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Abstract: Elastin represents the structural component of the extracellular matrix providing elastic
recoil to tissues such as skin, blood vessels and lungs. Elastogenic cells secrete soluble tropoelastin
monomers into the extracellular space where these monomers associate with other matrix proteins
(e.g., microfibrils and glycoproteins) and are crosslinked by lysyl oxidase to form insoluble fibres.
Once elastic fibres are formed, they are very stable, highly resistant to degradation and have an
almost negligible turnover. However, there are circumstances, mainly related to inflammatory
conditions, where increased proteolytic degradation of elastic fibres may lead to consequences of
major clinical relevance. In severely affected COVID-19 patients, for instance, the massive recruitment
and activation of neutrophils is responsible for the profuse release of elastases and other proteolytic
enzymes which cause the irreversible degradation of elastic fibres. Within the lungs, destruction of
the elastic network may lead to the permanent impairment of pulmonary function, thus suggesting
that elastases can be a promising target to preserve the elastic component in COVID-19 patients.
Moreover, intrinsic and extrinsic factors additionally contributing to damaging the elastic component
and to increasing the spread and severity of SARS-CoV-2 infection are reviewed.
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1. Introduction

Since the dramatic spread of the severe acute respiratory coronavirus virus 2 (SARS-
CoV-2)-induced pandemic, an exponentially increased number of investigations have been
performed to better understand the pathogenic mechanisms, clinical manifestations as well
as possible preventive and therapeutic strategies. Despite the clear evidence that lungs are
primarily involved, only few reports have emphasized the impact of this infection on the
extracellular compartment of the lung parenchyma. Within this context, elastic fibres repre-
sent the extracellular component exhibiting the greatest flexibility since they are capable of
being extended up to 230% of their unloaded length without rupture [1]. Therefore, elastin
fibres, being characterized by the Young’s modulus ranging from 30 kPa to 600 kPa, impart
the elasticity that, in the lungs, allows continuous expansion and contraction of the alveolar
walls. In the course of SARS-CoV-2 infection, the burst of elastolytic activities, consequent
to neutrophil activation, may cause the dramatic and irreversible destruction of the elastic
component, thus weakening pulmonary compliance [2].

The aim of the present review is to update and explore the current knowledge on elastic
fibres, on their fate in coronavirus disease-19 (COVID-19) patients and on the therapeutic
options that, limiting/inhibiting elastolytic activities, may preserve the morpho-functional
properties of the lungs.
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2. Elastic Fibres

In the extracellular matrix (ECM), elastic fibres provide resilience and elasticity to
different tissues and organs (e.g., skin, blood vessels, lungs and tendons). To accomplish
tissue functional requirements, the architecture of elastic fibres is highly tissue specific,
appearing in the form of elongated fibres in the skin, of sheet-like lamellae in blood vessels
and of thick and thin fibres forming a branched 3D network in the lungs (Figure 1).
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Figure 1. Organization of elastic fibres (arrows) observed by light microscopy in (a) aorta, (b) dermis
and (c) lung in a subject 81 years old. Bar = 100 µm.

In the lungs, elastin is produced by mesothelial cells, airway epithelial cells, vascular
and airway smooth muscle cells, endothelial cells, interstitial and lipid-laden fibroblasts
and elastic fibres distributed in the respiratory parenchyma (20–30%), pulmonary blood
vessels (7–16%) and the airways (7–16%) [3]. The elastin 3D organization is fundamental
to guarantee that applied forces are efficiently transmitted from the alveoli to all parts
of the lung [4]; therefore, defective production, altered fibre assembly and/or increased
degradation are responsible for increased susceptibility to lung diseases (i.e., emphysema,
Cutis laxa, bronchopulmonary dysplasia, chronic obstructive pulmonary disease (COPD)
and acute respiratory distress syndrome (ARDS)).

Elastogenesis takes place mainly during the late foetal and neonatal stages [5]; there-
after, the elastin turnover is almost negligible [6,7]. For instance, the longevity of the elastic
component in the lung parenchyma was calculated to be about 74 years, indicating that
elastic fibre is a rather stable unit over the human lifespan [8].

The elastic fibre is mainly composed of elastin, whose amount varies depending on
tissue (from 2% in intervertebral disks to 75% in elastic ligaments) [9,10], and of microfib-
rils located around the amorphous elastin as well as dispersed within it [11]. However,
many other molecules, playing a role as structural components or being involved in the
elastogenic process, were associated either with elastin and/or with the microfibrils or at
the elastin–microfibril interface [12–14].

In the following sections, synthesis and assembly of elastin and of the microfibrillar
scaffold will be considered separately, as the two processes are independent of each other.

2.1. Tropoelastin: Synthesis, Secretion, Coacervation and Cross-Linking

Tropoelastin (TE), the soluble monomeric precursor of elastin, is synthetized by
elastogenic cells (e.g., fibroblasts, endothelial cells, smooth muscle cells and chondro-
cytes). TE is encoded by the elastin (ELN) gene, which can produce several TE isoforms
by alternative splicing [15]. The TE structure is characterized by the alternation of
highly hydrophobic (i.e., rich in Pro, Val, Gly, Leu, Ile and Ala residues) and of more
hydrophilic domains (i.e., rich in Ala and Lys residues); the former are responsible for
self-aggregation and for the tensile properties of elastin, the latter are typically involved
in cross-linking. Intracellularly, TE binds to the elastin-binding protein (EBP), whose
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function is to hinder TE self-assembly and to avoid degradation. The TE–EBP complex,
secreted at the cell surface, interacts with the elastin–receptor complex composed of
neuraminidase-1, a transmembrane sialidase, and of the protective protein/cathepsin
A. The binding of glycosaminoglycans to the galacto-lectin site of EBP induces confor-
mational changes in EBP, causing the release of TE from the complex [16]. EBP is then
recycled to bind to another TE molecule [17].

TE molecules undergo self-assembly through a process known as coacervation [18,19]
and form spherical globules anchored to the outer surface of the cell membrane [20].
The aggregation rate, the size and other properties of the globules are modulated by
several factors such as temperature, pH, ionic strength, concentration/length of individual
monomers of TE and by the presence of matrix associated glycoproteins such as fibulin-4
and fibulin-5 [21–27]. Once assembled, TE molecules are stabilized by cross-links catalysed
by lysyl oxidase (LOX) and by lysyl oxidase-like enzymes (i.e., LOXL-1 and LOXL-2) [18],
which convert Lys residues into allysine (aLys) [28–30]. After oxidative deamination, aLys
reacts with Lys and/or other aLys to form polyfunctional cross-links named desmosine
and isodesmosine, two amino acids which are unique to the insoluble elastin and are
necessary for elastin to be organized into a 3D structure and for the maintenance of resilient
elasticity. Since elastic fibres have a negligible turnover, the presence of these amino acids
in biological fluids (i.e., sputum, urine and blood) can be used as a biomarker of elastin
degradation [31–33].

2.2. Microfibril Scaffold and Proteins Associated with Elastic Fibres

Elastin aggregates are shuttled to the microfibrils, the other major component of
the elastic fibre, and are further cross-linked by LOX and/or LOXL to form complete,
mature and functional elastic fibre (Figure 2). The microfibrils’ components, synthesized
by mesenchymal cells (e.g., smooth muscle cells and fibroblasts), are: fibrillin-1, produced
through the entire life, fibrillin-2 and fibrillin-3 (FBN), mostly expressed in embryonic
tissues [34].
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FBNs form microfibrillar structures with a diameter of 10–12 nm, in which individual
molecules are organized in a head-to-tail arrangement producing a linear assembly. It was
shown that the microfibrils’ assembly occurs at the cell surface through interaction with
integrins (i.e., α5β1) and requires the presence of fibronectin [35,36] and of proteoglycans
(i.e., biglycan and decorin) [37]. Similarly to elastin, FBN bundles are also stabilized by the
cross-linking operated by LOX/LOXL [38,39].

In addition to the molecules reported above, fibrillin microfibrils interact with several
other proteins, which play a role in elastic fibre formation. For example, latent transforming
growth factor β-binding proteins support elastic fibre assembly and cell signalling [40];
microfibril-associated glycoproteins (MAGP-1 and 2) promote elastin deposition onto mi-
crofibrils and increase elastin assembly [41–43]; fibulins (FBL-4 and -5) facilitate elastin
cross-linking by LOX/LOXL and deposition onto microfibrils [44]; a disintegrin and metal-
loprotease with thrombospondin type-1 repeats (ADAMTS) and ADAMTS-like proteins
(ADAMTSL) are involved in microfibril assembly, adhesion and anchorage [45]; and elastin–
microfibril interface-located proteins (EMILINs) are necessary for microfibril deposition
onto elastic fibres [46,47]. Therefore, the development of mature and functional elastic
fibres is a finely temporally and spatially regulated process requiring dozens of different
proteins (for more details see also reviews [12,48,49]).

2.3. Elastic Fibre Degradation

It is well known that, even during the normal aging process, degradation by enzy-
matic (e.g., metalloproteinases) and/or chemical (e.g., U.V.) mechanisms, low/absent
turnover rate of elastic fibres, altered deformability due to continuous mechanical
stresses and changes in the interactions with glycosaminoglycans/proteoglycans lead
to the progressive and irreversible damage of elastic fibres and to the loss of their func-
tion [50]. If these changes are amplified by the occurrence of pathologic conditions
(e.g., structural deficits on a genetic basis and acute/chronic inflammatory response),
the effects on tissue elasticity may have dramatic consequences [51]. Therefore, elastic
fibre maintenance is the result of an accurate balance between proteolytic and anti-
proteolytic activities. Elastic fibres can be degraded by endopeptidases, proteolytic
enzymes that break peptide bonds in the inner regions of the polypeptide chain, which
are divided into different subgroups based on catalytic mechanisms and on the presence
of specific amino acid residue(s) at the active site. In general, endopeptidases work
on a broad spectrum of ECM molecules (e.g., collagens, fibronectin, proteoglycans and
laminin) including tropoelastin/elastin and fibrillins. In addition to being responsible
for the turnover/remodelling of extracellular matrix molecules, some proteases have
also been revealed within cells (e.g., nucleus, mitochondria and cytoplasm), indicating
that they can also exert non-proteolytic functions (e.g., transcription factor and signal
transduction) [52–54].

Table 1 shows the proteases that degrade TE-elastin and/or fibrillins. In addition to the
enzymes reported in Table 1, some digestive enzymes, i.e., pepsin A (EC 3.4.23.1; aspartic
endopeptidase), chymotrypsin (EC 3.4.21.1; serine endopeptidase), chymotrypsin-like
elastase family member 2A (EC 3.4.21.71; serine endopeptidase) and trypsin (EC 3.4.21.4;
serine endopeptidase), exhibit elastolytic activities [55–60]. The activity of elastases is
tightly controlled by different mechanisms: transcriptional and post-translational control of
gene expression; epigenetic mechanisms; cell and/or tissue specificity; precursor activation;
induction of endogenous inhibitors (Table 1) [61–64]. Under physio-pathological conditions,
such as in aging and in lung diseases [65], the unbalanced production of elastases and of
their inhibitors leads to an altered ECM turnover. For instance, in vascular diseases it was
observed that cathepsin S and K are overexpressed, whereas cystatin C is dramatically
diminished, thus favouring elastin degradation [66].



Int. J. Mol. Sci. 2022, 23, 1559 5 of 24

Table 1. Peptidases acting on tropoelastin (TE)/insoluble elastin (ELN) and/or on fibrillin (FBN) and
their major endogenous inhibitors.

Gene Name Protein
Name

Uniprot
Accession

Major Cellular
Sources

TE/
ELN FBN Endogenous

Inhibitors

Cysteine-endopeptidases

CTSB Cathepsin B
(EC 3.4.22.1) P07858 Ubiquitous [67] Cystatin A, B, C, S [61]

CTSF Cathepsin F
(EC 3.4.22.41) Q9UBX1 Ubiquitous [67] Cystatin F [61]

CTSK Cathepsin K
(EC 3.4.22.38) P43235

Fibroblast,
macrophage,
osteoclast

[67] [68] Cystatin F [61]

CTSL Procathepsin L
(EC 3.4.22.15) P07711 Ubiquitous [67] Cystatin A, B, C, D, E,

M, F [61]

CTSS Cathepsin S
(EC 3.4.22.27) P25774 Macrophage, SMC [67] Cystatin B, C, D, F [61]

CTSV Cathepsin L2
(EC 3.4.22.43) O60911 Tissue specific EC,

macrophage [67] [68] Cystatin E, M, F [61]

Metallo-endopeptidases

MMEL-1
Membrane metallo-

endopeptidase-like 1
(EC 3.4.24.11)

Q495T6 Fibroblast [69] Peptides of the
opiorphin family [70]

MMP-2
72 kDa type IV

collagenase
(EC 3.4.24.24)

P08253 Fibroblast, macrophage,
neutrophil, T-cell, VEC [71] [72] TIMP-1, -2, -3, -4 [62]

MMP-3 Stromelysin-1
(EC 3.4.24.17) P08254 EC, lymphocytes,

macrophage, SMC [71] [72] TIMP-1, -2, -3, -4 [62]

MMP-7 Matrilysin
(EC 3.4.24.23) P09237 EC, macrophage [71,73] TIMP-1, -2, -3, -4 [62]

MMP-9
Matrix

metalloproteinase-9
(EC 3.4.24.35)

P14780
EC, fibroblast,
macrophage,
neutrophil

[71,73,74] [72,75] TIMP-1, -2, -3, -4 [62]

MMP-10 Stromelysin-2
(EC 3.4.24.22) P09238 EC, macrophage, SMC [71] TIMP-1, -2, -3, -4 [62]

MMP-12
Macrophage

metalloelastase
(EC 3.4.24.65)

P39900 Lung epithelial cells,
macrophage, [76,77] [72,75] TIMP-1, -2, -3, -4 [62]

MMP-13 Collagenase 3
(EC 3.4.24.-) P45452 Fibroblast, macrophage,

SMC, VEC [72,75] TIMP-1, -2, -3, -4 [62]

MMP-14
Matrix

metalloproteinase-14
(EC 3.4.24.80)

P50281 Fibroblast, macrophage,
SMC, VEC [78,79] [72] TIMP-1, -2, -3, -4 [62]

Serine-endopeptidases

CELA1

Chymotrypsin-like
elastase

family member 1
(EC 3.4.21.36)

Q9UNI1
Lung epithelial,
intestinal, and
immune cells

[80] α1-anti-trypsin [80]

CTSG Cathepsin G
(EC 3.4.21.20) P08311 Polymorphonuclear

leucocytes [81] α1-anti-chymotrypsin,
SLPI [63]
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Table 1. Cont.

Gene Name Protein
Name

Uniprot
Accession

Major Cellular
Sources

TE/
ELN FBN Endogenous

Inhibitors

ELANE Neutrophil elastase
(EC 3.4.21.37) P08246 Polymorphonuclear

leucocytes [82] [83]
α1-anti-trypsin,

α2-macroglobulin,
elafin [63,64]

PRTN3 Myeloblastin
(EC 3.4.21.76) P24158 Polymorphonuclear

leucocytes [84] Elafin [64]

EC = epithelial cell; SLPI = secretory leukocyte proteinase inhibitor; SMC = smooth muscle cell; TIMP = tissue
inhibitors of metalloproteinase; VEC = vascular endothelial cell.

Interestingly, enzymatic degradation is responsible not only for the progressive
disruption of elastic fibres, but also for the release of soluble bioactive elastin frag-
ments/peptides, namely elastokines, which are characterized by a GXXPG sequence
(X is amino acid different to Gly). Elastokines assume a type VIII β-turn conformation,
which enables binding to EBP to exert a wide spectrum of biological activities regu-
lating [16,73]: (a) cell behaviour (e.g., proliferation and adhesion); (b) up-regulation
of proteases, thus amplifying the effect of elastolysis [85,86]; (c) chemotactic activity
recruiting both fibroblasts and inflammatory cells (e.g., monocytes/macrophages and
neutrophils); (d) proangiogenic activity promoting endothelial cell migration and tubulo-
genesis through upregulation of MT1-MMP [87–91]; (e) osteogenic response in vascular
smooth muscle cells contributing to vascular calcification [92]; (f) formation of amy-
loidogenic peptides [93–96]. It is worth mentioning that elastokines are also generated
during physiological aging and, in the lungs, the reduced amount of functional elastin
starting since the age of 35 years, causes a slowly progressive decrease in chest compli-
ance and airspace enlargement, although not of clinical relevance [97]. Interestingly, it
has been suggested that production of elastin fragments may eventually help to main-
tain the physiological function of the lung, allowing, in case of microbial infection, the
rapid recruitment of phagocytic cells and the induction of an inflammatory response.
However, even little changes in lung homeostasis and/or the exposure to environmen-
tal noxae can contribute to the occurrence, with age, of pathologic conditions such as
COPD [98].

Moreover, proteolytic degradation and/or chemical modifications not only modify
the mechanical proprieties of elastic fibres, but may also favour mineral deposition, as
it has been observed in vascular as well as in pulmonary diseases [99]. It has already
been demonstrated that elastin, due to its structural characteristics, can bind, with high
affinity, Ca2+ ions through its neutral carbonyl groups [100]. Moreover, ELN fragmentation
generates a higher number of nucleation sites, which bind to Ca2+ ions, that, in turn, interact
with phosphate, markedly increasing the calcification process [101]. Another aspect that
deserves to be considered is that elastin degradation leads to the release of molecules
normally sequestered in the extracellular milieu activating, for example, TGF-β/bone
morphogenic protein signalling pathways [102,103].

3. SARS-CoV-2 Infection

SARS-CoV-2, the seventh member of the single-strand enveloped RNA Coron-
aviruses family, infects mammalian and avian species causing the Coronavirus Disease
(COVID-19), which affects the respiratory, gastrointestinal and central nervous sys-
tem. The pandemic spread of COVID-19 since December 2019 rapidly became, and
remains, of global public health concern [104]. The clinical features and severity of
COVID-19 vary significantly among individuals, based on multiple factors, such as the
presence of genetic polymorphisms [105], age, environmental factors and associated
comorbidities such as diabetes, hypertension, cardiovascular disease, chronic kidney
disease, cancer and obesity [106,107]. Although a consistent number of patients may
not require hospitalization, severe cases suffering from systemic inflammation, pneu-
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monia and hypoxemia may become critically ill with complex organ failures which may
lead to death [108]. In particular, ARDS and respiratory failure are the leading causes
of death and emphasize the key role of lung involvement in hospitalized COVID-19
patients [109,110].

SARS-CoV-2 enters within target cells through the angiotensin-converting enzyme
2 receptor (ACE2r), which is highly expressed in the ciliated cells of nasal and bronchial
epithelia and in the type II alveolar cells. Moreover, ACE2r is also present in the heart, liver
and kidney, and its expression has been suggested to be modulated by comorbidities and
by COVID-19 risk factors (e.g., age, COPD, diabetes, tobacco smoke and hypertension),
although contradictory findings were frequently reported, thus preventing the establish-
ment of a true relationship with SARS-CoV-2 infection [111]. Recently, it was proposed
that lectins and phosphatidylserine receptors may represent additional host entry fac-
tors, however, since they were not found in association with SARS-CoV-2 infection in
the absence of ACE2r, these molecules should more likely be considered as “attachment
factors” [111].

The interaction of SARS-CoV-2 with ACE2r is mediated by the spike protein that
consists of two subunits: S1 that binds to ACE2r and S2 that anchors the S protein and
contributes to create a fusion pore on the cell membrane allowing the virus to enter. It is
important to note that the spike protein works only if proteolysis takes place at the two
cleavage sites (i.e., at the S1–S2 junction and within the S2 subunit) [112–114].

Early infection is characterized by an extensive engagement of the immune system
with changes in T and B cells [115,116], alterations in the formation of virus-specific
lymphocytes [117], mitochondria alterations and oxidative stress [118]. Severe COVID-
19 pathophysiology is characterized by altered neutrophil quantity, phenotype and
functioning in the blood as well as in the lungs [119], where neutrophils contribute
to the proteolytic damage of tissue elasticity through a disproportionate release of
virus-induced neutrophil extracellular traps (NETs) [120]. Interestingly, it has been
demonstrated in experimental animal models that the pulmonary vascular bed is the
major site of granulocyte margination, thus accounting for the hypothesis that 90%
of total blood granulocytes resides in the lungs [121]. Moreover, several neutrophils
can remain immobilized within pulmonary capillaries and their amount is markedly
increased when neutrophils are primed [122,123]. It is therefore conceivable that neu-
trophils, upon their activation during COVID-19, release, mainly in the airways, the
great majority of preformed inflammatory mediators [124]. Moreover, granule-derived
peptides and proteolytic enzymes can interact with threads of chromatin to form the
NETs serving as an additional defence of the innate immune system [125]. Neutrophil
elastase (NE)/DNA complexes in NETs may also play a role in the development of
acute haemorrhagic or thrombotic plaque complications [126]. Therefore, in patients
severely affected by COVID-19, the accumulation of intravascular NETs interferes with
the plasminogen proteolytic pathway inducing platelet trapping, fibrinolytic collapse
and microvascular occlusion leading to multi-organ failure [124]. Moreover, it has also
been demonstrated that NETs, directly killing epithelial and endothelial cells, can con-
tribute to tissue damage [127], that, in COVID-19 patients, is followed by an aberrant
healing process that may lead to pulmonary fibrosis [128].

At present, there is a serious concern with post-COVID-19 sequelae, and several
studies were performed and are still ongoing for a better long-term management of
COVID-19 patients [129,130]. It is worth mentioning that critically ill patients may ex-
perience reduced lung functions and dyspnoea due to disruption of the normal lung
architecture [131,132]. The extent of tissue damage is highly variable and may exert
morpho-functional consequences which are often fully recovered, but that may also lead
to a permanent, although stable, injury or, in a small group of patients, may continuously
progress, thus posing, in the most dramatic cases, the option of lung transplantation as
the only life-saving therapeutic strategy [133]. Collagen deposition and the development
of fibrosis were observed in hospitalized COVID-19 patients with a percentage ranging
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from 19% [134] to 72% [135]. Consistently, a proteomic study, performed on pulmonary
tissues after SARS-CoV-2 infection, showed a differential expression of several ECM
proteins and suggested that these changes can be associated to lung remodelling and
fibrosis [136]. In agreement with these findings, histopathological analyses on lungs
from COVID-19 patients revealed a loss of elastic fibres and an increase in collagens
type I and III [130,137]. The pulmonary fibrosis may start early during ARDS, however,
it is more common in patients with longer durations of intensive care unit (ICU) stay
(e.g., more than 3 weeks) [128,138]. The mechanisms associated with the development of
fibrotic changes are still poorly understood and are probably multifactorial; moreover,
the relatively short duration of reported follow-up is probably not sufficient to establish,
clearly and unambiguously, the functional consequences and the patho-mechanisms
characteristics of tissue damage [139]. For instance, it has been suggested that collagen
deposition starts when: (i) a mesenchymal transition is induced in epithelial and en-
dothelial cells upon SARS-CoV-2 infection [140,141]; (ii) fibroblast and myofibroblasts
proliferate to repair damaged/necrotic areas [142]; (iii) the expression of pro-fibrotic
cytokines, such as transforming growth factor-beta (TGF-β), is triggered by angiotensin
II production [130,143]; (iv) ventilator-induced lung injury and oxygen toxicity signif-
icantly contribute to oxidative stress damage [144,145]. All these changes sustain the
rationale of a number of ongoing clinical trials aiming to prevent/limit the progression
of post-COVID-19 lung fibrosis [139].

In the lungs, collagen and elastin represent the most prevalent structural elements
assuring the airways’ functional properties, and in the interstitium of alveolar walls more
than 40% of collagen and elastic fibres are highly interconnected with each other, indicating
that a strong relationship exists between morphological organization of the extracellular
matrix and pulmonary mechanical properties [146]. Since prolonged/severe inflammation
can alter the organization of these components, it is also important to investigate the role
and the fate of the elastic component after SARS-CoV-2 infection to better understand
post-COVID-19 symptoms [147].

4. Elastic Fibres and Elastases in SARS-CoV-2 Infection

In COVID-19 patients, neutrophils are the major source of elastases, which are stored
in cytoplasmic granules and are released upon neutrophil activation as part of an inflam-
matory response to viral infection [148]. However, the role of NE is more complex than
initially thought. Neutrophil-derived elastolytic enzymes are fundamental for SARS-CoV-2
to enter target cells. Membrane fusion is in fact favoured by the cleavage of the viral
spike protein by neutrophil-derived proteases such as neutrophil elastases, cathepsins,
furin and transmembrane serine protease (TMPRSS2 and TMPRSS11A) [149]. To further
sustain the role of elastases in SARS-CoV-2 infections, there are a number of mutations that,
affecting the SARS-CoV-2 spike protein (e.g., p.Asp614Gly, p.Thr716Ile and p.Ser982Ala),
can increase COVID-19 transmissibility and favour the entry ability of the virus by intro-
ducing new proteolytic cleavage sites for elastases [150,151]. Interestingly, in the presence
of α1-antitrypsin (AAT) deficiency, the host-cell entry of the Asp614Gly variant of the virus
is further enhanced due to the delayed NE inhibition and the boosted activation of the
spike protein [152].

NE also represents a key player in NETosis. In particular, NE degrades actin cytoskele-
ton and translocates to the nucleus where it cleaves histones leading to chromatin relaxation
and DNA decondensation, followed by nuclear membrane disruption and plasma mem-
brane disintegration with the release of NETs in which elastases are entrapped, remaining
active even when NETs are exposed to endogenous proteinase inhibitors [153,154]. Alter-
natively, activated neutrophils can degranulate, releasing their content in the extracellular
space and may also expel nuclear chromatin while remaining alive [127,155]. In the ex-
tracellular milieu, elastolytic activities of NE as well as of cathepsin L and of MMP-9
produced by alveolar macrophages, are responsible for the lung tissue destruction that
limits airflow and therefore contributes to pulmonary complications [156,157]. Notably,
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the absent turnover of the elastic component markedly worsens the consequences of the
enhanced degradation driven by high levels of elastolytic enzymes associated with the
inflammatory burst, and these events cause loss of recoil and failure of the elastic airway
support. Moreover, the altered balance between protease/antiprotease activities can favour
the release of elastokines, which in turn induce the additional expression of proteases
and sustain the inflammatory response as well as the recruitment of mesenchymal and
inflammatory cells [158].

Consistently, in COVID-19 patients, plasma levels of NE were shown to be 10–20 times
higher compared with controls [125]. Similarly, desmosine and isodesmosine (DES), two
biomarkers for elastin degradation, were also significantly increased in patients and DES
levels correlated with the amount of IL-6, suggesting “a key link between inflammation
and pulmonary/vascular tissue damage in COVID” [159]. It is therefore of particular
interest to observe that elastases can contribute to the destruction of extracellular matrix
components of the lung parenchyma (e.g., collagen, elastin, glycosaminoglycans and
fibronectin) [160] and can also play a promotive role in pulmonary fibrosis [161]. NE, in
fact, was demonstrated to up-regulate the expression of Notch1 that elicits myofibroblast
differentiation of alveolar epithelial cells via a TGF-β–Smad3 signalling pathway [162].
Moreover, Notch1 activation directly stimulates the expression of α-smooth muscle actin (α-
SMA) to induce myofibroblast differentiation [163]. In line with these data, there are studies
demonstrating that NE, TGF-β and α-SMA are significantly up-regulated in COVID-19
patients [130].

5. Intrinsic and Extrinsic Factors Impairing Elastic Fibre Homeostasis and Their
Impact on SARS-CoV-2 Infection
5.1. Aging

With age, elastin undergoes structural and functional alterations due to: (i) repeated
stretching and mechanical deformation; (ii) progressive degradation by altered balance
between proteolytic/anti-proteolytic activities; (iii) chemical modifications as consequence
of exposure to environmental noxae, including oxidative stress and increased glycation,
thus leading to progressive loss of tissue elasticity [51]. As demonstrated by structural stud-
ies, glucose modifies the proportion of beta-sheets, beta-turns and alpha-helices present
in the elastin molecule. These conformational changes may lead to a more rigid struc-
ture [164,165] and to alterations of the viscoelastic properties, thus increasing the stress
relaxation response [166].

Evidence was provided that children, at least before the introduction of the vaccination
plans, were less affected by SARS-CoV-2 compared with adult or old individuals [167],
that the percentage of patients increases proportionally to their age and that there is an
age-dependent increase in severe symptoms which require hospitalization [168]. Since
aging is also associated with comorbidities, the direct contribution of aging in higher
rates of both mortality and morbidity remains unclear. Therefore, several models were
proposed to simulate the dynamics of virus spreading [168–170]. Analysis of data from
three European countries (i.e., Italy, Spain and United Kingdom) clearly indicates an age-
dependent susceptibility to SARS-CoV-2 infection [168], thus suggesting that in countries
with higher rates of elderly, the SARS-CoV-2 virus spreads more rapidly and might be
associated with the occurrence of clinical manifestations [169].

The age-depended increased susceptibility to COVID-19 is in line with several findings
involving, for instance, the elastic component and the whole extracellular milieu, the
efficiency of the immune response and the redox homeostasis. Several reports have already
underlined the role of advanced glycation end products (AGEs), produced by glycation of
amino acids, lipids and DNA in the development of “inflammaging” and of comorbidities,
which contribute to several aspects of COVID-19 pathogenesis in the elderly [171,172]. AGE
receptors (RAGE), highly expressed by alveolar epithelial cells and macrophages, were
reported to increase phagocytic activity and to be involved in NET formation, thus playing
a central role in the lung inflammatory cascade of events caused by SARS-CoV-2 [173]. As
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a consequence of severe COVID-19, tissue damage may dramatically affect the extracellular
compartment and RAGE, sustaining the elastolytic activities and the repair processes
contributing to pulmonary fibrosis, which is more often reported in aged patients [174].

Since several polymorphisms of the RAGE gene (AGER) were reported to either
promote or reduce the susceptibility to lung diseases as COPD and ARDS, it is conceivable
to hypothesize that different AGER variants might differentially predispose patients to
COVID-19 comorbidities and can modulate the outcome of SARS-CoV-2 infection, thus
suggesting that RAGE represent potential therapeutic targets [175].

5.2. Oxidative Stress

It is well known that oxidative stress plays a key role in the pathogenesis of several
age-related diseases (e.g., cardiovascular and pulmonary diseases) [176,177]. Oxidants
derive both from internal (e.g., mitochondrial respiration and inflammatory cells) and
external mechanisms/factors (e.g., smoke and UV exposure) and can modify several bi-
ological macromolecules (i.e., protein, lipids and nucleic acid). In this context, reactive
oxygen (ROS) and nitrogen (RNS) species play a crucial role in elastic fibre degradation
and/or assembly. Furthermore, elastin, as a typical long-lived protein, undergoes non-
enzymatic post-translational modifications such as glycation and carbamylation. The latter
is directly associated with oxidative-stress damage and is responsible for the progressive
age-dependent increase in elastic fibre stiffness [80]. In addition, Umeda et al. [31] iso-
lated and identified two new dihydrooxopyridine cross-links from bovine aortic elastin:
oxodesmosine and isooxodesmosine, which derive from the metal-catalysed oxidation
of desmosine and isodesmosine. These modifications induce the solubilization of insol-
uble elastin. Another in vitro study showed a synergistic effect of H2O2 and elastases
on elastic fibre: an oxidant pre-treatment can in fact reduce the stability of elastic fibres
enhancing their susceptibility to elastase-mediated degradation [178]. Moreover, it was
demonstrated that ROS and RNS influence TE assembly [179]. For instance, peroxynitrite
and hypochlorous acid, produced by leucocytes, increase in vitro TE coacervation but re-
duce cross-linking and the interactions with other proteins (e.g., fibulin-4 and -5) necessary
for elastic fibre assembly. Therefore, oxidative damage can contribute to the abnormal
structure and function of elastic fibres in both physiological and pathological conditions.
Although further in vivo studies are necessary to understand the precise role of oxidative
stress in elastic fibre degradation, these data support the idea that changes in oxidative
stress could, at least in part, be responsible for reduced cross-linking and contribute to
elastic fibre dysfunction. It is worth mentioning that recent studies indicated that altered
redox balance (the ratio between prooxidants and antioxidants) also plays an important
role in mild forms of SARS-CoV-2 infection [180,181].

In addition, ROS represent important signals, which may lead to NETosis. In particu-
lar, ROS generated by NADPH oxidase stimulate myeloperoxidase (MPO), allowing the
release of NE from the azurosome present within granules [154]. Neutrophil elastase then
translocates to the nucleus contributing to the proteolytic disruption of chromatin required
for NET formation [182]. In contrast to histone-DNA and MPO-DNA, NE is considered an
independent predictor of multi-organ damage in COVID-19 patients, thus underlining the
role of elastases in SARS-CoV-2 infection [182].

Beside oxidation, oxidative stress also favours degradation and fragmentation of ECM
components (e.g., elastin, heparan sulphate and hyaluronan), which are important factors
for triggering lung inflammation and causing airway enlargement. ECM fragments (e.g.,
elastokines) exert an active role in the recruitment of inflammatory cells that can further
increase the respiratory burst (ROS production) upon neutrophil activation. Prevention
of the oxidative fragmentation of ECM components is performed by antioxidant enzymes
such as extracellular superoxide dismutase [183], which is highly expressed in lungs and
vessels [184] and, being located in the ECM, acts as a superoxide anion scavenger, thus
counteracting the oxidative stress and damage of matrix components.
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5.3. Smoke

Cigarette smoke (CS) is a complex mixture of over 8000 chemical substances (e.g.,
aromatic amines, pyridine, carbon monoxide and ammonia), many of which are toxic/
carcinogenic for humans [185]. Moreover, CS representing an exogenous source of ROS
and RNS induce oxidative stress in association with the inhibition of antioxidant systems,
upregulation of elastases (e.g., MMP-1, -3 and NE) and down-regulation of their inhibitors
(e.g., α1-antitrypsin) [186–189]. Morphometric and immunohistochemical analyses per-
formed on skin biopsies demonstrated that two principal components of elastic fibres (i.e.,
elastin and microfibrils) were altered in smokers compared with non-tobacco consumers.
In particular, smokers showed an increased number of elastic fibres due to an enhanced
degradation/fragmentation process [187,190]. In the lungs, the CS-induced imbalance be-
tween elastases/elastase inhibitors and oxidant/antioxidant levels can destroy elastin-rich
structures leading to the onset of COPD, consisting of emphysema and chronic obstructive
bronchitis [191,192]. Some components of CS can react with plasma and ECM proteins to
form AGEs, which accumulate in tissues/organs [193]. AGEs efficiently bind to RAGEs,
whose expression is markedly increased in smokers, predisposing them to COPD [175].
The activation of RAGEs alters several cell-signalling pathways (e.g., mitogen-activated
protein kinases and nuclear factor kappa-B), which are involved, for example, in different
inflammatory and immune processes, leading to increased expression of chemokines (e.g.,
monocyte chemoattractant protein-1) and proinflammatory cytokines (e.g., tumor necrosis
factor-α and interleukin-6) [175,194–196].

Since CS was involved in the pathogenesis of various lung diseases characterized by
inflammation and pulmonary functional decline, CS was also expected to be involved in
the pathogenesis of COVID-19. Surprisingly, several investigations reported contradictory
results. For instance, Hippisley-Cox and co-workers [197] reported that smoking was asso-
ciated with a lower risk of severe COVID-19. Following a number of studies, a “smoker’s
paradox” was put forward [198] due to the fact that nicotine, a cholinergic agonist and
pro-inflammatory cytokine inhibitor, might lower the amount of ACE2r, thus claiming
protective and/or therapeutic effects of smoking/vaping in relation to COVID-19 [199].
Even though the biological effect of nicotine per se was demonstrated in experimental
models, contradictory findings were still reported, such as the over-expression, for instance,
of ACE2 in smokers [200]. By contrast, in the OpenSAFELY study, current smoking was
associated with higher risk for COVID-19 death [201], and these findings were recently
supported by an observational and Mendelian randomization study on a UK biobank
cohort [202]. Nevertheless, it is important to underline that the chronic use of tobacco
cigarettes and e-cigs weakens the respiratory system performance, worsening the inflam-
matory response and the tissue damage resulting from SARS-CoV-2 infection. Therefore, it
is still important to fight smoke addiction to counteract the adverse health effects of smok-
ing and in particular the harmful effects on elastic structure maintenance [203]. In vivo
studies in the rat model showed that a relatively short-term exposure to cigarette smoke
significantly enhances the emphysematous effects of exogenously administered elastolytic
enzymes [204].

Since Janoff [205] reported an increased level of NE in the lung fluids of smokers alter-
ing the homeostatic balance between endogenous lung proteases and protease inhibitors, it
is conceivable that smoking, negatively interfering with the elastic microenvironment, has
an additional negative impact on the progression and severity of SARS-CoV-2 infection.

5.4. Vitamin K

Vitamin K is either introduced with food (phylloquinone or vitamin K1) or synthesized
by the intestinal microbiota (menaquinone or vitamin K2), both are required for the γ-
glutamyl carboxylation of vitamin K-dependent proteins (i.e., coagulation factors II, VII, IX,
X, matrix-gla protein, Gas6 and protein S) [206]. Consistently, vitamin K deficiency results
in altered carboxylation, increased calcification of soft connective tissues and enhanced
thrombogenicity [207]. Given the involvement of elastin and of the coagulation system in
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COVID-19 patients, it was hypothesized that vitamin K may play a role in the disease. A
recent study demonstrated that vitamin K insufficiency is present in hospitalized COVID-19
patients and that low vitamin K levels are associated with several comorbidities which
worsen the clinical outcome of these patients [208]. Since the elastic component, being
calcified and/or fragmented, appears compromised in aging and in age-related diseases
(e.g., diabetes, hypertension, cardiovascular and pulmonary diseases) [101,209], it can be
hypothesised that vitamin K deficiency contributes to the dysfunction of elastic fibres and
facilitates their proteolytic degradation after SARS-CoV-2 infection, thus increasing the
severity of clinical complications [159].

5.5. Pollution

It is well known that air pollution (e.g., PM2.5 and PM10 particulates, nitrogen oxides,
ammonia, ozone, sulphur dioxides, carbon monoxide and volatile organic substances) is
associated with respiratory diseases as interstitial lung diseases and COPD through mecha-
nisms involving oxidative stress and inflammation [210]. In general, particulate inhalation,
depending on size, 3D-structure and chemical composition, can reach deep airways, where
particles are engulfed by phagocytic cells (i.e., neutrophils and macrophages) that become
activated and release cytokines as well as proteolytic enzymes. These events trigger an in-
flammatory response leading to cell recruitment, damage of the lung parenchyma through
degradation of the elastic component and progressive increase in collagen deposition [211],
thus accelerating the pulmonary functional decline and representing a favourable envi-
ronment for SARS-CoV-2 infection. Consistently, the prevalence of COVID-19 and high
levels of morbidity and mortality were observed in more polluted regions, although con-
founding factors such as age, population density and pre-existing comorbidities cannot be
excluded [212]. It was shown that viruses can be adsorbed by PMs, diffused into the atmo-
sphere and transported over long distances [213]. Moreover, it was shown that prolonged
exposure to PM2.5 can increase oxidative stress and inflammation, whereas PM10 particles
may act as carriers of droplet nuclei favouring SARS-CoV-2 transmission [214].

5.6. Mechanical Stress

Interactions between ECM components and between ECM and cells have several
regulatory effects on cellular behaviour as well as on the biomechanical and functional
properties of the lungs [215]. It is well known that elastin cleavage produces an irreversible
structural damage, lowering the ability of tissue to cope with the effect of mechanical
forces. For instance, when an elastic fibre is structurally damaged, the load is increased
on the surrounding fibres, which become more susceptible to further damage/break [2].
For instance, results reported by Jesudason and co-workers [216] suggested that, within a
tissue, enzyme activity can be locally regulated by the capability of the ECM to transmit
macroscopic forces, which in turn accelerate the enzymatic destruction of the alveolar walls.
These findings indicate that proteolytic degradation not only alters the morpho-functional
properties of elastic fibres as well as their interactions but can also act in synergy with
mechanical forces.

Interestingly, it was demonstrated that mechanical ventilation may pose an additional
risk of ventilator-induced lung injury arising from abnormalities of pressure or volume
setting, thus affecting the biomechanical properties of the lungs [174]. Since ICU treat-
ments are required in 5–12% of COVID-19 patients, due to the severity of the disease, the
biomechanical consequences on ECM organization and functional compliance may exert
long-term effects. Consistently, it has been reported that patients who develop post-COVID-
19 lung fibrosis are those who suffered from extensive lung involvement and required
mechanical ventilation with high oxygen concentration [138]. Moreover, in these circum-
stances, oxygen-derived free radicals can further alter the pulmonary epithelium, and it
was demonstrated, in an experimental model, that exposure to 60% oxygen enhances the
effects of elastase injury and contributes to the disruption of the interactions between ECM
components [217].
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6. Elastase Inhibitors: Any Valuable Perspective in SARS-CoV-2 Infection?

Elastases represent a critical factor for viral entry into cells as well as for inducing
matrix destruction, hypertension, thrombosis and vasculitis [151]. As there are several
elastase inhibitors, some of them, already proposed and/or used to treat inflammatory lung
diseases [218], may be considered within the context of multitarget therapeutic approaches
in SARS-CoV-2 affected patients which are characterized by excessive release of elastolytic
enzymes (Table 2).

Table 2. Elastase inhibitors and their use as therapeutic molecules.

Compound Activity Applications

Sivelestat (ONO-5046)
Selective, reversible and competitive
neutrophil elastase inhibitor without
effects on other proteases.

Approved for acute respiratory
syndromes and proposed for
COVID-19 [124].

Roseltide A plant derived peptide acting as a
neutrophil elastase inhibitor.

Proposed for airway inflammatory
diseases [219].

Lonodelestat (POL6014)

A macrocycle based on the protein
epitope mimetic technology acting as a
potent and selective neutrophil
elastase inhibitor.

Proposed for chronic inflammatory
conditions and in phase 2 trial for
patients with cystic fibrosis [220].

Alvelestat (MPH966) Neutrophil elastase inhibitor.

Proposed for bronchiolitis obliterans
syndrome, emphysema, COPD and in
phase 2 trial for COVID-19
patients [182,221].

Brensocatib (INS1007)
Selective, competitive and reversible
cathepsin C inhibitor that reduces
neutrophil elastase activity.

In phase 3 trial for COVID-19
patients [222]

Prolastin α1-antitrypsin.

Approved for self-administration AAT
therapy to preserve functional lung tissue
in AAT deficiency, COPD and proposed
for COVID-19 [223].

Elafin
Endogenously synthesized protein
containing domains with antiproteolytic
properties (i.e., vascular elastase).

Proposed for the treatment of
inflammatory vascular, systemic and
pulmonary diseases as COPD [224].

Secretory leucocyte protease
inhibitor (SLPI)

Unglycosylated natural protease inhibitor
with a additional role as NET modulator.

Proposed for COPD, chronic lung
diseases [224,225].

One of the most investigated and commercially available elastase inhibitor is sivelestat,
a selective, reversible and competitive neutrophil elastase inhibitor, that, in different models
of lung injury [226] and in patients with ARDS [227,228], was shown to improve pulmonary
function and to shorten the duration of mechanical ventilation time and length of ICU
treatments, possibly through inhibition of the overstretch-induced signalling pathway
(i.e., phosphorylation of c-Jun NH2-terminal kinase) and neutrophil chemotaxis [226].
Moreover, since elastases contribute to spike protein activation, thus favouring virus entry
into target cells, treatment with sivelestat, by inhibiting NE, may exert a dual effect by
lowering the damaging effect on the pulmonary connective tissue and limiting the virus
from spreading [229].

An almost completed depletion of proinflammatory elastolytic enzymes was de-
scribed in neutrophils from patients with Papillon-Lefèvre syndrome (PLS), a disease
characterized by cathepsin C (CatC) deficiency. CatC, by removing N-terminal dipropep-
tides, activates most tissue-degrading elastase-related serine proteases (elastase, cathep-
sin G, proteinase 3 and NSP4) [230], and therefore represents a potential therapeutic
target to counteract protease-driven tissue degradation in inflammatory diseases and
plausibly in COVID-19 patients [222]. Impairing neutrophil elastases and/or the release
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of NETs could have a positive impact of lung tissue conservation, but, at the same time,
can decrease the capabilities of host innate immunity. Interestingly, it was observed
that cells from PLS patients are unable to produce NETs, but, unexpectedly, these pa-
tients do not exhibit signs of immunodeficiency or of recurrent viral infections [230],
thus supporting the hypothesis that a pharmacological inhibition of CatC activity may
represent an attractive therapeutic strategy to safely and efficiently regulate elastase-
related serine proteases and to avert the irreversible pulmonary failure in COVID-19
patients [222].

The level of NE is regulated by AAT that is mainly produced by the liver, but it is
also expressed by neutrophils, macrophages and pulmonary alveolar cells [231]. AAT
acts as an inhibitor of inflammatory molecules (e.g., IL-8, TNF-α) and of proteases in-
volved in the pathophysiology of COVID-19 (e.g., elastase, TMPRSS2 and ADAM17) [232].
Since TMPRSS2-mediated SARS-CoV-2 entry into host cells, AAT was demonstrated to
be capable to inhibit SARS-CoV-2 entry, and therefore can represent an anti-COVID-19
treatment [233,234]. In addition, inhibition of ADAM17 can modulate the ACE2 cleavage
and the “cytokine storm” typical of COVID-19 and the risk of vascular hyperpermeability,
multiorgan failure and death [235]. Moreover, since ADAM17 is overexpressed in diabetic
patients, the high risk of COVID-19 complications in these patients can be due to the
inhibition of AAT activity by diabetic-dependent glycosylation [236].

AAT plasma levels can normally increase 3- to 5-fold in the course of systemic inflam-
mation and/or infection, however, AAT was observed to be present at low levels in severe
cases of COVID-19 [237]. In agreement with these findings, Vianello and Braccioni [238]
showed that, in Italy, there was a geographic co-localization between individuals with AAT
deficiency and the number of COVID-19 cases. Interestingly, AAT serum levels can be mod-
ulated by genetic variants as well as by cigarette exposure, oxidative stress and pollution,
and these changes may have a significant relevance in lowering the protective role of AAT
during COVID-19 [234,237]. Since AAT irreversibly inhibits serine proteases and elastases,
but may also exert anti-viral, anti-TMPRSS-2, anti-inflammatory, anti-thrombin, anti-NETs
and antiapoptotic activities, AAT represents an additional candidate for the treatment of
COVID-19 [234]. Within this context, elafin and the secretory leucocyte protease inhibitor
(SLPI), being a member of the serine protease inhibitor family, which also includes AAT,
may be used to potentiate the action of AAT or to act as substitutes in case of AAT deficiency.
Interestingly, SLPI has an additional role as an anti-inflammatory agent by lowering the
secretion of pro-inflammatory cytokines, preventing neutrophil infiltration and regulating
the activity of NK-kB [239].

7. Conclusions

Elastin is the major constituent of elastic fibres and one of the longest-lived and
metabolically stable proteins in the body; nevertheless, it is progressively degraded during
aging and as the result of inflammatory reactions. These events, further enhanced by sev-
eral intrinsic and extrinsic factors (e.g., aging, oxidative stress, smoke, pollution, vitamin K
and mechanical stress), may cause loss of tissue elastic recoil as well as the activation of
signalling pathways driven by the release of elastokines. The massive recruitment and acti-
vation of neutrophils and the consequent release of ROS and of elastolytic enzymes, which
take place in severely affected COVID-19 patients, are responsible for their pulmonary loss
of function. However, the irreversible damage that affects the elastic component and the
failure of the body to repair and to reconstitute tissue elasticity were only hardly addressed.
In this scenario, the presence of several elastase inhibitors, already tested for other lung
diseases, deserves special attention and may open new perspectives in the wide spectrum
of treatments aiming to counteract the entry of SARS-CoV-2 into target cells, as well as to
preserve the elastic component to avoid the long-term consequences and the persistence of
symptoms in COVID-19 survivors.
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Singh, S.; et al. Histopathological findings in the advanced natural evolution of the SARS-CoV-2 infection. Rom. J. Morphol.
Embryol. 2020, 61, 209–218. [CrossRef]

138. George, P.M.; Wells, A.U.; Jenkins, R.G. Pulmonary fibrosis and COVID-19: The potential role for antifibrotic therapy. Lancet
Respir. Med. 2020, 8, 807–815. [CrossRef]

139. Tanni, S.E.; Fabro, A.T.; de Albuquerque, A.; Ferreira, E.V.M.; Verrastro, C.G.Y.; Sawamura, M.V.Y.; Ribeiro, S.M.; Baldi, B.G.
Pulmonary fibrosis secondary to COVID-19: A narrative review. Expert Rev. Respir. Med. 2021, 15, 791–803. [CrossRef]

140. Falleni, M.; Tosi, D.; Savi, F.; Chiumello, D.; Bulfamante, G. Endothelial-Mesenchymal Transition in COVID-19 lung lesions.
Pathol. Res. Pract. 2021, 221, 153419. [CrossRef]

141. Pandolfi, L.; Bozzini, S.; Frangipane, V.; Percivalle, E.; De Luigi, A.; Violatto, M.B.; Lopez, G.; Gabanti, E.; Carsana, L.;
D’Amato, M.; et al. Neutrophil Extracellular Traps Induce the Epithelial-Mesenchymal Transition: Implications in Post-COVID-19
Fibrosis. Front. Immunol. 2021, 12, 663303. [CrossRef]

142. D’Urso, M.; Kurniawan, N.A. Mechanical and Physical Regulation of Fibroblast-Myofibroblast Transition: From Cellular
Mechanoresponse to Tissue Pathology. Front. Bioeng. Biotechnol. 2020, 8, 609653. [CrossRef] [PubMed]

143. Delpino, M.V.; Quarleri, J. SARS-CoV-2 Pathogenesis: Imbalance in the Renin-Angiotensin System Favors Lung Fibrosis. Front.
Cell. Infect. Microbiol. 2020, 10, 340. [CrossRef] [PubMed]

144. Ojo, A.S.; Balogun, S.A.; Williams, O.T.; Ojo, O.S. Pulmonary Fibrosis in COVID-19 Survivors: Predictive Factors and Risk
Reduction Strategies. Pulm. Med. 2020, 2020, 6175964. [CrossRef] [PubMed]

145. Compagnone, N.; Palumbo, D.; Cremona, G.; Vitali, G.; De Lorenzo, R.; Calvi, M.R.; Del Prete, A.; Baiardo Redaelli, M.;
Calamarà, S.; Belletti, A.; et al. Residual lung damage following ARDS in COVID-19 ICU survivors. Acta Anaesthesiol. Scand. 2021.
[CrossRef]

146. Toshima, M.; Ohtani, Y.; Ohtani, O. Three-dimensional architecture of elastin and collagen fiber networks in the human and rat
lung. Arch. Histol. Cytol. 2004, 67, 31–40. [CrossRef]

147. Naeije, R.; Caravita, S. Phenotyping long COVID. Eur. Respir. J. 2021, 58, 2101763. [CrossRef]
148. Akgun, E.; Tuzuner, M.B.; Sahin, B.; Kilercik, M.; Kulah, C.; Cakiroglu, H.N.; Serteser, M.; Unsal, I.; Baykal, A.T. Proteins

associated with neutrophil degranulation are upregulated in nasopharyngeal swabs from SARS-CoV-2 patients. PLoS ONE 2020,
15, e0240012. [CrossRef]

149. Vargas-Alarcón, G.; Posadas-Sánchez, R.; Ramírez-Bello, J. Variability in genes related to SARS-CoV-2 entry into host cells (ACE2,
TMPRSS2, TMPRSS11A, ELANE, and CTSL) and its potential use in association studies. Life Sci. 2020, 260, 118313. [CrossRef]

150. Zhou, B.; Thao, T.T.N.; Hoffmann, D.; Taddeo, A.; Ebert, N.; Labroussaa, F.; Pohlmann, A.; King, J.; Steiner, S.; Kelly, J.N.; et al.
SARS-CoV-2 spike D614G change enhances replication and transmission. Nature 2021, 592, 122–127. [CrossRef]

151. Pokhrel, S.; Kraemer, B.R.; Lee, L.; Samardzic, K.; Mochly-Rosen, D. Increased elastase sensitivity and decreased intramolecular
interactions in the more transmissible 501Y.V1 and 501Y.V2 SARS-CoV-2 variants’ spike protein-an in silico analysis. PLoS ONE
2021, 16, e0251426. [CrossRef]

152. Bhattacharyya, C.; Das, C.; Ghosh, A.; Singh, A.K.; Mukherjee, S.; Majumder, P.P.; Basu, A.; Biswas, N.K. SARS-CoV-2 mutation
614G creates an elastase cleavage site enhancing its spread in high AAT-deficient regions. Infect. Genet. Evol. 2021, 90, 104760.
[CrossRef] [PubMed]

153. Castanheira, F.V.S.; Kubes, P. Neutrophils and NETs in modulating acute and chronic inflammation. Blood 2019, 133, 2178–2185.
[CrossRef]

154. Burgener, S.S.; Schroder, K. Neutrophil Extracellular Traps in Host Defense. Cold Spring Harb. Perspect. Biol. 2020, 12, a037028.
[CrossRef] [PubMed]

155. Tan, C.; Aziz, M.; Wang, P. The vitals of NETs. J. Leukoc. Biol. 2021, 110, 797–808. [CrossRef] [PubMed]
156. Ishii, T.; Abboud, R.T.; Wallace, A.M.; English, J.C.; Coxson, H.O.; Finley, R.J.; Shumansky, K.; Paré, P.D.; Sandford, A.J. Alveolar

macrophage proteinase/antiproteinase expression in lung function and emphysema. Eur. Respir. J. 2014, 43, 82–91. [CrossRef]
[PubMed]

157. Sagel, S.D.; Wagner, B.D.; Anthony, M.M.; Emmett, P.; Zemanick, E.T. Sputum biomarkers of inflammation and lung function
decline in children with cystic fibrosis. Am. J. Respir. Crit. Care Med. 2012, 186, 857–865. [CrossRef] [PubMed]

158. Heinz, A. Elastases and elastokines: Elastin degradation and its significance in health and disease. Crit. Rev. Biochem. Mol. Biol.
2020, 55, 252–273. [CrossRef]

159. Visser, M.P.J.; Dofferhoff, A.S.M.; van den Ouweland, J.M.W.; van Daal, H.; Kramers, C.; Schurgers, L.J.; Janssen, R.; Walk, J.
Effects of Vitamin D and K on Interleukin-6 in COVID-19. Front. Nutr. 2022, 8, 1282. [CrossRef]

http://doi.org/10.1001/jama.2021.3331
http://www.ncbi.nlm.nih.gov/pubmed/33729425
http://doi.org/10.1148/radiol.2021210834
http://doi.org/10.1038/s41392-020-00355-9
http://doi.org/10.47162/RJME.61.1.23
http://doi.org/10.1016/S2213-2600(20)30225-3
http://doi.org/10.1080/17476348.2021.1916472
http://doi.org/10.1016/j.prp.2021.153419
http://doi.org/10.3389/fimmu.2021.663303
http://doi.org/10.3389/fbioe.2020.609653
http://www.ncbi.nlm.nih.gov/pubmed/33425874
http://doi.org/10.3389/fcimb.2020.00340
http://www.ncbi.nlm.nih.gov/pubmed/32596170
http://doi.org/10.1155/2020/6175964
http://www.ncbi.nlm.nih.gov/pubmed/32850151
http://doi.org/10.1111/aas.13996
http://doi.org/10.1679/aohc.67.31
http://doi.org/10.1183/13993003.01763-2021
http://doi.org/10.1371/journal.pone.0240012
http://doi.org/10.1016/j.lfs.2020.118313
http://doi.org/10.1038/s41586-021-03361-1
http://doi.org/10.1371/journal.pone.0251426
http://doi.org/10.1016/j.meegid.2021.104760
http://www.ncbi.nlm.nih.gov/pubmed/33556558
http://doi.org/10.1182/blood-2018-11-844530
http://doi.org/10.1101/cshperspect.a037028
http://www.ncbi.nlm.nih.gov/pubmed/31767647
http://doi.org/10.1002/JLB.3RU0620-375R
http://www.ncbi.nlm.nih.gov/pubmed/33378572
http://doi.org/10.1183/09031936.00174612
http://www.ncbi.nlm.nih.gov/pubmed/23900981
http://doi.org/10.1164/rccm.201203-0507OC
http://www.ncbi.nlm.nih.gov/pubmed/22904182
http://doi.org/10.1080/10409238.2020.1768208
http://doi.org/10.3389/fnut.2021.761191


Int. J. Mol. Sci. 2022, 23, 1559 21 of 24

160. Turino, G.M. The lung parenchyma–a dynamic matrix. J. Burns Amberson lecture. Am. Rev. Respir. Dis. 1985, 132, 1324–1334.
[CrossRef]

161. Gregory, A.D.; Kliment, C.R.; Metz, H.E.; Kim, K.-H.; Kargl, J.; Agostini, B.A.; Crum, L.T.; Oczypok, E.A.; Oury, T.A.;
Houghton, A.M. Neutrophil elastase promotes myofibroblast differentiation in lung fibrosis. J. Leukoc. Biol. 2015, 98,
143–152. [CrossRef]

162. Zhou, L.; Gao, R.; Hong, H.; Li, X.; Yang, J.; Shen, W.; Wang, Z.; Yang, J. Emodin inhibiting neutrophil elastase-induced epithelial-
mesenchymal transition through Notch1 signalling in alveolar epithelial cells. J. Cell. Mol. Med. 2020, 24, 11998–12007. [CrossRef]
[PubMed]

163. Noseda, M.; Fu, Y.; Niessen, K.; Wong, F.; Chang, L.; McLean, G.; Karsan, A. Smooth Muscle alpha-actin is a direct target of
Notch/CSL. Circ. Res. 2006, 98, 1468–1470. [CrossRef] [PubMed]

164. De, D.; Pawar, N.; Gupta, A.N. Glucose-induced structural changes and anomalous diffusion of elastin. Colloids Surf. B Biointerfaces
2020, 188, 110776. [CrossRef] [PubMed]

165. Silverstein, M.C.; Bilici, K.; Morgan, S.W.; Wang, Y.; Zhang, Y.; Boutis, G.S. 13C, 2h NMR studies of structural and dynamical
modifications of glucose-exposed porcine aortic elastin. Biophys. J. 2015, 108, 1758–1772. [CrossRef] [PubMed]

166. Wang, Y.; Hahn, J.; Zhang, Y. Mechanical Properties of Arterial Elastin With Water Loss. J. Biomech. Eng. 2018, 140, 041012.
[CrossRef] [PubMed]

167. Zhang, J.; Litvinova, M.; Liang, Y.; Wang, Y.; Wang, W.; Zhao, S.; Wu, Q.; Merler, S.; Viboud, C.; Vespignani, A.; et al. Changes in
contact patterns shape the dynamics of the COVID-19 outbreak in China. Science 2020, 368, 1481–1486. [CrossRef] [PubMed]

168. Parisi, A.; Brand, S.P.C.; Hilton, J.; Aziza, R.; Keeling, M.J.; Nokes, D.J. Spatially resolved simulations of the spread of COVID-19
in three European countries. PLoS Comput. Biol. 2021, 17, e1009090. [CrossRef]

169. Hilton, J.; Keeling, M.J. Estimation of country-level basic reproductive ratios for novel Coronavirus (SARS-CoV-2/COVID-19)
using synthetic contact matrices. PLoS Comput. Biol. 2020, 16, e1008031. [CrossRef]

170. Rahman, A.; Kuddus, M.A. Modelling the Transmission Dynamics of COVID-19 in Six High-Burden Countries. BioMed Res. Int.
2021, 2021, 5089184. [CrossRef]

171. Franceschi, C.; Bonafè, M.; Valensin, S.; Olivieri, F.; De Luca, M.; Ottaviani, E.; De Benedictis, G. Inflamm-aging. An evolutionary
perspective on immunosenescence. Ann. N. Y. Acad. Sci. 2000, 908, 244–254. [CrossRef]

172. Sellegounder, D.; Zafari, P.; Rajabinejad, M.; Taghadosi, M.; Kapahi, P. Advanced glycation end products (AGEs) and its receptor,
RAGE, modulate age-dependent COVID-19 morbidity and mortality. A review and hypothesis. Int. Immunopharmacol. 2021,
98, 107806. [CrossRef] [PubMed]

173. Kehribar, D.; Cihangiroglu, M.; Sehmen, E.; Avci, B.; Capraz, A.; Yildirim Bilgin, A.; Gunaydin, C.; Ozgen, M. The receptor for
advanced glycation end product (RAGE) pathway in COVID-19. Biomarkers 2021, 26, 114–118. [CrossRef]

174. Rumende, C.M.; Susanto, E.C.; Sitorus, T.P. The Management of Pulmonary Fibrosis in COVID-19. Acta Med. Indones. 2021, 53,
233–241. [PubMed]

175. Chiappalupi, S.; Salvadori, L.; Vukasinovic, A.; Donato, R.; Sorci, G.; Riuzzi, F. Targeting RAGE to prevent SARS-CoV-2-mediated
multiple organ failure: Hypotheses and perspectives. Life Sci. 2021, 272, 119251. [CrossRef] [PubMed]

176. Deslee, G.; Woods, J.C.; Moore, C.M.; Liu, L.; Conradi, S.H.; Milne, M.; Gierada, D.S.; Pierce, J.; Patterson, A.; Lewit, R.A.; et al.
Elastin expression in very severe human COPD. Eur. Respir. J. 2009, 34, 324–331. [CrossRef] [PubMed]

177. Krettek, A.; Sukhova, G.K.; Libby, P. Elastogenesis in human arterial disease: A role for macrophages in disordered elastin
synthesis. Art. Thromb. Vasc. Biol. 2003, 23, 582–587. [CrossRef]

178. Cantor, J.O.; Shteyngart, B.; Cerreta, J.M.; Ma, S.; Turino, G.M. Synergistic effect of hydrogen peroxide and elastase on elastic fiber
injury in vitro. Exp. Biol. Med. 2006, 231, 107–111. [CrossRef]

179. Akhtar, K.; Broekelmann, T.J.; Miao, M.; Keeley, F.W.; Starcher, B.C.; Pierce, R.A.; Mecham, R.P.; Adair-Kirk, T.L. Oxidative and
nitrosative modifications of tropoelastin prevent elastic fiber assembly in vitro. J. Biol. Chem. 2010, 285, 37396–37404. [CrossRef]

180. Suhail, S.; Zajac, J.; Fossum, C.; Lowater, H.; McCracken, C.; Severson, N.; Laatsch, B.; Narkiewicz-Jodko, A.; Johnson, B.; Liebau,
J.; et al. Role of Oxidative Stress on SARS-CoV (SARS) and SARS-CoV-2 (COVID-19) Infection: A Review. Protein J. 2020, 39,
644–656. [CrossRef]

181. van Eijk, L.E.; Tami, A.; Hillebrands, J.-L.; den Dunnen, W.F.A.; de Borst, M.H.; van der Voort, P.H.J.; Bulthuis, M.L.C.;
Veloo, A.C.M.; Wold, K.I.; Vincenti González, M.F.; et al. Mild Coronavirus Disease 2019 (COVID-19) Is Marked by Systemic
Oxidative Stress: A Pilot Study. Antioxidants 2021, 10, 2022. [CrossRef]

182. Guéant, J.-L.; Guéant-Rodriguez, R.-M.; Fromonot, J.; Oussalah, A.; Louis, H.; Chery, C.; Gette, M.; Gleye, S.; Callet, J.; Raso, J.; et al.
Elastase and exacerbation of neutrophil innate immunity are involved in multi-visceral manifestations of COVID-19. Allergy 2021,
76, 1846–1858. [CrossRef] [PubMed]

183. Yao, H.; Arunachalam, G.; Hwang, J.-W.; Chung, S.; Sundar, I.K.; Kinnula, V.L.; Crapo, J.D.; Rahman, I. Extracellular superoxide
dismutase protects against pulmonary emphysema by attenuating oxidative fragmentation of ECM. Proc. Natl. Acad. Sci. USA
2010, 107, 15571–15576. [CrossRef] [PubMed]

184. Nguyen, N.H.; Tran, G.-B.; Nguyen, C.T. Anti-oxidative effects of superoxide dismutase 3 on inflammatory diseases. J. Mol. Med.
2020, 98, 59–69. [CrossRef] [PubMed]

185. Rodgman, A.; Perfetti, T.A. The Chemical Components of Tobacco and Tobacco Smoke, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2013;
ISBN 978-1-4665-1548-2.

http://doi.org/10.1164/arrd.1985.132.6.1324
http://doi.org/10.1189/jlb.3HI1014-493R
http://doi.org/10.1111/jcmm.15827
http://www.ncbi.nlm.nih.gov/pubmed/32935466
http://doi.org/10.1161/01.RES.0000229683.81357.26
http://www.ncbi.nlm.nih.gov/pubmed/16741155
http://doi.org/10.1016/j.colsurfb.2020.110776
http://www.ncbi.nlm.nih.gov/pubmed/31945631
http://doi.org/10.1016/j.bpj.2015.02.005
http://www.ncbi.nlm.nih.gov/pubmed/25863067
http://doi.org/10.1115/1.4038887
http://www.ncbi.nlm.nih.gov/pubmed/29305611
http://doi.org/10.1126/science.abb8001
http://www.ncbi.nlm.nih.gov/pubmed/32350060
http://doi.org/10.1371/journal.pcbi.1009090
http://doi.org/10.1371/journal.pcbi.1008031
http://doi.org/10.1155/2021/5089184
http://doi.org/10.1111/j.1749-6632.2000.tb06651.x
http://doi.org/10.1016/j.intimp.2021.107806
http://www.ncbi.nlm.nih.gov/pubmed/34352471
http://doi.org/10.1080/1354750X.2020.1861099
http://www.ncbi.nlm.nih.gov/pubmed/34251354
http://doi.org/10.1016/j.lfs.2021.119251
http://www.ncbi.nlm.nih.gov/pubmed/33636175
http://doi.org/10.1183/09031936.00123008
http://www.ncbi.nlm.nih.gov/pubmed/19357152
http://doi.org/10.1161/01.ATV.0000064372.78561.A5
http://doi.org/10.1177/153537020623100113
http://doi.org/10.1074/jbc.M110.126789
http://doi.org/10.1007/s10930-020-09935-8
http://doi.org/10.3390/antiox10122022
http://doi.org/10.1111/all.14746
http://www.ncbi.nlm.nih.gov/pubmed/33484168
http://doi.org/10.1073/pnas.1007625107
http://www.ncbi.nlm.nih.gov/pubmed/20713693
http://doi.org/10.1007/s00109-019-01845-2
http://www.ncbi.nlm.nih.gov/pubmed/31724066


Int. J. Mol. Sci. 2022, 23, 1559 22 of 24

186. Dietrich, M.; Block, G.; Norkus, E.P.; Hudes, M.; Traber, M.G.; Cross, C.E.; Packer, L. Smoking and exposure to environmental
tobacco smoke decrease some plasma antioxidants and increase gamma-tocopherol in vivo after adjustment for dietary antioxidant
intakes. Am. J. Clin. Nutr. 2003, 77, 160–166. [CrossRef] [PubMed]

187. Just, M.; Ribera, M.; Monsó, E.; Lorenzo, J.C.; Ferrándiz, C. Effect of smoking on skin elastic fibres: Morphometric and
immunohistochemical analysis. Br. J. Dermatol. 2007, 156, 85–91. [CrossRef] [PubMed]

188. Blue, M.L.; Janoff, A. Possible mechanisms of emphysema in cigarette smokers. Release of elastase from human polymorphonu-
clear leukocytes by cigarette smoke condensate in vitro. Am. Rev. Respir. Dis. 1978, 117, 317–325. [CrossRef]

189. Beatty, K.; Matheson, N.; Travis, J. Kinetic and chemical evidence for the inability of oxidized alpha 1-proteinase inhibitor to
protect lung elastin from elastolytic degradation. Hoppe. Seylers Z. Physiol. Chem. 1984, 365, 731–736. [CrossRef]

190. Francès, C.; Boisnic, S.; Hartmann, D.J.; Dautzenberg, B.; Branchet, M.C.; Charpentier, Y.L.; Robert, L. Changes in the elastic tissue
of the non-sun-exposed skin of cigarette smokers. Br. J. Dermatol. 1991, 125, 43–47. [CrossRef]

191. Kuperman, A.S.; Riker, J.B. The variable effect of smoking on pulmonary function. Chest 1973, 63, 655–660. [CrossRef]
192. Shifren, A.; Durmowicz, A.G.; Knutsen, R.H.; Hirano, E.; Mecham, R.P. Elastin protein levels are a vital modifier affecting normal

lung development and susceptibility to emphysema. Am. J. Physiol. Lung Cell. Mol. Physiol. 2007, 292, L778–L787. [CrossRef]
193. Nicholl, I.D.; Bucala, R. Advanced glycation endproducts and cigarette smoking. Cell. Mol. Biol. 1998, 44, 1025–1033. [PubMed]
194. Iles, K.E.; Dickinson, D.A.; Wigley, A.F.; Welty, N.E.; Blank, V.; Forman, H.J. HNE increases HO-1 through activation of the ERK

pathway in pulmonary epithelial cells. Free Radic. Biol. Med. 2005, 39, 355–364. [CrossRef] [PubMed]
195. Kroening, P.R.; Barnes, T.W.; Pease, L.; Limper, A.; Kita, H.; Vassallo, R. Cigarette smoke-induced oxidative stress suppresses

generation of dendritic cell IL-12 and IL-23 through ERK-dependent pathways. J. Immunol. 2008, 181, 1536–1547. [CrossRef]
[PubMed]

196. Byun, K.; Yoo, Y.; Son, M.; Lee, J.; Jeong, G.-B.; Park, Y.M.; Salekdeh, G.H.; Lee, B. Advanced glycation end-products produced
systemically and by macrophages: A common contributor to inflammation and degenerative diseases. Pharmacol. Ther. 2017, 177,
44–55. [CrossRef] [PubMed]

197. Hippisley-Cox, J.; Young, D.; Coupland, C.; Channon, K.M.; Tan, P.S.; Harrison, D.A.; Rowan, K.; Aveyard, P.; Pavord, I.D.;
Watkinson, P.J. Risk of severe COVID-19 disease with ACE inhibitors and angiotensin receptor blockers: Cohort study including
8.3 million people. Heart 2020, 106, 1503–1511. [CrossRef] [PubMed]

198. Usman, M.S.; Siddiqi, T.J.; Khan, M.S.; Patel, U.K.; Shahid, I.; Ahmed, J.; Kalra, A.; Michos, E.D. Is there a smoker’s paradox in
COVID-19? BMJ Evid. Based Med. 2021, 26, 279–284. [CrossRef] [PubMed]

199. Besaratinia, A. COVID-19: A pandemic converged with global tobacco epidemic and widespread vaping-state of the evidence.
Carcinogenesis 2021, 42, 1009–1022. [CrossRef]

200. Smith, J.C.; Sausville, E.L.; Girish, V.; Yuan, M.L.; Vasudevan, A.; John, K.M.; Sheltzer, J.M. Cigarette Smoke Exposure and
Inflammatory Signaling Increase the Expression of the SARS-CoV-2 Receptor ACE2 in the Respiratory Tract. Dev. Cell 2020, 53,
514–529.e3. [CrossRef]

201. Williamson, E.J.; Walker, A.J.; Bhaskaran, K.; Bacon, S.; Bates, C.; Morton, C.E.; Curtis, H.J.; Mehrkar, A.; Evans, D.; Inglesby, P.; et al.
Factors associated with COVID-19-related death using OpenSAFELY. Nature 2020, 584, 430–436. [CrossRef]

202. Clift, A.K.; von Ende, A.; Tan, P.S.; Sallis, H.M.; Lindson, N.; Coupland, C.A.C.; Munafò, M.R.; Aveyard, P.; Hippisley-Cox, J.;
Hopewell, J.C. Smoking and COVID-19 outcomes: An observational and Mendelian randomisation study using the UK Biobank
cohort. Thorax 2022, 77, 65–73. [CrossRef]
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