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Abstract

Background Recognizing only sharp elevation in a short period of time, the COVID-19 SARS-CoV-2 propagation is more
and more marked in the whole world. Induced inflammation afterwards infection engenders a high infiltration of immune
cells and cytokines that triggers matrix metalloproteinases (MMPs) activation. These endopeptidases are mediators of the
lung extracellular matrix (ECM), a basic element for alveoli structure and gas exchange.

Methods When immune cells, MMPs, secreted cytokines and several other mediators are gathered a pathological matrix
remodeling occurs. This phenomenon tends to tissue destruction in the first place and a pulmonary hypertrophy and fibrosis
in the second place.

Findings After pathological matrix remodeling establishment, pathological diseases take place even after infection state.
Since post COVID-19 pulmonary fibrosis is an emerging complication of the disease, there is an urge to better understand
and characterize the implication of ECM remodeling during SARS-CoV-2 infection.

Conclusion Targeting MMPs and their inhibitors could be a probable solution for occurred events since there are many cured

patients that remain with severe sequels even after the end of infection.
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Introduction

The emerging pandemic caused by the severe acute res-
piratory syndrome coronavirus-2 (SARS-CoV-2) brought
a state of alert around the world. SARS-CoV-2 belongs
to the Betacoronavirus family which includes two other
viruses known for other pandemic diseases: the Middle
East Respiratory syndrome coronavirus (MERS-CoV) and
severe acute respiratory syndrome coronavirus (SARS-
CoV), respectively [1-4]. SARS-CoV-2 shares 79.6% of its
genome with SARS-CoV-1 and 96% with the bat coronavi-
rus (RaTG13) which make it most likely deriving from the
later [1, 5]. SARS-CoV-2 shares important sequence homol-
ogy with SARS-CoV but also a common entry receptor
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angiotensin-converting enzyme 2 (ACE2). For such reason,
several authors have suggested that their biological prop-
erties could be similar and understanding host response
to SARS-CoV-1 may help us understanding SARS-CoV-2
implication at various levels [4, 6, 7].

Latest models suggest that following SARS-CoV-2 inva-
sion in type II pneumocytes (via ACE2) leads to a rapid
virus replication as well as concomitant intense secretion
of pro-inflammatory cytokines, chemokines, and other
proteases are mainly secreted by the innate immune cells’
response [8]. Subsequent excess inflammation, especially
in the lung further (the so-called “cytokine storm™) leads
to acute respiratory distress syndrome (ARDS), pulmonary
edema and endothelial damage [1].

On a molecular scale, when all of these inflammatory
mediators are gathered, there is an increase of matrix met-
alloprotease (MMPs) secretion in site of the inflammation.
This increase leads to a pathological remodeling of lung’s
extracellular matrix (ECM) [1, 8—10]. MMPs are members
of the proteolytic zinc-dependent family. There are 24 recog-
nized members until today and they are included in several
vital mechanisms and pathways including majorly wound
healing, ECM degradation, angiogenesis, proliferation and
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signaling pathways [11, 12]. While present in low quantity
at homeostasis, their increased secretion and imbalance have
been widely studied in various lung pathologies in chronic
and acute nature.

Since they are involved in different pathways and physi-
ological phenomena, disequilibrium in their levels opens the
door to pathological situations translated by serious diseases
like cancer, cardiovascular diseases, neurodegenerative dis-
eases and chronic inflammation which explains why they
drew so much attention lately. Even though the fact that
they are capable of modulating cellular behavior in a non-
specific way, they could be considered as therapeutic targets
[13]. Secreted MMPs enhance pro-inflammatory cytokines,
bioactive chemokines and oxygen reactive. They are even
included in infection propagation in the organism through
their members with transmembrane domain like ADAM-
17 which leads us to ask about their real implication even
with fluctuated levels [14—16]. In fact, metallopeptidases are
probably included in immune cells infiltration since they are
mediators of ECM and basement membrane breakdown that
surrounds the parenchymal ECM and blood vessels.

The combination of ARDS and hyper-inflammation has
the potential of driving pulmonary fibrosis. Since post-
COVID-19 pulmonary fibrosis is an emerging complica-
tion of the disease, there is an urge to better understand and
characterize the implication of ECM remodeling during
SARS-CoV-2 infection. This review focuses on current and
emerging evidence regarding the pathophysiological role of
metallo-endopeptidases, particularly MMPs, in determining
the remodeling process in lung tissue damage during SARS-
CoV-2 infection.

The SARS-COV-2/ACE2 pathway to infection

Through genome sequencing and by homology modeling,
the angiotensin-converting enzyme 2 (ACE2) has been
reported to be the target for SARS-CoV-2 [3]. Specific bind-
ing between spike (S) glycoprotein of coronavirus and the
ACE2 receptor followed by S cleavage by serine protease 2
(TMPRSS?2) allows for virus entry to cell [1, 4, 17]. Several
studies of gene expression datasets have reported that ACE2
more than TMPRSS2 may be the limiting factor for viral
entry at the initial stage [3]. Moreover, the study reported
a high expression of ACE2 in nasal secretory and ciliated
cells as well as type II alveolar epithelial cells (AEC). At
homeostasis, quiescent types II AEC are the major source
of ACE2 within the lung. During lung fibrosis, those cells
actively proliferate and downregulate the expression of this
enzyme. ACE2 expression is severely downregulated in the
context of pneumocyte proliferation and lung fibrosis [18].

The viral spike protein (~ 1300 amino acid residues)
is formed by two functionally subunits: S1 contains the
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receptor-binding domain (RBD) attached to S2, which con-
tains the post-fusion core [19, 20]. This process is crucial
for the virus cell entry resulting in shedding S1 subunit
from the viral surface [4]. The S-protein undergoes con-
formational rearrangements allowing the S2 subunit a post-
fusion conformation [19, 21, 22]. Besides the proteolytic
cleavage of SARS-CoV-2 S by TMPRSS2, a smaller rate of
endosomal cysteine proteases cathepsin B (CatB) and cath-
epsin L (CatL) has been reported to assist in priming and
entry process [4, 23] (Fig. 1A). A distinctive feature of the
SARS-CoV-2 S-protein is the Furin cleavage site acquire-
ment, polybasic cleavage site (RRAR) at S1-S2 junction
which is cleaved efficiently by furin enzyme [24]. The S1/S2
junction and S2' are the two cleavage sites in viral S-protein,
allowing the activation and priming process through host
cell enzymes trypsin, cathepsins, furin and TMPRSS2 [4,
25]. After this bond, the virus membrane and the host cell
membrane fuse together through their ligand—receptor link
and then the virus enters the host cell [26]. The angiotensin-
converting enzyme 2 (ACE2) is a homolog of the ACE.

ACE2 is a widely expressed enzyme with pleiotropic
roles which is part of the Renin—Angiotensin System (RAS).
ACE?2 is the homologous of ACE and shares a high affinity
to the angiotensin II (ANG-II) [6, 27, 28, 31, 32]. There
are three discovered receptors for the ANG-II until today.
Among these receptors, the angiotensin I (AT1R) leads
to vasoconstriction, induces inflammatory responses and
enhances matrix remodeling, whereas the AT2R reverses
the ANG-II effects [28, 29], while ACE-ANG-II-ATIR axis
activation has been proven to causes deleterious effects, such
as vasoconstriction, inflammation, and fibrosis [28-30]. The
ACE2-ANG I-7-Mas axis appears to counter-regulate the
ACE-ANG-II-AT1 negative effects anti-thrombotic, anti-
proliferative, anti-fibrotic, and anti-inflammatory properties
[31, 32].

ACE2 acts like a transmembrane enzyme with an extracel-
lular domain and presents a target site for the SARS-CoV-2
to mediate its actions [33]. When the SARS-CoV-2 enters
into the organism, it binds directly through its glycoprotein
spike existent on its viral membrane to the host cell recep-
tors [4, 34]. The recently made study by Zhou and its col-
laborators demonstrated that SARS-CoV-2 entry to the host
cell is mainly insured by the ACE2 cell receptor since cells
that do not express this receptor are not infected [1]. However,
on T lymphocytes in vitro, SARS-CoV-2 is capable of using
other cellular receptors of S-protein to infect cells that do not
express the ACE2 receptor [35]. It is plausible that interac-
tion of ACE2 with SARS-COV-2 may induce its downregula-
tion and thereby enhance the ACE-AnglI-AT1 axis leading
to vasoconstriction, pro-inflammatory and oxidative stress. In
a recent study, Liu et al. reported higher serum Ang II levels
in patients with higher viral load which further supports this
hypothesis [36]. Afterwards, the viral RNA is injected into
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Fig. 1 Induced pathological matrix remodeling after SARS-CoV-2
infection. A Cell entry mechanism of SARS-CoV-2 summary: the
initial step of SARS-CoV-2 infection involves a specific binding of
S-protein to host cell entry receptors, angiotensin-converting enzyme
2 (ACE2). Gathered together and with the host cell surface serine
protease TMPRSS?2, the entry process is activated. Following the
endocytosis, cathepsins are released. These proteases modify once
again the S-protein and promote the release of viral RNA into the
cytoplasm. B SARS-CoV-2 Physio-pathological implications: when
virus propagation occurs, a massive destruction of tissues takes place.
An epithelial damage is the initial hallmark of SARS-CoV-2 infec-
tion. A specific immune response is induced to eliminate the virus
and initiate the inflammatory response. The immune cells, in par-
ticular, macrophages identify the virus and release pro-inflammatory

the cell cytoplasm, and its open reading fragment (ORF) is
directly translated into proteins. These proteins are cleaved by
their viral proteases generating their RNA-dependent RNA
polymerase (RdRp) necessary for RNA replication. Genomic
RNA is thereby replicated by its specific RdRp in presence of
structural proteins (Spike, envelop protein, Membran Protein

mediators (cytokines, chemokines, growth factors...). Cytokines acti-
vate more immune cells, which in turn produce more cytokines creat-
ing an uncontrolled cycle of inflammatory response “cytokine storm”.
Activated immune and non-immune cells produce MMPs which lead
to ECM breakdown disruption and this unresolved infection gives
rise to damages. These damages do happen during the cytokine storm
which includes the unbalance of the MMPs/TIMPs ratio, the increase
deposition of ECM fragments, and the massive formation and depo-
sition of fibrin. ACE2 angiotensin-converting enzyme 2, ADAM-17
ADAM metalloprotease domain 17, Cat L cathepsin L, Cat B cathep-
sin B, TMPRSS2 transmembrane protease serine 2, DC dendritic cell,
MMPs matrix metalloproteinases, MT-MMPs membrane-type matrix
metalloproteinases, TIMPs tissue inhibitors of matrix metalloprotein-
ases

and Nucleocapsid) and is translated by the Golgi complex and
the endoplasmic reticulum’s host cell. The replicated RNA and
structural proteins are gathered to produce new viral particles
and are secreted by exocytosis [6, 7] (Fig. 1A).
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From lung infection to extracellular matrix
remodeling

A very thin alveolocapillary membrane allows oxygen and
CO, to diffuse through the cells. During the first level of
infection, the viral spike binds to the ACE2 receptor on
the host cell surface. This bond leads to the incapacity
of regulating ANG-II which provokes a sudden increase
of the inflammatory response. This increase induces the
activation of a large scale of cells including cytokines, and
MMPs [37-39]. The sudden activation of these endopepti-
dases induces matrix disequilibrium and this phenomenon
leads in turn to the collapse of matrix. On the one hand,
MMPs will be highly activated since the inflammatory
response implies a storm of cytokines. On the other hand,
the ANG-II increase leads to MMPs increase. In a study
made on tuberculosis pleural effusion, ACE2 and MMP-9
do correlate negatively, more precisely when ACE2 recep-
tors are taken by the virus, an increase in ANG-II arises
leading to the MMP-9 activation [40]. ACE2 is a pleotrope
receptor; it counterattacks the ANG-II and leads to vascu-
lar wall hypertrophy. This receptor captures the ANG-II
and converts it to reverse its effect. During the infection,
the receptor is linked to the virus for its profit. In response
to the infection, a lung injury and organ failure occur. As
SARS-CoV-2 emerges in human body, a huge storm of
inflammatory cytokines comes by. Tissue damage is spe-
cific to the virus and then it also appears in multiple other
damages [39]. Induced proteolysis by secreted MMPs
through the activated inflammatory cells and cytokines has
been included in a fatal process. MMPs’ proteolytic action
seems to be involved in COV-2 pathogenesis, similar to
several diseases that are related to tissue damage (Fig. 1B).

The role and fate of the pulmonary
extracellular matrix

The lung has a very specific ECM. At healthy state, the
ECM forms a thin membrane which allows for passive dif-
fusion of passive diffusion of gas through alveolar-interstitial
membrane. The alveoli air exchange structure is composed
mainly of an air barrier. This barrier comprises a capillary
and an alveolar epithelium, an extracellular matrix and alve-
olar mediators including fibroblasts and macrophages [41].
To facilitate ventilation, this structure maintains in the same
time gas exchange and ECM mechanical properties. ECM
is also implicated in inter-cell signaling, in cell function,
proliferation and shape. It is highly sensitive to growth fac-
tors, such as TGF-Beta. Type I alveolar cell ensures the gas
exchange through basal lamina. As for the rest of the solute
and liquid exchange, it is ensured by ECM components [41,
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42]. During fibrosis, the ECM expands which limits gas dif-
fusion. Also, a pathological fibro-proliferation of the alveoli
ECM arises [43, 44]. Lung ECM is a complex and dynamic
tissue that has a tremendous role in maintaining a normal
connective structure. In lungs, ECM is mainly composed
of a thin basement membrane and an interstitial tissue that
forms the lung’s parenchyma [45] and provides structural
support for gas exchange by developing a branched archi-
tecture [46]. Also, ECM is widely implicated in signaling
pathways through its specific mediators, in cell function
and shape, in proliferation mechanisms and in responding
to growth factors [47-49]. Lung ECM major components are
collagen and elastin fiber that are overlapping with glycosa-
minoglycans, proteoglycans, fibronectin fibrils and seques-
tered water [46] (Fig. 2A). Resident fibroblasts are abundant
and are mainly in charge of ECM production. Furthermore,
laminin, heparan sulfate, hyaluronate, nidogen/entactin, and
matricellular proteins like thrombospondin, tenascin C, and
tenascin-X have been also identified in alveolar tissues. With
all of this wealth in the matrix structure, collagen is the most
abundant protein in lung tissue. In lung parenchyma, col-
lagen types I and III predominate the alveolar membrane
[46, 50]. After SARS-CoV-2 infiltration in lungs, an acute
severe inflammatory response occurs. Following viral entry
into host cell, RNA is recognized by the cytoplasmic pattern
recognition receptor (PRR) leading to transcription factors
activation through the toll interleukin receptor 1 containing
interferon beta (TRIF). This activation leads to interferon-y
(IFN-y) secretion [51, 52]. However, an insufficient level
of IFN-1 for infection control enhances viral replication.
In other patients, IFN-y serum level is more important.
This fact is the reason behind the cytokine storm particu-
larly myeloid cytokine (IFN-y; GM-CSF). Their activation
attracts immune cells (monocytes, lymphocytes, peripheral
blood mononuclear cells) in the infection site [53].

IFN-y production during early infection phase is the
immune defense key against the virus emerge [51] and a
delay in their release at early stages of COVID-19 makes
it harder for the antiviral response. This release enhances
cytokine secretion and through the chemiotactic phenom-
ena, more inflammatory cells are attracted. Afterwards, an
extreme infiltration in lung tissue arises [54, 55]. The emerg-
ing concept elaborated by McGonagle and his collaborators
discussed the probability that the induced cytokine storm
during SARS-CoV-2 infection result from the immune sys-
tem failure to eradicate the virus. They divided the storm in
two phases [53]. At a first level, there is a loss of the first
anti-viral line defense. In fact, the Toll receptor like-3 (TLR-
3) is capable of recognizing the double-stranded viral RNA.
This fact leads to TRIF activation which in turn activates
Interferon Regulated Factor 3 (IRF-3) and Nuclear Factor-
kappa B (NF-«xB) to enhance IFN-y and Tumor Nescrosis
Factor-p (TNF-B) production. Theses pro-inflammatory
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Fig.2 ECM lung evolution from healthy to a pathological matrix. A
Healthy lung matrix structure is preserved by the presence of fibro-
blasts, collagen, elastin and anchored fibronectin to basal membrane.
B ECM breakdown after virus infiltration and MMP overexpression
(from day 1 to 5 of infection): collagen fibers destruction through
secreted MMPs by inflammatory cells. This destruction leads to base-
ment membrane disruption. C ECM lungs fibrosis and hypertrophy
(from day 5 of infection and more): after increased degradation, a

cytokines are considered to be in the first line of defense and
the loss of this is due to the viral charge and hypo-secretion
of IFN-1 [51, 53, 55].

As a consequence, a second storm is activated, that is
more tissue aggressive than the first one to cover up for the
first target failure during the first response [55, 56]. During
this phase, myeloid IFN-y pathway and derived cytokine
that includes TNF, GM-CSF and IL-1 are overexpressed
in blood, rendering it in a hyper-cytokinaemic mode. The
cytokine shock is explained until this day as the ultimate
uncontrolled systemic inflammation that is triggered by
cytokines hypersecretion after infection which leads to organ
failure and that might cause death [57].

When all of these factors are gathered all together, a tissue
destruction could occur. In fact, following the viral infection
by the SARS-CoV-2 virus, an ECM breakdown takes place
which leads to the aggravation of lung state and provokes
lung pathologies progression (Fig. 2B). The immune cells
influx into lungs does protect the host cell against exces-
sive immune responses including both innate and adaptive.
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remodeling takes place to respond to lung injuries. However, ECM
mediators’ imbalance and SMC migration lead to increased colla-
gens and matrix degradation products deposition that are presumed
in a thickened matrix. SARS-CoV-2 severe acute respiratory syndrome
coronavirus-2, MMP matrix metalloproteinase, TIMP tissue inhibitor
of matrix metalloproteinase, ECM extracellular matrix, SMC smooth
muscle cells, DC dendritic cells

This fact enhances chronic inflammation which in turn
destroys the lung’s parenchyma [58, 59]. T lymphocytes,
the adaptive immune cells, are headed to ECM lung’s com-
ponents. These mediators are capable of inducing abnormal
immune responses that enhance lung destruction. During
innate and adaptive immunity activation, triggered immune
cells induced innate inflammation in the lung. Excessive
immune response starts a sequence of signals that overlaps
lung stroma which are exposed to antigen-presenting cells
(APCs) towards lymphocytes for generating the major his-
tocompatibility complex (MHC) [60]. To activate APCs,
specific signals must be secreted. ECM breakdown and
degradation products may engender new antigens that are
recognized by immune cells resident in lung [60—63]. This
injury engenders an alveolar basement membrane disrup-
tion and the accumulation of matrix degradation products
that are rich in fibrin [64]. ECM bioactive fragments are in
turn mediators of inflammation since collagen degradation
is implicated in neutrophil migration. Collagen I Proteolytic
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fragment is capable of acting like chemokines and attracts
immune cells by binding to their receptors [65, 66].

Lung ECM major components were absent in infected
lungs with SARS-CoV-2 which leads to a severe mechani-
cal damage presumed in COVID-19 characteristics [67]. In
their recent proteomic analysis of lung tissues from deceased
patients suffering from severe forms of COVID-19, Leng
et al. reported several major components of ECM homeo-
stasis to be downregulated. For example, the ECM protein
annexin A2 (ANXA?2), which regulates surfactant secretion
by type II pneumocyte was significantly downregulated [67].
Surfactant dysregulation plays a major role in ARDS patho-
physiology [68]. Thereby, maintaining a normal state of sur-
factants could improve the prognosis of severe patients suf-
fering from COVID-19 [69]. ECM fate is related to a balance
between degradation and secretion of matrix components. It
is related to myofibroblasts after injury for a fibrotic repair
since interactions between fibroblasts and ECM components
enhance matrix production and stimulate signaling pathways
[35, 70] (Fig. 2C).

Mediators of lung ECM breakdown

ECM breakdown is mediated by MMPs that are capable of
degrading ECM components and are characterized by the
presence of the metallic ion Zn>* that confers the catalytic
activity [11]. There are 28 MMPs discovered in vertebrates
until this day [71], 24 of which are expressed in human tis-
sues; they are divided according to their structure and their
substrate specificity [72]. Their basic structure is limited to
a pre-domain which represents a signal peptide for secre-
tion and is eliminated after its secretion. The pre-domain
is followed by a pro-domain that ensures the enzyme latent
form and is mainly formed by a peptide sequence contain-
ing a cysteine residue which interacts with the catalytic site.
This site has a zinc atom maintained by three histidine resi-
dues in a tri-dimensional structure [11, 73]. Thereby comes
the catalytic domain which comprises a linked site to zinc
with a highly conserved sequence HEXXHXXGXXH [74].
Pro-domain cleavage releases the zinc ion and activates the
catalytic site that can bind afterwards to its substrate through
H,O penetration.

According to their specificity and primary structure, the
first group is composed of collagenases (MMP-1, MMP-§
and MMP-13). The second group englobes the gelatinases
(MMP-2 and MMP-9) and the third the Stromelysines
(MMP-3, 10 and 11). MMPs that contain a membrane-
type (MT-MMPs) are members of the fourth group that can
be subdivided into two subgroups, type I transmembrane
proteins (MMP-14, 15, 16, and 24) and glycosylphosphati-
dylinositol (GPI) anchored proteins (MMP-17 and -25) [75].
The enzyme structure is also formed by a hinge region and
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a hemopexin domain that interferes into MMPs recognition
of their substrate except for MMP-7, 23 and 26 that do not
possess the hemopexin domain [13, 73, 76]. Secreted MMPs
at site of lung inflammation are capable of modulating
inflammatory mechanisms whether by affecting chemokine
activity, disposal or by targeting proteins that are in a direct
association with their activity [77-79].

As for adamalysins, they are in the same time metallopro-
teinase and disinegrin and are characterized by a thrombos-
pondin motif [80]. Their structure is mainly composed of a
pro-domain, a zinc-binding domain, a disintegrin domain
that confers interaction to the ADAM, a cysteine-rich
domain for ECM interaction, an epidermal growth factor
domain and a cytoplasmic tail [81, 82]. Also, the fact that
ACE2 contains a HEXXH zinc-binding motif makes it a
metalloproteinase [33]. MMPs are capable of modulating
inflammatory mechanisms whether by affecting chemokine
activity, disposal or by targeting proteins that are in a direct
association with their activity [77, 78].

Secreted MMPs by macrophages like MMP-12 and
MMP-28 are included in the pro-inflammatory process by
enhancing macrophage infiltration in lungs [83]. Another
mediator of immune cells is the matrilysin (MMP-7). This
MMP does promote neutrophil infiltration via the epithelial
barrier by degrading the transmembrane proteoglycan coor-
dinated to the KC. The KC is a murine chemokine (CXC)
that is implicated in attracting inflammatory cells [77]. The
MMP-8 nearly shares this characteristic from the MMP-7
and possesses a chemiotactic effect on neutrophils but in a
more active structure. Under the influence of chemokines,
neutrophils secrete MMP-8 which in turn facilitates neu-
trophils efflux through degrading the ECM in a feedback
way. In the same meaning, gelatinase A and B (MMP-2
and MMP-9) interfere with recruited immune cells from
peribroncho-vascular in alveolar space through modulating
chemokines [84, 85]. A recently made study showed that
MMP-9 level was higher in first 3-5 days of infection. This
elevation correlated negatively to the arterial partial pres-
sure of oxygen/fraction of inspired oxygen ratio (P/F) which
means sicker patients [86].

MMP-9 has been related to lung diseases through tissue
remodeling like acute lung injuries asthma pulmonary fibro-
sis and pleural effusion. Released MMP-9 from inflamma-
tory cells does promote alveolar capillary destruction lead-
ing to lung injury [83, 84, 87]. Also, Shi et al. suggested that
MMP-3 serum level may be a valuable marker of COVID-19
by indicating a significant difference found between novel
coronavirus pneumonia-infected patients and healthy people
[88]. This particular MMP is widely expressed in human
tissues since it is capable of cleaving several components
of ECM components. Its main role is the ability to acti-
vate other pro-MMPs. During matrix turnover, MMP-3 or
stromelysin-1 activates matrilysin, collagenases, gelatinase
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B and pro-MMP-1 to generate an active form of MMP-1. Its
capacity of cleaving type I collagen makes it different from
collagenase [13, 89].

Following the emerging cytokines flow after infec-
tion, tissue inhibitors of metalloproteinase (TIMPs) are
secreted to maintain the matrix equilibrium and to regulate
cytokines shedding, playing therefore a tremendous role
after injury caused mainly by inflammation [90-93]. The
TIMP-3 is a specific inhibitor of MMPs and ADAM fam-
ily (metalloproteinase and disintegrin) and is expressed by
several cell types via many tissues. This inhibitor is capa-
ble of inhibiting the very particular ADAM-17 [94-96],
a metalloprotease and a disintegrin that cleave not only
tumor necrosis factor alpha (pro-TNF-alpha) [97, 98], but
also responsible of shedding the ACE2 receptor and seem
to be implicated in the propagation and the aggravation of
the infection. Binding SARS-CoV-2 to the ACE2 induces
its shedding by ADAM-17, and its uptake by the virus
in turn [14-16]. This shedding enhances probably sev-
eral cellular signals including PKC activation [15] and
is involved in virus uptake towards target cells [95]. The
emergent hypothesis is that ACE2 down-regulation by
ADAM-17 could be responsible for lung tissue damage
and respiratory failure aggravation by the virus. It has
been reported, in vivo and in vitro, that the inhibition of
ADAM-17/TACE blocks ACE2 shedding and limits viral
entry [15, 16]. Its exact role in SARS-COV-2 invasion
needs further investigations, indeed, while ADAM17 abil-
ity to cleave ACE?2 is undisputable, it was demonstrated
that only cleavage by TMPRSS2, and not by ADAM17
can promote virus entry into the cells in a SARS-CoV-1
model [95]. To more understand SARS-CoV-2 implica-
tion, we went through other possible pathways on viruses
that belong to the same family. On an induced MHV-
AS59-infected mice model (MHYV is a mice hepatitis virus
that belongs to the same family of Beta-coronaviruses,
where SARS-CoV-2 is a considered member of this fam-
ily) [17, 99-103], there was an upregulation in MMP-3,
MMP-12 transcript levels. There was also an elevation in
TIMP-1 circulating levels and mRNA [101]. This inhibitor
is found to be correlated with viral virulence and suggests
a probable implication in the antiviral response [101].
Since Beta-coronaviruses entry depends on cellular pro-
tease for a successful penetration in host cell, there is a
probable downregulation of TIMP-2, TIMP-3 and TIMP-4
[92, 104, 105]. In fact, basic TIMP-1 levels are in first
place low but are highly induced after triggered immune
response on the contrary of TIMP-2, TIMP-3 and TIMP-4
that are constitutively secreted and modifications in their
levels are lower than those of TIMP-1 in immune response
[105-109]. The increase of MMP-3 [88] and MMP-9 [85]
circulating levels during first days of infection on the opti-
mum of the viral charge and a probable downregulation
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Fig.3 Targeting ECM mediators as a therapeutic solution after
SARS-CoV-2 infection could prevent from severe complications:
matrix equilibrium is primordial for maintaining a healthy lung struc-
ture, when MMP/TIMP ration is in favor of MMPs, a matrix destruc-
tion occurs and when it is in favor of TIMPs a thickened matrix is
observed. MMP matrix metalloproteinase, T/MP tissue inhibitor of
matrix metalloproteinase, ECM extracellular matrix

of their specific inhibitors could put the puzzle in this
way: the virus turns all of the mediators in its favor by
enhancing MMPs secretion during first days of infection
that triggers a matrix disequilibrium. Their decrease in the
upcoming period suggests an upregulation of their specific
inhibitors to respond their sudden elevation. More precise
experiments, subsequent measurements and longitudinal
analyses could better explain this phenomenon.

Are MMPs and their inhibitors probable
therapeutic targets?

An elevation in MMPs level implies a matrix disequilibrium
that will probably modulate in turn their specific inhibitors
(Fig. 3). These inhibitors are addressed towards MMPs
to regulate their action. TIMPs used in lung injury mice
models reduced the inflammatory state and ameliorated
the injuries [109]. Induced inflammatory markers during
the cytokine storm, enhance TIMPs secretion particularly
TIMP-3 since it is mainly secreted by macrophages [110].
TIMP-3 is the highest ECM regulator because of its capac-
ity to bind directly to the matrix [111]. Capable of shed-
ding receptors and cleaving cytokines, this inhibitor has an
anti-inflammatory effect that could restrain the explosive
state of inflammatory markers after infection [112, 113]. To
increase TIMP-3 bioavailability, different approaches were
conducted, like injecting recombinant TIMP-3 or through a
mediated adenovirus gene [114, 115]. Therefore, TIMP-3
wide substrates and targets may imbalance some of the sign-
aling pathways and mechanisms. These experiments are able
to change radically the cell behavior by cleaving and shed-
ding cell surface proteins including receptors, disintegrins
and chemotactic elements. That is why a determined interval
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of its circulating level could offer a good prognostic marker
since higher level implies also an ECM disequilibrium with
several harmful consequences [110]. COVID-19 infections
could induce an alveolar damage and enhance vascular per-
meability presumed in progressive hypoxemia, an ARDS
or even an acute lung injury. As a consequence of immune
cells activation and overexpression of cytokines, proteases,
a probable acute lung injury (ALI) is established [116, 117].
ALI is characterized by a severe damage of alveolar barrier
and mainly caused by an enhanced inflammatory response.
Ventilated associated lung injury (VALI) has shown to be
a common complication for COVID-19 patients and this
can be only for worse [117]. To demonstrate MMPs impli-
cation in ALI and their probable potential effect in thera-
peutic experiments, animal models were established on
clinical perturbations. On a deficient MMP-8 mice model
and by treatment with an MMP-8 inhibitor, there was an
improvement in gas exchange and a reduced damage after
induced-ventilator lung injury [118]. However, Dolinay and
his collaborators found that mice with an MMP-8 deficiency
developed a higher alveolar permeability after the mechani-
cal ventilation than wild type mice [118]. In the same con-
text, an induced lung injury by immune cells infiltration in
MMP-9-deficient mice model showed a lower state of lung
injury than wild type [119, 120]. In fact, this gelatinase is
probably implicated in decreasing pulmonary edema through
healing the alveolar epithelium [121]. On the other hand,
in response to a severe injury in lungs, fibrocytes and mac-
rophages enhance collagen availability. The MMP-3 is con-
sidered to be the pro-generator of other MMPs since it is
responsible for their activation. This stromelysin-1 is impli-
cated in reducing lung injury level in MMP-3-deficient mice
through the reduction of the chemotactic activity. Chemot-
actic peptides generated by neutrophils were upregulated in
MMP-3-deficient mice including macrophage inflammatory
protein and the complement chemotactic (C5a) [122]. Fur-
thermore, there has been evidence that MMP-12 known also
as the macrophage elastase is able to regulate monocytes
influx in lungs through generating elastin fragments that play
the role of chemotactic elements for immune cells recruit-
ment in a chronic lung injury and smoking model [122].

SARS-CoV-2 new variant and matrix
remodeling?

Even though the emerging new variant of SARS-CoV-2,
the SARS-CoV-2 VUI 20201201 (Variant Under Inves-
tigation, year 2020, month 12, variant 01) [123], is yet
under investigation and by the limited existent data, we
thought of elaborating this actuality from another per-
spective. This new variant has been identified via viral
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genomic sequencing and is characterized by several spike
proteins mutation, namely deletion 144, deletion 69-70,
N501Y, A570D, D614G, T7161, P681H, D1118H, S982A
[124]. Preliminary investigations suggest that its probable
increased transmissibility could reach the 70%. Among
these mutations, the N501Y is capable of increasing the
ACE2 affinity since it touches the contact residues of the
receptor-binding domain and seems to be highly related
to virulence and infectivity factors in mice models [125,
126]. As for the P681H mutation, it creates a new furin
cleavage site among the S1 and S2 and this site appears to
be absent in other coronaviruses. This genetic variation is
probably capable of promoting the viral entry in epithelial
respiratory cells [17, 127, 128]. As for the 69-70 spike
deletion, it has been shown to be associated to multiple
RBD mutations [128, 129]. In summary, these mutations
do enhance viral infiltration in host cells which explains its
high transmissibility but do not alter the infection sever-
ity until the recent findings [130]. Based on these limited
data, we can suggest that matrix remodeling after SARS-
CoV-2 and SARS-CoV-2 VUI 20201201 will take the
same road. Both of them will engender matrix destruction
in a first way after activating the first line of defense which
is presumed in an innate response. Afterwards, the real
worry could be in activating more matrix mediators that
will probably increase their secretion in a sudden way and
set off several complications. It remains for us to investi-
gate their evolution in the periods to come since there are
still not enough data for this cluster.

Conclusion

Matrix remodeling has been widely implicated in several
physiological, pathological and homeostasis state. Its
mediators are capable of changing the fate of an organ
since they are present and implicated in cell-cell and in a
circulating way. Coronavirus invasion in the human body
did alter matrix equilibrium. After elucidating matrix
remodeling from this point of view, it is clearer that these
mechanisms are pathologically modified during SARS-
CoV-2 emerging. Since the lack of data, it will be interest-
ing to focus on MMPs and their inhibitors for a therapeutic
journey and to consider them as probable targets for a
long-term treatment as cured patients remain with sequels.
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