]. Table 1 summarizes lung function results and markers of airway remodeling from
clinical and experimental studies of asthma.

Table 1. Lung function changes and markers of airway remodeling in asthma.

Clinical Studies Experimental Studies *
Lung Function
Moderate to severe stages of asthma 7T in lung tissue resistance and
(FEV1 < 80%) [42,52,66,67] elastance [48,58-60,69,88,89]
Remodeling Markers
Fibroblast 1 in airways (severe stage) [52] —
Collagen fibers — 7 in airways [48,58,59,69,88]
1 in lung parenchyma [58-60,69,88,89]
Collagen subtype I 1 in airways (moderate and severe stages) [42] 7 in lung parenchyma [57]
Collagen subtype III 1T in airways (severe stage) [52] 7 in lung parenchyma [57]
1 in airways (moderate and severe stages) [42]
Elastic fibers 7 in large ASM in fatal asthma 7 in airways [48,59,69]
(severe stage) [66] 1T in lung parenchyma [59,60]
Decorin — 1 in airways [58]
1 in lung parenchyma [57,58]
Lumican 1 in subepithelial layer (severe stage) [67] 7T in lung parenchyma [57]
T in ASM (moderate stage) [67]
Actin — 1T in airways [69]
7 in lung parenchyma [57,60,69]
Biglycan T in ASM (moderate stage) [67] 1 in airways [58]
1T in lung parenchyma [57,58]
Fibronectin 7 in large ASM in fatal asthma 1 in airways [58]
(severe stage) [66] 1 in lung parenchyma [57,58]

FEV;: Forced expiratory volume in 1 s; ASM: Airway smooth muscle. * OVA-induced asthma model.

3. Extracellular Matrix Remodeling in COPD

COPD is a common, preventable, and treatable disease, characterized by persistent respiratory
symptoms and airflow limitations, caused by a mixture of small airway disease (e.g., obstructive
bronchiolitis) and parenchymal destruction (emphysema), mainly induced by smoke exposure [97].
These changes do not always occur together, and there are some variations in the degree of airway
disease and emphysema in COPD patients, which might explain the heterogeneity of the response to
treatment [98]. Although long-acting bronchodilators have been used in the management of COPD,
these drugs are not efficient to control the inflammatory process, as well as the structural changes [99].
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Persistence of the inflammatory process leads to structural changes, such as parenchymal tissue
destruction (resulting in emphysema) and disruption of normal repair and defense mechanisms
(resulting in small airway fibrosis), culminating in a decrease in lung elastic recoil, gas trapping,
and progressive airflow limitation [97].

Thelevel of obstruction in COPD patients is determined by spirometry, in which a post-bronchodilator
value of FEV/forced vital capacity (FVC) < 0.70 confirms the presence of persistent airflow limitation.
Table 2 shows the severity of lung function impairment in COPD patients, based on post-bronchodilator
FEV] [97].

Table 2. Classification of airflow limitation severity in chronic obstructive pulmonary disease (COPD).

In Patients with FEV1/FVC < 0.70:

GOLD 1 Mild FEV; > 80% predicted
GOLD2  Moderate  50% < FEV; < 80% predicted
GOLD 3 Severe 30% < FEV; < 50% predicted
GOLD4  Very Severe FEV; < 30% predicted

GOLD: Global Initiative for Chronic Obstructive Lung Disease; FEV;: Forced expiratory volume in 1's; FVC: Forced
vital capacity.

The chronic inflammatory response in COPD patients is associated with increased numbers of
inflammatory cells, such as macrophages, neutrophils, and CD4+ and CD8+ T lymphocytes [100], and
fibroblasts in the airways, which play a pivotal role in the upregulation of proteases, such as MMPs,
resulting in the destruction and remodeling of ECM components, in the small airways [101] and in
the parenchyma [102]. The role of collagenases, such as MMP-1, MMP-8, and MMP-13, in ECM fiber
destruction in COPD patients, has been described [103,104], and MMP-12 has been the most commonly
described collagenase in experimental models [105-107]. In response to fiber destruction by MMPs,
there is a structural reorganization of parenchymal fibers, constituting a dynamic process of repair and
remodeling [108]. It is believed that changes in major lung ECM components, such as collagen subtypes
Tand III, and elastin, are involved in the loss of elasticity, during emphysema progression [1,109-111].

Although emphysema is defined by the destruction of distal air spaces, with or without fibrosis [97],
the majority of clinical studies have described an increase in the amount of ECM fiber deposition in
the airways and the lung parenchyma [112-115]. However, it is important to emphasize that these
evaluations were usually performed in patients who were in advanced stages of the disease and in
experimental models, after a few days of disease induction [104,116-118].

3.1. Clinical Studies

In COPD patients, the majority of studies have shown that structural changes in the airway
walls are associated with disease progression. The ECM composition and the amount of different
constituents are altered in these patients [22,119,120]. Kranenburg et al. showed that these changes
occurred mainly in the surface epithelial basement membrane and were characterized by increased
deposition of collagen subtypes I, III, and IV, associated with high levels of collagen subtypes I and III,
in both the bronchial lamina propria and adventitia, as well as enhanced expression of fibronectin in
the vascular intima [22]. Additionally, in this study, a significant, direct correlation was demonstrated
between the severity of COPD (moderate and severe stages) and an enhanced expression of these
different ECM components.

Several observations about COPD patients have pointed out the importance of examining the
airway smooth muscle and its interaction with the surrounding parenchyma (tethering), since the loss of
elastic tissue observed in the ECM of COPD patients [121,122] can reduce tethering forces around the
airway, resulting in a higher propensity airway narrowing [123,124]. Chen et al. demonstrated in vitro
that ASM cells from COPD patients stimulated with cigarette smoke (CS) extract, have higher deposition
of collagen type VIII alpha I, but no differences on the deposition of collagen V and fibronectin [125].
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Hogg et al. [126] demonstrated that thickening of the airway walls, by the remodeling process,
was strongly associated with the progression of obstruction. In addition, the authors showed that the
accumulation of inflammatory cells (polymorpho-nuclear leukocytes, macrophages, CD4+ and CD8+
T lymphocytes and B cells) in the lumen of the airways, leads to a malfunction of the mucociliary
clearance apparatus [108,126].

It is worth noting that there is no consensus on the number of ECM components in the airways
and parenchyma in COPD patients. In moderate COPD patients, Annoni et al. showed a decrease in
elastic fibers, collagen subtype I, and versican, in small and large airways, associated with a higher
fibronectin fractional area [5]. Additionally, these authors suggested that a decrease in elastic fibers,
leads to a loss of airway parenchyma, resulting in airway collapse and gas trapping [5]. Such findings
are consistent with those of previous studies, in which the authors showed a decrease in elastic fibers,
in both the small airways and the alveolar septa, in lung samples from COPD patients, who were in
moderate stages, and showed severe lung function impairment [122,127].

In contrast, in lung samples from surgically resected lobes, Vlahovicet al. previously demonstrated
an increase in the volume of the alveolar septum, with a parallel increase in elastic fibers in the COPD
patients, with mild to moderate emphysema. Additionally, they observed increased numbers of
interstitial fibroblasts and macrophages [112].

Although there has been divergence among studies regarding the different ECM components, there is
a consensus about the structural changes in these components, which usually involve fragmentation [5,122].
Abraham and Hogg showed that severe disruption and remodeling of the elastic and collagen fibers, in
alveolar airspaces of emphysematous human lung samples and collagen, spreads to alveolar airspaces,
indicating extensive alterations in the collagen fiber structures, in the alveolar region [108].

In vitro studies have addressed some of the potential mechanisms that drive the ECM component
remodeling. In this context, Sun et al. showed an increased immunoreactivity of LL-37, a protein of the
human cathelicidin family, which is involved in the tissue remodeling processes, in the small airway
epithelium of COPD patients, compared to healthy smokers. They showed that the expression of LL-37
in the airway epithelium, was correlated with the airway wall thickness, as well as a deposition of
collagen in the airway walls. Additionally, the authors showed in vitro, that exposure to CS, induced
an increase in LL-37 and augmented the fibroblast collagen production [128].

Milara et al. showed that CS exposure induces chronic lung remodeling in differentiated bronchial
epithelial cells, from smokers and moderate COPD patients. These cells undergo mesenchymal
transition, as a result of the release of TGF-f31, by enhancing oxidative stress, the phosphorylation
of ERK1/2, and SMAD3, and the downregulation of cyclic monophosphate (cAMP) [129]. A similar
response was found in all airway wall compartments of smokers and patients with COPD, but mostly
in actively-smoking COPD subjects [130].

Anti-TGF-f3 treatments can attenuate CS-induced lung injury in COPD. Both, in vitro and in vivo
studies indicate that, inhibition of TGF-f signaling can protect the lungs from altered lung morphology,
impaired lung function, and lung injury [131,132].

Brandsma et al. demonstrated differential effects of fluticasone treatment on different lung
compartments, in severe COPD patients [98]. This inhaled steroid stimulated the production of
decorin by airway fibroblasts, inducing the restoration of decorin around the airways; while in
contrast, in parenchymal fibroblasts, fluticasone inhibited the production of biglycan and procollagen,
indicating inhibition of tissue repair in emphysematous areas. The authors attribute this response
to the phenotypic differences between lung fibroblasts, including ECM production and the response
to TGF-f3 [19,98]. Since not all treatments are able to reverse tissue damage in COPD, some ECM
protein markers have been used in determining disease prognosis. Some findings have demonstrated
that serological markers can reflect the extent of structural changes in COPD patients. Sand et al.
showed that serological biomarkers of collagen subtypes I, III, IV, and VI were associated with an
increased mortality [133]. The increased serum levels of procollagen type I, associated with high
levels of IL-6 and IL-8, in COPD patients, might indicate the airway remodeling condition, as the
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inflammatory process plays an important role in stimulating collagen synthesis [134]. Vignola et al.
demonstrated that increased levels of active elastase and overproduction of TIMP-1, relative to MMP-9,
were associated with the magnitude of lung changes on high-resolution computed tomography [135].
Papakonstantinou et al. showed that hyaluronic acid levels in the serum of COPD patients are
associated with COPD severity and airflow limitation, pointing out this molecule as a potent target to
control airway inflammation and remodeling in COPD [136].

3.2. Experimental Models

Since the majority of studies in COPD patients have been restricted to lung samples obtained from
pulmonary biopsy or resection, experimental models have been used to understand how abnormal
fiber repair, under COPD conditions, could interfere with lung functionality [137].

There are many ways to induce COPD in rodents. The administration of proteases, such as PPE,
and exposure to CS, remain the most commonly used strategies to induce lung structural changes that
resemble those observed in COPD patients [138].

The CS-induced model is considered to best represent human COPD, since CS is the main risk
factor for this disease in humans [139,140]. Several studies have demonstrated parenchymal destruction
and remodeling, worsening lung function, and inflammatory processes, over a long period of time,
after CS exposure [140-143]. In addition to these characteristic features of COPD, Beckett et al. showed
systemic effects on the skeletal muscle and the heart, in a short-term model of COPD [144].

Conversely, the elastase-induced model requires a short time to induce drastic structural changes,
compared to the CS-induced model; for this reason, it is the most commonly used model to study how
changes in the ECM fiber deposition in the parenchyma, interfere with respiratory mechanics [141,145].

It is important to note that both models show an inflammatory process characterized mainly by
increased macrophages [143,146], but neutrophils and the presence of CD4+ and CD8+ T lymphocytes
have also been observed. MMP-12 is the metalloprotease most often described in animal models of
COPD, and along with TGF-f3, it acts by modulating increases in the amounts of elastic and collagen
fibers [143,147]. Structural changes are observed mainly in the lung parenchyma, where increased
alveolar enlargement is observed, reflecting alveolar wall destruction, and the presence of fragmented
elastic and collagen fibers [145].

The use of proteinase inhibitors represents a potential therapeutic treatment for emphysema
in animal models. Lourenco et al. showed that treatment with a serine protease inhibitor from
Rhipicephalus (B.) microplus (rBmTI-A), decreased the MMP-12+ cells, and the collagen fibers in the
lung parenchyma, and reversed the loss of elastic recoil and alveolar enlargement, in an emphysema
model induced by PPE instillation and CS exposure [143,146]. Similarly, the use of other proteinase
inhibitors, also reduced the elastase-induced pulmonary inflammation, remodeling, oxidative stress,
and mechanical alterations [148,149].

There are differences in the ECM fiber remodeling patterns between experimental models.
Although all newly deposited fibers showed a fragmented appearance, there was an increase in
collagen subtype III, with no differences in the collagen subtype I, in the lung parenchyma, and there
were differences between the experimental models, when we analyzed the elastic fiber components.
In addition, in the CS model, we observed increased fibrillin amounts, while in the PPE-induced model,
there was an increase in elastin [145].

Robertoni et al. [150] showed that a reduction in ECM fibers preceded increased deposition of
these fibers in the distal parenchyma in a PPE-induced model, suggesting that in this animal model,
the destruction and repair processes did not occur simultaneously. These authors showed an initial
decrease in the volume proportions of collagen subtype I (on the 3rd day) and subtype III (from the
sixth hour until the third day), after the detection of increased MMP-8 and MMP-13 gene expression.
On the twenty-first day, there was an increase in the volume proportion of collagen subtype III,
and collagen subtype I returned to levels similar to those in the control groups. Additionally, MMP-12
gene expression was increased (from the third hour to the sixth hour) before the decrease in the volume
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proportion of elastin on the third day, with a subsequent increase in the proportion of this fiber on the
twenty-first day. An increase in polymorphonuclear cells was observed beginning, in the first hour,
after the PPE instillation, which remained until the third day [150].

The majority of studies describing the impact of ECM fiber remodeling on lung function impairment
have emphasized the importance of collagen fibers [1,151,152]. Previous findings have demonstrated
that fiber stiffness depends on the relative amounts of subtype I and subtype III collagens, since
subtype I collagen is stiffer than subtype III [1,6]. Such findings might explain why, in animal models
of emphysema, collagen fibers break at tensions that correspond to those recorded with normal
breathing [152]. The stimulation of ECM components, such as collagen subtype I and subtype III,
induced the proliferation, migration, and adhesion of ASM cells in rat models of COPD. The concomitant
increase in TGF-f3 expression in these cells, induces overproduction of multiple ECM proteins, which
might result in ASM cell hyperplasia [153].

The newly synthetized collagen fibers had altered configurations and were likely to be weaker,
compromising the strength of the alveolar walls [152]. To determine how these structural changes
impact the lung function, Kononov et al. used an elastase-induced model, to show that, the mechanical
forces generated during normal breathing were sufficient to promote tissue damage and stress failure in
the remodeled alveolar walls, with increased collagen and elastin [110]. Additionally, Ito et al. showed
that parenchymal fibers failed at lower stress, after remodeling in mice, due to four weeks of PPE
instillation, and the authors attributed these changes to the newly synthesized collagen fibers [152].

Recently, structural changes have been detected, prior to functional changes. In a PPE-induced model,
although structural changes were detected in earlier stages of emphysema development (6 h after PPE
instillation), significant decreases in tissue elastance and tissue resistance were observed only twenty-one
days after elastase instillation [146,150]. In the CS-induced model, exposure required three months to
induce a decrease in tissue elastance and tissue resistance, whereas alveolar enlargement could be detected
after one month, with 30 min of exposure, repeated two times per day, for 5 days per week [142,154].

It is interesting that lung function parameters do not reflect the structural changes in COPD
animal models, mainly due to technical difficulties in performing evaluations in small animals [86,155].
To detect changes in lung function in animal models, it is necessary to show significant changes in
lung structure, which explains why many studies have not shown modifications in lung function but
have conducted morphometric analysis [115,155,156]. Therefore, it is important to understand how
these structural and functional changes occur at different time points, during disease development
in experimental models, to facilitate the choice of the best model, according to the approach and
goals. Table 3 summarizes lung function changes and markers of ECM remodeling in clinical and
experimental studies of COPD.
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Table 3. Lung function changes and markers of extracellular matrix (ECM) remodeling in COPD.

Clinical Studies

Experimental Studies *

Lung Function

Mild to severe stages of COPD [5,22,112,122,128,129]
(FEV1/FVC < 70%, FEV1 > 80%)

| in lung tissue elastance and
resistance [115,143,146,154]

Remodeling Markers
Collagen fibers 7 in SEBM (moderate and severe stages) [10] 1 in lung parenchyma
7 in small airways (moderate and severe stages) [128] [115,143,146,154]
7 in interstitial matrix (mild to moderate stages) [112]

Collagen subtype I 7 in SEBM, lamina propria and bronchial adventitia | in lung parenchyma during COPD

(moderate and severe stages) [22] development [150]

1 in airway (moderate stage) [129]
| in small and large airways (moderate stage) [5]
Collagen subtype Ill 1 in SEBM, lamina propria and bronchial adventitia 7 in lung parenchyma [145,150]

(moderate and severe stages) [22] | in lung parenchyma during COPD

development [150]

Collagen subtype IV 7 in SEBM (moderate and severe stages) [22] —
Elastic fibers | in alveoli and small airways (moderate stage) [122] 7 in lung parenchyma [115,143,146]
| in lung parenchyma and basement
membrane [117]
Elastin 7 in interstitial matrix (mild to moderate stages) [112] 7 in lung parenchyma [145,150]

| in lung parenchyma during COPD

development [150]

Fibrillin — T in lung parenchyma [145]
Fibronectin 7 in SEBM (moderate and severe stages) [22] —

7 in small airways (moderate stage) [5]

ECM: Extracellular matrix; COPD: Chronic obstructive pulmonary disease; FEV1: Forced expiratory volume in 1's;
FVC: Forced vital capacity; SEBM: Surface epithelial basement membrane; PPE: Porcine pancreatic elastase. * COPD
model induced by PPE [117,145,146,150] or papain instillation [112], or cigarette smoke exposure [143,145,154].

4. Extracellular Matrix Remodeling in ARDS

ARDS was defined in 1994, but in 2011, after an initiative of the European Respiratory Society of
Intensive Care Medicine endorsed by the American Thoracic Society, this disease was redefined by the
Berlin definition. Three categories of ARDS were proposed, based on the degree of hypoxemia—mild
(200 mm Hg < PaO,/FIO; < 300 mm Hg); moderate (100 mm Hg < PaO,/FIO, <200 mm Hg); and severe
(PaO,/FIO; < 100 mmHg).

ARDS remains an important cause of death within intensive care units, and approximately
30% of patients die due to ARDS, despite advances in therapeutic strategies [157,158]. Pulmonary
fibroproliferation has been associated with higher mortality and ventilator dependence, and it remains
an observable clinical feature, in a subset of patients [159].

In this context, there is increasing interest in better understanding the basic and pathophysiological
mechanisms that drive the fibroproliferative response in ARDS. The initial site of the lesion is the
alveolar epithelium or the endothelium [160,161].

The acute phase of ARDS is characterized by local and systemic inflammatory responses [162],
and involves the release of several pro-inflammatory cytokines, such as tumor necrosis factor-alpha
(TNF-«), IL-1B, and IL-8 [162-165]. Additionally, neutrophil infiltration, interstitial edema and
hypoxemia, are often accompanied by aggressive ECM remodeling [166]. Chen et al. used in vitro
models of acid-induced lung epithelial cell injury, to show that the interaction of these cells with
monocytes, accelerates the epithelial remodeling process through EMT signaling [167].

Although the physiopathological mechanisms of ECM remodeling among asthma, COPD and ARDS
are completely different, the ECM remodeling also requires the action of mechanical forces generated by
the migration or contraction of myofibroblasts, by themselves, and the presence of fibronectin, initially
produced by macrophages, which is responsible for the adhesion of cells to the matrix. At the end of the
acute phase of ARDS, fibronectin is already being produced by myofibroblasts [168].

The fibroproliferative phase, which is mainly characterized by thickening of the alveolar wall
associated with interstitial edema and large cellularity, occurs between 7 and 15 days after the primary
injury. The cells most involved in this phase are neutrophils, macrophages, myofibroblasts, and type I
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pneumocytes [169]. The hyaline membrane that arises during the acute phase plays an important role
in the fibroproliferative phase of ARDS, since it attaches fibronectin produced by alveolar macrophages
to its surface.

Myofibroblasts deposit elements of the collagen and elastic systems, both, in the lumen and inside
the alveolar septum, as well as in the walls of the blood vessels. Initially, there is an increase in the
deposition of thin fibers of subtype III collagen. Many patients present resolution of the process at this
stage, but some progress to the phase of fibrotic remodeling [170-172].

In later stages of this disease, thickening of the vessel wall is present, making gas exchange and
local metabolism even more difficult. The main characteristic of this phase is a change in the gene
expression of subtype I collagen, which is synthesized in increasing amounts. At the same time, there
is an increase in collagenase-digested subtype III collagen (secreted in the previous phases), leading to
a tendency towards the accumulation of fibrous tissue, in later stages of ARDS.

Tissue repair includes a variety of mechanisms, as well as edema reabsorption, resolution of
inflammation, and cell proliferation, with the aim of repairing the alveolar epithelium [173].

During the fibrotic remodeling phase of ARDS (late phase), there is a trend towards increased
deposition of elastic fibers in the alveolar septa, leading to a progressive fibroelastosis [172]. During this
stage, alveoli obliterated by fibrosis are adjacent to the ectatic alveoli, with irregular, thickened walls
covered by stratified epithelium, or simple columnar epithelium, likely derived from the bronchioles.
In the alveolar spaces, there is a large number of pulmonary surfactants produced by numerous
type Il pneumocytes, which remain active after differentiating from type I pneumocytes, promoting
alveolar re-epithelization.

The increase in the number of elastic fibers in the late stages of ARDS might be a compensatory
response to the fragmentation and degradation of pre-existing fibers, in the early stages of the process.
However, the deposition of large numbers of elastic fibers, leads to progressive elastosis, which is
partially responsible for the loss of the normal architecture of the alveolar wall, contributing to the
tendency to collapse [172,174].

Since the deposition of microfibrils precedes the appearance of elastin, it should be considered
that, during the “de novo” synthesis process of elastic fibers, there will be a stage during which the
areas undergoing remodeling will be rich in bundles of microfibrils, with very little or no elastin. Thus,
in addition to the absence of the elastic component, the mechanical properties of these inextensible
microfibrils, add to those of collagen I, yielding even more tissue resistance to the physical adaptations
necessary for a good respiratory performance.

These structural alterations in the ECM have repercussions for the compliance of the pulmonary
parenchyma, with impacts on the respiratory mechanics. Evidence has suggested that intrinsic
factors, such as genetic patterns of inflammatory response modulation, can influence the production
of interleukins involved in the disease progression [175]. Additionally, external factors, such as
alcoholism, have been identified as promoters of inflammation and fibrogenesis in ARDS [176-178].

4.1. Clinical Studies

Pioneering studies performed by different groups in the 1990s have showed that, 72 h after the
diagnosis of ARDS, patients already showed important increases in collagen synthesis, as detected by
high levels of the N-terminal peptide of type III procollagen [179-181]. Additionally, these elevated
levels are associated with histological lung fibroproliferation and mortality, in ARDS patients [169].

Although the alveolar level of N-terminal peptide of type III procollagen is considered the best
surrogate marker for the diagnosis of lung fibroproliferation, Hamon et al. demonstrated that patients
with active lung proliferation have higher fibrosis score, as evaluated by a chest CT scan, which allows
an alternative use of this radiological tool, which is less invasive than fibroscopic bronchoalveolar
lavage [182]. Thille et al. have showed that histological features of the lungs are related to the duration
of ARDS. The authors analyzed 159 patients and found a reduction in the prevalence of exudative
changes over time, with greater changes in patients with ARDS, for less than one week, and smaller
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changes in patients with a disease duration, between one and three weeks. However, the prevalence of
proliferative changes increased over time and was greater in patients with a long duration of disease.
These authors have also showed that fibrosis was more common in patients whose ARDS origin was
pulmonary [183].

Interestingly, an almost complete recovery of lung function has been demonstrated in survivors
of ARDS, after 6 to 12 months of evolution [184,185]. However, approximately 30% to 40% of ARDS
patients in the late phase, evolve to an exacerbated and progressive remodeling process, culminating in
the destruction of the pulmonary architecture and death [172]. In ARDS survivors, a negative correlation
has been described between fibroproliferation and quality of life. Burnham et al. studied 82 patients
with ARDS and showed that reduced lung compliance measured at the bedside, was associated with
radiologic fibroproliferation, 14 days post-diagnosis [166]. These data were interesting since they could
be helpful in identifying patients with ARDS who are at risk for complications in clinical conditions.

Zheng et al. showed the protective effects of ResolvinD1, a lipid mediator which attenuates the
excessive polymorphonuclear infiltration and transmigration, in the fibroproliferative phase of ARDS.
The authors demonstrated that ResolvinD1 inhibited primary human lung fibroblast proliferation,
collagen production, and myofibroblast differentiation induced by TGF-f3, from ARDS patients [186].

Although lung remodeling is an important feature in ARDS patients and is related to the deterioration
of lung function, the assessment of lung repair in patients, remains limited. However, such assessments
could be of great interest because of the prognostic relevance of lung repair in ARDS patients.

Unfortunately, no pharmacological agents that focus specifically on fibroproliferation are available
at this time for the treatment of ARDS [166]. In this context, basic and experimental studies are relevant
and could contribute not only to a better understanding of the fibroproliferative process in ARDS,
but also to the development of new therapeutic strategies for ARDS patients.

4.2. Experimental Models

Most experimental models used to study ARDS investigated the acute phase, although at this
time, most authors, including our group, have shown deposition of collagen fibers in the alveolar septa.

Once the direct or indirect etiological stimulus has ceased, the behavior of tissue remodeling
is completely different. In animals subjected to direct lesions, we observed continuous deposition
of collagen that remained stable, until the eighth week, followed by a deposition of elastic fibers,
with significant differences after the first week. In animals subjected to an indirect initial insult,
the levels of collagen deposition fell to basal levels, during the first week, after the insult, and elastosis
was not observed [174].

We used animals challenged with LPS, and evaluated them 6 and 24 h after injury. We found
that at 6 h, there was intense inflammation in the lung with high levels of pro-inflammatory cytokines;
however, no signs of lung remodeling and no deterioration of lung function were detected at this time.
Only at 24 h after LPS instillation did we observe an intense deposition of collagen fibers in the alveolar
septa, and a reduction in the respiratory system and lung tissue compliance [187].

Costa et al. developed an experimental model of ARDS, induced by nebulized LPS, and they
found that, 24 h after LPS, the animals showed increased pro-inflammatory cytokine levels, increased
total septal volume, and a thickening associated with reduced surface density of the alveolar septa.
However, after five weeks, the animals showed an increased total lung volume and accentuated collagen
deposition, particularly collagen subtype I, associated with reduced MMP-2 protein expression [188].
This model could contribute to a better understanding of the remodeling process in ARDS, and the
development of preventive or therapeutic strategies, to counteract lung remodeling in ARDS.

LPS is a widely used model to mimic ARDS alterations in experimental animals. In this regard,
Oliveira et al. using in vitro techniques, showed that, LPS increased lung epithelial cell stiffness and is
associated to cytoskeletal remodeling [189].

Although no studies in patients have investigated the effects of drugs in lung remodeling,
in animals, we showed the effects of different pathways involved in remodeling. An extensive body
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of literature shows that natural substances can reduce acute lung injury (ALI) in animal models;
however, few studies have focused on lung remodeling. In this regard, Mernak et al. showed that
sakuranetin, a flavonoid that can significantly reduce lung inflammation, reduced collagen deposition
in the parenchyma, when it was administered 6 h after LPS, the point at which animals have intense
inflammation. Moreover, this compound also improved the lung tissue elastance of these animals [187].
Park et al. also demonstrated that the human tripeptide glycyl-l-histidyl-l-lysine reduced the reactive
oxygen species, TNF-«, and IL-6 production, in murine macrophages stimulated with LPS [190].
These data suggest that this tripeptide is relevant for controlling inflammation and preventing lung
remodeling, at least in animals.

Although lung remodeling in ARDS is still not fully understood, lung repair and remodeling,
including all the alterations discussed above, is necessary, to allow for the recovery of ARDS. In this
regard, Pinheiro et al. clearly showed that pharmacological stimulation of nicotinic receptors by PNU
changed macrophage profile from M1 through M2 subtypes. This treatment also attenuated collagen
deposition, suggesting that, this change in macrophage profile can explain the resolution of lung
inflammation and the improvement in lung function observed in this study [191]. Table 4 summarizes
lung function changes and markers of ECM remodeling, in clinical and experimental studies of ARDS.

Table 4. Lung function changes and markers of ECM remodeling in acute respiratory distress syndrome

(ARDS).
Clinical Studies Experimental Studies *
Lung Function
Moderate to severe stage of ARDS 1 in respiratory system resistance after 24 h
(PaO2/FIO2 < 200 mmHg) [179-181] [174,191]
7 in respiratory system elastance after 24 h
[174,187,191]

7T in lung tissue resistance after 24 h [191]
7 in lung tissue elastance after 24 h [187,191]

Remodeling Markers
Collagen fibers 7 in lung parenchyma (late phase) [172] 1 in lung parenchyma after 24 h [174,187,191]

1 in lung parenchyma after 5 weeks [188]

Collagen subtype I 7 in BALF and serum (severe stage) [180] 7T in lung parenchyma after 5 weeks [188]
Collagen subtype III 7 in BALF and serum (severe stage) [180] —

Elastic fibers 7 in lung parenchyma (late phase) [172] 7 in lung parenchyma after 1 week [174]
Procollagen type I 7T in plasma (moderate and severe stages) [181] —
Procollagen type I1T 7 in BALF (severe stage) [179,180] —

T in serum (severe stage) [180]
7T in plasma (moderate and severe stages) [181]

ECM: Extracellular matrix; ARDS: Acute respiratory distress syndrome; PaO2/FIO2: Arterial partial pressure
of oxygen/fraction of inspired oxygen; ALIL: Acute lung injury; BALF: Bronchoalveolar lavage fluid; LPS:
Lipopolysaccharide. * ALI induced by Escherichia coli LPS intratracheal or intraperitoneal administration [174].
ALIinduced by LPS intranasal [187] or intratracheal administration [191] or LPS nebulization [188].

4.3. Final Considerations

Structural changes in ECM components are associated with the worsening of lung function and
the progression of asthma, COPD, and ARDS. In this context, clinical studies have been useful for
characterizing which ECM components are present in the lung samples of patients, mainly those in
advanced stages of respiratory diseases, and for investigating the associations between these changes
and the progression of these diseases. In addition, some ECM proteins and inflammatory mediator
markers in the serum of patients, have been used as important features for elucidating the extent of
structural changes in the lungs, to avoid invasive procedures, facilitating a prognostic evaluation of
these respiratory diseases.

In animal models, temporal analyses of inflammatory profiles and respiratory function have
been performed, to elucidate the different mechanisms involved in disease progression. Moreover,
the opportunity to evaluate in vivo responses to treatment, with inhibitors of specific inflammatory
mediators, has better elucidated the different mechanisms involved in the pathogenesis of these
diseases and highlighted some possible therapeutic targets, since most of these inhibitors have been
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shown to attenuate fiber remodeling and improve lung function. It is important to note that although
many experimental models have been described in the literature for inducing different respiratory
diseases, none of them recreates all of the physiological changes observed in humans. Therefore, before
choosing an experimental model, it is very important to consider which inflammatory events and
structural changes can be evaluated with different approaches.

In vitro studies [46,47,87,92,125,128,129,153,167,186,189,190,192] have improved our understanding
of which ECM components change and elucidate their effects on the impairment of respiratory parameters;
they have also made it possible to analyze how different inflammatory mediators impact inflammatory
cell activity and recruitment.

However, these studies have some limitations. Despite these advances in our understanding of
the mechanisms involved in ECM structural changes in asthma, COPD, and ARDS, there are no clinical
studies that have showed an effective treatment to reverse all structural changes, in order to totally
restore the lung function. Bronchodilators and corticosteroids have been used to relieve the symptoms
of these respiratory diseases, but these approaches cannot control disease progression.

Further investigations are necessary to distinguish how the dysregulation of the different ECM
components drive these structural changes progression, as well as how the interactions between cells
and the ECM components, during these disease progressions, could impact the lung function.
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